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1. Introduction 

1.1 From barcodes to the internet of things 

Streamline industrial processes have been always a priority to reduce 
time hence reducing costs. Identification of goods is an important 
factor to consider in almost any process since it is necessary to track 
and get specific information from the goods, thus, the importance of 
automatize it. The most common method is to use barcode systems 
based on a printed label with an identification number which is read 
by an optical device connected to a computer [1] (see Figure 1.1) 

 

Figure 1.1. Barcode reading. 

Barcodes have been applied to several fields such as libraries [2] or 
medical uses like identification for blood transfusions [3] or 
medication administration [4] proving that is an easy, fast, and 
accurate automatic collection method. Linear barcodes are the most 
common technology related to Automatic Identification Data 
Capture (AIDC). Usually the reading methods use both, hardware 
and software implementations, however, there are methods fully 
implemented with a hardware [5] or software [6] solution. 
Nonetheless, barcodes only contain information in 1 dimension (1D), 
thus, containing a limited amount of information. To enlarge the 
data representation capability, two dimensions (2D) codes have been 
developed. Within the bunch of 2D barcodes symbologies (e.g. 
MaxiCode, PDF 417, codablock F, Aztec), there are two that are 
widespread. One of them is the data matrix (standardised by the 
ISO/IEC 16022 [7]) and the Quick Response (QR) codes (ISO/IEC 
18004/2000 [8]). Data matrix capacity is 2334 alphanumeric 
characters, or 1556 ASCII characters, and uses between 30% and 
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60% less space than a QR [9] (See Figure 1.2), however, it does not 
allow to encode Japanese characters, which is the main reason why 
QR codes have been more extended worldwide. 

 
(a) (b) 

Figure 1.2.  “http://google.com encoded” as (a) QR code and (b) data matrix. 

The implementation of 2D barcodes in the industry brings some 
advantages such as the increase data or replace the special-purpose 
laser scanners with digital cameras, which implies a cost reduction 
and improves the image processing by using dedicated software and 
algorithms [10]–[12]. Nowadays the prevailing devices with digital 
camera embedded are the smartphones. Furthermore, the 
computational capability of the smartphones allows to install 
applications to read all kind of barcodes symbologies. Since QR codes 
are supposed to be widely used by any type of smartphones just 
taking a photo of the code, the light conditions and possible damages 
or other alterations of the printed code must be considered [13] as 
well as security issues [14].  

Within AIDC systems, Radiofrequency identification (RFID) [15] 
arrived to overcome barcode limitations. An RFID system consist of 
2 differentiated parts: a reader (also called interrogator) and a tag. 
The reader generates a signal which is received by the tag, modulated 
by the tags transponder based on its internal information (e.g. an 
ID), and sent back to the reader to be interpreted. Table 1.I 
enumerates some of the differences between barcodes and RFID. 

Table 1.I. Comparison barcode and RFID 

Barcode RFID 

Line of sight No need of line of sight 

Read one by one Multiple reads simultaneously 

Fixed content Updatable content 

Manual tracking Can be automatically tracked 
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The spread of RFID technology at large-scale began at the firsts 
years of the 21st century, when three major organizations (Wall-
Mart, Tesco, and the US Department of Defense) opted to use such 
technology streamlining the tracking of stock, sales, and orders [16]. 
The expansion of RFID came along with the need of analysing it use 
of commercial applications and the need of regulations [17] as well 
as methods for security and privacy [18]. RFID have been widespread 
used for all sort of applications [19] such as object localization  [20], 
[21], cars parking [22], food traceability [23], logistics service [24] or 
navigation assistance for blind people [25]. The interrogators used to 
read the tags can be connected to the internet, having the capability 
of sending the collected data of the identified objects to the cloud in 
real time, which brings to the so-called internet of things (IoT) [26]. 

Passive RFID systems reduce the price of the tags to a few cents as 
well as expand lifetime due the lack of batteries. However, there is 
still an important drawback: the price of readers besides the fact 
that each reader works in a specific frequency, thus, they are only 
useful for certain systems. Nonetheless, nowadays there is a subset 
of protocols within RFID technology which is growing fast named 
Near Field Communications (NFC) which is embedded in most of 
the smartphones sold today due its worldwide implementation as a 
payment mechanism [27], [28]. The fact of having NFC enabled 
smartphones brings new opportunities to the usage of RFID 
applications, since the reader is now on the pocket of millions of end-
users and almost always with an internet connection, which turns 
this technology a suitable option in the IoT paradigm to be used as 
bridge between the things and the internet without the need of 
having all the things directly connected to the cloud [29], [30].  

1.2 RFID technology 

The first patent of an active RFID transponder able to rewrite the 
stored data was created by Mario W. Cardullo in 1973 [31], since 
then, many types of RFID have appeared. RFID systems can be 
classified by several characteristics such as the operational frequency, 
the range, the physical coupling method or the need of batteries in 
the transponder (i.e. passive/active systems). Table 1.II shows the 
classification of RFID based on the three different standardised 
operational frequencies bands along with their main characteristics. 
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Table 1.II. RFID technologies 

 LF HF UHF 

Coupling mode 
Inductive 

(near-field) 

Inductive 

(near-field) 

Electro-magnetic 

backscattered 

(far-field) 

Operating 

frequency 
125 to 134 kHz 13.56 MHz 860 to 960 MHz 

Regulation 
Worldwide 

harmonized 

Worldwide 

harmonized 

Different 

regulations per 

country 

Standards 
ISO14223 

ISO18000-2 

ISO14443 A/B 

ISO15693 

ISO18092 

ISO18000-3 

NFC Forum 

ISO18000-6 B/C 

EPC Class 1 Gen 

2 

Environmental 

influences 

Water no 

problem, metal 

low attenuation 

Water low 

attenuation, 

metal critical 

Water critical, 

metal less critical 

Applications Animal tagging 

Product 

identification / 

Public transport 

/ Payment 

Containers ID / 

Logistics / 

authentication 

 

A general overview of a RFID system is shown in Figure 1.3, where 
the signal sent by the reader and the answer from the tag are 
represented in both, time and frequency. 

f
fc

f
fc fc +fmodfc -fmod

t

t

1 0 1   1 0  0

RFID
READER

RFID
TAG

 

Figure 1.3. RFID System overview. 
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RFID devices can be divided into two categories: passive and active. 
Active tags require to be powered by a battery or a connection to a 
power source whereas passive tags use the energy received by the 
reader to answer. Active tags have better performance than the 
passives, reaching longer ranges and allowing larger memory banks, 
however, the cost, size, and lifetime make them not as interesting as 
passive tags for the retail trade. Passive systems have a limited range 
determined by factors such as reader parameters, propagation 
environment, and tag characteristics. Table 1.III shows different 
characteristics of passive and active tags. 

Table 1.III.  RFID active and passive tags comparison. 

 Active Passive 

Power source Internal Harvested from RF field 

Required signal strength 

(reader to tag) 
Low High 

Available signal 

strength (tag to reader) 
High Low 

Communication range Long range Short range 

Multi-tag reading Thousands of tags Several tags 

Sensing capability 

Continuously. (all data 

retrieved when reader 

approaches)   

Only when tag is within 

the reader’s range 

Data storage Large Small 

Cost High Low 

Typical operational 

frequency 

433 MHz, 2.45 GHz, 5.8 

GHz 

128 KHz, 13.56 MHz, 

915 MHz, 2.45 GHz 

1.3 Near Field Communication (NFC) 

NFC is a subset of protocols within RFID technology, which operates 
at 13.56 MHz, mainly aimed for mobile or handheld devices.  

There are three possible operating modes for an NFC tag based on 
the ISO/IEC 18092 [32], ISO/IEC 14443 [33] and ISO/IEC 15693 
[34] standards: 

 Card emulation: the device acts like a contactless card, the 
typical use case is for using the device for payments or 
ticketing. Can be based on ISO/IEC 14443 or 15693. 

 Reade/write: the device can read a tag and overwrite the 
content if the tag allows it. Used for smart posters, get an 
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URL or getting the sensed data from a tag. Can be based on 
ISO/IEC 14443 or 15693. 

 Peer to Peer (P2P): allows to exchange data between 2 
devices. Used to transfer data such as photos or any other 
data. Based on ISO/IEC 18092. 

There is a fourth mode, whose technical specification is still a 
candidate, waiting for approval: 

 Wireless charging (WLC): power transfer from a device to 
another device such as a smartwatch or fitness tracker. Four 
power transfer classes are specified: 250, 500, 750 and 1000 
mW. 

Five type tags are defined by the NFC Forum, each of them with a 
certain characteristics as shown in Table 1.IV.  

Table 1.IV. NFC Forum type tags. 

 Type 1 Type 2 Type 3 Type 4 Type 5 

Technology NFC-A NFC-A NFC-F 
NFC-A 

NFC-B 
NFC-V 

Standard 
ISO14443

A 

ISO14443

A 
JIS 6319-4 

ISO14443 

A/B 
ISO15693 

Memory size 
Up to 2 

kBytes 

Up to 2 

kBytes 

Up to 1 

MBytes 

Up to 32 

Kbytes 

Up to 64 

kBytes 

Transmission 

Speed 

(kbits/s) 

106 106 212 /424 106 
Up to 

26.5 

Unit price Low Low High 
Medium / 

High 

Low / 

Medium 

Range Proximity Proximity Proximity Proximity 
Proximity 

& vicinity 

Chip 

examples 
Topaz 

Mifare 

ultralight 
Felica 

Mifare 

DESFire 

ICODE 

SLI 

Use case 

Business 

cards, 

smart 

poster 

Event 

tickets, 

transit 

tickets 

e-money, 

membersh

ip cards 

Transit 

tickets 

Packaging

, ticketing 

 

Further information about NFC can be found on Annex 1.  
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1.3.1 State of the art: current NFC applications 

As the IoT scenario grows, the number of devices and the ways 
people interact with devices grows with it. Even though NFC has 
the shortest range among radiofrequency technologies, it has been 
widely extended due its security, compatibility, user friendly 
interface, large amount of applications, and low-cost components. 
The main reason of the current growing implementation of NFC in 
almost any smartphone is due its use for contactless payments, 
making it increasingly indispensable for the end-user, as happens 
with other wireless technologies such as Wi-Fi or Bluetooth. The 
different standards of the NFC Forum allows to select between the 
different standardised technologies to find the most suitable option 
for each case scenario [35], [36]. Each operation mode has its own 
range of applications. The main advantages of each mode are: 

 Card emulation: replace physical objects. Mobile payments 
and access control. 

 Read/write: requires a low physical effort (tap-and-go), 
increase mobility, adaptable to many scenarios and easy to 
implement. 

 Peer-to-Peer: easy way to exchange data at low rates. 

Card emulation mode is mainly used to replace physical objects like 
credit cards [37], [38], tickets [39] or coupons [39]. Read/write mode 
is the most extended mode of operation since it encompass a huge 
variety of uses such as smart posters [40]–[42], healthcare 
applications [43]–[46], medication dispensing [47]–[49], catering meal 
service [50], social networking [51], museums interaction [52], 
attendance supervision[53], enterprise workflow control [54], sales 
assistance for retailers [55], or control of multimedia players [56]. 
Peer-to-Peer mode has less applications since it is mainly focused in 
the exchange of data. However, there are some application studies 
for its use in cases where other operation modes are more common. 
For instance for mobile payments, P2P mode adds some 
characteristics like customizable confirmations and the possibility to 
avoid the use of a secure element [57]. Another possible application 
of P2P is to transfer data between medical devices and the nursing 
station where the patients information is collected [58]. 
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More recent works found on the literature use NFC for sensing 
applications [59]–[61]. An extensive range of applications exists on 
the literature, including cold-chain temperature control [62][63], gas 
sensors [64], [65], soil moisture [66] or tire pressure [67]. 

Healthcare can clearly benefit from the easy sensing methods that 
NFC provides. Body pressure and temperature [68]–[71], sweat 
analysis [72], [73], glucose monitoring [74], [75], ultraviolet radiation 
[76], pH measure [77], [78] and electrocardiography (ECG) [79] are 
some of its applications. Implantable devices is a promising challenge 
and widely studied issue [74], [75], [80]–[84]. The simplicity of the 
tap-and-go philosophy altogether with the widespread of 
smartphones with connection to internet, makes NFC technology a 
promising technology for telemedicine. Furthermore, the fact of 
developing sensing devices without battery, turns NFC to a very 
interesting technology for implantable devices. 

1.3.2 NFC Antenna design 

Beyond the specific application of the tags, the antenna design 
becomes an important factor since it has to be incorporated into 
compact devices (i.e. smartphones), surrounded by metallic parts 
that degrades its performance.  

 
Antenna performance takes more importance when the inductive link 
is pretended to transmit energy to power up the tags circuitry. 
Several works have are devoted to improve the performance of the 
antenna, most of them using ferrite sheets with high relative 
permeability to avoid the effect of eddy currents. [85] proposes to 
add a parasitic loop on the outer side of a conventional loop antenna, 
and the use of a ferrite-polymer composite sheet, which is less 
expensive than ferrite sheets. In [86] and [87] an “8” shape antenna 
as improvement of the Murata ZB antenna [88] is presented to 
overcome the shielding effect of the metal cover. A 5-turn coil design 
for tablet pc devices is introduced in [89], taking into account that 
these devices use to have large touch panels and narrow borders, 
thus the interest on developing rectangular antennas to fit in the 
frame space. The proposed antenna size is 41.5×7.5 mm, with ferrite 
sheets on both sides. Another solution for metal-case devices with a 
no uniform meandering lines and partial coverage of ferrite is 
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presented in [90], proposing a six-turn coil with six-sided irregular 
hexagonal shape.  

The mere fact of the huge number of applications, and antenna 
designs found in the literature reflects the importance and 
possibilities that this technology can offer to daily activities and its 
encouraging future.    

1.3.3  Passive sensing tags 

The present work is motivated by the possibilities that NFC brings, 
to create sensing applications without batteries, thus, avoiding toxic 
waste while extending devices lifetime. To accomplish that goal, 
some issues must be deal with. The main constraint is to ensure, 
beyond the communication, an efficient and dependable energy 
transfer. Guarantee a reliable power supply is pivotal to develop 
sensors embedded on passive tags. On the other hand, the fact of 
avoiding batteries open the doors to applications which otherwise 
would not be feasible. For instance, when using sensing tags to 
control food quality, the toxicity of a battery should be dealt with 
by using expensive coating methods. Likewise happens to 
implantable devices, which have the same problem with battery 
toxicity. Furthermore, when developing implantable devices, the size 
is vitally important. Hence the benefit of evade the use of batteries 
thus reducing tags dimensions.  

A large variety of passive sensing NFC tags can be found on the 
literature. The simplest ones consist of an ON/OFF sensing. Within 
this category, different methodologies are observed. For instance, in 
[91] a tag composed by an SL13A [92] chip to detect presence of 
urine in a diaper is based on measuring the resistance between two 
parallel conductors, allowing to detect if the diaper is wet or dry if 
the conductors are short-circuited by the urine. An ON/OFF 
temperature indicator for supply chain monitoring system is 
presented in [62]. It consists of a critical temperature indicator (CTI) 
based on a solvent melting point. The tag, with a Melexis MLX90129 
[93] as an NFC interface, measures the change in resistance of multi-
walled carbon nanotubes (MWCNT) connected to a couple of copper 
wires. Another methodology is  used in [94] for a food spoilage sensor. 
This sensor relays on the detection of the total volatile basic nitrogen 
(TVBN) by placing Nano-structured polyaniline (PAni) between the 
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NFC coil terminals, taking advantage of its change on resistance 
when exposed to TVBN inducing a short-circuit when the TVBN is 
above a threshold, thus, modifying the antenna impedance and 
making the tag impossible to read. This approach can lead to a false 
negative reading, since when the tag cannot be read, the user must 
interpret that the food is spoiled but it could be that the 
impossibility to read it comes from another issue. The same issue 
may occur in [95] where a passive LC resonating sensor tag for 
detecting wet in diapers is shown. In this case the resonance 
frequency (12 MHz) is shifted by the presence of urine near the 
antenna, thus making the non-standardised custom reader used 
impossible to detect the tag.  

Other works use ICs which have NFC interface as well as an 
embedded sensor. [96] presents a tag consisting of a squared 25×25 
mm printed coil on flexible biocompatible plastic substrate, 
connected to a temperature logger with embedded NFC interface 
(NHS3100 [97] from NXP). In [71] a tag based on the 
RF430FRL152H [98] chip from Texas Instruments is presented. The 
tag is designed on a flexible substrate, with an overall size of 74×50 
mm. A serpentine-shaped coil is used as an antenna to provide 
stretchability and flexibility, since this tag is supposed to be adhered 
to the skin to measure temperature (which sensor is embedded into 
the same NFC chip), and the ambient light, captured by a 
phototransistor. The designed circuit is carved onto a cupper foil, 
which is laminated on thermal release tape. SL13A [92] chip from 
AMS also integrates a temperature sensor, and is used in several 
works [64], [68], [77], [91]. In [68] an array of 65 NFC sensors for 
pressure and temperature are placed on a bed, for mapping these 
parameters in specific areas of the body creating a wireless sensors 
network. A dual-antenna system between the mattress and the body 
provides the energy and gets the information from the sensors. 

In order to extend the functionality and capability of the NFC 
sensing tags, some works incorporate a microcontroller (MCU). Since 
the MCU will be energized from the rectification of the RF received 
signal, it is crucial to use low power chips. In [63] an open source 
programmable sensing and computationally enhanced platform 
named NFC-WISP (wireless identification and sensing platform) is 
presented. This work is based on previous study of a RFID-based 
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battery-less programmable sensing platform [99], and It consists of a 
printed circuit board with a 42×53 mm antenna and a software 
defined NFC tag (ISO/IEC 14443 protocol) on a microcontroller (TI 
MSP430F5310 [100]). This device incorporates an E-ink screen, and 
the conversion from RF to DC is done with an external full-wave 
rectifier. It incorporates a temperature sensor as well as an 
accelerometer. The NFC-WISP is used as a basis in [69] for 
temperature sensing of premature new-borns in neonatal incubators 
in a non-invasive way, placing the tag on the incubators mattress. 
[64] introduces an NFC tag composed by an SL13A NFC chip and a 
PIC16LF1703 [101] microcontroller for gasses concentration 
determination. It contains four chemical sensors with optical 
response for measuring oxygen, carbon dioxide, ammonia, and 
relative humidity surrounding a white led to light them. It also uses 
the embedded temperature sensor of the SL13A. A recent work 
presents an electronic platform for general-purpose sensing [102]. The 
system allows voltammetry, potentiometry, amperometry, and 
electrochemiluminescence (ECL) analysis based on a screen-printed 
electrode. The design has been applied to glucose, pH, and H202 
determination. The system uses a PIC16LF1703 microcontroller 
connected to an AS3955 [103] as an NFC interface.  

As mentioned above, NFC passive tags are very interesting for 
medical applications due the lack of battery and the possibility of 
developing implantable medical devices (IMD). A miniaturized 
flexible tag is presented in [104]. Even though it says that can be 
used for biosensors and electronic implants, and two chips with 
energy harvesting capability are used (M24LR04E [105] from ST and 
NTAG216 [106] from NXP), the study focuses on the tag’s antenna 
miniaturization, developing a 7×5 mm tag, but does not implement 
the sensors. It analyses the effects on the electromagnetic 
characteristics when the tag is bent. [107] propose a study of planar 
coils printed on flexible substrate with different number of turns, 
conductor widths, and other physical parameters for implantable 
temperature sensors using the SL13A NFC chip. The measurements 
have been evaluated by implanting the tag into a porcine model 
being able to communicate with a commercial NFC-enabled 
smartphone with depths up to 10 mm. The communication between 
tag and reader is done by using a Texas Instruments evaluation 
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board which includes a software to measure the received signal 
strength indicator (RSSI).  

Most of the works regarding implantable battery-less devices found 
in the literature use application-specific integrated circuit (ASIC) 
which are not standardised and need specific readers to supply the 
energy and retrieve the data from the tag. An ASIC is, for instance, 
used in [74],  presenting a battery assisted implantable passive 
amperometric electrochemical glucose sensor with an off chip 
printable battery which stores the harvested energy allowing a 
continuous monitoring. In [75] the authors present another glucose 
implantable sensor based on an ASIC which implements the 
ISO/IEC 15693. It consists of a LED which light is reflected on a 
biosensing fluorophore, and a photodiode for detecting the 
fluorescent reflected emission.  

Beyond the use of the 13.56 MHz ISM (industrial, scientific and 
medical) band, some works use the same principle but with different 
frequencies. Is the case of [108], where a battery-less implantable 
neuro-electronic interface suitable for studying deep brain 
stimulation (DBS) working at 10 MHz is presented. The implant has 
8 electrodes which can interact with eight different brain regions bi-
directionally. The implant communicates with an external wearable 
transceiver by 2 coils using LSK (load shift keying) modulation, used 
for both, data and power transfer, reaching transmission speeds up 
to 2 Mbps. The coils size used in this work are 20 mm and 30 mm 
for the implanted and the external, respectively. The external 
module relays the data to a computer or portable device via 
Bluetooth.   

Table 1.V summarises the passive sensing tags reported on the 
literature exposed above, listing the NFC chip used, the sensing 
parameters, the size, and some additional comments for each.  

As can be seen, the type of applications where passive sensing tags 
can be applied is large, and it is expected to keep growing along with 
the number of smartphones with NFC capability and the number of 
tags ICs. These factors, altogether with the interest on low-power 
devices, especially on sensors, envision an expansion of the 
possibilities provided by NFC passive sensing tags.   
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Table 1.V. Sensing tags references 

Ref Chip Sensor 
Size 

(mm) 
Comments 

[62] MLX90129 Temperature 32×51 ON/OFF 

[63] 

Software defined 

in a MCU 

(MSP430) 

Temperature, 

accelerometer 
85×54 Open source platform 

[64] SL13A Multigas 65×40 Optical 

[67] ASIC Tire pressure 35×15  

[68] SL13A 
Temperature, 

pressure 
16×16 Sensors network 

[71] RF430FRL152H 
Temperature, 

phototransistor 
74×50 Flexible 

[74] ASIC Glucose   

[75] ASIC Glucose 3×15  Implantable 

[77] SL13A pH   

[94] - Nitrogen  ON/OFF 

[96] NHS3100 Temperature 25×25 Flexible 

[102] AS3955 
General-

purpose 
31×20  

[104] 
M24LR04E 

NTAG216 

Not 

implemented 
7×5 

Flexible, 

miniaturized 

[107] SL13A Temperature  Implantable 

[108] ASIC 
Brain 

stimulation 
20×20 10 MHz 

 

1.4 Scope and objectives of this Doctoral Thesis 

This work focusses on the study of NFC battery-less sensors using 
commercial smartphones as a reader. To that end, the scope of this 
work is framed within RFID, in the HF band, using NFC Forum 
standards, in read/write operational mode with passive tags with 
NFC-V technology and sensing capability. 

The purpose of the research is to demonstrate the feasibility of 
integrating NFC passive sensors within the growing IoT scenario. 
The main objectives are listed below: 

 Study the operation and constrains of WPT applied to NFC 
in real-case scenarios using commercial smartphones as a 
reader.   
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 Study, design and implementation of custom passive tags, and 
the effects of different antenna topologies, and manufacturing 
materials as well as compare the performance of different 
NFC chips and different power requirements. 

 Demonstration of NFC capabilities and advantages for 
passive sensing devices, using both, analog and digital sensors.  

 Study of the read range and the energy harvesting range. 
 Design of new NFC sensing applications not present in the 

literature. 
 Analyse the effects of the body in implantable NFC tags and 

evaluate techniques to improve the maximum implantable 
depth.  

1.5 Organization of this document 

The document is organised as follows: 

 Chapter 2 analyse the architecture, constraints, and 
limitations of wireless power transfer applied to NFC systems. 
It describes the theory background and the main parameters 
that influence on the efficiency of the system such as antenna 
design, environmental effects and coupling conditions. 

 Chapter 3 presents a soil moisture sensor embedded in a 
battery-less tag able to measure the volumetric water content 
of the soil as well as the relative humidity and temperature. 

 Chapter 4 describes the application of a wet detection for 
diapers designed on flexible substrate, based on the change in 
capacity between electrodes. 

 Chapter 5 proposes a prototype of a colour sensor for 
determining the pH based on colour determination of pH 
reactive paper-based colour strips. The repeatability of the 
proposed device is addressed as well as a comparison to image 
processing alternatives. 

 Chapter 6 studies the possibility of using the same colour 
sensor presented in the previous chapter to analyse fruit 
ripeness. An analysis of the different colour components of 
different colour spaces is presented, along with a machine 
learning algorithm study, to create a classification matrix 
used in an Android application to discriminate the ripeness 
state. 
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 Chapter 7 examines the feasibility of implanted NFC tags, 
including the effect of the body and the use of small tag 
antennas (15x15 mm). An improved resonant coupling system 
with 3 coils is introduced and analysed, adding a relay coil 
between the reader and the tag, to increase the read range 
and power transfer. 

 Chapter 8 exposes the conclusions of this work.     
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2. Wireless Power Transfer applied to NFC 

2.1 Introduction 

Our knowledge of physics determines 4 different fundamental forces, 
two of them produce forces at subatomic distance and govern nuclear 
interactions, the other two, gravity and electromagnetism, produce 
long-range effects. Each of them can be described mathematically as 
a field. Michael Faraday was the first to describe one of these forces 
as a field in 1831: the electromagnetism. He studied the magnetic 
field generated around a conductor carrying current. Few years later, 
in 1860s, James Clerk Maxwell develop and unified the theory of 
electromagnetism, summarizing it in four equations that now bear 
his name. However, it was Heinrich Hertz who, in 1887, proved the 
existence of the electromagnetic waves predicted by Maxwell’s 
equations, inventing the dipole oscillator and the resonator [1]. The 
evidence of radiowaves was the beginning of wireless power transfer 
(WPT), and Nikola Tesla was one of the most implicated researchers 
about it. He invented radio frequency resonant transformers (Tesla 
coils) by inductive and capacitive coupling trying to develop a 
wireless lighting system. In 1921 he stated:  

“Power can be, and at no distant date will be, transmitted without 
wires, for all commercial uses, such as the lighting of homes and 

the driving of aeroplanes. I have discovered the essential 
principles, and it only remains to develop them commercially.” [2]  

 

Figure 2.1. Nikola Tesla in his laboratory in 1899. 
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Despite the efforts and dedication that Tesla put on wireless power 
transfer, it never accomplished a commercial use due the dispersion 
of wireless power, which depends on the frequency of the operation 
and size of the transmitting antenna. Later, in the 1960s, after the 
ability acquired during World War II of working at microwave 
frequencies where the energy could be focused into a narrow beam, 
a new era of WPT [3], [4] began.    

Nowadays, three different methods for WPT using electromagnetic 
fields are employed: inductive coupling, resonant coupling and far 
field [5] (see Table 2.I). These three technologies are similar, all of 
them follow Maxwell’s equations. However, each of them implies its 
own characteristics and design constrains.  

Table 2.I. Characteristics of different WPT methods. 

 
Inductive 
coupling 

Resonant 
coupling 

Far field 

Field Magnetic field 

Resonance 

(magnetic, 

electric, EM) 

EM 

Method Coil Resonator Antenna 

Distance Short Medium Short to long 

Efficiency Low to high High High 

Power High High Low to high 

Uses 

Felica cards, Qi 

standard (Mobile 

phones charging) 

NFC, eZone 

(mobile phones 

charging) 

Far-field RFID 

 

Inductive coupling (Figure 2.2(a)) is based on Ampère’s circuital law 
and Faraday’s law of induction. The first describes the magnetic 
field generated by an electrical current passing through a loop (coil) 
and vice versa, the second predicts the interaction between a time-
varying magnetic field and an induced electromotive force. The 
efficiency of the transmitted power depends on the coupling 
coefficient, which depends on the distance between transmitter and 
receiver. It is used for short-range applications, usually working with 
frequencies of a few megahertz. This method was the first WPT 
technology applied in real applications [6]–[8].  
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Resonant coupling (Figure 2.2(b)) have been widely applied to 
microwave band-pass filters (BPF) [9], [10], however, it was not until 
2007 when researchers from the Massachusetts Institute of 
Technology demonstrate its use for WPT achieving up to 40% 
efficiency over more than 2 meters [11], [12]. A resonator is composed 
by a coil (L) and a capacitor (C), and the transmitted power is 
mainly magnetic. It is currently used for smartphones and other 
mobile devices.   

Unlike inductive and resonant coupling, WPT via radiowaves 
(Figure 2.2(c)) uses the radiated electromagnetic. Thus, uses 
antennas rather than coils. It is mainly used in far-field RFID 
systems [13]. It achieves lower power transfer but a much longer 
range. 

Vs

Rs

L1 L2 RL

 

C1

Vs

Rs

L1 L2 C2 RL

 
(a) (b) 

TRANSMITTER RECEIVER

ATX ARX

 
(c) 

Figure 2.2. Methods of WPT. (a) Inductive coupling, (b) resonant coupling, (c) 

far field. 

Resonant coupling, which is the technique used in NFC systems, 
relies on the principle that resonant objects exchange energy 
efficiently. To accomplish the power transfer, the source resonator 
generates an oscillating magnetic field, commonly working at MHz 
range, which is received by another resonator located few centimetres 
away. WPT using resonant coupling can be classified by different 
parameters [14], shown in Table 2.II.  

There are two possible approaches to analyse resonant coupling. The 
first is by coupled-mode theory (CMT) [15]. On the other hand, since 
resonators are based on RLC circuits (see Figure 2.2(b)), the circuit 
theory can be applied as well, which is more straightforward, and 
it’s the method used in this work.  
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Table 2.II. Coupled resonant WPT systems classification. 

Classifications Types Description comments 

Field used in 
coupling 

Magnetic-
coupled 

Affected by surrounding 
permeability 

Not affected by the 
body (medical 
applications) 

Electric-
coupled 

Affected by surrounding 
permittivity 

 

Power feeding 

Direct fed 
Power source and load 

directly connected to the 
resonant structure 

 

Indirect 
fed 

Feeding loop 

Impedance matching 
by adjusting the 

spacing between the 
resonant structure 

and the loop 

Resonant 
scheme 

Self-
resonant 

Inductance and 
capacitance realized by 

identical structure 

 

External 
resonant 

Different structures 

Usually loop 
structure used for 
inductance and a 
capacitor is added 

 

2.2 Theory background 

The underlying physical principles of electromagnetism are needed 
to understand NFC technology and WPT. Inductive coupling 
consists of a primary coil generating a sinusoidal varying magnetic 
field, which induces a voltage on the terminals of a secondary coil, 
thus transferring power to a load. This effect is produced by the fact 
that a flow of current generates a magnetic field, the magnitude of 
this field is described as the magnetic field strength, and represented 
by H. The Biot-Savart law allows for calculating the H field strength 
and direction from any geometry and current, for any point in space 
(Figure 2.3). Its integral form is given by (2.1): 

 𝐻⃗⃗ =
𝐼

4𝜋
∮

𝑑𝑠 × 𝑟 

|𝑟|3
𝑆

 (2.1) 
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where I is the current, 𝑑𝑠  is a vector along the path S, and r is the 
point in which the field is being computed. 

ds

r

dH

I

Point in space

 

Figure 2.3. Representation of Biot-Savart law to measure H field strength in any 

point of the space. 

For practical applications the previous integral is not appropriated, 
as closed analytical solutions only exist for special cases. The H field 
on the centre axis of a cylindrical coil is given by [16]: 

  𝐻 =
𝐼𝑁𝑟2

2√(𝑟2 + 𝑥2)3
 (2.2) 

where N is the number of turns, r is the radius of the loop and x is 
the distance from the centre of the coil. Furthermore, when the loop 
has rectangular shape, with side lengths a and b, the strength of the 
magnetic field at distance x is  [16]: 

 𝐻 =
𝐼𝑁𝑎𝑏

4𝜋√(
𝑎
2)

2

+ (
𝑏
2)

2

+ 𝑥2

· (
1

(
𝑎
2)

2

+ 𝑥2

+
1

(
𝑏
2)

2

+ 𝑥2

) (2.3) 

The Biot-Savart law accomplish accurate results for near field region, 
and it is used to obtain the homogeneity of the emitted H field and 
the optimum antenna radius. 

The amount of magnetic field that passes through a given surface 
(Φ) can be measured by 
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 𝛷 = 𝐵𝐴 (2.4) 

where B represents de magnetic flux density, and A the area of the 
given surface. The relationship between the flux density (B) and the 
field strength (H) is given by: 

 𝐵 = µ0µ𝑟𝐻 = µ𝐻  (2.5) 

being µ0 the permeability of vacuum, and µr the relative permeability 
(µ is the product of µ0 and µr). When using coils of N loops, the total 
magnetic flux (ψ) is the sum of the flux (Φ):  

 𝜓 = ∑𝛷𝑁 = 𝑁𝛷 = 𝑁µ𝐻𝐴 (2.6) 

The relationship between the magnetic flux and the current is the 
inductance (L), and can be expressed as: 

 𝐿 =
𝜓

𝐼
=

𝑁Φ

𝐼
=

𝑁µ𝐻𝐴

𝐼
 (2.7) 

The physical principle of NFC for communication relies on the 
mutual inductance between two coils (M21). Mutual inductance 
defines the effect of the magnetic field generated on the first coil with 
area A1 over a second coil, located near the first, with area A2: 

 𝑀21 =
𝜓21(𝐼1)

𝐼1
= ∮

𝐵2(𝐼1)

𝐼1
𝑑𝐴2

∞

𝐴2

 (2.8) 

where the sub-indexes 1 and 2 refer to the first and second coil 
respectively, and ψ21 is the coupling flux which passes through both 
coils. Combining Ampere’s law and the Biot-Savart law, thus 
applying the reciprocity theorem, we can state that: 

 𝑀 = 𝑀21 = 𝑀12 (2.9) 

The mutual inductance is directly related to the coil inductance by:  

 𝑀 = 𝑘√𝐿1𝐿2 (2.10) 

where k is coupling coefficient. 

Figure 2.4 depicts the mutual inductance (M) between two coils. 
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A1

Φ (I1) , Ψ(I1) 

I1

A2

Ψ2(I1) 

B2(I1) 

 

Figure 2.4. Representation of mutual inductance (M) between coils. 

This chapter analyses WPT within the NFC scenario using a 
smartphone as transmitter. Thus, beyond the basic background of 
WPT, it exposes certain specific constrains such as the resonator 
design, NFC IC characterization, potential environmental effects, 
and chips comparison. 

2.3 NFC system 

This section describes the reader and the tag and introduces the 
system model used in this work.  

2.3.1 Reader model 

Figure 2.5 shows the schema of the transmitter with the matching 
network and the EMI filter. The reader consists of a voltage source 
(Vout) which is connected to an EMI filter through a resistance (Rout). 
The EMI filter is a low-pass filter reducing the second and higher 
harmonics and performs an impedance transformation. This filter is 
composed by two resistors (R0), two inductors (L0), and two 
capacitors (C0). Two capacitors (Cs) are used as matching network 
to match the impedance between the EMI filter and the antenna. 
Two resistors (Rx) and a capacitor (Cin) compose the receiver circuit 
to adjust the received power levels, avoiding its saturation. The 
antenna is modelled as an inductance (L1) in series with a resistance 
(Ra) and a capacitance (Ca). Two resistors (RQ) may be added 
between the antenna and the matching network to reduce the quality 
factor (Q) to accomplish with the standards requirements. The 
reader can be modelled using a Thevenin equivalent circuit with a 
voltage source and an output impedance (Rs). A series capacitance 
(C1) is added to make the circuit resonant (fr) at the operating 
frequency (f0). The parasitic capacitance of the reader antenna (Cp) 
has been considered in the matching network. An equivalent model 
can be used for the reader antenna, which is modelled as an 
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inductance (L1) and its losses (R1, including RQ) in series with the 
inductance. The reader includes a matching network, so therefore, 
assuming a perfect match at the resonance frequency, Rs=R1. The 
parasitic capacitance of the reader antenna has been considered in 
the matching network and is included in the equivalent Thevenin 
model. 

Rx

Rx

L0

L0

C0

C0

Cs

Cs

Cp

RQ

RQ

Rx1

Rx2

Tx2

Tx1

Ca

Ra

L1

Antenna

Rout

Cin Vout

+

READER IC

EMI FILTER

R0

R0

Vs

Rs C1 R1

L1

Reader IC and

Matching 

Network

Equivalent 

Reader

Antenna

Zin

 

Figure 2.5. Model of the reader, including the matching network (top) and the 

simplified model (bottom). 

It is known that in some applications the reader communicates 
correctly with a smart card at a large distance but not at short 
distances, independently of the (good) demodulation quality of the 
backscattered signal [17], [18]. This phenomenon is known as the 
loading effect, resulting in a lack of transmitted power due to the 
strong influence of the tag’s load on the reader [17], [18].  

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

2.3.2  Tag model 

Figure 2.6 describes the main block of an NFC tag IC. There are two 
main blocks connected to the antenna [23]. The first is the wireless 
power transfer unit in charge of the energy harvesting to power up 
the IC, while the second is the communication unit that demodulates 
the data and generates the clock for the transmission of information 
back to the reader. In this work we focus on the WPT unit. This is 
composed of an RF limiter, a rectifier, a shunt regulator and a load 
modulator, which can be modelled as a shunt capacitance with the 
antenna. 

RX

DEMODULATOR
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RECTIFIER SHUNT
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CLOCK
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DC LOAD

VRX
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Figure 2.6. Block diagram of the NFC tag IC. 

Due to its proximity to the reader, the coupled AC signal at the 
antenna can be large, which might lead to the destruction of the 
MOS transistor. Therefore, an RF limiter is 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 in order to obtain a stable voltage for the communication 
unit operation. 

For modelling the limiter, the circuit described in [23] and shown in 
Figure 2.7 is considered. This limiter is based on two large-area 
NMOS shunt transistors that are activated when the input power is 
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enough to produce a current through the diodes 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 RC filter (R1 and C1) for ASK demodulation. The demodulated 
data are used as the input of a slicer circuit for data demodulation. 

VDD

VRx

A1

A2

M1 M2

R1 C1

 

Figure 2.7. RF limiter model inside the NFC IC. 

A high efficiency rectifier is required for the RF-to-DC conversion. 
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 for 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. 
The most frequently used are the NMOS bridge and the CMOS gate 
cross-coupled (or cross-connected) rectifier [24] (Figure 2.8) 

A2

A1

VDD
M1

M2

M3

M4

 

Figure 2.8. Model of the full-wave rectifier based on CMOS gate cross-coupled 

rectifier. 
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A shunt regulator can be used to model the regulator in the 
simulation (for example based on a zener diode). Although lateral 
zener diodes can be implemented in standard CMOS processes [25], 
the shunt regulator is often implemented with transistors. 
Nevertheless, all the topologies are based on the same principle that 
consists of reducing the shunt resistance of a bypass transistor when 
the input voltage is higher than the desired output voltage. Figure 
2.9 shows the shunt regulator used in [17], [26], [27]. In this circuit, 
the shunt impedance to reduce the voltage is controlled comparing 
a band gap-based reference voltage and the output voltage. 

VDDVREC

R1

GND

M1

M2

M3

M4

M5

M6 M7

 

Figure 2.9. Shunt regulator circuit model. 

The load modulator (Figure 2.10) is formed by two NMOS 
transistors that act as switches, each of them connecting one 
capacitor from the RF input to ground [28], [29]. In order to transmit 
information to the reader, the transistors are switched on and off by 
the data signal connected to the gate, resulting in a change of load 
impedance at the antenna as a function of the data.  
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DATA OUT

A1 A2

C3C3

M1 M2

 

Figure 2.10. Load modulator model formed by two NMOS transistors. 

In this work the tag is modelled as a resistance (RIC) in parallel with 
a capacitor (CIC). A tuning capacitance Ctun is added to make the 
circuit resonant at the operating frequency. This model for the tag 
is shown in Figure 2.11.  

L2

R2

Cp Ctun RICCIC

NFC IC

Tag

Antenna
 

Figure 2.11. Simplified model of the tag including the tag antenna, tuning 

capacitor and NFC IC. 

An important point to consider is that the chip impedance presents 
a nonlinear behaviour, thus, the impedance at the operational 
frequency changes depending on the received power. However, it is 
not easy to measure the nonlinearity. The impedance of the 
laboratory equipment is usually 50 Ω, and the transponder chip is 
expected to have a high impedance (in order of kΩ).  The other 
problem is the high power level required comparable to the real 
power levels generated by the reader. In [21], a high-power method 
for impedance characterization of HF RFID chips is proposed, by 
using the shunt or series method, measuring the transmission 
coefficients (S21) using a series setup. This method improves the 
accuracy obtained by the reflected method (measuring S11) [22], since 
this is prone to error when measuring high impedance chips. As 
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shown in [21], HF RFID transponders behave in a strong nonlinear 
way when the received power increases.  

2.3.3  NFC system model 

Figure 2.12 brings together the reader and tag models introduced 
above, showing the simplified model of the wireless power transfer 
between the reader and the tag used in this work. The reader, 
composed by the IC model altogether with the matching network 
and its antenna is related to the tag, which is modelled as an 
antenna, a tuning capacitor and the IC model, through the coupling 
coefficient (k) that is explained later in this chapter.  

Vs

Rs C1 R1

L1 L2

R2

Cp

Ctun

RIC

CIC

NFC IC

k

Reader IC and

Matching Network

Reader

Antenna

Tag

Antenna

 

Figure 2.12 Wireless power transfer model between the reader and the tag. 

2.4 NFC constraints 

Even though NFC allows to transmit energy wirelessly from a source 
(reader) to power-up a receiver (tag), its main purpose is the data 
transfer. Furthermore, with the incorporation of this technology in 
most of the smartphones manufactured today, the methods to apply 
it encompass a huge variety of solutions, with different antenna sizes 
and materials, as well as different emission power levels and electrical 
characteristics. Unlike other specific WPT systems, developing NFC 
devices must consider all the previous mentioned constrains, thus 
allowing an efficient power transfer while ensuring a correct data 
transfer, independently of the reader used.  

2.4.1 Antenna design 

As any wireless communication system, NFC needs an antenna to 
communicate the transmitter and receiver. In addition, for the 
purpose of passive tags, it is crucial to ensure the maximum power 
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transfer through the antennas. This section describes the main 
parameters to consider for the design of the antennas.  

2.4.1.1 Resonance frequency (fr), operational frequency (f0) and 
antenna tuning  

In this work the nominal operational frequency (13.56 MHz) is 
denoted as f0. The resonance frequency (fr) of the antenna is the 
frequency where the inductive and capacitive reactances of the 
antenna cancel each other out, thus behaving as purely resistive. 
Notice that, in some cases, the angular frequency is referenced using 
the symbol ω (𝜔 = 2𝜋𝑓). In order to optimise the power and data 
transfer, it is critical to adjust the resonance frequency (fr) of the 
antenna to the operational frequency (f0) of the system, this process 
can be done by tuning the antenna. However, it may be needed to 
adjust a smoothly higher frequency when considering the frequency 
shift produced by environmental conditions, such as the tag material 
or the presence of metallic object like the metallic reader enclosure 
when working in very short range. The presence of metal near the 
coil produce an eddy currents in opposite direction of the generated 
field, absorbing part of the power. This metal introduces a 
capacitance to the antenna impedance and reduces its inductance 
which makes the energy to be reflected to the antenna terminals 
since it does not match to the input impedance (Z0). The reduction 
of the antenna inductance (La) and modification of the parasitic 
capacitance (Cp), modifies the resonance frequency of the antenna 
since it is determined by: 

 
𝑓𝑟 ≈

1

2𝜋√𝐿𝑎(𝐶𝐼𝐶 + 𝐶𝑝 + 𝐶𝑡𝑢𝑛)

 
(2.11) 

where La is the tag’s antenna inductance, CIC is the internal IC 
capacitance, Cp is the layout parasitic capacitance (which includes 
the antenna capacitance and the parasitic capacitance due to the 
interconnections), and Ctun is the capacitor used to adjust the 
resonance frequency (fr) to the operation frequency f0 (13.56 MHz). 
The resonance frequency can be verified by measuring the S11 
parameter connecting another loop antenna to a vector network 
analyser close to the tag.  
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As mentioned before, the operational frequency of NFC is f0 = 13.56 
MHz, which leads to a wavelength of about 22 meters (𝜆 = 𝐶/𝑓0, 
where 𝐶 ≈ 3 · 108 𝑚/𝑠). This leads to a half-wave dipole antenna of 
11 meters which is not suitable for a handheld or a smartcard. The 
antenna used is much smaller, therefore, the radiation efficiency is 
very small, and the typical parameters measured in antennas such 
as the gain or the radiation pattern are not relevant. An NFC 
antenna is basically an inductor, as shown on Figure 2.13, and its 
performance depends mostly on the area (A) and the number of 
turns (N). As a rule, as bigger is the area, and as much turns it has, 
the better is its performance. The parasitic capacitance (Cp) and 
resistance (Rp) must be considered. The inductance (La) is mainly 
defined by the number of turns of the loop, the resistance (Ra) by 
the diameter and total length of the loops, and the capacitance (Cp) 
by the separation between the antenna loops and the number of 
turns.  

La

Ra

Cp Rp

  
(a) (b) 

Figure 2.13. (a) Antenna circuit model for a loop antenna, (b) antennas with 

different sizes and number of turns. 

The theoretical inductance for a rectangular wire coil can be 
calculated from [30]: 

𝐿𝑎 = 𝑁2
µ

𝜋
[−2(𝑤 + ℎ) + 2√ℎ2 + 𝑤2 − ℎ ln (

ℎ + √ℎ2 + 𝑤2

𝑤
)

− 𝑤 ln (
𝑤 + √ℎ2 + 𝑤2

ℎ
) + ℎ ln (

2ℎ

𝑎
)

+ 𝑤 ln (
2𝑤

𝑎
)] 

(2.12) 

UNIVERSITAT ROVIRA I VIRGILI 
BATTERY-LESS NEAR FIELD COMMUNICATIONS (NFC) SENSORS FOR INTERNET OF THINGS (IoT) APPLICATIONS 
Martí Boada Navarro  



41 

 

where N is the number of turns, w and h the average width and 
height of the coil, and a is the PCB width. The inductance can be 
measured from the Z parameters as: 𝐿𝑎 = 𝐼𝑚(𝑍) 𝜇0⁄ . 

The easiest way to precisely calculate La and Ra is connecting the 
antenna coil to a VNA and measure the impedance of the antenna 
(Z11) at the operational frequency (f0), knowing that [31]: 

 𝑍11 = 𝑅𝑎 + 𝑗2𝜋𝑓0𝐿𝑎 (2.13) 

The values of resistance and inductance are usually given by the 
VNA, however, the capacitance is not measured, but can be 
estimated using the equation [32]: 

 𝐶𝑝 =
1

(2𝜋𝑓𝑟)2𝐿𝑎
 (2.14) 

The series equivalent total resistance of the antenna (RT) at the 
operational frequency (f0), which combines the antenna and parasitic 
resistance (Ra and Rp respectively), can be calculated by first 
measuring the equivalent resistance at the self-resonance frequency 
(Rp(fr)) with the VNA, and using its value to measure the parallel 
equivalent at f0 (Rp(f0)): 

 
𝑅𝑝(𝑓0) =

𝑅𝑝(𝑓𝑟)

√
𝑓0
𝑓𝑟

 
(2.15) 

and then calculate RT using: 

 𝑅𝑇 = 𝑅𝑎 +
(2𝜋𝑓0𝐿𝑎)

𝑅𝑝(𝑓0)
 (2.16) 

The parasitic resistance (Rp) can be calculated using the equation 
[32]: 

 𝑅𝑝 =
(2𝜋𝑓0𝐿𝑎)

2

𝑅𝑎 + 2𝑅𝑞
 (2.17) 

where Rq is the damping resistor used to adjust the quality factor 
(defined in equation (2.28)) 
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2.4.1.2  Antenna factor (AF) 

The magnetic antenna factor (AF) at a determined frequency (f) is 
defined as the ratio between the incident magnetic field (H) to the 
output voltage at the load (Vo) [33]: 

 𝐴𝐹(𝑓) = 𝐻(𝑓)/𝑉𝑜(𝑓) (2.18) 

The AF of the coil antenna is used to measure the average magnetic 
field in the tag. In order to obtain the AF of the antenna, the circuit 
of Figure 2.14 can be used.  

Vs Vo

Zin

Z0

 

Figure 2.14. Equivalent circuit of the antenna. 

Taking into account Faraday’s law: 𝑉𝑠 = −𝑗𝜔0𝜋𝑎2𝜇0𝐻, where a is 
the radius of the antenna, and knowing that 𝑉0 = (𝑍0/(𝑍𝑖𝑛 + 𝑍0))𝑉𝑠, 
being Zin the antenna impedance and Z0 the reference impedance 
(50Ω), the AF can be obtained from the measured antenna 
impedance as [33]:  

 𝐴𝐹 =
𝑍0 + 𝑍𝑖𝑛

𝑗2𝜋𝑓𝜇0𝑍0𝐴 · 𝑁
 (2.19) 

where A is the loop area and N is the number of turns of the loop, 
thus, these two parameters (A and N) must be considered when 
designing the antenna.  

2.4.2  Coupling coefficient (k) 

The coupling coefficient of a pair of coils (C1, C2) is a measure of the 
magnetic field transferred between them and therefore it is a 
fundamental parameter in NFC. It depends on the shape of the 
antennas, distance and alignment between antennas, and the 
materials. The coupling coefficient can be calculated from the Z 
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parameters from electromagnetic simulations or S parameters 
measurements performed with VNA [34]: 

 𝑘 =
𝑀

√𝐿1𝐿2

=
√𝐼𝑚(𝑍12) · 𝐼𝑚(𝑍21)

√𝐼𝑚(𝑍11) · 𝐼𝑚(𝑍22)
 (2.20) 

It is known that the maximum coupling coefficient between two coils 
is obtained when the radius of the coils are identical [35], [36]. 
However, NFC antennas are embedded in a large variety of devices, 
and each of them uses a different antenna configuration. This factor 
must be considered when designing NFC tags.   

2.4.3  Quality factor (Q) 

The quality factor (Q) of a resonator determines its bandwidth and 
depends on the inductance (L) and resistance (R). It can also be 
computed from the Z parameters. 

 𝑄 =
𝜔𝐿

𝑅
=

𝐼𝑚(𝑍)

𝑅𝑒(𝑍)
 (2.21) 

The relationship between the quality factor at the resonance 
frequency (fr) and the bandwidth can be described as: 

 𝐵𝑊 =
𝑓𝑟
𝑄

 (2.22) 

A high value of Q in the transmitter (reader) is translated into a 
narrow band, as can be seen in Figure 2.15, which benefits the power 
transfer. To ensure that the sidebands produced by the 
backscattering modulation that contains the information are 
received correctly by the reader, the standards determine a 
maximum Q factor.  
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Figure 2.15. Frequency spectrum of NFC system with the carrier frequency (f0) 

and the sidebands 

The maximal Q of a transmitter depends on the subcarrier frequency 
and the type of coding used. In the worst-case scenario (ISO/IEC 
14443A), the maximal value of Q is 𝑓0/(2 𝑥 𝑏𝑖𝑡 𝑟𝑎𝑡𝑒), which, at 106 
kbps, leads to a maximum Q of 64. ISO/IEC 15693 allows higher 
values of Q, and its maximum value comes from the pause on the 
carrier frequency (Tp, depicted in Figure 2.16) such as 𝑄𝑚𝑎𝑥 = 𝑓0 ×
𝑇𝑝, being 𝑇𝑝  =  9.44 𝜇𝑠, thus, 𝑄𝑚𝑎𝑥 = 128. It is important to 
mention that the quality factor of printed antennas use to have 
higher Q than the required by the standards, therefore, a series 
resistor is added in order to reduce it (included in R1 in the Figure 
2.12 which models the antenna resistance and this series resistance). 

 

Figure 2.16. ASK with 100% modulation envelope amplitude. Tp is the protocol 

pause time, which determines the maximum Q. 
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Three different Q’s can be defined for each side (reader and tag): the 
antenna quality factor (Qi), the quality factor of the load (i.e. the 
NFC chip, QL) and the total quality factor of the whole transponder 
(QiL). The unload quality factor of the coil i (being i=1 for the 
reader, and i=2 for the tag) is obtained from the inductance and 
resistance at the angular resonance frequency (ω0) with (2.12). The 
total quality factor (QiL) is computed from: 

 𝑄𝑖𝐿 =
𝑄𝑖𝑄𝐿

𝑄𝑖 + 𝑄𝐿
 (2.23) 

where the external quality factor (QL): 

  𝑄𝐿 =
𝑅𝐼𝐶

𝜔0𝐿𝑖
 (2.24) 

where 𝑖 = 1,2, and corresponds to the component values in Figure 
2.12.  

Analogously to the case of the transmitter, the total quality factor 
of the tag (Q2L) is limited to avoid degradation of the modulation of 
the subcarrier. Therefore the maximum value of Q2L is 
approximately Q2L,max=8π≈25 [37]. A higher quality factor would 
increase the time constants for the transition and decrease the load 
modulation. This limitation is not present in WPT systems devoted 
to wireless charging. The total quality factor of the tag (Q2L) is given 
by the hyperbolic average of the quality factor of the tag antenna 
(Q2) and the quality factor associated with the IC impedance (QL). 
Thus, the quality factors of the tag are defined by: 

 
𝑄2 =

𝜔0𝐿2

𝑅2
   

(2.25) 

 
𝑄𝐿 =

𝑅𝐼𝐶

𝜔0𝐿2
 

(2.26) 

 
𝑄2𝐿 =

𝑄2𝑄𝐿

𝑄2 + 𝑄𝐿
 

(2.27) 

As mentioned above, the Q factor of an antenna depends on its 
inductance and series impedance, and, since standards determine a 
maximal value of Q, it is common to add two dumping resistor (RQ) 
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at each side of the antenna to reduce the quality factor. The value 
of such resistor can be calculated to reach the desired value (Qdes) 
with the following equation [32]: 

 𝑅𝑄 = 0.5 (
𝜔0𝐿𝑎

𝑄𝑑𝑒𝑠
− 𝑅𝑎) (2.28) 

The maximum quality factor to ensure the bandwidth required for 
the backscattering communication (Q2L) is given by: 

 𝑅𝐼𝐶 < 𝜔0𝐿2𝑄2𝐿,𝑚𝑎𝑧 (2.29) 

2.4.4  Efficiency (η) 

In WPT the efficiency, defined as the ratio between the power on 
the load and the emitted power, is crucial. The efficiency depends on 
the coupling coefficient (k) between the coils, and the quality factor 
(Q) of each element, following the formula: 

 𝜂 =
𝑃𝐿

𝑃𝑖𝑛

=
𝑘12

2 𝑄
1
𝑄

2𝐿

1 + 𝑘12
2 𝑄

1
𝑄

2𝐿

·
𝑄

2𝐿

𝑄
𝐿

 (2.30) 

where PL is the power on the load, Pin in the emitted power, k12 is 
the coupling coefficient between coils 1 and 2, and Q1, QL and Q2L 
are the quality factors of the reader antenna, the tag NFC IC, and 
the whole tag, respectively. It is important to notice that magnetic 
coupling efficiency is very sensitive to primary-secondary coils 
alignment and distance, since magnetic field decays as 1/r3, being r 
de distance between coils.  

2.4.5  Average magnetic field (HAV) 

The average magnetic field (HAV) is obtained from the Root-Mean-
Square voltage (VRMS) calculated from the measured power (using a 
spectrum analyser) at the carrier frequency from the antenna 
terminals. This parameter, as the name suggest, determines the 
magnetic field received by the antenna, and is given by the voltage 
generated on the coil terminals and the antenna factor, thus, depends 
on the electrical and geometrical parameters of the antenna. It can 
be obtained as: 
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 𝐻𝑎𝑣(𝐴𝑅𝑀𝑆/𝑚) = 𝑉𝑅𝑀𝑆 · |𝐴𝐹| (2.31) 

2.4.6  Environmental effects 

At is it widely studied [38],  the magnetic and electric fields with a 
ground plane directly beneath are hugely degraded. The presence of 
metal close to the antenna produces an eddy currents which create 
a magnetic field in opposite direction, absorbing power and detuning 
the antenna due a decrease of its inductance and quality factor. 
Considering that the most common readers used in NFC are 
smartphones, which use to have a metallic enclosure, or, in some 
cases, place the antenna over the battery surface, this problem must 
be addressed. The most common way to deal with this undesired 
effect is to put a sheet of a high permeability material between the 
antenna and the ground plane thus creating a shield. The most 
frequent used material for that end is the ferrite, which can help to 
isolate the antenna, however, it does not eliminate the total effect of 
the metal surface since only a part of the magnetic flux will be 
conducted through the thin foil of ferrite, as depicted in Figure 2.17. 

 

Figure 2.17. Presence of metal close to the antenna. (a) Normal operation, (b) 

field affected by metal, and (c) use of ferrite sheet. 

2.4.6.1  Body effects 

When designing tags for medical applications where the tag is on the 
skin it is important to note that the inductance (La) is not affected 
by the dielectric material and is therefore unaltered when the 
antenna is implanted in the body. However, implantable devices 
must use a coating layer to isolate the electronics from the body. 
This is commonly done by using silicon rubber due to its high 
chemical inertness and durability. The capacitances introduced by 
the coating layer is modelled with Cs in Figure 2.18.  
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Figure 2.18. Circuital antenna model for a loop antenna for implanted loop 

antenna, adding a parasitic resistance Rp. 

The series antenna resistance (Ra) 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 effects of 
the presence of biological matter and the feasibility of implantable 
NFC tags is deeply studied in chapter 7 of this thesis. 

2.5 Simulations and measurements 

This section presents how the concepts and theory exposed above 
are developed during this thesis, using simulation tools and 
measurement equipment. Practical methods to measure the magnetic 
field, the coupling coefficient, the difference between antennas 
topologies and materials, differences when using different readers, 
and different NFC ICs on the tag and its aftereffect on the energy 
harvesting capability, as well as the setups used are shown with the 
purpose of giving a general overview of the processes used for 
analysing the performance and viability of the tags presented in the 
next chapters. 

Most of the measurements presented in this thesis have been done 
using a smartphone model Xiaomi Mi Note 2 as a reader. The NFC 
antenna of this model is placed on a metallic cover that protects the 
circuitry of the phone, surrounding the camera. The antenna, with 5 
loops, is shown in Figure 2.19. This antenna is shielded by a high 
permeability material sheet (ferrite sheet).   
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Figure 2.19. Xiaomi Mi Note 2 back side (right), and the NFC antenna (green 

square). 

2.5.1 Magnetic field (Hav) 

An automatized setup to measure the magnetic field received at the 
antenna is shown in Figure 2.20. It is composed by the reader 
(commercial smartphone, placed on a moving part controlled by a 
stepper motor, Nema 24), the antenna under test (Coil 1 of Table 
2.III), which is connected to the Vector Network Analyser (VNA, 
Agilent E5062A) or to the Spectrum Analyser (SA, Rhode & 
Schwarz FSP) by means of the switch MSP2T-18 from Mini-circuits, 
which is governed by a voltage supply (Agilent E3631A). The SA, 
the VNA and the power supply are connected to a computer through 
the General-Purpose Instrumentation Bus (GPIB), and the stepper 
motor through a Universal Serial Bus (USB). The procedure to 
control the instruments is programmed using a Matlab script, first 
selecting the appropriate voltage on the power supply to select the 
switch output, choosing the VNA to measure the S11 parameter, and 
then the SA to measure the power received at the operation 
frequency (f0, 13.56 MHz). Once the readings from the VNA and the 
SA are done, the stepper motor moves the reader 1 mm, and the 
process is repeated. 
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Figure 2.20. Setup to measure the magnetic field, schema (a), and photography 

(b), composed by reader, antenna under test, spectrum analyser, VNA, SPDT 

switch and voltage supply.  

The performance of the antennas is analysed by measuring the 
reflection coefficient (S11) at each distance (d), which is used to 
calculate the antenna factor (AF) that will be multiplied by the 
power received (VRMS) (Figure 2.21(a)) to measure the received 
magnetic field (Hav) (Figure 2.21(b)). From the S parameters it is 
possible to calculate the Z parameters which are used to calculate 
the inductance (L2) (Figure 2.21(c)), and quality factor (Q2) (Figure 
2.21(d)) for different distances. Figure 2.21 depicts the plots of these 
parameters for a 50×50 mm 6 loops coil, using a Xiaomi Mi Note 2 
as a reader. It can be observed that the inductance and the quality 
factor decrease due the proximity of the metallic mobile which 
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produces an induced currents (image current in the metal). This 
effect will be studied with more detail in section 2.5.3. 

  
(a) (b) 

  
(c) (d) 

Figure 2.21. Magnetic field measurements of Coil 1 as a function of distance using 

Xiaomi Mi Note 2 as a reader. (a) Power received, (b) Magnetic field received 

(Hav), (c) inductance (L2), and (d) quality factor (Q2). 

2.5.2  Coupling coefficient (k) 

In order to evaluate the behaviour of the coupling coefficient (k) 
between antennas, several coil configurations have been tested. The 
measurements have been performed with three different coils, each 
tested on two different substrate materials: FR4 and Ultralam [39] 
(see Figure 2.22).   
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Figure 2.22. Tested coils for the coupling coefficient. (a) Left coil 1, centre coil 2, 

and right coil 3. The three at the top are printed on FR4 substrate and the three 

on the bottom in Ultralam. (b) NFC antenna of the Xiaomi Mi Note 2 used as a 

reader. 

The parameters of each coil are shown in Table 2.III. Beyond the 
calculation of the coupling coefficient, Table 2.III can be used to 
compare the influence of the substrate and to compare the same coils 
in FR4 substrate against a flexible substrate (i.e. Ultralam) 

Table 2.III. Coil parameters. Three different configurations, in two different 

substrates, FR4 and Ultralam (UL) 

 
Coil 1 Coil 2 Coil 3 

FR4 UL FR4 UL FR4 UL 

Size (mm) 15x15 25x25 25x25 

Turns (N) 6 4 6 

Printed sides 2 1 1 

Trace width (mm) 0.7 0.7 0.7 

Spacing between 

traces (mm) 
1 1 1 

Inductance (L2, nH) 683 757 724 697 1182 1154 

Self-resonance 

frequency (fr, MHz) 
106.33 66.57 115.83 130.29 96.69 104.31 

Quality factor at 

13.56 MHz (Q2) 
58.88 41.16 66.57 51.86 75.92 56.55 

Antenna Factor at 

13.56 MHz (AF) 
0.96 1.03 5.98 5.86 5.63 5.53 
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Coil 1 in FR4 has been used as a reference coil, measuring the 
coupling coefficient (k) between this coil and the others. The results, 
shown in Figure 2.23, demonstrate that the best coupling is found 
when the two coils are identical (blue continuous line). When using 
the same configuration but with different substrate (blue dashed 
line) a degradation on k is observed. However, when the two coils 
have different parameters (coil 2 and 3, red and orange lines 
respectively), the difference between substrates (continuous line for 
FR4 and dashed line for Ultralam) is almost imperceptible.  

 

Figure 2.23. Coupling coefficient between coil 1 and six different coils.  

2.5.3  Presence of metal near the antenna 

As explained in section 2.4.6, the presence of metal near the antenna 
produces undesirable effects. Figure 2.24 compares the measured 
inductance (L2) and quality factor (Q2) at 13.56 MHz as a function 
of the distance to a metal plane that simulates the effect of metallic 
parts of the mobile phone case. The antenna used for this test is a 
50×50 mm with 6 loops, trace width of 0.7 mm, and space between 
traces of 1 mm. It is important to highlight that the inductance 
decreases when the loop antenna is close to metal, due to the induced 
image currents with opposite directions that reduce the magnetic 
flux. For distances greater than 15 mm the inductance is nearly flat 
with an average value around 2.8 µH. Therefore, the resonance 
frequency of the tag can be tuned adding a tuning capacitor in 
parallel with the antenna. Depending of the value chosen, the tag 
can be designed to improve its operation for ultra-short, short or 
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long ranges. Usually the selected distance is greater than 15 mm, 
because the coupling coefficient is lower than in the other cases and, 
therefore, the power received by the tag can be expected to be higher 
as it is close to the mobile.  

ULTRA
SHORT
RANGE

SHORT
RANGE

LONG
RANGE

 

Figure 2.24. Measured (o) and simulated (solid line) inductance (La) (a) and 

quality factor (Q2) (b) of the loop antenna used in the prototype as a function of 

the distance to a metal plate. 

This effect at very short distances is compensated by the higher 
power received. The detuning caused by the presence of metal is 
shown in Figure 2.25. 

 

Figure 2.25. Measured S11 of the test antenna as a function of the frequency for 

different distances between the tag and the mobile. 
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In addition, when the tag is close to the mobile, the bandwidth of 
the system increases because the tag quality factor decreases. This 
is caused by the antenna quality factor reduction and by the decrease 
of the IC load resistance (due to higher power received by the tag). 
It is important to notice that, due to power limitation of standard 
VNA (often 20 dBm), the excitation field measured with the lab 
equipment is smaller than in a real reader. Therefore, the IC 
impedance (especially the equivalent resistance) is higher than in a 
real situation. The chip resistance decreases typically from RIC=5 
kΩ to 1 kΩ under high power excitation when the tag is very close 
to the reader [21]. Therefore, the quality factor of the tag decreases, 
and the tag bandwidth (BW) increases. Figure 2.26 shows the quality 
factor and BW as a function of the tag to mobile distance showing 
that the BW is higher than the required in ISO/IEC 15693 (968 kHz) 
and the shape distortion is due to the reader more than the tag.  

 

Figure 2.26. Tag quality factor and bandwidth as a function of the distance to 

metal depending on chip resistance RIC. The limit BW for ISO 15693 is shown. 

2.5.4  Energy harvesting 

The average magnetic field (Hav) received at the NFC tag must be 
above a threshold value (Hmin) for a correct RF to DC conversion. 
Hmin as a function of tag resonance frequency is obtained from [37]: 

 
𝐻𝑚𝑖𝑛 ≈

√[1 − (
𝑓𝑜𝑝

𝑓𝑟
)
2

]

2

+
1

𝑄2𝐿
2

2𝜋𝑓𝑜𝑝𝜇0𝐴𝑁
· 𝑈𝑚𝑖𝑛 

(2.32) 
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where Umin is the minimum voltage required for the tag operation, 
which depends on the chip IC design and the used technology. It is 
important to mention that the Hmin changes depending on the chip, 
since each IC has different Umin and chip resistance impedance, RIC. 
It also depends on the coil size (A) and number of turns (N). 
Considering that the tag is tuned (fr=f0), and that 𝑄𝐿 ≪ 𝑄2, it can 
be considered that 𝑄2𝑙 ≈ 𝑄𝐿 = 𝑅𝐼𝐶/𝜔0𝐿𝑎. Thus, under this 
approximations Hmin can be estimated as: 

  𝐻𝑚𝑖𝑛 ≈
1

𝜔0𝜇0𝐴 · 𝑁
·
𝑈𝑚𝑖𝑛

𝑅𝐼𝐶
· 𝜔0𝐿𝑎 =

𝐼𝑚𝑖𝑛

𝜔0𝜇0
· (

𝐿𝑎

𝐴 · 𝑁
) (2.33) 

Hence, the minimum magnetic field to activate the energy harvesting 
depends on the minimum threshold current of each chip (Imin), and 
the antenna parameters (La, A, and N).  

The average magnetic field (Hav) depends on the transmitted power 
by the reader and the coupling between the loop antennas. 
Therefore, it depends on the smartphone and its distance to the tag. 
On the other hand, Hmin can be considered a figure of merit of the 
tag because depends only on the tag parameters (IC and antenna). 
Therefore, it can be employed to evaluate the tag performance 
independently of the reader used to generate the field. Figure 2.27 
shows the calculated Hmin considering Q2L=70, L2=0.7 µH, A=15×15 
mm, N=6, and Umin=4.8V, for two different values of RIC (450 Ω 
and 525 Ω) [21].  

 

Figure 2.27. Calculated minimum magnetic field Hmin(ARMS/m) as a function of 

the frequency. 
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Figure 2.28 shows the Hav as a function of the distance for two 
mobiles. The measurements have been done with a tag on FR4 
substrate, with an antenna with 6 loops of 50×50 mm (the same used 
in previous section 2.5.3) connected to a MR24LR NFC IC and this 
connected through I2C bus to an ATtiny85 microcontroller as a load. 
For the current consumption of the tag, a read range of between 1 
cm and 1.75 cm is obtained, depending on which smartphone is used 
as reader. This distance corresponds to a measured minimum 
magnetic field (Hmin) equal to 1.1 ARMS/m (black dashed line on 
Figure 2.28). At the threshold distance, the measured power 
performed with the spectrum analyser (that corresponds to the tag 
loaded with RL=50 Ω) is approximately 3 dBm. It can  be seen that 
once the magnetic field goes below the threshold, voltage output falls 
to zero [40].  The mobile 1 transmits higher power than the older 
model (mobile 2) and consequently the read range is noticeable 
higher. 

 
Figure 2.28. Measured average magnetic field as a function of the tag-to-reader 

distance for two mobile models.  

Another factor to be considered is the stability of the rectified 
voltage generated from the harvested energy. In order to assure the 
correct communication within the tag, Figure 2.29(a) shows the 
energy harvested when it is illuminated with a smartphone, and 
Figure 2.29(b) shows the data communication between the 
microcontroller, the tag and the sensors using the I2C protocol. The 
result shows the viability of using digital communication while being 
powered up by the reader.  
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(a) 

 
(b) 

Figure 2.29. Measurement of the energy harvesting output (VDD) (a) and the data 

of SDA line from the I2C bus (b) when the tag is powered by the NFC reader. 

2.5.5  Backscattering measurement 

When a tag is powered up by receiving a magnetic field generated 
by the reader (Hav), it modulates the amplitude of the carrier 
frequency (fc) with the information contained in the NFC IC 
memory. This modulation produces two mirror-images sidebands 
which contain the information. Thus, the retrieved data of the tag 
depends on these sidebands signals. Even though the correct 
reception of the information can be checked on the reader after 
reading the information, it is interesting to analyse the power of 
those sidebands as they are the signals which must be demodulated 
by the reader to retrieve the information. In order to measure it 
without affecting the communication, a test coil connected to a 
spectrum analyser is located rear the tag at 10 mm (Figure 2.30). 
Since the tag is emitting in both perpendicular directions 
symmetrically (forwards and backwards), the test antenna receives 
a signal very similar to the signal received by the reader.  

TAG
TEST 

COIL

READER
d 10 mm

 

Figure 2.30. Setup for backscattering measurement. 
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Figure 2.31 shows the measured spectrum when the distance between 
reader and tag (d) is 10 mm. The centre frequency can be observed 
at 13.56 MHz as well as the sidebands, with an offset of ± 424 kHz 
from the 13.56 MHz carrier (tags based on ISO/IEC 15693 standard 
where 𝑓𝑠𝑖𝑑𝑒𝑏𝑎𝑛𝑑𝑠 = 𝑓𝑐 ± 𝑓𝑐/32). The setup used for this test integrates 
a Xioami Mi Note 2 as reader, and a tag based on an M24LR04 NFC 
IC, with an antenna of 15x15 mm (Coil 1 of Table 2.III). 

 

Figure 2.31. Spectrum of the signal generated by the tag, at 10 mm separation 

between reader and tag.  

The measure of the power of the carrier, the lower and the upper 
bands (blue, red and orange points, respectively, in Figure 2.31) for 
different distances are shown in Figure 2.32. It can be observed that 
the sidebands have different levels of power, which is due a resonant 
frequency (fr) being not centred exactly at 13.56 MHz, but at a lower 
frequency. Furthermore, at very short distances, the sidebands are 
hugely degraded due the reduction of the chip resistance under high 
power excitation. The sidebands power for the presented setup is 
under the noise floor for distances higher than 25 mm.  

 

Figure 2.32. Measured power of the carrier frequency (blue) and the sidebands 

(red and orange) as a function of the distance. 

UNIVERSITAT ROVIRA I VIRGILI 
BATTERY-LESS NEAR FIELD COMMUNICATIONS (NFC) SENSORS FOR INTERNET OF THINGS (IoT) APPLICATIONS 
Martí Boada Navarro  



60 

 

2.5.6  NFC ICs comparison 

This section pretends to analyse viable options to develop 
applications in a real-life scenario, hence the importance of analyse 
the current NFC chips on the market. Several NFC ICs for tags are 
present on the market. Table 2.IV shows a comparison of some of 
the NFC ICs with energy harvesting capability, with their maximum 
current sink and the typical voltage provided after the AC-DC 
rectifier. 

Table 2.IV. NFC ICs with energy harvesting comparison [36]. 

M anufacturer IC model 
EH  max. 
current 
(mA) 

Typical 
Voltage 

(V) 

Standard 
(ISO/IEC) 

ST 

Microelectronics 

M24LR-E-R [41] 6 3 15693 

ST25DV-12C [42] 6 3 15693 

NXP 
NT3H1101 [43] 5 2 14443A 

NT3H1201 [43] 5 2 14443A 

EM 

Microelectronics 
NF4 [44] 5 3.6 14443A 

Giantec 

Semiconductor 
GT23SC6699 [45] NA 3.2 14443A 

Silicon Craft 

SIC4310 [46] 10 3.3 14443A 

SIC4340 [47] 10 3.3 14443A 

SIC4341 [48] 10 3.3 14443A 

AMS AG 
AS3953 [49] 5 2 14443A 

SL13 [50] 4 3.4 15693 

Melexis MLX90129 [51] 5 3 15693 

Texas Instruments RF430FRL152H [52] NA 3 15693 

 

In order to choose the most suitable NFC chips for the tags designed 
in this thesis, 3 different models of NFC IC transponders with energy 
harvesting (EH) capability have been analysed: 2 chips from ST 
microelectronics (ST25DV04k [41] and M24LR04E [41], both based 
on NFC Forum type tag 5, NFC-V, ISO/IEC 15693) and other from 
NXP semiconductors (NT3H1101 [43], Type tag 2, NFC-A, ISO/IEC 
14443A). From now on, in this Thesis, these chips are referenced as 
ST25, M24, and NT3H on this thesis. In order to compare the 3 ICs, 
the have been integrated in the same tag (see Figure 2.33). The used 
design has a 50 mm × 50 mm square loop antenna printed on a FR4 
PCB with a thickness of 0.8 mm and metallization thickness of 34 
µm. In total there are six loops, with a width of 0.7 mm each one, 
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with 1 mm gap. In all the cases the NFC IC is connected through 
I2C bus to a ATtiny85 microcontroller [53] programmed with the 
same code consisting in a counting loop with the purpose of having 
the same exact load.  

 

Figure 2.33. Same tag with 3 different chips. M24 (left), ST25 (centre) and NT3H 

(right) 

To measure the performance of each chip, the RMS voltage at the 
antenna terminals (Vant), and the rectified voltage from the RF 
signal (VDD) have been measured respect to the distance between 
reader and tag with an oscilloscope using a low capacitance probe. 
Figure 2.34 shows these two parameters for each of the ICs. 
Measurements have been carried out with two different smartphones, 
a Xiaomi Mi Note 2 (Figure 2.34(a)) and a BQ Aquarius V (Figure 
2.34). Since each manufacturer uses different antenna parameters 
and different ICs as a transceiver, the power emitted by the reader, 
the coupling between reader and tag, and the magnetic field received 
change between them. Hence the importance of measuring the 
parameters using different smartphones as interrogator. 
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(a) 

 
(b) 

Figure 2.34. Rectified energy harvesting output of the chip (VDD, continuous line) 

and voltage at the antenna terminals (Vant, dashed line) for different distances. 

Measured with two different smartphones: (a) Xiaomi mi Note 2 and (b) BQ 

Aquarius V. 

As can be seen from de VDD (continuous line),the ST25 has a longer 
range, however, after a certain point (25 mm in (a), 13 mm in (b)), 
the output voltage degrades progressively, whereas in the case of the 
other two chips an ON-OFF behaviour is observed, going from about 
3 V when active to 0 V abruptly. This fact may be a benefit 
depending on the application. For instance, some types of sensors 
require a certain voltage to work properly, and a smooth decrease of 
the VDD (observed in the case of the ST25 on Figure 2.34) may 
produce a malfunction yielding on an erroneous reading. A steeply 
decrease to zero of the voltage at the antenna terminals (Vant, 
discontinuous line) is observed, using both readers, with the ST25 
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and the NT3H. This fact happens due a battery-saver operational 
mode of the NFC readers, which consists on sending periodical short 
pulses to detect a tag. If the reader cannot demodulate the answer 
from the backscattering sidebands of such pulse, the reader stops 
transmitting, since that means that it does not detect any tag. This 
discovering pulse is generated each few seconds in order to detect a 
new tag nearby, and, if detects one, maintains the pulse at the 
operational frequency, which generates the voltage at the antenna 
terminals. Figure 2.35 depicts the signals generated by the reader to 
detect a tag. On the top it is shown how, when no tag is presented, 
the reader emits every 2 seconds approximately a signal modulated 
with the different discovery requests of each supported standard. As 
example, the bottom graphics of Figure 2.35 show the request 
modulation for NFC-B (ISO/IEC 14443B, bottom-left, using 10% 
ASK modulation), and for NFC-V (ISO/IEC 15693, bottom-right, 
using 100% ASK modulation). In the case presented in Figure 2.35 
the reader has full NFC capability, therefore, the request messages 
for NFC-A (ISO/IEC 14443A) and NFC-F (JIS X6319) are present 
as well within the discovery messages (middle-left image on Figure 
2.35). This bunch of requests last for about 50 ms, which include the 
polling requests of a few milliseconds each, followed by a period of 
unmodulated carrier to send the energy to the tag while waiting for 
an answer. Between each try of polling a new tag, the reader 
generates short signals of the carrier frequency without modulation, 
shown in the middle-right image in Figure 2.35, of around 125 µs. 
These signals are required by the standards, and its purpose is to 
ensure that a listening device (i.e. tag) will be correctly reset by a 
polling device (i.e. reader) which is emitting worst case residual 
carrier level.  

When the reader does not detect the presence of the tag, keeps 
sending this bursts of requests, which generates a sporadic voltage 
at the antenna terminals (Vant), but if the answer to the request is 
not detected by the reader, it will not start sending a constant signal, 
which would be rectified by the NFC IC to power up the tag. Hence, 
when the voltage at the antenna terminals (Vant) keeps a value 
higher than zero, the reader is detecting the tag, even though when 
the magnetic field strength is below the minimum threshold to 
activate the rectified voltage output of the NFC IC. 
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Figure 2.35. Discovery signals sent by the reader when no tag is present. 

2.5.6.1  Effects of the loads 

In order to compare the effect of having different loads connected to 
the rectified voltage generated by the NFC chip (VDD), the tags 
shown in Figure 2.33 have been modified, removing the MCU and 
connecting discrete resistances instead. Figure 2.36 shows the 
measurements obtained for the M24 (Figure 2.36(a)), the ST25 
(Figure 2.36(b)), and the NT3H (Figure 2.36(c)). The reader used 
for these measurements is a Xiaomi Mi Note 2.  
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(a) 

 
(b) 

 
(c) 

Figure 2.36. Energy harvesting power for different loads, with different NFC ICs. 

(a) M24, (b) ST25, and (c) NT3H. All the tags have a 50×50 mm antenna, and a 

Xiaomi Mi Note 2 used as a reader. 
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Figure 2.36 shows the dependence of the maximum distance at which 
the NFC ICs can provide constant power on the load connected. The 
lower the load, the lower is the maximum distance and the supplied 
power. Considering the lowest load on this setup (510 Ω), the M24 
can provide around 14 mW for distances up to 14 mm, the ST25 12 
mW up to 18 mm, and the NT3H 12 mW up to 20 mm. On the other 
hand, when connecting a 10 kΩ load, the M24 gives 1 mW up to 21 
mm, the ST25 1.07 mW up to 30 mm, and the NT3H 0.9 mW up to 
47 mm. Figure 2.37 shows the supplied power depending on the load 
connected, for a distance of 14 mm between reader and tag. It can 
be observed how the power decreases abruptly for loads between 0.5 
kΩ and 2 kΩ, going from around 12 mW at 500 Ω, to 4 mW at 2 
kΩ.  

  

Figure 2.37. Power at the rectified output for the M24, the ST25 and the NT3H 

chips depending on the connected load at 14 mm between reader and tag. 

As can be seen, the power supplied by the chips is almost constant 
until certain point where it drops to zero. The maximum distance at 
which the chips can supply certain current is shown in Figure 2.38. 
It can be seen how the NT3H has longer range for supplying the 
same current than the other two chips, and it’s the most distant-
dependent since from 5 mA to 0.3 mA it has 27 cm of difference 
(from 20 to 47 cm), whereas the ST25 has 12 mm difference (from 
17 to 29 mm), and the M24 7 mm (from 14 to 21 mm).   
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Figure 2.38. Maximum distance at which the NFC ICs can supply constant current 

for different loads for the NT3H (blue), the M24 (red), and the ST25 (yellow).  

2.5.7  Antenna dimension 

As mentioned previously, NFC has a wide range of possible 
applications. In some of those applications, the size of the tag does 
not matter, but in others the size is essential (e.g. implantable tags). 
Hence the importance of evaluating the differences between using a 
large or small antenna. For this study two antennas are compared. 
The first is a 50×50 mm coil (Figure 2.39(a)), and the second is a 
15×15 mm coil (Figure 2.39(b)), both with 6 turns.  

 

 

 

(a) (b) 

Figure 2.39. (a) Coil 50×50 mm, 6 loops printed in one side and (b) coil 15×15 mm 

6 loops, double-sided.  
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Figure 2.40 plots the power and the average magnetic field received 
at these antennas using a Xiaomi Mi Note 2 as an interrogator. The 
power is slightly higher in the case of the larger antenna because its 
size is closer to the reader antenna size, situation that optimises the 
received power. On the other hand, the average magnetic field is 
higher for the smallest one, since, as explained in section 2.4.5, the 
received magnetic field (HAV) depends on the antenna factor (AF), 
and the AF (defined in equation (2.19)) increases when the area of 
the antenna (A) decreases.  

  
(a) (b) 

Figure 2.40. Comparison of (a) power and (b) magnetic field received by a 50×50 

mm coil (blue line) and a 15×15 mm coil (red line). 

To compare the effects of the antenna size for the three NFC ICs 
analysed in the previous section, the same three tags have been built 
with the smaller antenna (see Figure 2.41).  

 

Figure 2.41. Same tag with 3 different chips. M24 (left), NT3H (centre) and ST25 

(right) with a 15×15 mm antenna. 
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Each tag consists of the antenna connected to the NFC chip, with a 
3 kΩ resistor as a load, which leads to 1 mA, approximately. Figure 
2.42 displays the measured voltage at the load for each tag, using a 
Xioami Mi Note 2 as a reader. The results show how the M24 (red) 
and the ST25 (orange) have almost the same behaviour with the two 
antennas, however, the NT3H reduces its range 1 cm (from 38 mm 
to 28 mm) when using the smaller antenna.  

 

Figure 2.42. Measured voltage (VDD) for three different chips (NT3H blue, M24 

red, and ST25 orange), with a 50×50 antenna (continuous line) and a 15×15 mm 

antenna (dashed line), with a 3 kΩ load. 

The maximum distance at which the energy harvesting is activated 
is obtained from the measurements shown in Figure 2.42. With those 
distances, and using the measurements shown in Figure 2.40(b), and 
taking into account the calculations explained in section 2.5.4, the 
Hmin for each case can be estimated. The relationship between the 
Hmin of two antennas can be deduced from equation (2.33) by: 

 
𝐻𝑚𝑖𝑛′

𝐻𝑚𝑖𝑛
=

(𝐿2′ 𝐴′𝑁′⁄ )

(𝐿2 𝐴𝑁⁄ )
 (2.34) 

where Hmin and Hmin‘ represent the magnetic field threshold to 
activate the energy harvesting output of the compared antennas. 
Using the values of each antenna, summarised in Table 2.V, the 
expected ratio between the Hmin of these two antennas is around 2.7. 
However, this is a theoretical value, and the real measurements give 
ratios of 2.1 for the M24, 1.8 for the ST25 and 3.7 for the NT3H. 
This difference between the theoretical and measured values may be 
caused for several reasons. The miss-alignment between coils during 
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the experimental measurements could lead to a mismatch between 
the Hav measured with the test coil and the Hav received by the tag. 
Even though fr has been carefully adjusted using the VNA, a possible 
factor that could induce this difference between the theoretical and 
the measured value is the antenna tuning, since equation (2.34) 
assumes that the resonance frequency (fr) is equal to the operational 
frequency (f0).  

Table 2.V. Coils comparison with three different chips 

 
Coil 50×50 Coil 15×15 

M 24 ST25 NT3H  M 24 ST25 NT3H  

Area (A, mm2) 50 15 

Turns (N) 6 6 

Inductance (L, µH) 2.74 0.683 

Minimum magnetic field 

(Hmin, ARMS/m) 
0.93 0.6 0.31 1.94 1.1 1.22 

2.6 Conclusions 

This chapter has presented the parameters to consider when 
designing NFC devices with energy harvesting capability. The main 
concerns regarding both, communication and power transfer have 
been addressed. While most of the WPT systems focus on the 
efficiency, NFC must ensure also the data transfer. On the other 
hand, since this technology is implemented in a huge variety of 
devices, general solutions should be studied and applied. Besides the 
fact that the size and number of turns of the antenna coils are basic 
parameters to increase the coupling, efficiency and the average 
magnetic field received, the use of small devices require the 
implementation of small antennas, thus, the importance of studying 
the performance of such small antennas. Three different NFC ICs 
have been analysed, with different antenna sizes and the effect of 
having different loads has been presented, studying the relationship 
between the supplied power and the maximum distance at which the 
chips are still able to provide a rectified voltage. 

The environmental effects are another issue considered in this 
chapter. The main problem found is due the presence of metal near 
the antenna. Its effects have been demonstrated and a solution using 
high permeability materials like ferrite exposed. The placement of 
tags close to the body has been introduced as well. NFC is a 
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promising technology for implantable and other medical sensors, 
since thanks to the energy harvesting capability, batteries can be 
avoided, thus removing the principal toxic element of electronic 
circuits.  
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3. Soil M oisture Sensor 

3.1 Motivation 

Soil moisture measurement is a key aid for irrigation water 
management. Regulating irrigation is crucial to satisfy the water 
requirement of crops without wasting water, to treat the soil 
correctly, and to control the plant nutrients in order to save energy. 
Most sophisticated systems are automated using climate-based 
electronic controllers whereas the simplest ones repeat a set of 
scheduled tasks as function of time. Low-cost monitoring systems are 
demanded for personal use at home or to monitor a crop, as for 
example in a greenhouse or plants shop. In these cases, irrigation is 
often manual or semiautomatic and the conditions are usually 
specific for each crop. Therefore, the control of the soil moisture must 
be considered for an appropriated plant care. There are several soil 
moisture measurement techniques [1] but most of them are not 
suitable for amateur or low-cost applications. Most typical portable 
low-cost meters use a sensor connected to the analog-to-digital 
converter (ADC) of a microcontroller, which translates a physical 
value to the corresponding magnitude. The result is often shown in 
a display or acquired by an external data logger. In all the cases 
these methods use a battery to supply energy to the electronic 
components.  

Several wireless soil moisture sensors can be found on the literature 
[2], [3]. However, those sensors require an expensive reader (in the 
case of RFID systems), or batteries and expensive chips in the case 
of Bluetooth. NFC has as an advantage in its price (less than 1 euro 
per NFC IC), and the possibility to use any conventional smartphone 
as reader, which can upload the sensed data to the cloud. The 
limitation is in the readout range (few centimetres), a characteristic 
that defines a frame of applications and usages where NFC is very 
attractive and define the areas where this technology is restricted. 

This chapter proposes a soil moisture sensor embedded in a passive 
NFC-based tag, which powers up the electronics harvesting the 
energy provided by the reader. The data obtained can be stored into 
an Internet of Things (IoT) database to be used to program the 
irrigation schedule and to keep track of the soil conditions. On the 
other hand, no additional cost for the reader is required since it is a 
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commercial. The tag also integrates ambient temperature and 
humidity sensors to complement the information of the environment 
since these parameters may affect the irrigation schedule. The tags 
can be installed in several points for individual monitoring thanks to 
its low cost. In addition to the sensed data, an identification tag 
number is written into the NFC chip which can be related to 
information about the plant (name, origin, brief description, specific 
cares) which can be retrieved by the reader and displayed in a 
custom app. 

This chapter is organized as follows, Section 3.2 provides a review of 
available soil measurement systems in the literature and the 
justification of the selection of a capacitive soil measurement for the 
proposed application. Section 3.3 describes the proposed system, 
including the part of the tag and the part of the reader. Section 3.4 
presents a calibration method and measurements. Finally, section 
3.5 summarise the conclusions of the chapter.  

3.2 Soil moisture measurement techniques 

The soil moisture content is often expressed as the Volumetric Water 
Content (VWC), defined as the volume of water over the total 
volume, as it is shown in the example of Figure 3.1. 

 

 

Figure 3.1. Representation of 1 m3 separated into constituent parts where 70% of 

the total volume is the soil, 10% is water and 20% is air.  

 

Within the bunch of existing techniques to measure soil moisture 
content there are direct and indirect methods. The most known 
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direct method is the thermo-gravimetric [1], which is usually used as 
a standard reference. However, it requires at least one day to get the 
result and it cannot be performed in situ. This method is therefore 
used for calibration of other sensors in laboratories. On the other 
hand, there are several indirect techniques [4]. The most common 
ones are listed below. 

Neutron Moisture Meters (NMM) have a large action radius and are 
insensitive to temperature and salinity. However, it is an expensive 
method which requires a certification for radiation [5]. Therefore, it 
can be used on research, but it is not suitable for personal use. 

Thermal sensors take advantage of the difference of heat 
conductance between soil and water. They measure the change on 
temperature of the surround soil after applying a heat pulse [6]. This 
type of sensors is inexpensive and easy to use but they are very 
dependent on the soil temperature, they present a long integration 
time and they are fragile since the distance between the heater and 
the thermocouple must be kept.  

Electrical resistance blocks or gypsum blocks [7] are made with 
gypsum around a pair of stainless-steel wires. Most of the probes are 
based on the measurement of their electrical resistance. Portable 
probes are available and can be placed in the soil to give the water 
proportion reading. The main limitation of this approach is the 
calibration of the probe due to the potential corrosion of the wires 
with the accumulation of mineral salts. 

Besides the above techniques, there are other methods which make 
use of the dielectric property of the soil to measure its moisture 
content. These methods are based on the huge difference of the 
dielectric constant of dry soil (between 3 and 7), and pure water 
(about 80). Within these dielectric techniques, Time Domain 
Reflectometry (TDR) is one of the most common [8][9]. It consists 
of sending electromagnetic pulses along two wave guides of a well-
known length and measuring the time delay between the incident 
and reflected waves. The time delay changes according to the 
dielectric constant of the soil where they are sunk. However, TDR 
systems are expensive for domestic applications or when several 
measuring points need to be monitored, which requires multiplexers 
to share the readout unit [10]. 
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Still within the dielectric techniques, there are the Frequency 
Domain Reflectometry (FDR) [10] and capacitive techniques [11], 
both based on the same working principle. In the case of FDR, the 
dielectric constant of the soil is determined by applying an oscillating 
charge to the circuit and measuring its resonant frequency to detect 
variations on the soil’s capacitance [12][13]. The main drawback of 
this technique is that measuring the resonant frequency requires 
expensive impedance meters. On the other hand, capacitive methods 
measure directly the capacitance, usually from the charge time of 
the capacitor. Since these types of sensors are AC excited and the 
probe can be covered by a protective layer [14], they are not affected 
by corrosion. Nonetheless, capacitive measurements often require 
additional signal conditioning for the measurement with a 
microcontroller, whereas resistive sensors do not. 

Despite the foregoing, a capacitive sensor is the one which better fits 
with the NFC scenario because printed capacitive sensors for soil 
measurements are compatible with standard PCB technology used 
for the design of the coil and integrate the electronics of the NFC 
sensor. In addition, it is not affected by corrosion issues. A critical 
point for using this kind of sensor is finding a precise capacitance 
measurement method compatible with the power available from the 
RF harvesting. 

3.3  System description 

3.3.1  System overview 

Figure 3.2 depicts the system proposed in this work. It is composed 
by an NFC antenna which is connected to the NFC/RFID IC 
M24LR04E-R [15] (M24), from ST Microelectronics, responsible of 
receiving and sending NFC Data Exchange Format (NDEF) 
messages. This device presents the specifications required for this 
work such as I2C interface, energy harvesting with 4 configurable 
currents, and ISO 15693 compatibility. When a magnetic field from 
a reader is received by the antenna, the NFC IC wakes up 
automatically. If the energy harvesting mode is activated and the 
strength of the magnetic field is enough (higher than a threshold that 
depends on the energy harvesting configuration of the chip) the M24 
gets the excess of energy received from the RF field to feed all the 
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components of the system. This chip is capable to provide currents 
up to 6 mA in the highest current sink mode.  

 

 
Figure 3.2. System overview. 

The antenna is a square loop of 50 mm × 50 mm printed on FR4 
PCB. There is a total of 6 loops whose width is 0.6 mm. It is designed 
with Keysight Momentum electromagnetic simulator. The measured 
inductance is 3.2 µH in agreement with the simulations. A tuning 
capacitance of 15 pF is added to the internal capacitance of the IC 
(27.5 pF) to adjust the resonance at 13.56 MHz.  

A low-power Atmel 8-bit AVR ATtiny85 microcontroller [16] has 
been selected to be integrated in the prototype. It can be configured 
at different clock speeds and can work down to 1.8V, reducing the 
clock frequency. Due to the power limitations presented by this 
system, it has been configured to work at 1 MHz, being its 
consumption around 300 µA at 3.3V. In addition, it can be 
programmed with Arduino IDE, which is very popular in open-
hardware implementations. This microcontroller has an I2C interface 
and 2 analog inputs. In order to provide more information to the 
user, the system also includes a humidity sensor, which is connected 
to an analog input of the microcontroller, and a temperature sensor, 
which is used to adjust the moisture sensor curve. The temperature 
sensor is a low-cost I2C sensor LM75A [17], which consumes less than 
280 µA in active mode and 4 µA in sleep mode (at 3V). It is an 
industry-standard digital temperature sensor with an integrated 
sigma-delta 9-bit resolution ADC, enough for the proposed 
application. The temperature accuracy is about 1 ºC from -25ºC to 
100ºC. The HIH-5030 [18] is a low-voltage humidity sensor that 
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operates down to 2.7 V, with a typical current consumption of only 
200 µA. This humidity sensor presents a linear output voltage related 
to the relative humidity. However, an improved readout can be used 
if the temperature is known. 

The technique used for the measurement of soil water content, as it 
is described below, uses an ICM555 timer oscillator, which is a low-
voltage and low-power version of the popular 555 timer, which 
consumes typical currents of 60 µA at 3V and yields a stable 
frequency output.  

Table 3.I summarizes the current consumption of the different 
electronic modules integrated in the tag. The energy harvesting 
needed is in the order of 1.2 mA at 3 V to power the overall system.  

Table 3.I. Current consumption 

Element Consumption (µA) 

NFC (M24) 400 

µC (ATtiny85) 300 

Humidity (HIH5030) 200 

Temperature (LM75) 280 

Timer (ICM555) 60 

 

3.3.2  Volumetric water content measurement 

Following the discussion of section 3.2, there are several methods to 
measure the Volumetric Water Content of the soil. The approach 
presented in this work is based on an interdigital capacitor which is 
sunk in the soil. The dielectric permittivity of the soil depends largely 
on the changes of the water volume content. Keeping the strip-lines 
of the interdigital capacitor in contact with the soil allows to measure 
the dielectric permittivity changes, and then retrieve the soil's VWC. 

3.3.2.1  Capacitor 
The capacitive sensor is implemented using an interdigital capacitor 
(IDC) without ground plane (see Figure 3.3). Although various 
technologies can be used to realize these type of sensors, printed 
circuit board technology is particularly advantageous. The prototype 
of capacitive sensor has been fabricated using standard Fiber-Glass 
substrate (FR4) with 34 µm of copper metallization. An insulator 
layer is added to prevent that electrodes can be shorted in presence 
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of water. Solder mask coating or a thin protection layer of plastic 
(this latter in the prototypes) can be used as insulator. Fig. 3 shows 
the shape of an interdigital capacitor indicating the different 
parameters that influence on its capacitance, which depends on 
length L, gap distance between two conductors g, finger width s, as 
well as the number of fingers N. 

 

 

Figure 3.3. (a) Top view of an interdigital capacitor. (b) Cross section view of the 

interdigital capacitor.  

Closed-form expressions for multilayer interdigital capacitors have 
been proposed in the literature [19]. The capacitance can be 
expressed as the sum of three contributions:  

 𝐶 = 𝐶3 + 𝐶𝑛 + 𝐶𝑒𝑛𝑑 (3.1) 

Where C3, Cn, and Cend represent the three-finger capacitance, the 
capacitance of the periodical (N-3) structure, and a correction term 
for the fringing fields of the ends of the strips, respectively. These 
capacitances are proportional to the effective permittivity and the 
geometrical factors a3, an and aend, that are function of the elliptic 
integrals of the fist kind K(k) resulting of the conforming mapping 
method [20]:  

 𝐶3 = 𝜀𝑟𝑒3𝑎3𝐿 (3.2) 

 𝐶𝑛 = 𝜀𝑟𝑛𝑎𝑛(𝑁 − 3)𝐿 (3.3) 
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 𝐶𝑒𝑛𝑑 = 𝜀𝑟𝑒,𝑒𝑛𝑑𝑎𝑒𝑛𝑑 (3.4) 

The effective relative permittivity (εre,i  with i=3, n, end) can be 
calculated from the filling factor (qi) that is the percentage of fields 
in each material for each case:  

𝜀𝑟𝑒𝑖 = 𝜀𝑟𝑚 + 𝑞1𝑖

𝜀𝑟𝑖𝑛𝑠 − 𝜀𝑟𝑚

2
+ 𝑞2𝑖

𝜀𝑟𝑆 − 𝜀𝑟𝑖𝑛𝑠

2
+ 𝑞3𝑖

𝜀𝑟𝑖𝑛𝑠 − 𝜀𝑟𝑚

2
 (3.5) 

Where εrm and εrs are the relative permittivity of the medium when 
the IDC is immersed and of the PCB substrate, respectively. 
Whereas εrins is the permittivity of the insulator layer. 

For long fingers (L>>s) the correction for fringing fields at the ends 
of the fingers can be neglected [19]. Therefore, the capacitance C is 
mainly proportional to the length and the number of fingers (N).  
Replacing (3.2-3.4) into (3.1) the linear expression (3.6) for the 
capacity C as a function of the medium permittivity expression for 
the IDC capacitance can be found.  

 𝐶 = 𝐴 + 𝐵𝜀𝑟𝑚 (3.6) 

Where B depends on the geometry, and A depends on the dielectric 
permittivity of the PCB substrate and insulator. The values A or B 
can be obtained using closed-form formulas [19] or by simulation 
using a full-wave simulator. 

The electromagnetic simulator Keysight-Momentum is used for the 
IDC design and evaluation. In order to obtain a value of capacitance 
easily readable compatible with the minimum gap and trace width 
achievable with the available PCB fabrication technology. An IDC 
with N=40, L=30 mm, W=0.8 mm, s=0.8 mm, g=0.5 mm, h=0.8 
mm, t=34 µm, εrs=4.7 has been designed. Two prototypes with two 
insulator materials and thickness have been manufactured. The first 
prototype uses an insulator (type 1) that consist of a coating of 
adhesive plastic (εrins=2) and with a thickness of 100 µm. In the 
second prototype, the insulator (type 2) is an acrylic coating spray 
(εrins=2.7) with a thickness of about 15 µm.  

Figure 3.4 shows a simulation of the IDC capacitance as a function 
of the relative permittivity of the immersed material under test 
(MUT). The thickness of MUT is assumed infinite. A linear 
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dependence is observed when an ideal IDC without insulator layer is 
analysed. However, the insulator layer introduces a reduction on the 
sensitivity of the IDC as a function of the permittivity for values of 
relative dielectric permittivity higher than 10. In addition, the 
sensitivity (slope as a function of relative permittivity) is not 
constant as predicted by the closed-form expressions derived from 
the partial capacitance method [19]. The smaller capacitance values 
obtained compared with the case without insulator are explained 
because the effective permittivity of the insulator layer and MUT is 
smaller than εrm. The relation between the effective permittivity and 
the permittivities of the insulator layer and MUT is not linear like 
in multilayer microstrip lines [20]. 

  
(a) (b) 

Figure 3.4. (a) Simulated and modelled capacitance as a function of the relative 

dielectric permittivity. Insulator layer type 1 is an adhesive plastic, and type 2 is 

acrylic coating spray. (b) A photograph of the manufactured IDC. 

Figure 3.5 shows a cross-section view of the IDC sensor with the 
equivalent circuit for low permittivity of the MUT (Figure 3.5 (a)) 
and for high permittivities (Figure 3.5 (b)). In the first equivalent 
circuit, the capacitance due to the insulator layer (CINS) is in parallel 
with the capacitance due to the MUT (CMUT), whereas in the second, 
CINS is in series with CMUT. The first equivalent circuit is used in the 
derivation of closed formulas from [19]. In the second circuit, when 
analysing the fringing electric field path from one electrode to 
another electrode, it makes more sense that both the capacitance of 
the insulation layer CINS and the capacitance of MUT CMUT must be 
connected in series for high dielectric constant values of the MUT 
[21]. Therefore, it is expected that the effective permittivity and 
capacitance will be smaller in the second equivalent circuit. 
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Simulated values of C on Fig. 4 agree with the measured capacitance 
when the IDC is on air (being air the insulator layer, with εrm =1), 
23 pF. C also agrees when the IDC is immersed in water (εrm≈80), 
C=140 pF, for the first prototype (insulator type 1) and 270 pF for 
the insulator type 2. In order to interpolate the values of capacitance, 
a compact expression is proposed: 

 𝐶 = 𝐶1 + (𝐶2 − 𝐶1)
(𝜖𝑟𝑚)𝛾 − (𝜖𝑟𝑚1)

𝛾

(𝜖𝑟𝑚2)𝛾 − (𝜖𝑟𝑚1)𝛾
 (3.7) 

Where C1 and C2 are the capacitance for two known permittivities, 
εrm1=1 (air case) and εrm2=80 (water case), respectively. The 
exponent γ is a fitting parameter. A value of γ=0.21 is obtained for 
the IDC of Figure 3.4. 
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Figure 3.5. (a) Cross-section view of IDC sensor with its superimposed equivalent 

circuit. For low permittivity of MUT used in partial capacitance technique [19] 

and (b) proposed equivalent circuit for high permittivity of MUT [21]. 

 

3.3.2.2  Capacitance measurement 
The reduction of clock frequency of the microcontroller to reduce its 
power consumption introduces some restrictions. In order to decrease 
the number of components of the tag and reduce, consequently, its 
cost, the microcontroller clock frequency is fixed using its own 
internal oscillator. Thus, the precision on capacitance measurement 
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based on the discharge time of the capacitor is not enough for small 
capacitances, since when it is in the order of pF, large time constants 
must be considered. Taking into account that when near field 
communication is used the power is only available when the reader 
is close to the tag, a fast measurement method must be applied. A 
similar problem arises when an oscillator whose frequency depends 
on the capacitance is used. In this method, the microcontroller works 
as a frequency counter and the precision depends on the maximum 
clock frequency. The methodology used in this work to measure the 
capacitance is shown in Figure 3.6. A custom frequency-to-voltage 
converter has been designed because the available commercial IC 
converters require higher currents than the ones available in this 
system. A low-power timer is used to generate an AC signal, which 
is filtered by a low-pass filter (RC filter), whose cut off frequency 
depends on the capacitance under test. The AC amplitude at the 
output of the filter is measured using a half-wave rectifier used as 
detector. The DC voltage filtered at the output of the detector is 
measured with the internal analog-to-digital converter of the 
microcontroller. Although the output voltage depends on the power 
supply (VDD), thanks to the fact that the microcontroller uses that 
voltage as a reference, this problem is avoided.  

 

Figure 3.6. Circuit to obtain a voltage proportional the interdigital capacitor (IDC) 

value.  

The proposed solution consists of feeding the circuit with a square 
wave of 380 kHz into a low-pass filter consisting of a resistor of 10 
kΩ (R1) and the interdigital capacitor (IDC), whose value varies in 
the range 55-270 pF. The resulting signal (Vdet, which presents a 
triangular waveform) is rectified by a diode (D). The cathode of the 
diode is connected to a capacitor (100 nF, C1) and a shunt resistor 
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(1 MΩ, R2). Hence at the output of the envelope detector VOUT is 
proportional to the value of the IDC.  

The waveform at the output of the 555 timer (Vin) is a square wave 
with nearly ideal 50% duty cycle. This periodic signal can be 
expanded using Fourier series. The higher harmonics are filtered, 
therefore only the first harmonic is considered. Then the input signal 
at the filter can be expressed as:  

 𝑉𝑖𝑛(𝑡) =
𝑉𝐷𝐷

2
+

𝑉𝐷𝐷

𝜋
cos(𝜔𝑡) (3.8) 

Considering H(jω) as the transfer function of the low-pass filter 
defined as:  

 𝐻(𝑗𝜔) =
𝑉𝑑𝑒𝑡

𝑉𝑖𝑛
=

1

1 + 𝑗𝜔𝑅𝐶
 (3.9) 

The voltage at its output is given by:  

 𝑉𝑑𝑒𝑡(𝑡) =
𝑉𝐷𝐷

2
+

𝑉𝐷𝐷

𝜋
⌊𝐻(𝑗𝜔)⌋ cos(𝜔𝑡 + 𝜑) (3.10) 

Where φ is the phase of the transfer function. Therefore, the output 
of the half-wave detector is proportional to the average amplitude: 

 𝑉𝑂𝑈𝑇 =
𝑉𝐷𝐷

2
− 𝑉𝑓 + 𝑘⌊𝐻(𝑗𝜔)⌋𝑉𝐷𝐷 ≈

𝑉𝐷𝐷

2
− 𝑉𝑓 +

𝑘𝑉𝐷𝐷

𝜔𝑅

1

𝐶
 (3.11) 

Where k is a factor that depends on the waveform at the output of 
the filter (Vdet, nearly triangular), and Vf is an offset correction that 
considers the forward voltage of the diode. If the frequency of the 
oscillator is chosen higher than the cut-off frequency of the filter 
f>>1/(2πRC), the signal at the output of the detector (Vout) is 
approximately proportional to the inverse of the capacitance. Figure 
3.7 compares the model given by (3.5), the circuit simulations 
considering a conventional silicon diode (1N914), the measurements 
with a multimeter, and the measures read by the NFC reader. 
Assuming a nearly triangular waveform at the filter’s output, the 
value of k is 0.5. The forward correction is obtained empirically, and 
it is considered Vf=0.35 V. Good agreement has been obtained. 
Different values of 0603 Surface Mount (SMD) capacitors have been 
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mounted to emulate the IDC and the measurements have been 
performed both using a multimeter (Agilent 34450) and the analog 
readout of the microcontroller powered by energy harvesting coming 
from a smart phone working as reader. 

 
Figure 3.7. Output voltage of the measurement system as a function of the sensor 

capacitance C. Comparison between the model proposed (11), the simulation, and 

the NFC read using a smartphone. 

Performing a sensitivity analysis from the slope of the voltage as a 
function of the capacitance, the average error obtained from the 10-
bits ADC of the microcontroller shown in Figure 3.8 is under 2%, 
considering the capacitance range (55-270 pF) of the capacitor sensor 
proposed in this work.  

 
Figure 3.8. Estimated error in the measurement of the capacitance from the 

analysis of sensitivity. 

UNIVERSITAT ROVIRA I VIRGILI 
BATTERY-LESS NEAR FIELD COMMUNICATIONS (NFC) SENSORS FOR INTERNET OF THINGS (IoT) APPLICATIONS 
Martí Boada Navarro  



90 

 

Figure 3.9 shows the prototype manufactured on a FR4 PCB that 
consists of an NFC antenna, the chipset with a connector that gives 
access to the microcontroller in order to program it, and the 
interdigital capacitor which will be sunk into the soil. 

 

 

Figure 3.9. Designed PCB prototype with the antenna, the IDC and the chipset. 

3.3.3  Software 

In order to read, display and save the sensed data, it is needed to 
program both sides: the reader and the tag. Figure 3.10 shows the 
flow diagram of the system. Once the tags NFC IC receive a 
magnetic field higher than the Hmin it supplies the rectified voltage 
to the tag triggering the software programmed on the 
microcontroller, which gets the data from the sensors, compute it 
and writes it on the NFC IC memory in NDEF format. This NDEF 
message will be retrieved and processed by the reader software. 
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Figure 3.10. Flow diagram of the system, indicating the tag on the left and the 

reader on the right.  

3.3.3.1  Tag side 
To compute and store the sensors data it is necessary to program 
the tag’s microcontroller. The prototype presented has been designed 
including the pin accesses to program the microcontroller. These pins 
can be connected to a programmer such an Arduino UNO with an 
ISP (In-System Programmer) code, allowing to upload the code from 
the Arduino IDE in an easy way, to adjust the calibration curve or 
the sampling timing if necessary.  Figure 3.11 shows the flow diagram 
of the tag. Once the tag is power up by the harvested energy from 
the RF, the sensors start to work. The first code to be executed is 
dedicated to configuring the NFC IC energy harvesting options, 
which implies 2 registers of the system area. The first one is located 
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at I2C location 2336, which contains the “EH_enable” bit that must 
be set to 1 to activate the energy harvesting option. However, this 
register is volatile, and it will be updated each time that the IC is 
powered-up according to the other register that implies options 
regarding the energy harvesting, which can be acceded through the 
I2C address 2320. From this register it is necessary to configure the 
“EH_mode” which is used to configure whether the energy harvesting 
mode is enabled or not by default. The same register contains 2 bits 
(“EH_cfg0” and “EH_cfg1”) used to choose the sink current level. 
For this work the maximum sink current is selected, which requires 
a minimum magnetic field strength (Hmin) of 3.5 A/m and provides 
up to 6 mA. The configuration of these registers can be done via I2C 
from the microcontroller or by RF messages from the reader. By 
default the energy harvesting option is disabled, in order to have the 
desired configuration the tag must be powered externally to power-
up the microcontroller to write those registers. Alternatively these 
registers can be configured by RF commands from the smartphone 
using an app provided by the manufacturer. Once the configuration 
byte is written, it will last unless it is overwritten. Nonetheless the 
register is configured each time to ensure that the expected sink 
configuration is defined.   

Timing is an important factor to take into account in NFC systems, 
and delays on the code must be considered. Thus, after writing the 
configuration registers, the microcontroller’s firmware will wait 50 
milliseconds to provide time to the sensors to avoid erroneous 
readings. After that, the microcontroller makes an average over 5 
readings of the 10 bits ADC connected to the IDC (VOUT in Figure 
3.6) and calculates the VWC with the calibration curve explained in 
section 3.4.1. The relative humidity is gauged with the average of 5 
readings of the output voltage of the sensor and applying the 
equation provided by the sensor’s manufacturer on its datasheet. 
The last parameter to measure is the temperature, which is obtained 
from a digital sensor. To get the value the microcontroller has been 
programmed to begin a transmission via I2C bus to the address of 
the sensor (configured by hardware) asking for the register where the 
temperature is stored.  

Once the data of the 3 sensors has been computed, the values are 
formatted to keep a fixed length and arranged in NDEF format to 
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be sent to the NFC IC through the I2C bus. The NDEF message is 
stored into the EEPROM of the NFC chip and it will be used to 
modulate the backscattered signal which will be received, 
demodulated and interpreted by the reader.  
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Figure 3.11. Flow diagram of the tag firmware 

The main drawback of the system happens when the magnetic field 
received by the NFC IC from the reader is not enough to supply the 
rectified voltage to the tag’s circuitry, but it is enough to read the 
tag. In that case the reader will retrieve the last stored message on 
the memory instead of a new reading. This drawback can be solved 
by applying some type of timestamp or control bit on the NDEF 
message.  
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3.3.3.2  Reader side 
An application that runs in Android smartphone (shown in Figure 
3.12) has been developed as proof of concept. Beyond the sensed 
data, the system allows to send more information to the reader, such 
as a link to a website, or it can make use of the user identifier (UID) 
of each tag to give additional information of that specific product.  

 

 

 
(a) 

 
(b) 

Figure 3.12. Image of the developed app graphic interface which uses the tag UID 

to retrieve the information of the plant (a) and the flower pot with the device on 

it being powered and read by the smartphone (b). 

3.4 Experimental results 

3.4.1  Calibration 

To check the sensor operation an experimental setup and a 
calibration procedure is proposed. A typical soil used in greenhouses 
is chosen to perform the experiments. Different samples of soil are 
used with different volumetric water content, ranging from dry to 
water saturation. The interdigital capacitor is connected to a vector 
network analyser (VNA) that is used to measure the capacitance at 
1 MHz. Figure 3.13 shows the measurements of the capacitance as a 
function of the volumetric water content (blue squares) altogether 
with the two-point α-mixing model (3.12) (blue line). A capacitance 
of 65 pF is obtained when the soil is dried, which is considerably 
higher than when the sensor is on air (around 55 pF). It also shows 
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the soil permittivity obtained from the relationship between the 
capacitance and the permittivity given by (3.7).  

 

Figure 3.13. Measured capacitance (blue squares), model (3.12) (blue line) and 

relative permitivity (orange line) as a function of the volumetric water content. 

In order to achieve high accuracy, the sensor must be calibrated 
because the relation between the capacitance and the volumetric 
water content depends on the soil composition [22]. In addition, the 
capacitance as it is shown in Figure 3.4 depends on the coating 
thickness and the coating material. Therefore, a calibration system 
is needed. In order to calibrate the sensor, the two-point α-mixing 
model is fitted [22]. The volumetric water content is modelled as: 

 𝑉𝑊𝐶(%) =
𝑋𝛼 − 𝑋𝑠𝑎𝑡

𝛼

𝑋𝑑𝑟𝑦
𝛼 − 𝑋𝑠𝑎𝑡

𝛼 𝜙 (3.12) 

Where X is a variable that depends on the sensor measurement, is 
a fitting parameter that depends on the sensor and  is the porosity 
of the medium. The sub-indexes dry and sat correspond to the sensor 
output values when soil is dry and when it is water-saturated, 
respectively.  

The fitting parameter  depends on the sensor and is obtained from 
the slope in logarithmic scale:  

 
𝛼 =

𝑙𝑛 (1 −
𝑉𝑊𝐶

𝜙 )

ln (𝑋)
 

(3.13) 

UNIVERSITAT ROVIRA I VIRGILI 
BATTERY-LESS NEAR FIELD COMMUNICATIONS (NFC) SENSORS FOR INTERNET OF THINGS (IoT) APPLICATIONS 
Martí Boada Navarro  



96 

 

Considering that the proposed circuit has an output voltage 
proportional to the VWC, it is possible to define X as the normalized 
measured voltage (Figure 3.6): 

 𝑋 =
𝑉𝑜𝑢𝑡 − 𝑉𝑜𝑢𝑡,𝑚𝑖𝑛

𝑉𝑜𝑢𝑡,𝑚𝑎𝑥 − 𝑉𝑜𝑢𝑡,𝑚𝑖𝑛
 (3.14) 

Where Vout,min and Vout,max are the minimum (on water) and 
maximum (on air) measured output voltages, respectively. 
Therefore, using this normalized variable X, Xdry=1 and Xsat=0. It 

is straightforward to calculate  and  from a linear fitting in 
logarithmic scale.  

The values obtained for  and  are 0.33 and 50%, respectively. 
Figure 3.14 shows the results of the volumetric water content as a 
function of the normalized voltage, comparing the model with the 
measured values. 

 

Figure 3.14. Comparison of measured (□) and modelled (3.13) volumetric water 

content as a function of the normalized voltage, X. 

3.4.2  Irrigation 

In order to analyse the behaviour of the sensor during the irrigation 
process a setup with 11 different pots, containing a blended mixture 
with different quantities of water, from dried soil to 50% of VWC in 
steps of 5% have been set. Thus, a heterogeneous distribution of the 
water along the soil is assured. The sensor has been on each pot 
enough time to take 50 samples. The result is shown in Figure 3.15, 
where it can be seen the stability of the measured VWC until it 
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reaches the 45%, where the sensor is saturated. In order to simulate 
the drying process, the same procedure has been done from 50% to 
0%. VWC.   

 

Figure 3.15. Computed VWC compared to the irrigated water.  

3.4.3  Comparison against commercial sensor 

Figure 3.16 shows the behaviour of the sensor after an irrigation of 
150 ml of water on a 1-liter pot which initially had present about 
13% of VWC. The figure compares the measurements of the 
presented sensor with a commercial sensor (Decagon EC-5). As it is 
shown, the commercial sensor has a smother response whereas the 
NFC sensor has a faster reaction. The fast-initial increase of VWC 
(at 5 min) is due to the presence of the water on the sensor surface. 
The two sensors give the same final steady state value after all the 
water has been diffused in the recipient. 

 

Figure 3.16. Measurement of VWC after irrigation of the proposed NFC sensor 

and a commercial soil moisture sensor. 
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3.5 Conclusion 

This chapter has presented a low-cost, battery-less, NFC-powered 
device that is capable to measure volumetric water content (soil 
moisture), temperature and relative humidity and show it on a 
smartphone application or upload it to the cloud to be shared or 
stored. The proposed solution combines commercial sensors for 
temperature and relative humidity along with a specific method to 
measure the soil’s volumetric water content, based on a capacitive 
measure which has been selected between the different possible 
methods found in the literature considering the NFC constraints. A 
printed interdigital capacitor using conventional PCB technology 
has been designed, fabricated, and measured for this purpose. The 
effect of an insulator layer for corrosion protection has been analysed. 
An accurate capacitance measurement method based on a low-power 
oscillator and a diode-based detector is employed. A procedure for 
the calibration of the sensor has been presented based on a simple 
expression whose coefficients can be experimentally obtained.   
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4. Smart diaper 

4.1 Motivation 

This chapter presents a smart diaper that includes a wet detector 
based on a battery-less Near Field Communication tag. Diapers are 
used to absorb moisture not only in babies but also for individuals 
such as the elderly who cannot control their bladders or bowel 
movements or who are unwilling to use the toilet. This includes 
people with special medical conditions, such as the bedridden and 
those in a wheelchair. Since average life expectancy is increasing. 
The elderly population has therefore grown and the number of people 
who require special care is increasing [1], [2]. It is difficult to check 
the state of the diaper in babies and the elderly without removing 
their clothes. Nurses and other caregivers spend a lot of time 
performing this task. Optimizing this process can therefore help to 
reduce the cost of health services. Diapers must be changed to 
prevent skin rash caused by the skin being exposed for a long time 
to wetness and the high pH levels of urine and faeces [3]. It is 
therefore important to reduce the time that the moisture is in 
contact with the skin by periodically replacing the diaper [4]. Skin 
rash is often avoided by adding absorbent gels, but these may have 
drawbacks such as irritation and allergies. 

Several sensors have been proposed in the literature to detect the 
degree of moisture in diapers [5]–[14]. Diapers that incorporate these 
devices are often called smart diapers. The most recent devices 
incorporate methods for wirelessly transmitting the state of the 
diaper to a mobile phone to set off an alarm [2], [15]–[17]. However, 
these communication functionalities increase the cost of the diaper. 
Moreover, they require batteries that need to be replaced or 
recharged. These batteries can also be a source of contamination if 
they are not recycled.  

This chapter focuses on the feasibility of developing a smart diaper 
that uses a battery-less Near Field Communication (NFC) tag. The 
tag is designed to be reusable, in order to lower the cost of the 
system, and can be installed in conventional commercial diapers 
without modification. A smartphone with NFC capability can be 
used to read the tag. The moisture detector is based on a capacitive 
sensor. This sensor detects the change in capacitance between two 
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electrodes. The main novelties of this NFC-based smart diaper are: 
1) can detect urine without having to insert the tag into the diaper 
(simply by adhering it to the output layer); and 2) uses a capacitive 
detection method (which enables the volume of urine to be detected) 
rather than a resistive switch [5], [6], [11], [12] (which enables the 
detection of only two states, i.e. wet or dry).  

4.2  Capacitive moisture detection 

Figure 4.1 shows a block diagram of the NFC tag embedded in the 
smart diaper. The capacitive moisture detector proposed in this 
study consists of two parallel electrodes that sense the variation in 
capacitance between them due to the presence of urine. The 
electrodes are connected to a low-power microcontroller (Atmel 
ATTINY 85) that is powered by the M24LR04E (M24) NFC IC from 
ST Microelectronics.  

 

Figure 4.1. Block diagram of the smart diaper NFC tag. 

A prototype of a flexible tag has been designed on flexible Rogers 
Ultralam 3000 substrate (εr=3.14, tan δ=0.0025, thickness 100 µm) 
[18]. The antenna is a 6-turn loop with an area of 25 × 25 mm.  The 
width of the strips (W) and the spacing (S) between them are 0.5 
mm. A prototype of an antenna was measured with a vector network 
analyser, obtaining an inductance (L2, see Figure 2.5) of 1.15 µH and 
a quality factor of 61 at 13.56 MHz in free-space (Q2, equation (2.25).  
However, the presence of the smartphone’s metallic case (when 
brought closer to the tag to read it) reduces the inductance to 0.9 
µH and the quality factor to 48 and also detunes the antenna [19]. 
The influence of the body is low because the diaper acts as a spacer. 
The resonance frequency of the tag was adjusted by adding a 100 pF 
capacitor (Ctun, see Figure 2.5) in parallel to the input of the NFC 
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IC. The typical read range at which the sensor can be fed and read 
is up to 1 cm with a Xiaomi Mi Note 2 smartphone.  

A key commercial aspect is the cost of the prototype. For large 
quantities (>1000), the cost of the M24 and the ATTiny85 is 0.3 € 
and 1 €, respectively. In commercial products, the Ultralam 
substrate can be replaced by another low-cost dielectric, such as 
polyamide. The cost can therefore be below 1.5 €. The typical price 
of an adult diaper package is roughly 15 € (with 10 units) and that 
of a baby’s diaper package is roughly 20 € (100 units). Therefore, 
the commercial device, at least the electronic part, should be 
reusable. Another option is for the electrode to be printed using 
conductive ink on the diaper surface and for the tag and 
microcontroller to be purchased as stand-alone parts.  

Figure 4.2 shows a cross-section of a typical diaper made up of 
several layers [20]. The top layer is the one in contact with the skin. 
Its aim is to transfer the fluids to the core while remaining soft and 
dry to the touch. Some diapers include a skin-care lotion that 
protects the skin from over-hydration and reduces irritation. The 
layer between the top sheet and the absorbent core is called the 
acquisition layer. This channels the fluid away from the skin and 
spreads it over the entire diaper core for better absorbency. The 
diaper’s most internal layer is the absorbent core. This generally 
consists of a blend of cellulose fluff pulp and polyacrylate (polyacrylic 
acid sodium salt, (C2H3NaO2)n) granules. The cellulose material 
quickly absorbs and transfers the liquid to the polyacrylate 
superabsorbent material, where it becomes trapped. This material is 
used because it can absorb and retain large quantities of liquid 
relative to its own mass. After it absorbs the liquid it solidifies into 
a gel. The diaper’s outer layer is the back sheet, which is designed 
to be water-resistant to prevent the liquids from leaking onto the 
clothes. This layer is made of polyethylene or a cloth-like film that 
allows water vapor and air (but not liquids) to pass through, thus 
reducing moisture and keeping the skin drier. To avoid any 
modification of commercial diapers, the NFC tag was designed on a 
flexible substrate to be attached to the back sheet on the outer 
surface. 
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Figure 4.2. Cross-section of a diaper. 

Since the aim of this chapter is to detect whether the capacitance 
between electrodes is higher than a threshold value that indicates 
the urine content in the diaper core, an absolute capacitance 
measurement is therefore not necessary and only a differential 
measurement is required. Although the NFC IC can provide up to 5 
mA at the maximum magnetic field, it is better to reduce this value 
to enable small loop tag antennas to be used. To this end, we reduced 
the clock frequency to 1 MHz and achieved a maximum current 
consumption of 300 µA at 3 V. A capacitance measurement method 
that only requires the General Input/Output (GPIO) pins of the 
microcontroller and an external resistance R is used. It therefore does 
not add any active components that could increase power 
consumption. The method uses the charge time of the capacitive 
electrode, which is driven by a large resistor R (4 MΩ in the 
prototype) connected between a GPIO microcontroller digital output 
(TX PIN) and the electrode (see Figure 4.3). The microcontroller 
program toggles the TX PIN from a low to a high state, reads an 
input pin (RX PIN), and waits until its state is the same as that of 
the TX PIN. An integer variable is incremented inside a while loop 
until the RX pin state changes. The output of this counter is 

therefore proportional to the delay between the states. The delay t 
between the TX PIN change and the RX PIN change is determined 
by the RC time constant, where C is the total capacitance at the RX 
pin, including the electrode and parasitic capacitances. The delay 
can be computed as: 

 ∆𝑡 = −𝑅 · 𝐶 · 𝑙𝑛 (1 −
𝑉𝑡

𝑉𝐷𝐷
) (4.1) 
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where Vt is the threshold voltage level that toggles a digital pin in 
the microcontroller and VDD is the digital voltage power supply 
provided from the energy harvesting output of the NFC IC. If the 
RX PIN is configured as a digital input, this threshold corresponds 
to the logic threshold (usually VDD/2 in CMOS). Another threshold 
voltage can be chosen if RX PIN is configured as an analog-to-digital 
converter input. The counter value (NFC reading) is proportional to 
the delay Δt and therefore, to the capacitance (4.1). However, in this 
application, the absolute value of capacitance C is not required 
because we are only interested in comparing the counter value 
between the dry and the wet states. The resolution is determined by 
the minimum time step the microcontroller can measure, which is 
limited by the clock frequency and delays in the internal 
microcontroller. Although the proposed method is simple, it provides 
enough precision for this application. The accuracy involved in 
measuring C can therefore be increased by increasing the resistor 
value. This method is often used successfully in low-cost touch-
button libraries in microcontrollers to avoid the need to add 
specialized integrated circuits based on measuring capacitance using 
the charge transfer method [21]–[23].  
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Figure 4.3. (a) Scheme of the circuit used for measuring the capacitance. (b) 

Waveforms at TX PIN, RX PIN and at the output of the internal microcontroller 

comparator. 
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4.3  Capacitance simulations 

Several electromagnetic simulations were carried out to estimate the 
change in capacitance between the dry and the wet diapers. The S 
parameters of two coplanar electrodes were simulated with the 
Keysight Momentum simulator as a function of the frequency. The 
capacitance between the two electrodes was obtained from the 
imaginary part of the input admittance. Figure 4.4 shows a simplified 
structure of the diaper with the coplanar electrodes. The height of 
the back sheet including the flexible PCB substrate is h1. The 
permittivity of this layer (εr1) is assumed to be 3, which is the typical 
permittivity of polyamide. The permittivity of the absorption layer 
(εr2) is considered to be 2 when dry, which is the permittivity of the 
cellulose layers. The permittivity of urine is roughly εr=50, and the 
conductivity is 1.75 at 1 MHz [24]. For the laboratory experiments, 
urine was simulated with a solution of water with salt (NaCl). The 
relative permittivity of the solution is close to that of water (εr2=78) 
and the conductivity can be adjusted with salt concentration. In 
accordance with  Stogryn’s model [25], a solution of normality 0.175 
N (43 g/l) at 25ºC produces conductivities that are close to those of 
urine. When the core layer is saturated with liquid, it is assumed 
that the permittivity is close to that of the liquid. The dielectric 
properties of the body are frequency dependent. At low frequencies, 
the body has a high permittivity. Permittivity is difficult to estimate 
because there may be a gap of air between the body and the top 
layer of the diaper, which reduces the effective permittivity. The 
maximum bandwidth of a pulse depends on its rise-time. However, 
it is considered to be 10 MHz (10 times the microcontroller's clock 
frequency). The permittivity of the body (εr3) is considered equal to 
170 in the simulations, which is the value of muscle permittivity at 
10 MHz [26]. Note that this layer is included in the simulation in 
order to study the effect of the proximity of the body and to estimate 
the threshold capacitance between the dry and the wet states.  

Table 4.I shows the main parameters used in the simulations.  
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Table 4.I. Parameters used in electromagnetic simulations 

Parameter Symbol Value 

Permittivity of back sheet and flexible substrate εr1 3 
Height of back sheet h1 200 µm 
Permittivity of the core (dry) εr2 2 
Permittivity of the core (wet with water) εr2 78 
Height of the core h2 5 mm 
Permittivity of the body εr3 170 

 

The sensor’s electrodes were designed with geometrical parameters 
selected to ensure enough sensitivity. When the diaper is dry, the 
effective permittivity of the multilayer structure is expected to be 
low and so a low capacitance value between electrodes is obtained. 
The effect of the high permittivity of the body should be small if h2 
is higher than the penetration depth of the fields, T (see Figure 4.4). 
However, when the diaper is wet, the urine is trapped in the 
absorbent core layer and the capacitance increases by several times. 
The field penetration depth of the sensor can be estimated using 
conformal mapping analysis [27]: 

 𝑇 =
𝑆

2
√(1 +

𝑊

𝑆/2
)
2

− 1 ≈ 𝑊 + 𝑆/2 (4.2) 

The penetration depth of the fields is therefore a function of the 
width (W) and the spacing between electrodes (S). T should be of 
the order of the height h2 in order to maximize the ratio between the 
wet and the dry capacitances. 
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Figure 4.4. Cross-section used for capacitance simulation showing the electric field 

distribution inside the diaper at low permittivity.  
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Figure 4.5-8 show the simulated results as a function of the main 
parameters. To avoid excessive bending of the electrodes and 
improve contact with the diaper, the maximum width of the 
electrodes is considered to be roughly a quarter the width of the 
diaper (2–2.5 cm). Two cases are considered in all figures: (1) the 
diaper is in contact with the body, and (2) the diaper is in the air 
with no contact with the body. The variation in the capacitance per 
unit length of the electrode (in pF/mm) between the dry and the 
wet states is analysed according to one parameter, while the other 
parameters remain constant. Figure 4.5 shows that the change in 
capacitance increases when the width of the electrodes W increases. 
As expected, C increases because the area of the electrodes increases. 
The capacitance is not affected by the body for widths that are less 
than the height of the core layer (h2=5mm). For greater widths, the 
field penetration depth is greater than h2 and there is a dependence 
on the permittivity of the body. The increase in capacitance 
normalized with respect to the dry capacitance is shown in Figure 
4.5(b). For an absorption core layer saturated with water (εr2=78), 
the ratio of capacitances ΔC/C can reach values of 8. Figure 4.6 
shows the capacitance as a function of the separation between 
electrodes S. As the separation is increased, the capacitance 
decreases steadily. W is assumed to be 5mm in this figure (T<h2 
with a small effect of the body). However, an increase in the relative 
capacitance occurs when S increases (Figure 4.6(b)). Figure 4.7 
shows the relative capacitance as a function of the permittivity of 
the absorption layer. This permittivity is a function of the urine 
content, the pressure and the diffusion of the urine along the 
electrodes. Capacitance is expected to behave linearly with 
permittivity. However, this linear effect is observed only up to 10. 
This effect is due to the curvature of the field lines for high values 
of the dielectric constant in the interface between the back sheet and 
the core. This behaviour is not often taken into account in analytical 
formulae derived using conformal mapping in the literature [28] but 
it can be computed numerically with electromagnetic simulators. 
These formulae are often used and verified for a low permittivity 
range, in which they are accurate. However, this conformal mapping 
does not consider this strong field change. The same behaviour has 
been found in interdigital electrodes used in measurements of soil 
moisture (See chapter 3). It is important to note the strong 
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dependence of the normalized increment of capacitance on the 
effective dielectric permittivity of the absorption layer. Finally, the 
influence of the height of the absorption layer is shown in Figure 4.8. 
If the height h2 is higher than the field penetration depth, the 
capacitance remains constant. For lower heights, T increases. For 
thicker layers, the normalized increment is almost constant. The 
height of the absorption layer depends on the diaper manufacturer 
and plays an important role in the price of the diaper and the 
maximum volume of liquid the diaper can absorb. The absorption 
material increases in volume when the trapped urine content 
increases. Therefore, the diaper is thicker when it is wet than when 
it is dry and the cellulose layers are compressed. 

 
(a) 

 
(b) 

Figure 4.5. Simulated capacitance per unit length (a) and normalized increment 

in capacitance (b) between the wet and dry cases as a function of the electrode 

width W with the diaper in contact with the body and the diaper in the air (S=1 

mm, h2=5 mm).  
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(a) 

 
(b) 

Figure 4.6. Simulated capacitance per unit length (a) and normalized increment 

in capacitance (b) between the wet and dry cases as a function of the electrode 

spacing S with the diaper in contact with the body and with the diaper in the air 

(W=5 mm, h2=5 mm). 

 

 
(a) 
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(b) 

Figure 4.7. Simulated capacitance per unit length (a) and normalized increment 

in capacitance (b) between the wet and dry cases as a function of the effective 

permittivity of the absorption layer with the diaper in contact with the body and 

with the diaper in the air (W=5 mm, S=1 mm, h2=5 mm).   

 
(a) 

 
(b) 

Figure 4.8. Simulated capacitance per unit length (a) and normalized increment 

in capacitance (b) between the wet and dry cases as a function of the height of 

the absorption layer with the diaper in contact with the body and with the diaper 

in the air (W=5 mm, S=1 mm).  
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4.4 Experimental results 

To check the accuracy of the proposed capacitance measurement 
method, a set of measurements are conducted. Figure 4.9 shows the 
count value measured by the tag when discrete Surface Mount 
Device (SMD) capacitors are used instead of the electrodes. A 
resistor of 5 MΩ is used in these measurements. A linear regression 
was performed and a linear behaviour is obtained. The error between 
the model (line) and the measured values is less than the tolerance 
of the capacitors (5%). The repeatability of the measurement was 
below 1 count or 0.18 pF. The measurements were read by the NFC 
with two mobiles and the readout was identical. The offset error 
associated with parasitic capacitances and systematic errors was 24.2 
pF. This accuracy is enough for the threshold detector.  

 

Figure 4.9. Measured count with the NFC as a function of discrete SMD capacitors 

(C). 

Figure 4.10 shows a photograph of the tag, a photograph of the tag 
when adhered to a diaper, and several screens of the mobile APP 
designed to interface with the user. The experiments were performed 
with different diaper models and a saline solution (0.175M) was used 
to simulate urine. Figure 4.11 shows the sensor response as a function 
of time to a volume of 120 cm3 injected uniformly with a pump to 
simulate urine discharge. An adult night diaper is chosen. It can been 
seen that the capacitance, and therefore the counter output (NFC 
reading), increases rapidly. However, there is a transitory period of 
roughly 100 s before the value stabilizes to the end value due to the 
diffusion of the liquid in the core. The rise time is of the order of 
3.66 s, which demonstrates that the diaper can absorb urine flow 
rates of 33 ml/s. This is higher than the peak urine flow rate of 
roughly 27.3 ml/s for normal adults [29]. 
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Figure 4.10. Layout of the tag and the screen of the mobile app. 

 

3.66 s

 
Figure 4.11. Time-dependent sensor response to a 120 cm3 step injected into the 

diaper. The inset shows the rise time response between 10% and 90% of the end 

values. 

Figure 4.12. shows the raw data output of the NFC sensor (output 
of the time counter) as a function of the volume of saline water. Two 
electrode widths are compared (W=5 mm and W=10 mm). The 
capacitance is proportional to the length of the electrodes. However, 
these electrodes must cover the active region where the absorption 
material is located. The loop antenna is located in the belt region to 
make reading easier. In the experiments, the spacing (S) and length 
(L) of both electrodes were 5 mm and 20 cm, respectively. The 
increase in capacitance between the dry and the wet diapers was 
roughly 1.5 times higher when W=10 mm than when W=5 mm, 
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which is in agreement with the simulations in Figure 4.5. Figure 4.13 
compares the measurement of the NFC sensor and the capacitance 
of an LCR meter (Keysight U1733C) at 100 kHz. According to the 
manufacturer’s datasheet, the accuracy of the LCR meter is 2%. The 
capacitance measurement error is therefore between 0.14 pF and 8 
pF. A correlation coefficient of 99.5% was obtained between the two 
measurements. The small discrepancies along the line were mainly 
due to the diffusion of the water in the absorption layer. This effect 
is especially visible when the liquid concentration is low, and the 
liquid does not cover all the electrode area. To mitigate this effect, 
the measurements were taken 5 minutes after the liquid was poured 
onto the diaper in order to ensure the diffusion of the liquid into it. 
A range of measured capacitance variation between 7 pF and 395 pF 
was observed for water volumes between 0 and 400 cm3 when W=10 
mm. The simulated and experimental results show that wider 
electrodes are preferable because they provide higher capacitance 
values and a higher capacitance ratio between saturated and dry 
states. Also, it is easier to cover the surface covered by the 
absorption layers. Depending on the number of absorption layers in 
the core, the Super Absorbent Polymer (SAP) mass ratio and fluff 
pulp used [30], and the expansion of the diaper in the wet state, the 
capacitance (and therefore the NFC reading) varies as a function of 
the model. Diapers designed to contain high volumes (up to 1000 
cm3) can support several discharges during the night and contain 
several absorption layers. Diapers for babies can support up to 400 
cm3–500 cm3 and the height is smaller than those designed for adults 
at night. However, when the volume reaches 200–250 cm3, the urine 
covers all the area and the absorption layers start to expand, thus 
increasing the height of the diaper. The capacitance then tends to 
saturate, as we can see in Figure 4.8, where the capacitance remains 
almost constant when the height is greater than the penetration 
thickness. In the case of electrode 1, the resolution is roughly 0.16 
cm3 for the adult night diaper and 0.8 cm3 for the baby’s diaper. 
These resolutions are several times lower than for a normal urine 
discharge. 
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Figure 4.12. NFC reading as a function of the level of saline water for two electrode 

widths (Electrode 1: W=10 mm, S=5 mm, L=20 cm; and Electrode 2: W= 5mm, 

S=5 mm, L=20 cm) and different diapers (adult for night, adult for day, and baby 

size 2). 

 

Figure 4.12 shows that the readings (and capacitance) increase 
steadily as the level of liquid increases until saturation is reached, 
and the diaper is considered full. However, the values tend to 
saturate when the core is saturated with liquid. The capacitance or 
NFC reading can therefore be used to estimate the volume of liquid 
in the diaper. We therefore propose the following model: 

 𝑉(%) = 100
𝑋𝛼 − 𝑋𝑑𝑟𝑦

𝛼

𝑋𝑠𝑎𝑡
𝛼 − 𝑋𝑑𝑟𝑦

𝛼  (4.3) 

where V is the percentage of liquid volume in the diaper, X is the 
normalized NFC reading, and α is the slope in logarithmic scale. Xdry 
and Xsat are the normalized NFC readings for the dry and water-
saturated cases, respectively. Note that parameters Xdry, Xsat depend 
on the diaper model but they can be saved in the NFC message that 
is sent to the mobile. 
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Figure 4.13. Comparison of the capacitance between the electrodes and the NFC 

reading for two electrode widths (W=5 mm and W=10 mm). The length of the 

electrodes is L=20 mm and the electrode spacing is S=5 mm. A regression line is 

included. The correlation coefficient is 99.5%.  

Figure 4.14 compares the proposed model (4.3) and the 
measurements for the diapers in Figure 4.12. Agreement was good 
for α=2.5. The correlation coefficient between the model given by 
(4.3) and the measured normalized volume was between 96% (baby 
diaper size 2) and 99% (adult day diaper). The standard deviation 
of the error in the estimation of the volume was between 4.1% (adult 
day diaper) and 10.3% (baby diaper size 2). Although, as we can see 
from Figure 4.12, the dry and saturation values are a function of the 
diaper model, these values can be stored by the diaper manufacturer 
in the EEPROM of the NFC IC and saved in the NFC message read 
on the smartphone app. 

Normal urinary frequency depends on how much fluid is taken in a 
day, the composition of the fluids taken, and whether the person is 
taking medication. For most people, the normal number of times to 
urinate per day is 6-7 over a 24-hour period [31]. Normal urine output 
depends on age [29],[31],[32]. The normal output is 2–3 cm3/kg/hour 
for neonates, 1–2 cm3/kg/hour for infants, and 0.5–1 cm3/kg/hour 
for adolescents and adults [31]. Urine outputs below these limits are 
considered oliguria [31]. For an adult who weighs 70 kg, a normal 
urine output is therefore between 120 cm3 and 280 cm3. As adult 
night diapers are designed for a maximum capacity of 1000 cm3, they 
can support more than two discharges. Figure 4.12 shows that for 
volumes above 250-300 cm3, the reading is almost constant, thus 
indicating a risk of overfilling. For a neonate whose weight is 4 kg, 
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normal output is roughly 30–50 cm3. Our experimental results in 
Figure 4.12 show that these threshold volume values may be 
detectable.  

 
Figure 4.14. Comparison of the models proposed for the normalized volume (4.3) 

as a function of the normalized NFC reading with the measurements for the 

diapers in Figure 4.12. 

To investigate the robustness of the readings when external materials 
are found below the diaper, several experiments are conducted. The 
worst case is the presence of metal under the diaper (e.g. a metal 
chair), which can increase the capacitance between the electrodes. 
Figure 4.15 compares the NFC readings as a function of the low 
permittivity spacer (cartoon, εr≈1.8), which simulates the thickness 
of clothes or chair cushion. An adult night diaper with electrode 1 
was used in Figure 4.15, but similar conclusions have been found 
when other diaper models were used. As a reference we also include 
the measurement taken when the diaper was in contact with the 
body. In the measurements in Figure 4.15, a phantom consisting of 
a thick block of foam weighing 4 kg was used to simulate body 
pressure. In agreement with simulated results, differences of roughly 
4.5% were observed between the low permittivity phantom and the 
body. From Figure 4.15 we can conclude that a spacer of roughly 5 
mm is sufficient to offset the effect of the metal. However, even when 
the metal is very close to the electrode, it is possible to at least 
determine whether the diaper is dry or wet.  

On the other hand, maximum differences of 1.1% were observed 
between the diaper when flat and when it had a curvature radius of 
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8 cm. Therefore, if the electrode is attached correctly to the diaper 
surface, the effect of bending is not very significant.  

 

Figure 4.15. Comparison of the NFC readings as a function of the distance to 

metal. The dashed lines show the values measured in contact with the body. 

The repeatability of the measurements is illustrated in Figure 4.16, 
which shows the histograms of 100 measurements for five diapers of 
the same model (adult night diaper) with the same volume of liquid 
(120 cm3). The difference in the measurements for each diaper is less 
than 0.5% and the maximum difference with respect to the mean is 
±2%. These differences can be attributed to small differences due to 
the location of the electrode, the distribution of the liquid in the 
absorption layers, and the surface roughness. 

 
Figure 4.16. Histogram of variation in NFC reading from the mean for five adult 

night diapers with a volume of 120 cm3. 
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4.5 Comparison with other technologies 

Some techniques for sensing moisture in diapers are based on 
detecting changes in the colour of a reactive in contact with urine. 
Such techniques are low-cost, but they cannot detect the state of the 
diaper under clothes. However, because of their simplicity these 
technologies are commercially available in some diapers. Moreover, 
by using a nitride, a protein and leukocyte reactive, they can detect 
the presence of certain infections based on a change in colour [33], 
[34]. Other studies propose passive tags that are detuned in the 
presence of moisture. A UHF tag was used in [13], whereas an HF 
tag was used in [5] and [10]. The main drawback is that the read 
range is reduced in the wet state. This reduction may also be due to 
other reasons, such as misalignment between the reader and the tag 
antennas. Moreover, in [10], the tag must be inserted in the core 
layer. In [5], an NFC tag with energy harvesting based on the SL13A 
IC from AMS is used, which sense by means of a resistive switch, is 
used. The main drawback here is that the electrodes must either be 
inserted into the core layer (perforating the back sheet) or be in 
contact with the skin. In both [10] and [5], the commercial diapers 
must be modified and only a binary reading (wet or dry) can be 
made. In [7], the wet stage produces a shift in the resonance 
frequency of an LC resonator that is read with a non-standardized 
custom reader. Systems based on active devices have longer read 
ranges than passive alternatives. However, a battery is needed and 
so the cost is higher. The first devices reported in the literature, such 
as [6] and [12], use a custom TX transmitter. However, these 
communication systems usually consume more power and battery 
life is limited. With the appearance of smartphones with Bluetooth 
Low-Energy (BLE), several approaches based on this technology 
have recently been developed [17], [35], [36]. Most of these 
approaches are based on the resistive switch and so an electrode 
must be in contact with the core of the diaper. In [17], a method 
based on measuring the external temperature of the diaper was 
proposed. This non-invasive method can detect a rise in the 
temperature of the outer sheet layer as a result of urine accumulation 
at a temperature above ambient. Unfortunately, this detection 
method cannot be applied to battery-less devices such as the one 
proposed in this paper since it requires the temperature to be 
monitored periodically. However, it can be used if a battery is 
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included as in a data logger. Unlike the method proposed in this 
study, the smart diapers reported in the literature provide 
information only if the diaper is dry or wet and do not estimate the 
volume of liquid that can be used to determine certain pathologies 
associated with oliguria [37]. Unlike other HF RFID solutions for 
smart diapers (such as [7] and [10]), the proposed method is 
compatible with a commercial smartphone and does not require a 
specific reader. Table 4.II compares different smart diaper devices. 

Table 4.II. Comparison of smart diaper devices 

Year/Ref. 
Sensor 

technology 

Communications technology 
and comments 

This work Capacitive 
NFC based on M24, estimates the 

volume of liquid, do not require modify 
the diaper 

Yambem et 
al. 2008 [7] 

LC resonance shift 
Inductive coupling, only dry or 

wet states detection, modification on 
the diaper is required, custom reader 

Siden et al. 
2011 [5] 

Resistive switch 

NFC based on SL13A, only dry or wet 
states detection, modification of the 

diaper is required 
Sajal et al. 
2014 [13] 

Nilsson et al. 
2011 [9] 

UHF antenna 
detuning 

UHF RFID, measurement based on the 
horizontal and vertical polarization 
reading distances, only dry or wet 

states detection 
Chen et al. 
2014 [34] 

Karlsen et al. 
2014 [14] 

Colorimetric 
Not available, it cannot be used with 

clothes 

McKnight et 
al. 2015 [11] 

Paper based 
biopotential 

BLE, requires external amplifiers and 
impedance analyzer (AD5933) 

Ziai et al. 
2015 [10] 

Resonance 
frequency detuning 

Passive, HF at 13.56 MHz, only dry or 
wet states detection 

Siden et al. 
2004 [6] 

Resistive switch 
Tx at ISM 13.56 MHz activated by the 

sensor switch and custom reader 

Simik et al. 
2014 [12] 

Resistive switch 
GSM, only dry or wet states detection, 
modification of the diaper is required 

Khan et al. 
2018 [17] 

Temperature 
BLE, requires continuous monitoring of 

the temperature 
Rahman et al.  

2017 [35] 
Resistive switch 

BLE, only dry or wet states detection, 
modification on the diaper is required 

Yu  et al. 
2016 [36] 

Resistive switch 
and colorimetric 
nitride sensor 

BLE, urine-activated urinary nitride 
sensor 
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4.6 Conclusions 

In this study a prototype for a smart diaper that measures moisture 
by measuring the change in capacitance between electrodes is 
designed. Capacitance is noninvasively determined by measuring its 
charge time when driven by a high-value resistor using a 
microcontroller. The tag is based on an NFC IC with energy 
harvesting and can be read with a mobile phone. As an alternative 
to urine detection based on a resistance switch, a tag based on 
capacity sensing that can be adhered to the outer layer of commercial 
diapers is proposed.  
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5. NFC sensor for pH  monitoring 

5.1 Motivation 

Microfluidic paper-based devices [1] for analyses based on colour 
determination are widespread in applications such as medical devices 
[2], [3] and pH measurements [4]–[6]. The main advantages of these 
devices are that they are inexpensive, do not require an energy 
source, allow for easy transportation of fluids, and are easy to use. 
However, since diagnosis depends on optical measurements, accuracy 
is poor especially when, as in pH measurements, classification 
between different levels is required. PH measurement has a wide 
range of applications. It is used, for example, to check the water 
condition of swimming pools, tap water and aquariums. It is also 
used in medical applications such as sweat or saliva analysis and skin 
control in wounds, where it can indicate an infection before the 
infection becomes visible. However, as pH electronic probes are 
expensive and require continuous calibration, the cost is prohibitive 
for home applications. In medical applications (e.g. urine tests [7]), 
the probes need to be sterilized each time they are used in order to 
avoid contamination between samples. For this reason, paper-based 
colour strips have been extended as the simplest and cheapest way 
to quickly indicate pH measurements. With the expansion of 
smartphones with high-quality integrated cameras, several methods 
for colorimeter measurement using smartphones have been proposed 
[3]–[6]. The main advantages of pH measurement using smartphone 
cameras are that these devices are easy available and portable. 
However, they have also important drawbacks. For example, the 
readout depends on ambient illumination and camera type and 
requires special image processing techniques, so there are variations 
between smartphone models and the programs used to process the 
images. To solve the problems related to ambient light condition 
variation, some studies propose the use of an enclosure to keep the 
sample in darkness just being illuminated by the smartphone 
cameras led [2], [5], [6]. This method permits the reading to be 
independent of the external light conditions. However, the absolute 
control of light conditioning is not possible since each camera uses a 
different led, so the colour temperature and intensity may change, 
as well as the led location on the camera’s enclosure, which makes 
the sample enclosure device-dependent. 
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PH is defined as the decimal logarithm of the reciprocal of the 
hydrogen ion activity in a solution [8]. Paper-based colour strips 
change their colour depending on the substances used to create the 
reactive. Some of the most common compounds used to create pH 
indicators are: phenolphthalein (C20H14O4), which turns colourless in 
acidic solutions but pink in basic solutions; methyl red (C15H15N3O2), 
which is red at a pH below 4.4 and yellow at a pH over 6.2; and 
thymol blue (C27H30O5S), which turns red below pH 1.2, yellow for 
pH between 2.8 and 8, and blue above 9.6. These substances are 
combined to react to a specific range of pH. Universal paper strips 
are mixtures of several pH indicators that extend the pH range over 
which they operate. The molecular geometry of these chemical 
compounds changes depending on the pH. This is due to 
modifications in the number of protons, which alter wavelength 
absorption and translate into a change of colour.  

Colour evaluation has a wide field of applications. It can be used in 
medicament doses control [9], glucose detection [10], water quality 
control [3], gas detection [11] or pH determination [5]. The most 
common way to digitalise the colour for its further evaluation 
consists of using a photographic camera [2], [5], [6]. An alternative 
method for electronic colour measurements is based on colorimeters. 
Colorimeters are tristimulus devices that use red, green, and blue 
filters to emulate the response of the human eye to light and colour. 
Recently, low-cost colorimeters integrated into circuit devices have 
become commercially available and performed well. Low-cost 
colorimeters can therefore be designed for several applications [9]–
[11]. Unlike the problems associated with smartphone cameras, 
colour measurement by colorimeter has the advantage of 
repeatability due to a controlled light condition. 

Some references regarding pH monitoring systems based on NFC 
technology can be found in the literature. A low-power tag based on 
the SL13A chip from AMS, with potentiometric input to be used 
with pH and ion-selective electrodes is presented in [12]. A computer-
based reader controls the sampling acquisition. A recent study [13] 
shows a medical application for wound care by measuring the colour 
of a pH reactive compound located on a bandage. The colour is 
measured using a photodiode and stored on a MLX90129 NFC chip 
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with datalogger function from Melexis. These methods use a battery 
on the tag to sense the data and save it into the memory.  

In this chapter a low-cost NFC-based system that combines an NFC 
IC for communications and a colorimeter IC with a microcontroller 
is presented. The tag is completely passive and obtains energy from 
the RF interrogating signal from the reader using the energy-
harvesting capabilities of the NFC IC. A simple calibration method 
is used to convert the measured colour of the pH strips into pH 
levels. A custom readout application that uses a smartphone with 
NFC compatibilities as a reader has also been developed. 

5.2  System description 

An overview of the system is shown in Figure 5.1. It consists of an 
electronic circuit made up of a colour light-to-digital TCS3472 
converter from TAOS [14], a white 4150ºK LED to illuminate the 
sample, a low-power Atmel Tiny 85 microcontroller, and an NFC 
chip from ST Microelectronics (M24LR04E).  

Figure 5.1. Block diagram of the proposed NFC-based pH sensor. 

The TCS34725 has RGB and clear light sensing elements (Figure 
5.2) and its light-to-digital converter contains a 3 × 4 photodiode 
array. This array comprises red-filtered, green-filtered, blue-filtered, 
and clear (unfiltered) photodiodes. These photodiodes are coated 
with an IR-blocking filter that minimizes the IR spectral component 
of the incoming light and enables colour measurements to be taken 
accurately. Spectral response curves of the four channels of the 
sensor is shown in Figure 5.2(b) [14]. The four integrating ADCs 
simultaneously convert the amplified photodiode currents to a 16-bit 
digital value. These three chips are connected to each other via an 
I2C bus and the NFC IC is connected to a PCB loop antenna.  
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Figure 5.2. (a) Working principle of the colorimeter. (b) Spectral responsivity of 

the four channels. 

 

The current consumption of each component is shown in Table 5.I. 
The NFC IC has four sink current configurable ranges. In this work, 
the mode with higher sink current (up to 5 mA) was selected to 
support the current need for the tag operation. The Atmel 8-bit AVR 
ATtiny85 microcontroller can be configured at different clock speeds 
and work down to 1.8V. Because of the power limitations presented 
by this system, it was configured to work at 1 MHz, where its 
consumption is around 300 μA at 3.3V. The total current 
consumption of the tag is about 3 mA, which is below the 5 mA that 
the NFC IC can harvest from the RF. A significant part of this 
consumption is due to the white LED used to illuminate the sample. 
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Table 5.I. Current consumption 

Component Current consumption (µA) 

M24 400 
TCS34725 235 

LED 2000 
ATTiny85 300 
TOTAL 2935 

 

A photograph of the prototype is shown in Figure 5.3.  The loop 
antenna, the NFC IC and the microcontroller are located on the top 
side, while the colour sensor and the LED are connected on the 
bottom side. The connector that links the two circuit boards is also 
used to download the firmware in the microcontroller. A plastic 
enclosure for the tag was designed using a 3D printer (see Figure 
5.3(b)). 

 

 
(a) 

 
(b) 

 
(c) 

Figure 5.3. Photograph of the prototype from (a) the top and (b) the bottom and 

(c) the 3D printed enclosure. 

5.3  Signal processing 

A mathematical model is needed to transform the raw colour 
measurement in RGB provided by the colour sensor into pH. 
However, a colour model must be defined in order to digitalize a 
colour for its representation or analysis. Numerous colour models 
exist, the most common of which is the RGB. This additive colour 
model is widely used for displays, while the CMYK is another 
additive colour model that is widely used for colour printing. Since 
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colour models are abstract mathematical models, it is possible to 
convert from one model to another. 

Figure 5.4(a) shows pH as a function of the colour of the paper strip. 
We can see that the concentration of pH produces a change in colour. 
One way to obtain the pH from the raw RGB measurement is to use 
a table-based method and an interpolation function. However, a 
simple model using HSV (Hue-Saturation-Value) colour space is also 
available and found on the literature [35], [36]. This model is useful 
not only because it is more intuitive than raw RGB values but also 
because the conversions to and from RGB are extremely quick to 
compute and can be run in real time on the microcontroller. When 
shifts in colours must be measured, the HSV model should be 
considered. HSV is an alternative representation of RGB based on 
how the human eye works. Instead of measuring the portion of each 
primary colour, the results are expressed in terms of Hue 
(representing pure colour and expressed in degrees from 0º to 360º), 
Saturation (percentage of white colour), and Value (brightness, 
expressed in percentage), as can be observed in Figure 5.5.     

 

 

 
  

(a) (b) 

Figure 5.4. (a) pH as a function of the colour of the paper strip. (b) Hue. Primary 

colours are at 0º (red), 120º (green), and 240º (blue). 

 

From Figure 5.4(b), a simple relationship between Hue (angle) and 
pH is expected. The transformation given in [34] to transform RGB 
into hue using the following equations (5.1)-(5.2) is used: 

 𝐻 = {
𝜃            → 𝑖𝑓 𝐵 ≤ 𝐺

360 −  𝜃 → 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
 (5.1) 
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where θ (in degrees) represents the Hue angle and R, G, and B are 
the values of red, green, and blue, respectively, in the 0 to 255 range. 

 𝜃 = 𝑎𝑟𝑐𝑜𝑠 (

1
2 ((𝑅 − 𝐺) + (𝑅 − 𝐵))

√(𝑅 − 𝐺)2 + (𝑅 − 𝐵)(𝐺 − 𝐵)
) (5.2) 

 

  
(a) (b) 

Figure 5.5. (a) RGB colour space, (b) HSV colour space. 

5.4 Experimental results 

To test the system, the Hue obtained by measuring the colour of the 
pH reactive strips with the NFC colorimeter and the pH obtained 
by a calibrated pH probe (Hanna Checker HI 98103) are compared. 
The pH probe was previously calibrated using two reference solutions 
of pH 4 and 7. Three different paper strips with different pH ranges 
were tested. Figure 5.6 shows the colour charts of these pH paper 
strips. Figure 5.6(a) shows the colour palette of the full range strips 
from pH 1 to pH 14, while Figure 5.6(b) and Figure 5.6(c) correspond 
to the range’s pH 3 to pH 6 and pH 5 to pH 9, respectively. 

 

 

 
(b) 

 

(a) (c) 

Figure 5.6. Colour charts for the three paper strips tested: (a) chart for scale pH 

1 to pH 14, (b) chart for scale pH 3 to pH 6, and (c) chart for scale pH 5 to pH 9.  
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To verify the behaviour of the strips, several values of pH (see Figure 
5.7) are measured. This figure shows a linear behaviour in the 
measured ranges. It shows that the Hue of the strips behaves in a 
linear fashion, thus enabling the creation of a linear regression model 
(the red line in Figure 5.7) to characterize each type of strip. Based 
on this linear model, the system can be calibrated by measuring two 
different pH values. 

  

(a) 

(b) 

(c) 

Figure 5.7. Hue measurements of several known pH values. (a) Strips 1 to 14, (b) 

strips 3 to 6: and (c) strips 5 to 9. 

Since most current methods for determining the colour of reactive 
strips are based on the image processing of a photograph of the strips 
[4]–[6], The sensor colour reading and the image processed by two 
different cameras are compared. The main disadvantages of image 
processing systems are the variability in luminosity in the samples 
and the colour correction applied to the pictures by each vendor. To 
compare the two methods, we took 30 measurements of four different 
strips. Figure 5.8 shows the Hue calculated by placing and removing 
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30 times the strips from the 3D-printed enclosure (the black line with 
diamonds). The red and blue lines show the results of 30 pictures 
taken for each case at various distances (between 20 and 50 cm) and 
with smooth changes in angle. The images were taken by two 
different cameras in conditions of direct and indirect light for each 
(the continuous and dashed lines, respectively).  

 
Figure 5.8. Comparison of Hue angle for 30 iterations of 4 different cases. (a) Strips 

from 1 to 14: pH 4, (b) strips from 1 to 14: pH 7, (c) strips from 3 to 6: pH 4 and 

(d) strips from 5 to 9: pH 7. 
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The pictures were taken at the maximum resolution for each camera 
(5488×4112 pixels for camera 1 and 5120×3840 pixels for camera 2). 
The images were analysed using Matlab. The exact reactive part of 
the strips was selected manually. The average RGB was measured 
and converted to HSV using (5.1) and (5.2). This was therefore the 
same process as that used by image-processing systems. 

It can be seen how the iterations measured with this system behave 
linearly, since the lighting conditions and the distance between the 
sensor and the samples to be measured were always the same. For 
colour analysis based on photography, on the other hand, these 
parameters were much more unstable. 

Table 5.II shows the standard deviation for each sample and each 
sensing method. The effects of different lighting conditions and the 
deviation from accurate focus are quantified. As the mean deviation 
values show, the results from camera 2 were better than those from 
camera 1. However, the best results were obtained with the proposed 
sensor.  

Table 5.II. Hue standard deviation (degrees) 

 
sample 

1 

sample 

2 

sample 

3 

sample 

4 

M ean 

deviation 

Sensor 1.01 1.16 1.25 1.27 1.17 

C1 direct light 3.19 3.62 2.47 2.74 3.00 

C1 indirect light 1.27 3.16 7.03 5.08 4.14 

C2 direct light 1.82 4.23 1.76 2.24 2.51 

C2 indirect light 1.34 2.49 2.73 2.14 2.18 

 

To graphically represent the deviation observed when the same 
sample was measured several times, Figure 5.9 shows the histograms 
for the values obtained. In all cases the sensor obtained the best 
results.  
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(a) 

(b) 

(c) 

(d) 
Figure 5.9. Histograms of measured values for 4 different cases. (a) Strips from 1 

to 14: pH 4, (b) strips from 1 to 14: pH 7, (c) strips from 3 to 6: pH 4 and (d) 

strips from 5 to 9: pH 7. 
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Although light plays an important role when measuring colour, 
several other factors, including camera optics, image focusing, and 
processing software can also affect the reading. Moreover, systems 
based on image processing need complex software to detect which 
part of the image should be analysed. For this reason, the proposed 
system can achieve better results: the conditions are always the same 
and the smartphone used to obtain the pH has no effect on the colour 
reading. This system is therefore device-independent, does not 
depends on environment conditions, and is simpler than other 
methods for determining the colour of the reactive strips.  

An Android application to display the results has been designed. 
This application reads the HSV values using the NFC protocol. 
Using the stored linear model, returns the pH. It also includes an 
option to calibrate strips from different manufacturers. For this 
purpose, two measurements for known pH values must be taken. The 
pH data are uploaded to a cloud database in order to store all 
historical measurements, and for further analysis. Figure 5.10(a) 
shows an image of the application’s main screen, while Figure 5.10(b) 
shows the calibration screen indicating the two known pH values 
used to calculate the linear function that are used to estimate the 
pH of the measurements. 

 

(a) 

 

(b) 

Figure 5.10. Designed Android APP: (a) main screen, (b) calibration screen 
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Figure 5.11 shows the device with its 3D-printed enclosure and a 
strip. It also shows the smartphone used to power up the device and 
obtain the data and a display of the designed application. The 
theoretical and experimental read range obtained for the tag 
prototype is up to 18 mm depending on the smartphone used. 

 

 

Figure 5.11. Reading the colour of a strip and calculating the pH with the Android 

application. 

Figure 5.12 shows a graph on the ThingSpeak IoT database, which 
shows several measurements of the pH in a swimming pool. The 
measures have been done during the same day with Historical 
measurements can thus be accessed from any device connected to 
the internet. This is an example of a weekly water analysis performed 
by the pool’s maintenance staff. In this way the maintenance routine 
can be monitored to ensure that the pH is kept within an acceptable 
range for the swimming pool. To simulate a real scenario, several pH 
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measurements have been done in the lab and updated to the 
database modifying the date, representing a larger period. 

 

 

Figure 5.12. Cloud database showing the pH measurements of a swimming pool 

taken over several months. 

5.5 Conclusions 

A batteryless, low-cost colorimeter integrated into an NFC tag has 
been presented. While this device has several applications, in this 
chapter it has been applied to the measurement of pH using pH-
sensitive paper strips. Raw RGB measurements of the colorimeter 
IC are transformed into HSV colour space. A simple linear 
relationship is found between pH and Hue for typical commercial 
strips. The pH is obtained from this model and can be easily 
calibrated using two known pH solutions. The repeatability and 
reliability of the measurement is higher than for methods based on 
smartphone cameras because the measurements are taken in 
controlled light conditions. A smartphone application to read the 
data from the NFC tag and send the pH to a cloud database has 
been designed.  
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6. Fruit ripeness sensor 

6.1 Motivation 

Food appearance determined by surface colour is the first sensation 
that the consumer perceives and has a great influence on the 
consumer’s choice. Food colour depends on various factors, including 
the chemical, biochemical, microbial and physical changes that occur 
during growth, maturation, postharvest handling and processing [1]. 
Therefore, food colour can be used as a quality indicator. Colour is 
one of the most widely measured product quality attributes in 
postharvest handling and in food processing research and industry. 

In recent years, the consumers’ interest in ecological food, the origin, 
and the traceability have grown. RFID technology could play an 
important role in the following years. With the long marketing chain 
for many fruits and vegetables that is currently operating, the used-
by-date or recommended date of consumption is difficult to establish 
for these products. Surface colour can be a good parameter to give 
an indication of the freshness and flavour quality of fresh products. 
For example, the ripening process of tomatoes is clearly 
characterized by the colour evolution of the fruit surface. After 
harvesting, the fruit continues to ripen and its colour turns from 
green to red. Due to transportation delays, tomatoes that are already 
ripe (red) must be sold to local markets and green tomatoes can be 
shipped to customers at much greater distances [2]. Colour has been 
used to evaluate fruit maturity for tomatoes [3], bananas [4], apples 
[5], pears [6], oranges [7] and dates [8]. Some colours are associated 
with food products. For instance, yellow is associated with ripe 
bananas in a good state and good tomatoes are associated with red 
instead of orange.  

Food colour measurements have been made using a large variety of 
instruments [1]: colorimeters [9], spectrophotometers [10], [11] and 
colour measurement by computer vision with digital cameras [3]–[8], 
[12]. However, sometimes these instruments are expensive, or the 
measurement setups are not suitable for performing real-time 
measurements by a consumer in a supermarket or at home. 

Colorimeters and spectrophotometers are devices that can be used 
to measure the colour of a test sample. A spectrophotometer is an 
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instrument with high precision and is adequate for more complex 
colour analyses because it can measure the spectral reflectance at 
each wavelength. However, spectrophotometers are more expensive 
than colorimeters. Therefore, a colorimeter is the best choice for 
quality inspection. In this chapter, a low-cost battery-less NFC tag 
is presented for food colour measurement and classification based on 
the measured colour and using a smartphone. A simple tap is 
required for the colour measurement using the smartphone equipped 
with NFC to read the colour measured by a colorimeter integrated 
into the tag. This low-cost device can be used to classify different 
fresh products in the supermarket or at home. 

6.2 System overview 

A system overview is shown in Figure 6.1. The food being tested is 
placed over the aperture of the colorimeter integrated into the NFC 
tag. Its colour is a function of the temperature, humidity and days 
since it was harvested. When the user taps his smartphone equipped 
with an NFC reader, the NFC IC in the tag obtains energy from the 
RF interrogating signal that is used to feed the circuitry and returns 
the colour measurement as an NFC message. The application in the 
smartphone reads the message, classifies the quality of the food and 
gives additional information about the origin or some other useful 
information. This information, as well as the parameters needed for 
food classification, can be automatically downloaded from the cloud.  

 
Figure 6.1. System overview. 
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The tag is identical to the one presented in the previous chapter, 
composed by an M24LR04E NFC IC, an ATtiny85 as a 
microcontroller, and the colour sensor TCS34725, with a total 
consumption of nearly 3 mA (see Table 5.I). For the purpose of this 
work a 3D printed enclosure for the tag with an opening on the 
colour sensor has been designed (Figure 6.2).  

 
Figure 6.2 Tag within the 3D printed enclosure. 

6.3  Experimental results 

In order to test the system, different typical fruits (bananas, and red 
and golden apples) were measured with the NFC colorimeter. Several 
samples on different days at room temperature and within the fridge 
were tested. The objective was to classify the quality of the pieces of 
fruit depending on the number of days outside the fridge and using 
the colour information. A fruit is considered to belong to the good 
class if the days at room temperature outside the fridge are equal to 
or less than six. The aim is to find a simple but accurate method 
that, after a training process performed by the product 
manufacturer, the consumer can apply using a smartphone without 
sophisticated tools such as Matlab. 

The colour of an object can be described by several colour coordinate 
systems (called colour spaces). Figure 6.3 shows the representation 
of the RGB, HSV and CIELab colour spaces. The first decision is to 
choose the colour space. The most popular is RGB (red, green and 
blue), which is used in video monitors. The raw RGB information 
given by the colorimeter is rarely used in the literature on food 
classification. HSV [15] and Lab [15] are alternative representations 
of the RGB colour model designed to be more closely aligned to the 
way human vision perceives colour-making attributes. HSV and Lab 
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colour spaces are the most used in the literature for this application 
[16]–[18]. The most frequently used is the CIELab colour space, due 
to its uniform colour distribution and because its colour perception 
is closest to that of the human eye. The colour in the CIELab colour 
space is determined by three values: L* is the lightness, and a* and 
b* are the green-red and blue-yellow colour components, 
respectively. Humans identify a coloured object through its 
chromaticity and brightness. The chromaticity can be further 
divided into two parts: hue and saturation.  

The ratio a/b was used as a colour index in apples, tomatoes, citrus 
and carambola fruit [1]. A high correlation between peel colour 
related to maturity and Hunter’s a/b ratio for mangos has been 
found in [19]. However, this ratio is a function of the hue, which is 
the angle that can be computed from ratio atan(a/b). Therefore, the 
HSV model is used in this work. 

 

 

 

(a) (b) (c) 
Figure 6.3. (a) RGB colour space, (b) HSV colour space, (c) CIELab colour space. 

Three kinds of fruit are considered (bananas, red apples, and golden 
apples). Figure 6.4-6 shows the histograms of HSV measurements of 
a golden apple, banana and red apple, as a function of the days and 
the ripening conditions (in the fridge and at room temperature).  The 
measurements were taken with the colorimeter of the NFC tag. For 
example, the Cumulative Distribution Function (CDF) of the hue 
for the golden apple in the fridge and at room temperature as a 
function of the number of days is shown in Figure 6.7. It can be 
observed that the colour variation is smooth in the case of the fruit 
conserved in the fridge, whereas the shift is faster at room 
temperature. Therefore, the ripeness grade is also a function of 
environment parameters. Figure 6.5-6.11 show the histograms of 
HSV measurements and CDF of the hue parameter for the banana 
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(Figure 6.5-6.9) and red apple (Figure 6.6-6.10). Similar behaviour 
is obtained for both the banana and red apple. 

 

 

 

(a) (d) 

 

 

(b) (e) 

 

 

(c) (f) 
Figure 6.4. Histogram for the golden apple for different days: histogram of the Hue 

(a), Saturation (b) and Value (c) parameters in the fridge. Histogram of the Hue 

(d), Saturation (e) and Value (f) parameters at room temperature. 
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(a) (d) 

  

(b) (e) 

 

 

(c) (f) 

Figure 6.5. Histogram for a banana for different days: histogram of the Hue (a), 

Saturation (b) and Value (c) parameters in the fridge. Histogram of the Hue (d), 

Saturation (e) and Value (f) parameters at room temperature. 

 

 

 

UNIVERSITAT ROVIRA I VIRGILI 
BATTERY-LESS NEAR FIELD COMMUNICATIONS (NFC) SENSORS FOR INTERNET OF THINGS (IoT) APPLICATIONS 
Martí Boada Navarro  



148 

 

 

 

(a) (d) 

 

 

(b) (e) 

 

 

(c) (f) 

Figure 6.6. Histogram for a red apple for different days: histogram of the Hue (a), 

Saturation (b) and Value (c) parameters in the fridge. Histogram of the Hue (d), 

Saturation (e) and Value (f) parameters at room temperature. 
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(a) (b) 

Figure 6.7. Cumulative Distribution Function (CDF) of the Hue parameter for the 

golden apple in the fridge (a) and at room temperature (b) as a function of the 

number of days out of the fridge. 

 

 

(a) (b) 

Figure 6.8. Cumulative Distribution Function (CDF) of the Hue parameter for the 

banana in the fridge (a) and at room temperature (b) as a function of the number 

of days. 

 
 

(a) (b) 

Figure 6.9. Cumulative Distribution Function (CDF) of the Hue parameter for the 

red apple in the fridge (a) and at room temperature (b) as a function of the number 

of days. 

HSV and CIELab values were studied in order to select the most 
suitable values to analyse the ripeness state of the fruit. Table 6.I 
shows the average of 100 samples for each fruit stored at room 
temperature, comparing the measurements of the first day (day 0) 
against the measurements after a few days (day 15 for apples, and 
day 9 for bananas). The Δ% row shows the percentage increment/ 
of each parameter, considering the range of each parameter. It can 
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be observed that the best combination is obtained using the H and 
S values. Hue changes 8.7% for red apples, 5.4% for golden apples 
and 1.6% for bananas; whereas saturation (S) changes 42% for red 
apples, 12% for golden apples and 2% for bananas. However, the 
variations are smaller using CIELab colour space, with differences 
between 0.1% and 2% for L, 1.2% and 4.3% for parameter a* and 
1.4% and 8.2% for parameter b*.  

Table 6.I. Average readings of HSV and L*a*b of 100 samples. Comparative 

change of each parameter over time. 

Fruit Days H  S V L* a* b* 

Golden 

Apple 

Day 0 59.4 0.48 0.40 41.1 -7.3 26.6 

Day 15 40.0 0.60 0.46 40.9 3.6 30.2 

Δ % 5.4 12.00 6.00 0.1 -4.3 1.4 

Banana 

Day 0 17.4 0.58 0.51 37.9 20.6 22.1 

Day 15 23.2 0.60 0.51 39.4 17.6 25.8 

Δ % 1.6 2.00 0.00 1.5 1.2 1.4 

Red 

Apple 

Day 0 41.2 0.55 0.44 40.0 2.0 27.1 

Day 9 72.5 0.13 0.36 38.0 -2.4 6.0 

Δ % 8.7 42.00 8.00 2.0 -1.7 8.2 

 

Extracting and selecting features helps to improve a machine 
learning algorithm by focusing on the data that are most likely to 
produce accurate results. The challenge is to find the minimum 
number of features that will capture the essential patterns in the 
data. From the histograms presented above, it can be concluded that 
the hue angle and saturation are good choices. The variation over 
time is higher compared to the Value parameter. Another possibility 
is to apply PCA (Principal component analysis) to find the principal 
components in order to reduce the number of features.  However, 
PCA is not considered to simplify the implementation in a mobile 
environment because it can increase the computational complexity.  

The next step is to select a machine learning algorithm. No single 
machine learning algorithm works for every problem; therefore, the 
best algorithm is found by exploring the datasets for different 
algorithms. The comparisons were performed using the statistics and 
machine learning toolbox in the Matlab R2017a software. The 
training is performed using a computer with Matlab and ideally 
should be performed by the manufacturer or a laboratory; however, 
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once the training is finished, the parameters are sent to the cloud 
server, from where the consumer can download the parameters that 
are necessary for predicting the class. Therefore, as the prediction 
step will be made on a mobile, the simplicity of the algorithm and 
minimal tuning play an important role. Another possibility is that a 
cloud server executes a program that returns the results as a function 
of the colour measurement. However, mobile computing is preferred. 
Two classes were considered: good state (days <6) and bad state 
(days>=6) assuming that the fruit is outside the refrigerator. Other 
intermediated classes can be defined if necessary. Half of the 
measurements in the dataset were used for training and the other 
half were used for testing the prediction. In this chapter the following 
algorithms are considered: linear SVM [20], linear discriminate 
analysis (LDA) [21], Naive Bayes [22], decision tree [23] and nearest 
neighbour [24]. Neural networks are not included because they often 
require a lot of tuning parameters.  

Although SVM and LDA have the same boundary decision (a line), 
their assumptions are different. LDA assumes that data are 
distributed normally. SVM makes no assumptions about the data at 
all, which means that it is a very flexible method. LDA makes use 
of the entire data set to estimate covariance matrices, and therefore 
is somewhat prone to outliers. SVM is optimized over a data subset 
that includes those data points that lie on the separating margin. 
The data points used for optimization are called support vectors 
because they determine how the SVM discriminate between groups 
and thus support the classification.  

The Naive Bayes classifier is designed to be used when predictors are 
independent of one another within each class; however, it appears to 
work well in practice even when the independence assumption is not 
valid. It is a classification technique based on Bayes’ theorem with 
an assumption of independence among predictors. In simple terms, 
a Naive Bayes classifier assumes that the presence of a particular 
feature in a class is unrelated to the presence of any other feature. 

The decision tree classifier is a simple and widely used classification 
technique. It repetitively divides the working area (plot) into 
subparts by identifying lines. In general, decision trees are 
constructed via an algorithmic approach that identifies ways to split 
a data set based on different conditions. It is one of the most widely 
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used and practical methods for supervised learning. Decision tree is 
a non-parametric supervised learning method used for both 
classification and regression tasks. The goal is to create a model that 
predicts the value of a target variable by learning simple decision 
rules inferred from the data features. Decision trees divide the feature 
space into axis-parallel rectangles or hyperplanes. 

The nearest neighbour search locates the k-nearest neighbours or all 
neighbours within a specified distance from certain query data 
points, based on the specified distance metric. An object is classified 
by a majority vote of its neighbours, with the object being assigned 
to the most-common class among its k nearest neighbours (k is a 
positive integer, typically small). If k = 1, then the object is simply 
assigned to the class of that single nearest neighbour. One of the 
simplest decision procedures that can be used for classification is the 
nearest neighbor (NN) rule. This classifies a sample based on the 
category of its nearest neighbor. 

In order not to introduce any bias in the classification results, the 
dataset is composed of the same number of measurements each day. 
Another fruit that is not included in the training dataset is used for 
testing. Figure 6.10-6.12 show the decision regions found for each 
algorithm superposed on the scatter plot of the training 
measurements of the dataset. 

To explore the trade-off between different kinds of misclassification, 
a confusion matrix is used. Table 6.II summarizes the confusion 
matrix calculated with different methods: linear SVM, Naive-Bayes, 
decision tree, and Nearest Neighbor, showing the true positives (TP), 
false positive (FP), false negative (FN), and true negative (TN) 
percentages. In order to compare the methods, the accuracy is also 
included. The accuracy of the confusion matrix is computed using 
(6.1) and the results for each feature are illustrated in the last 
column in Table 6.II. 

 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦(%) = 100
𝑇𝑃 + 𝑇𝑁

𝑇𝑂𝑇𝐴𝐿 𝐷𝐴𝑇𝐴
 (6.1) 

The highest accuracy is obtained for the banana and the worst for 
the red apple. In the case of the golden apple, the two features (hue 
and saturation) are clearly correlated because all the training points 
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fall along a line. Therefore, a single feature (for example the Hue or 
using PCA decomposition) can be used for classification. A smooth 
variation of the colour is found as a function of the time. The decision 
boundary found for all classifiers is a perpendicular line to this line. 
Accuracies of about 82-84% are obtained depending on the classifier 
algorithm considered. In the case of the banana, as it can be observed 
from the histogram, the colour remains nearly constant for the first 
days, and then starts to degrade fast from the 6th day. The change 
in the colour is in both hue and saturation features and the relation 
is not as linear as in the case of the golden apple. However, the two 
classes are clearly separable and high accuracy is obtained for all the 
classifiers. The last case is more complicated to classify because the 
colour is not homogeneous. This fruit has regions of red but other 
regions are close to yellow. To avoid this problem only the red region 
is considered, and the points are filtered before the training in the 
range of hue<50º. If a point falls outside this range, the application 
asks the user to repeat the measurement in another point in the red 
region. After outliers have been filtered, the colour degradation is 
smooth as in the case of the golden apple. However, due to the 
heterogeneous distribution of the colour on the surface, the accuracy 
obtained for the different classifier algorithms is considerably lower 
than in the previous cases. Only LDA and Nearest Neighbour with 
k=5 obtained reasonable values of 73% and 71%, respectively. An 
improvement is found if a quadratic discriminant analysis (QDA) is 
used, achieving an accuracy of 80% because the boundary decision 
can be described better for a parabolic function. 

Machine learning applications can be deployed in production systems 
on desktops, in enterprise IT systems (either onsite or in the cloud), 
and embedded systems. For prediction, the linear SVM, LDA or 
QDA give an analytic boundary decision function (a line or quadratic 
function) that only needs to know the polynomial coefficients to 
define the decision region. The evaluation of the algorithm in the 
other methods requires the training data from the server. In addition, 
it requires the implementation in JAVA, C, PHP or another 
language in the mobile environment or in the cloud. In order to avoid 
this problem, a table (or image) can be downloaded from the cloud 
service that is used to interpolate the results.  
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Table 6.II. Confusion matrix for ripeness grading identification for different 

classifiers. 

Fruit Classifier TP % FP % FN  % TN  % Accu. % 

Golden 

Apple 

Naive Bayes 73.66 6.67 26.33 93.33 83.50 

Linear 

Discriminant 

Analysis 

73.00 8.67 27.00 91.33 82.17 

Decision Tree 76.33 12.33 23.67 87.67 82.00 

Nearest 

Neighbor 
81.33 13.33 18.67 86.67 84.00 

Nearest 

Neighbor k=5 
80.00 13.67 20.00 86.33 83.17 

SVM 68.00 2.00 32.00 98.00 83.00 

Banana 

Naive Bayes 90.00 4.00 10.00 96.00 93.00 

Linear 

Discriminant 

Analysis 

90.50 5.00 9.50 95.00 92.75 

Decision Tree 84.50 3.50 15.50 96.50 90.50 

Nearest 

Neighbor 
87.00 13.00 13.00 87.00 87.00 

Nearest 

Neighbor k=5 
87.00 3.00 13.00 97.00 92.00 

SVM 90.50 5.50 9.50 94.50 92.50 

Red 

apple 

Naive Bayes 73.33 46.67 26.67 53.33 63.33 

Linear 

Discriminant 

Analysis 

86.67 40.00 13.33 60.00 73.33 

Decision Tree 63.33 40.00 36.37 60.00 61.67 

Nearest 

Neighbor 
60.00 66.67 40.00 33.33 46.67 

Nearest 

Neighbor k=5 
80.00 36.67 20.00 63.33 71.67 

SVM 96.67 90.00 3.3 10.00 53.33 

QDA 86.67 26.67 13.33 73.33 80.00 
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Figure 6.10. Decision boundaries and scatter plot (class 1 squares, class 2, crosses) 

for the golden apple. (a) Naive Bayes, (b) Linear discriminant analysis, (c) 

Classification tree and (d) Nearest Neighbour (k=5).  

 

 
Figure 6.11. Decision boundaries and scatter plot (class 1 squares, class 2, crosses) 

for the banana. (a) Naive Bayes, (b) Linear discriminant analysis, (c) 

Classification tree and (d) Nearest Neighbour (k=5). 
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Figure 6.12. Decision boundaries and scatter plot (class 1 squares, class 2, crosses) 

for the red apple. (a) Naive Bayes, (b) Linear discriminant analysis, (c) 

Classification tree and (d) Nearest Neighbour (k=5). 

An Android application has been developed to analyse the sample and show the 

result to the user. The operation flow is described in the flowchart of  

Figure 6.13. When the application is launched it connects to a server 
to obtain a list of available fruits and downloads an image and some 
information about each of them. Then it shows the list of the possible 
fruits to analyse (Figure 6.14(a)), the user selects the fruit and a 
message appears to place the smartphone over the tag (Figure 
6.14(b)). When the tag is triggered, it performs the colour reading, 
and sends the NDEF message with the HSV and RGB values to the 
smartphone, which processes the message and shows the result on 
the screen (Figure 6.14(c)). The hue and saturation values are 
calculated to extrapolate the point using the image previously 
downloaded, which represents the decision boundaries of the training 
(Figure 6.14(d)). The application obtains the resolution and the 
minimum and maximum values of hue and saturation for each image. 
This makes it possible to check the colour of a specific point of the 
classification matrix and determine the class the measured colour 
belongs to. This method is computationally cheap on the reader side. 
Furthermore, the fact that the axis boundaries and the image 
resolution are retrieved from the server makes it possible to adapt 
this system to any kind of image, no matter which classification 
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algorithm has been used or how many classes it contains, whereas 
the colours of each class are well differentiated. 

 

Start
Is database 
updated?
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Fruit selection 
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with the 
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Figure 6.13.  Flowchart of the mobile application. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 

Figure 6.14. Phone screen of the developed application. (a) Fruit selection, (b) 

screen indicating to tap the tag, (c) representation of the detected colour, (d) 

decision boundaries of the training. 

 

Figure 6.15 shows a smartphone with the main screen of the 
application after measuring the colour of a red apple that is on top 
of the 3D printed enclosure that contains the tag. 
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Figure 6.15. Measurement of a red apple using the designed application.  

6.4 Conclusions 

In this chapter a system for classifying the fruit ripeness grade based 
on its colour measured with a battery-less NFC tag and read from a 
mobile phone is presented. The tag integrates a microcontroller, a 
colorimeter, a led and an NFC IC. The tag is powered by the energy 
harvested from the mobile. Experimental results show that the 
ripeness grade is a function of time and environment conditions 
(especially the storage temperature). This chapter uses HSV colour 
space for classification. It is observed that the main parameters that 
change are the hue and saturation, which are used as features for the 
classification. Different classification algorithms have been compared 
in order to show the robustness of the system. Linear Discriminant 
Analysis and nearest neighbour work well in all cases. The proposed 
system is a low-cost solution compared with expensive 
spectrometers. In addition, the measurement is not influenced by 
external illumination, and therefore the measurements are repeatable 
in comparison with computer vision systems based on mobile 
cameras. A simple table-based method is proposed to avoid 
increasing the complexity of implementing the software in the mobile 
application when the boundary decision regions are not described by 
analytical functions, such as the case of the nearest neighbour 
classifier.  
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7. Implanted tag 

7.1 Motivation 

Implantable devices are increasing in widespread acceptance and 
becoming ever smaller and more powerful [1], [2]. Such devices 
include implantable glucose and oxygen sensors for diabetics [3]–[5], 
implantable chemical devices [6], [7], neural implants [8], [9], cochlear 
implants [10], ocular implants [11]–[13] and cardiovascular devices 
[14]. Advances in semiconductor technology, particularly in the area 
of micro-electro-mechanical systems (MEMS), have made it possible 
to reduce the dimension and increase the number of sensors that it 
is feasible to implant [10]. However, despite recent technological 
progress in implant technology, there are still challenges that must 
be solved [10]. One of the most critical of these challenges is the 
power source necessary by electronic devices. Rechargeable batteries 
can periodically be transcutaneous recharged by means of wireless 
telemetry, while single-use batteries require surgical removal to 
replace them. In order to increase the biocompatibility (associated 
with battery toxicity) and the lifetime of these devices, battery-less 
devices are preferred [15]. Although promising communication 
methods based on ultrasound [16], [17] have been proposed, 
radiofrequency (RF) is the most widely used communication method. 
However, the tissues that surround the implant present dielectric 
losses that heavily attenuate electromagnetic signals, thereby 
degrading the communications. Therefore, the read-range and size 
constraints imposed by the limited space available inside the body 
are fundamental challenges. As regards the powering of battery-less 
devices, although several methods of wireless power transfer (WPT) 
including inductive optical [18] and ultrasound [19] have been 
proposed in the literature, wireless powering through radiofrequency 
electromagnetic waves is the most established [1], [20]–[22]. 

Traditional WPT between the reader and 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 must be as small as possible. 
However, the maximum coupling is obtained for coils of similar size 
[23], [24] and the NFC readers in conventional smartphones are 
designed to read smart cards rather than miniature implanted coils. 
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Therefore, in medical applications the use of special readers is 
required for implanted sensors. The aim of this work is to study the 
viability of working with conventional NFC integrated circuits with 
energy harvesting in implanted devices using the smartphone as a 
reader. To this end a new method to increase the read range of 
implanted NFC sensors with energy harvesting capability using 
smartphones is presented, based on the use of a 3-coil system.  

Wireless communication with implantable medical devices (IMDs) is 
fundamental for monitoring and reducing surgical operations [25]. 
However, the data transmitted wirelessly can be accessed by nearby 
third parties [25], [26]. Therefore, despite the advantage of this 
technology, privacy must be considered and safety issues must be 
addressed [27]. Nowadays, the main application of NFC tags is for 
payment [28]. Therefore, it can be considered a secure system. In 
addition to the short-read range that gives some degree of security, 
NFC messages can be protected with a password known only by 
authorized users and data can be encoded by the microcontroller 
included in the implant. Moreover, advanced security protocols can 
be implemented to improve the security [29]. This is a potential 
advantage of IMD based on NFC over custom wireless 
communication systems with less degree of security or wireless 
communication systems with higher read range than NFC.  

7.2  System overview 

Since there is not permeability difference between the body tissue 
and air, the magnetic field does not encounter any boundary 
conditions [21]. Hence, the most commonly used approach for 
transferring power through biological tissues is by magnetic 
induction. A typical wireless power transfer system consists of a 
power source, transmitter coil, receiver coil and load [21] (see Figure 
7.1(a)). In addition to these elements, the proposed system in this 
chapter incorporates a relay coil between the transmitter and the 
receiver, as is shown in Figure 7.1(b). Notice that in this 3-coil 
topology the notation of the elements of the tag change from the 
notation explained in chapter 2 of this work, in order to keep the 
common nomenclature used in the literature when using 3-coil 
systems.    
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Figure 7.1. (a) Resonant coupling with 2 coils, and (b) resonant coupling with 3 

coils. 

The introduction of a relay coil between the source and the load 
introduces a degree of freedom to improve the system. Figure 7.2 
shows the system using 3 resonant coils as proposed in this work. It 
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. 
The use of the relay coil inside the body would increase the size of 
the implant, and therefore it is placed on the skin outside the body. 
Another way of improving the WPT would be to use a system with 
4 coils. However, with this topology both the second relay coil and 
the load coil should be implanted, thereby increasing the size of the 
implant and making the system impractical. 
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Figure 7.2. Schema of the proposed system with 3 coils. 

The key requirement in the proposed biomedical link is the delivery 
of enough power to the load to activate the electronics with high 
power transfer efficiency (PTE). Achieving this is a challenge when 
the distance between transmitter and receiver is large or the coils 
are not aligned. 

Efficiency (η), defined as the ratio between the power delivered at 
the load (PL) and the input power (Pin), can be computed from the 
S21 parameter using the source (RS) and load resistance (RL) 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 resonators are tuned to the same 
frequency can be obtained for the cases of a 2-coil (7.1) and a 3-coil 
system (7.2) [20]: 

 𝜂2𝑐𝑜𝑖𝑙𝑠 =
𝑃𝐿

𝑃𝑖𝑛
=

𝑘12
2 𝑄1𝑄2𝐿

1 + 𝑘12
2 𝑄1𝑄2𝐿

·
𝑄2𝐿

𝑄𝐿
  (7.1) 

 𝜂3𝑐𝑜𝑖𝑙𝑠 =
𝑘12

2 𝑄1𝑄2

1 + 𝑘12
2 𝑄1𝑄2 + 𝑘23

2 𝑄2𝑄3𝐿

·
𝑘23

2 𝑄2𝑄3𝐿

1 + 𝑘23
2 𝑄2𝑄3𝐿

·
𝑄3𝐿

𝑄𝐿
 (7.2) 
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In (7.2), the coupling between the first and the last coil is neglected 
as they are far away from each other. The power delivered at load 
PL for the two cases is given by: 

 𝑃𝐿,2𝑐𝑜𝑖𝑙𝑠 =
𝑉𝑆

2

2𝑅1
·

1

1 + 𝑘12
2 𝑄1𝑄2𝐿

· 𝜂2𝑐𝑜𝑖𝑙𝑠 (7.3) 

 𝑃𝐿,3𝑐𝑜𝑖𝑙𝑠 =
𝑉𝑆

2

2𝑅1
·

(𝑘12
2 𝑄1𝑄2) · (𝑘23

2 𝑄2𝑄3𝐿)

(1 + 𝑘12
2 𝑄1𝑄2 + 𝑘23

2 𝑄2𝑄3𝐿)2
·
𝑄3𝐿

𝑄𝐿
 (7.4) 

where the unloaded quality factor of each coil is obtained from the 
coil inductance and resistance at angular resonance frequency ω0: 

 𝑄𝑖 =
𝜔0𝐿𝑖

𝑅𝑖
    ,   𝑖 = 1,2,3 (7.5) 

The loaded quality factor is computed from: 

 𝑄𝑖𝐿 =
𝑄𝑖𝑄𝐿

𝑄𝑖 + 𝑄𝐿
    ,   𝑖 = 1,2,3 (7.6) 

and the external quality factor is given by: 

 𝑄𝐿 =
𝑅𝐿

𝜔0𝐿𝑒𝑛𝑑
 (7.7) 

where Lend=L2 for the 2-coil system and Lend=L3 for the 3-coil 
system. 

The optimal coupling coefficient k that maximizes the power 
delivered to the load (PDL) (7.3)-(7.4) and the efficiency (PTE) 
(7.1)-(7.2) are obtained from [20] by differentiation of the equations: 

 𝑘12,𝑃𝐷𝐿,2𝑐𝑜𝑖𝑙𝑠 =
1

(𝑄1𝑄2𝐿)1/2
 (7.8) 

 𝑘12,𝑃𝐷𝐿,3𝑐𝑜𝑖𝑙𝑠 = (
1 + 𝑘23

2 𝑄2𝑄3𝐿

𝑄1𝑄2
)

1/2

 (7.9) 
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 𝑘23,𝑃𝐷𝐿,3𝑐𝑜𝑖𝑙𝑠 = (
1 + 𝑘12

2 𝑄1𝑄2

𝑄2𝑄3𝐿
)

1/2

 (7.10) 

 𝑘23,𝑃𝑇𝐸,3𝑐𝑜𝑖𝑙𝑠 = (
1 + 𝑘12

2 𝑄1𝑄2

𝑄2
2𝑄3𝐿

2 )

1/4

 (7.11) 

Maximum delivered power and maximum efficiency cannot be 
satisfied simultaneously [20]. Given that battery-less implants are 
considered in this work, the tag can only be powered in presence of 
the mobile. Therefore, the main goal is that the NFC IC receives 
enough power or AC voltage to ensure the correct rectification for 
feeding the sensors and the other electronics included in the implant, 
in contrast with other WPT systems used to charge batteries, in 
which the efficiency is fundamental. In addition, optimum couplings 
are often outside the typical values in an implanted system and 
depend on distance, coil alignment, the antennas used in the reader 
(that vary according to smartphone model) and the implanted 
antennas. Another important aspect not considered in the literature 
is that the load impedance and loaded quality factor depend on the 
IC impedance. It therefore depends on the power received and 
presents a nonlinear behaviour [32]–[34]. This nonlinearity must be 
considered in the simulations and in the system design. Simple linear 
network simulations are not enough, so more complex nonlinear 
simulation methods must be used. In order to perform an accurate 
simulation of the system, the different parts of the WPT system are 
analysed in the following sections. The overall system can be 
analysed using circuit simulators such as Keysight ADS. Harmonic 
balance nonlinear simulations have been carried out with this circuit 
simulator. 

7.3  System analysis 

This section presents the modelled implanted and relay antennas, 
and the models of reader and tag presented in chapter 2 are used for 
the simulations. In addition, the read range of the device powered 
by the reader in a smartphone is theoretically and experimentally 
analysed altogether with the effect of body materials on the 
implanted and relay antennas. The coupling between the smartphone 
reader and tag antennas is analysed in order to obtain the maximum 
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depth of the implant. Finally, simulations of the wireless power 
transfer performance are carried out. 

7.3.1  Effect of the body on the implanted antennas and modelling 

The effects of the body must be considered as regards both the antenna close to 

the skin surface (relay coil) and the antenna implanted inside the body. The 

epidermis, the outermost layer of skin, provides a waterproof barrier and has a 

thickness of around 100 µm. The dermis, beneath the epidermis, contains tough 

connective tissue, hair follicles and sweat glands. The dermis is around 1-2 mm 

thick and it has been shown that this thickness in the same body area can vary 

significantly with age [56], [57]. The deeper subcutaneous tissue (hypodermis) is 

made of fat and connective tissue. Its thickness varies from 1 to 15 mm. Under 

the fat there is a muscle layer. A schematic cross section is shown in Figure 7.3.  

 

Table 7.I shows the dielectric permittivity and conductivity of tissue 
material at 13.56 MHz, taken from the literature [57]–[60] that are 
used in the EM simulator to simulate the body. 

In order to study the effects of the body on the antennas, two cases 
are considered: the implanted antenna (section 7.3.1.1) and the relay 
antenna on the skin surface (section 7.3.1.2). 

 

epidermis

dermis

hypodermis

muscle

 

Figure 7.3. Skin cross section. 

7.3.1.1  Implanted antenna 

Figure 2.18(a) shows the circuit model commonly used for a loop 
antenna in the air. At this point it is important to note that the 
inductance (La) is not affected by the dielectric substrate and is 
therefore unaltered when the antenna is implanted in the body. 
However, parasitic capacitance (Cp) increases due to the high 
permittivity of bodily matter, and the tag’s resonance frequency 
therefore increases. The dielectric losses can be modelled by adding 
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a resistance in parallel to the antenna (Rp in Figure 2.18). This 
resistance is in parallel with the load, reducing its value and 
degrading the quality factor. 

 

La

Ra

Cp Rp

La

Ra

Cp

Rp

Cs

(a) (b)  
Figure 7.4. (a) Circuit antenna model for a loop antenna in the air, and (b) 

improved circuit model proposed for implanted loop antenna. 

 

Implantable devices must be encapsulated to prevent contamination 
and to protect the electronics or mechanical systems. 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 chosen [61]. Silicone rubber is the material 
normally chosen for implantable devices due 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. The coating of the implanted 
antenna has a significant influence on its properties. The spacer (hc) 
introduced by the coating isolates the antenna from the losses 
introduced by the body (muscle). In consequence, a reduction in the 
detuning and a noticeable increase in the quality factor is expected, 
compared to the use of the antenna without coating. An improved 
equivalent circuit for the implanted antenna is proposed to consider 
these effects (Figure 2.18(b)). The different contributions of the 
multilayer dielectric structure need to be analysed to obtain this 
lumped equivalent circuit. Figure 7.5(a) 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 (C2 in Figure 7.5). In the simulations it is considered 
that the dielectric properties of the silicone are εr=3, σ=2.26·10-6 
S/m, and tanδ=0.001. The material also introduces a resistance due 
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to its low conductivity. This distributed RC network can be modelled 
as an equivalent resistance (R1) in series with a capacitance (C1). 
Finally, a parasitic capacitance in parallel can be introduced to 
model the capacitance between the strips (C3). 

The components of the distributed circuit in Figure 7.5 are difficult 
to obtain. Therefore, a simplified lumped equivalent circuit (Figure 
2.18(b)) is more useful, where the elements can be obtained from 
electromagnetic simulations or measurements. The resistor (Ra) in 
series with the inductor gives a quality factor that increases with 
frequency. The resistor (Rp) in parallel with the inductor gives a 
quality factor that decreases with frequency. The combination is 
therefore widely adjustable to give a peak in the quality factor at 
any arbitrary frequency. The equivalent capacitance Cs considers the 
distributed capacitances of the coating layers. 

The series antenna resistance (Ra) 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, and thus 
the eddy-current generation in the tissue will be insignificant. The 
series antenna resistance can be computed using [62]: 

 𝑅𝑎 = 𝑅𝑑𝑐

𝑡

𝛿(1 − 𝑒−𝑡/𝛿)
·

1

1 + 𝑡/𝑊
 (7.12) 

where DC resistance Rdc is given by; 

 𝑅𝑑𝑐 =
𝐿

𝜎𝑊𝑡
 (7.13) 

and skin depth is: 

 𝛿 =
1

√𝜎𝜋𝑓𝜇0

 (7.14) 

In (7.12)-(7.15), L is the length of the strip, t the thickness of the 
strip, W the width of the strip, µ0 the vacuum magnetic permeability 
constant (4π·10-7 H/m) and σ the conductor conductivity.  
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Table 7.I. Dielectric layers used in the simulation of the body at 37ºC 

Layer 
Relative 

permittivity 

Conductivity 

(S/m) 

Thickness 

(mm) 

Skin 

(epidermis+dermis) 
120 0.25 1.5 

Fat (hypodermis) 38 0.21 4 

Muscle 138 0.62 25 
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Figure 7.5. (a) Cross section of a subcutaneously implanted antenna and (b) cross 

section of the relay antenna on the body. 

 

Figure 7.6 compares the quality factors of a printed antenna coil in 
the air and one within the body surrounded by muscle tissue, 
assuming that it is covered by a coating of silicone of different 
thicknesses. The permittivity and conductivity are provided in  

 

Table 7.I. The implanted antenna is designed using a 0.8 mm thick 
FR4 PCB substrate. The antenna is a double-sided loop with 3 turns 
on each side, with a strip width of 0.5 mm, strip spacing of 0.5 mm 
and external length of 15 mm. The antenna presents an inductance 
of 0.68 µH, which is higher than the value required to meet the 
bandwidth specification given by (2.29). Good agreement is found 
between the electromagnetic simulations and the circuit model in 
Figure 2.18(b) obtained from optimization using Keysight ADS. Rdc 
is optimized to consider the exact length L of the antenna. The 
antenna resistance is computed from (7.12) using Rdc, the width W 
and thickness t. The initial values for Cp and Cs are set to the half 
of the value of Cp obtained in the air (extracted from the resonance 
frequency). The initial value of the inductance is extracted at low 
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frequency from the imaginary part of the impedance. The main 
antenna parameters are listed in Table 7.II. The cases of the antenna 
in the air and the antenna implanted with different thicknesses of 
silicone cover are compared in the table. The tuning capacitances 
Ctun that need to be added in parallel for the antenna to become 
resonant at 13.56 MHz (including the chip capacitance) are also 
listed.  

 

Figure 7.6. Antenna quality factor as a function of frequency, in air and implanted, 

with different coating thicknesses. Continuous line: electromagnetic simulation; 

dashed line: circuit model. Dotted line: measurements of the antenna. 

The dotted line on Figure 7.6 shows the measurements of the quality 
factor of a prototype inserted in a phantom. The phantom consists 
of a piece of pork steak. In order to simulate a flat coating, the 
antenna is covered by 3D-printed polylactic acid (PLA) of different 
thickness and inserted within the meat.  The permittivity of the PLA 
is close to the one of silicone (εr≈3) [63]. The quality factor (Q3) 
obtained considering the case in air is slightly lower than the 
simulated. The improvement of the quality factor when the coating 
thickness increases is also observed in the measurements. The quality 
factor values are close to 40 for coating thickness of 0.1 mm, 
increasing to more than 63 for a coating thickness of 1 mm. However, 
the quality factor obtained with the phantom is smaller than that 
reached in the simulations. This fact can be explained by the higher 
conductivity of the meat compared to the one used in the simulations 
due to the high content of water. 
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It can be observed that, when implanted, and due to the dielectric 
permittivity of the tissue, the resonance frequency decreases in 
comparison to the air case. When increasing the thickness of the 
silicone coating, the effective permittivity decreases, and thus the 
resonance frequency increases, as does the peak frequency of the 
quality factor. The fields are therefore concentrated between the 
electrodes and the coating material, resulting in a reduction of the 
losses. There is an optimum thickness of the silicone cover, around 
0.5 mm, that maximizes the quality factor. Although the maximum 
quality factor is smaller than that of the maximum in the air case, 
the peak frequency is closer to the operating frequency. Thus, slightly 
higher values of quality factor are obtained in the implanted antenna 
compared to those obtained in the air. 

Table 7.II. Antenna parameters for the implanted antenna 

Parameter IN AIR 
Implanted antenna with different 

thicknesses of silicone coating  

Thickness of 
coating (mm) 

0 0.1 0.5 1.0 

Rdc (Ω) 0.38 0.38 0.38 0.38 

Ra(Ω) 0.95 0.89 0.78 0.78 

fr (MHz) 135.8 75.1 104.6 120.9 

Cp (pF) 2.02 0.93 0.94 0.90 

Qa 61.4 65.9 74.2 73.2 

La (µH) 0.68 0.68 0.68 0.68 

Rp (Ω)  78.5 72.56 192.01 

Cs(pF)  7.20 3.45 2.78 

Ctun (pF) 201.04 200.18 203.8 143.05 

 

7.3.1.2  Relay antenna on the skin surface 

A similar analysis to that performed for the implanted antenna (section 7.3.1.1) is 

repeated for relay coil placed in contact with the skin (see schema of Figure 7.5(b)). 

The data on the stack materials described in  

 

Table 7.I is 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 
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reducing this effect in the relay – and therefore also in the detuning 
associated with this variability, which has an impact on the 
electromagnetic properties of the tissues – consists of adding a buffer 
layer with low losses and low permittivity. This coating layer is also 
needed to protect the electronics, preventing short circuits and for 
biocompatibility. Silicone is again proposed in this case because it is 
a biocompatible material. However, other materials with low 
permittivity (around 2-3) can be used to integrate the coil into a 
flexible band-aid to be more breathable. 

Figure 7.7 illustrates the effect of the silicone spacer layer (thickness 
ts) in the antenna model. The prototype of relay antenna considered 
in this study consists of a square loop (25×25 mm) with 4 turns, a 
track width of 0.5 mm and spacing between tracks of 0.5 mm, printed 
on FR4 substrate with a thickness of 0.8 mm. When the thickness of 
the coating layer increases, the frequency response tends to reach the 
values obtained in the isolated loop antenna in the air. This antenna 
presents a higher quality factor in the air compared to that achieved 
in the implanted antenna, but, due to the substrate height plus the 
spacer thickness up to the skin, the quality factor remains 
approximately constant and close to the air value, at around 75. 
Good agreement is obtained between the simulated model and the 
improved model of Figure 2.18(b). The parameters of this model are 
fitted by optimization using Keysight ADS optimization tools in 
order to match the frequency impedance of the antenna and are 
listed in Table 7.III. The dotted line on Figure 7.7 shows 
measurements of the quality factor of a prototype of relay coil in the 
air and on a phantom. The phantom is a piece of pork steak with a 
spacer made of PLA. As in the case of the implanted coil, the values 
of the quality factor are smaller than those obtained from the 
literature, whose parameters are used in the simulations, mainly due 
to the higher water content of the meat. However, the improvement 
due to the increase of the spacer thickness is clearly perceptible, 
approaching to the value of air case. The measured quality factor 
increases from 40 for a spacer of 0.1 mm to 73 for a spacer of 2 mm. 
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Figure 7.7. 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. Dotted line: measurement 

of the antenna. 

Table 7.III. Parameters of the relay antenna 

Parameter IN AIR 
Implanted antenna with different 

thicknesses of silicone coating  

Thickness of 
coating (mm) 

0 0.1 0.5 1.0 

Rdc (Ω) 0.43 0.42 0.42 0.42 

Ra(Ω) 0.98 0.98 0.98 0.98 

fr (MHz) 173.3 113.5 140.3 150.0 

Cp (pF) 2.0 0.07 0.07 0.07 

Qa 61.7 69.9 74.2 74.0 

La (µH) 0.70 0.70 0.70 0.70 

Rp (Ω)  790.7 685.9 727.3 

Cs(pF)  1.0 0.5 0.4 

Ctun (pF) 194.8 196.7 196.7 196.7 

 

7.3.2  Coupling between antennas 

Since biological materials are non-magnetic, the coupling between 
antennas is mainly the same as in the air. The coupling coefficient is 
needed in order to estimate the maximum depth of the implant for 
a given distance between the body and the smartphone. The coupling 
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coefficient k between two coils can be calculated from the Z 
parameters obtained from the S parameters using equation (2.20). 

Several loop antennas are manufactured on 0.8 mm thick FR4 
substrate with a track width of 0.5 mm and the coupling between 
them is measured. The distance between the coils is 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 7.IV .  In addition, a comparison 
between the simulated and measured inductance and resistance at 
13.56 MHz is also shown in Table 7.IV. Small differences are found 
due to the PCB tolerances. The implanted antenna consists of a 
double-sided 15×15 mm square loop with 6 turns. Two relay 
antennas (Relay 1 and Relay 2) measuring 25×25 mm with 4 and 6 
turns respectively are considered. Three antenna sizes for the reader 
are studied. The reader 1 and 2 antennas have a similar size to the 
antennas integrated around the camera in smartphones, which is the 
typical position in mobiles with metallic cases [64]. The size of reader 
antenna 3, on the other hand, is similar to the antenna placed on 
the top of the battery integrated in smartphones with plastic cases. 
[65] demonstrate that the ferrite material used to isolate the coil 
from the battery or other metallic parts has a small influence in the 
coupling coefficient. Therefore, the following simulations and 
measurements were performed in the air. 

Table 7.IV. Dimensions of antennas used in the coupling study 

Antenna 
name 

D IM ENSIONS 
N UM BER OF 

TURNS 

La 
(nH ) 

R a 
(Ω ) 

Implanted 15 mm × 15 mm 6 
666 
684* 

0.83 
0.91* 

Relay 1 25 mm × 25 mm 4 
697 
716* 

0.98 
0.98* 

Relay 2 25 mm × 25 mm 6 
1185 
1172* 

1.12 
0.99* 

Reader 1 25 mm × 25 mm 4 
697 
716* 

0.98 
0.98* 

Reader 2 25 mm × 25 mm 6 
1185 
1172* 

1.12 
0.99* 

Reader 3 50 mm × 50 mm 4 
2965 
2893* 

2.39 
2.89* 

Simulated and measured (*) inductance (La) and resistance (Ra) at 13.56 MHz 
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Figure 7.8-7.10 compare the simulations and the measurements with 
Vector Network Analyzer (VNA) of the coefficients obtained using 
(2.20) from S parameters, as a function of the distance between coils. 
The coupling coefficient (k12) between the reader and the implanted 
antenna in the 2-coil system (see Figure 7.1(b)) is shown in Figure 
7.8. Figure 7.9 compares the coupling (k12) between the relay and 
reader antennas in the 3-coil system. The coupling coefficient (k23) 
between the relay and implanted antennas in the 3-coil system is 
shown in Figure 7.10. Good agreement has been obtained between 
the measured and simulated coupling coefficients. Some 
discrepancies are found when the coils are very close due to the high 
sensitivity to the small misalignment and the position errors for these 
distances. The conclusion is that close antennas with similar areas 
present strong coupling coefficients for small distances, while 
antennas with large areas present high coupling at large distances. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.8. Simulated and measured coupling coefficient between the implanted 

antenna and different reader antennas described in Table 7.IVError! No s'ha 

trobat l'origen de la referència.. 

 
Figure 7.9. Simulated and measured coupling coefficient between the relay antenna 

(Relay 1) and different reader antennas described in Table 7.IV. 
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Figure 7.10. Simulated and measured coupling coefficient between the implanted 

antenna and different relay antennas described in Table 7.IV. 

7.3.3  System simulations 

In order to study the viability of using smartphones to power up 
implanted sensors, a number of simulations are carried out using the 
nonlinear model of the tag for both the 2-coil and the 3-coil links. 
Using the values for the inductance and quality factors obtained in 
the simulations of the implanted and relay antennas, Table 7.V 
shows the parameters considered for the simulations of efficiency and 
power transfer. 

Table 7.V. Parameters used in the system simulations 

Parameter VALUE 

Source power (dBm) 20 
Source resistance R2 (Ω) 4.86 

Reader antenna inductance (µH) 2 

Reader quality factor Q1 35 

Relay inductance L2 (µH) 0.7 

Relay quality factor Q2 70 

Tag antenna inductance L3 (µH) 0.7 

Tag antenna quality factor Q3 60 
 

Figure 7.11 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 behaviour of the NFC IC [32]–[34], the 
RIC resistance depends on the power received. The values of RIC 
obtained are under the limit imposed by the maximum quality factor 
to ensure the bandwidth required for the backscattering 
communication given by (2.29). When the reader starts the 
interrogation, the RIC resistance is very high (several kΩ), but this 
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value decreases when the NFC IC is woken up and moves into 
operating mode. After this, the RIC resistance value drops when the 
AC voltage or power received at the antenna coil increases. For 
typical values of RIC during the IC operating mode, the tag quality 
factor is limited by the load quality factor QL, which is considerably 
lower than the maximum value required. The measurement of the 
nonlinear IC impedance is difficult to be done in the laboratory. This 
impedance is very mismatched compared to the standard RF 
laboratory instruments (50 Ω). Therefore, it is not easy to excite the 
IC with enough power level to activate it because power is mostly 
reflected and then high-power levels to excite the IC are required. 
The excitation power level in a commercial VNA is often limited to 
20 dBm (over 50 Ω).  A modified VNA setup with an external 
amplifier and a reflectometer [32]–[34] to characterize the IC under 
similar power conditions to the actual operation with a reader is 
required. Experimental results obtained in these works for different 
IC show the power dependence of the impedance obtained here in 
the simulations. 

 

Figure 7.11. 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). 

Figure 7.12 shows the simulated 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 and considering 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 level.  
Therefore, under this level, the external microcontroller and sensors 
are not biased and a new sensor measurement cannot be done. In 
commercial IC, this power level is higher than the minimum power 
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required to read a previously stored data in the NFC EEPROM. The 
RF limiter protection is designed to start to actuate for AC levels in 
the antenna terminals higher than 4.8V. For higher levels, the AC 
voltage saturates preventing the damage of the transistors in the 
rectifier. Figure 7.13 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 
loading the output of the energy harvesting with a sink current of 3 
mA, which simulates the current consumption of the sensors. 
Efficiencies of about 44% are achieved for the threshold power (14 
dBm).  

 
Figure 7.12. 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. 

 

 

Figure 7.13. 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). 

 

UNIVERSITAT ROVIRA I VIRGILI 
BATTERY-LESS NEAR FIELD COMMUNICATIONS (NFC) SENSORS FOR INTERNET OF THINGS (IoT) APPLICATIONS 
Martí Boada Navarro  



182 

 

Figure 7.14 shows the simulated received power and efficiency as a 
function of the coupling for the 2-coil system in the air. Using the 
data of Figure 7.8, 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 higher than 0.04, the power 
received at the input of the tag is higher than the threshold power. 
The total distance between reader and implanted antenna is about 
18 mm. Therefore, a smartphone located at 5-10 mm can provide 
energy to an implant at a depth about 8-13 mm. For power levels 
higher than the threshold, the harvesting output is stable and can 
support the external DC load (assumed 3 mA). When the coupling 
coefficient is very high (>0.12), the power received decreases due to 
activation of the shunt limiter protection, increasing the IC 
resistance. The mismatch at the input of the transmitter also 
increases for high coupling factors due to the load modulation 
phenomenon.  

 

Figure 7.14. Simulated received power (blue) and efficiency (red) as a function of 

the coupling coefficient and the distance between reader and implanted antennas 

in the 2-coil system. The dotted line shows the power threshold. 

Simulations are repeated for the 3-coil system. In this case, there are 
two degrees of freedom: the coupling between the reader and relay 
antennas (k12), and that between the relay and implanted antennas 
(k23). Figure 7.15. shows the received power and efficiency as a 
function of the coupling between the relay and implanted antenna 
(k23) for different couplings between the reader and relay antennas 
(or equivalently, for different distances between the reader and the 
skin surface). The IC impedance (Figure 7.16) presents the same 
nonlinear behaviour as in the case of two coils.  
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(b) 

 

Figure 7.15. Simulated received power in dBm (a) and efficiency (b) as a function 

of the coupling coefficients in the 3-coil system. 

 

Figure 7.17 shows the received AC and rectified DC voltages as a 
function of the coupling between the relay and the implanted 
antennas (k23) for two values of coupling between the reader and 
relay antennas (k12=0.05 and k12=0.1). Coupling coefficients k23 
higher than 0.05 and 0.08 are required for correct DC conversion, 
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considering k12=0.05 and 0.1 respectively. Figure 7.18 shows the 
received power and the efficiency as a function of the coupling 
coefficient k23, or equivalently the depth of the implanted coil in the 
3-coil system.  In contrast with the 2-coil system in which efficiency 
is a monotonic function of the coupling, efficiency in the 3-coil system 
(Figure 7.18(b)) presents an optimum coupling k23 value that 
depends on k12 (7.11).  In the upper x –axis is shown the distance 
corresponding to the reader 1 and relay 1 antennas obtained from 
the graphs of the coupling coefficient as a function of the distance 
(Figure 7.8-7.10). 

In the case of the 3-coil system, for close coupling between the reader 
and relay (distance in the order of 1 cm in Figure 7.18), the 
maximum depth of the implant can increase up to 18-21 mm (Figure 
7.18). Although the improvement seems not very big, the second 
system is more tolerant of misalignment between antennas. The relay 
and implanted antennas are assumed to be centre aligned. The relay 
antenna on the skin can easily be used to localize the tag, and small 
misalignments in the horizontal plane can be tolerated because the 
coupling between reader and 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 reference indicating the exact position of the 
implant. Thus, horizontal misalignments for distances between the 
smartphone and the implant higher than 10 mm can bring about a 
rapid fall in the coupling coefficient [66], especially if the reader uses 
small area antennas (most common in modern mobiles with metallic 
cases). The last practical consideration makes the 3-coil system able 
to detect implanted NFC tags at up to a 16 mm depth inside the 
body with a distance between the mobile and the skin of 5-10 mm. 

 

Figure 7.16. Simulated equivalent IC resistance (blue) and IC capacitance (red) as 

a function of the coupling coefficient in the 3-coil system (k12=0.05). The threshold 

resistance at the threshold power is shown (dotted line). 
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Figure 7.17. Simulated AC voltage at the receiver coil and DC voltage at the 

output of the shunt regulator as a function of the coupling coefficient between the 

implanted and relay antennas in the 3-coil system. 

51015202530
Distance(mm)

 
(a) 
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(b) 

Figure 7.18. Simulated received power (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. Different coupling coefficients between reader and relay antennas 

are considered (the distance is indicated between parenthesis). 
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7.4 Experimental results 

Several experiments have been conducted to check the two systems 
and compare them to the simulations. Some measurements with an 
implanted tag also have been performed. A phantom comprising 
slices of pork meat (tenderloin) is used. The tag is covered with a 
plastic bag (PTE) that emulates the protection layer in a real 
implant, assuming that the dielectric properties are similar to the 
silicone. The thickness of the bag (made of PET, εr≈2.5) is 0.1 mm. 
Therefore, it can be considered as a worst case. Relay antenna 1 as 
described in Table 7.V (4 turns, area 25 mm × 25 mm) is used in the 
experiments. However, in order to perform measurement closer to a 
real NFC patch attached to the skin, the relay antenna is designed 
and manufactured in flexible Ultralam 3000 substrate. This case can 
be considered as the worst case because the coil is very close to the 
skin. A parallel capacitor is used to adjust the resonance frequency 
to 13.56 MHz to avoid the detuning effect due to the high 
permittivity of the phantom. No significant changes in the read range 
compared to a rigid relay antenna manufactured on FR4 with 
thickness 0.8 mm tuned at 13.56 MHz are observed.   

S parameters measurements have been performed using the vector 
network analyser for the 2-coil and 3-coil systems. From these 
measurements, the efficiency (η) and the received power at the input 
of the tag (Pin) are computed. The laboratory instruments present a 
reference impedance of 50 Ω, different from the IC input impedance 
and the source impedance of the reader. To refer to these 
impedances, the measurements are loaded in the Keysight ADS 
simulator using a two-port S parameter data item and it is loaded 
with the tuning capacitors (Ctun) and the desired loads according the 
schemes of Figure 7.1. According to the results presented before and 
the impedance simulations, a RIC=525 Ω is considered. The source 
resistance (Rs) is set to achieve the maximum Q1 factor of 35.  A 
series capacitor (C1, 220 pF) at the input and a parallel capacitor 
(Cp, 190 pF) at the output are included to tune the system at the 
operation frequency of 13.56 MHz. These values are not changed in 
all the measurements. The 15×15 mm implanted coil with 6 turns 
made with a 0.8 mm thick FR4 double-sided PCB is used. In order 
to simulate the reader, the coil reader 1 described in Table 7.V 
(25×25 mm with 4 turns on FR4 substrate) is used. The implanted 
coil is embedded within a piece of pork steak used as a phantom to 
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simulate the body. A linear actuator controls the distance with a 
stepper motor. Figure 7.19-7.22 show the measured efficiency and 
received power as a function of the distance between the surface of 
the meat and the reader coil for the 2-coil and 3-coil systems. In 
these graphs, different depths of the implant between 6 mm and 18 
mm are considered. The backside is covered by 2 cm of meat. In 
order to investigate the effect of misalignment between coils, some 
measurements of efficiency and received power have been performed. 
The reader antenna (reader 1) is misaligned from the axis using the 
linear actuator. The distance between the reader antenna and the 
surface of the phantom is set to 1 cm. The depth of the implanted 
antenna is 6 mm. Figure 7.23  and Figure 7.24 compare the efficiency 
and the received power for the 2-coil and 3-coil systems. Whereas 
the efficiency and power level remain nearly constant for a range 
±12.5 mm that corresponds to the overlap between the reader and 
the relay antennas, a fast fall is obtained for the 2-coil system. The 
higher robustness of the 3-coil system than the 2-coil system can be 
deduced from these results. 

 
Figure 7.19. Measured efficiency as a function of the distance between antenna 

reader and skin surface for different depths of the implanted antenna for the 2-coil 

system. 
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Figure 7.20. Measured received power as a function of the distance between 

antenna reader and skin surface for different depths of the implanted antenna for 

the 2-coil system. 

In order to test the system with commercial smartphones as a NFC 
reader and commercial NFC IC, another experimental setup is 
designed. In this case, the main problem is that the antenna in the 
reader is not accessible. In addition, the last measurements do not 
consider the nonlinear behaviour of the tag or effects of the proximity 
of metal case of the mobile that can detune the coils [24]. To solve 
these problems, measurements of the average magnetic field (Hav) 
received by the tag as a function of the distance allows comparing 
the performance of readers and tags. Hav measurements are often 
used in certification of devices in the NFC forum standards.  

 
Figure 7.21. Measured efficiency as a function of the distance between antenna 

reader and skin surface for different depths of the implanted antenna for the 3-

coils system. 
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Figure 7.22. Measured received power as a function of the distance between 

antenna reader and skin surface for different depths of the implanted antenna for 

the 3-coil system. 

 
Figure 7.23. Measured efficiency as a function of the misalignment distance from 

the axis for the 2-coil and 3-coil systems. The depth of the implanted antenna is 

6 mm and the distance between the reader antenna and the skin surface is 10 mm. 

 

 
Figure 7.24. Measured received power as a function of the misalignment distance 

from the axis for the 2-coils and 3-coils systems. The depth of the implanted 

antenna is 6 mm and the distance between the reader antenna and the skin surface 

is 10 mm. 

To this end, an experimental setup is designed to measure the 
average magnetic field and read range measurements. A schema of 
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the setup is shown in Figure 7.25(a). A photograph of the setup used 
for the read range measurement is shown in Figure 7.25(b). A mobile 
phone is used as a reader to interrogate the tag. An application has 
been designed for interrogating during the measurements and 
reading the sensor data stored in the NFC message using the NFC 
Data Exchange Format (NDEF) (Figure 7.25(b)). The same loop 
antenna as that used in the tag is connected to a microwave switch 
(Minicircuits model MSP2T-18) to select the spectrum analyser (SA, 
Rohde & Schwarz model FSP3) or vector network analyser (VNA, 
Agilent model E5062A) to perform measurements at each distance. 
The VNA is calibrated to the input of the antenna. When the switch 
is in the SA position, the power received at the carrier frequency is 
measured using the maximum hold trace. In the VNA position, the 
reflection coefficient of the antenna is measured to obtain its 
impedance from the S11 parameter. Using these measurements, the 
average magnetic field can be obtained from the antenna factor (AF) 
obtained from the loop impedance using equations (2.31) and (2.19). 
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Figure 7.25. (a) Setup used for the measurement of the average magnetic field, (b) 

photograph of the setup for read range measurements including a screenshot of 

the mobile application. 
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The tag used in the experiments contains the 15x15 mm implanted 
coil with 6 turns made with a 0.8 mm thick FR4 double-sided PCB 
(see Figure 7.26). The tag uses the ST M24LR04E NFC IC with 
energy-harvesting capabilities and is connected to an Atmel 
ATtiny85 microcontroller with a clock frequency of 1 MHz that will 
be connected to the sensors. The microcontroller is responsible for 
reading the sensor data and saving them in the NDEF message in 
the internal EEPROM of the NFC IC by I2C bus. These data can 
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 due to 
the high sensitivity of the NFC transceivers. As a proof of concept, 
a temperature sensor (Texas Instruments LM75A) is integrated. The 
temperature is read by the microcontroller using the I2C bus. The 
data is stored in the NDEF message that is read by the mobile. A 
red LED is connected to the energy harvesting voltage output for 
the fast monitoring of the energy harvesting.  The current though 
the LED is limited with a resistor. The resistor was adjusted to 
simulate the case of maximum power consumption. The tag draws a 
total of 3 mA at 3V in its normal operating state. The two systems 
with 2 and 3 coils are measured. The NFC IC is configured to the 
highest energy-harvesting mode, which, in a worst-case scenario, 
would require a higher magnetic field. Since biological materials are 
not magnetic, their effect is expected to be small, except in the 
detuning of the antennas as explained earlier.  

 

 
Figure 7.26. Photograph of the tag manufactured for measurements: top view (left) 

and bottom view (right). 

UNIVERSITAT ROVIRA I VIRGILI 
BATTERY-LESS NEAR FIELD COMMUNICATIONS (NFC) SENSORS FOR INTERNET OF THINGS (IoT) APPLICATIONS 
Martí Boada Navarro  



192 

 

Some tests are therefore first performed in the air.  Figure 7.27 shows 
the measurement of the 2-coil system with no material between the 
tag and the reader (in air). In Figure 7.28, the measured average 
magnetic field is plotted as a function of the reader-to-tag distance 
for a different distance between the relay antenna and the coil tag 
antenna. The results show that the minimum threshold magnetic 
field (Hmin) is around 2.8 ARMS/m in both cases, which corresponds 
to a read range of around 12 mm in the case of the 2-coil system and 
read ranges of between 15-20 mm in the 3-coil system. 

The value of the threshold average magnetic field Hmin is calculated 
using (2.32). Figure 7.29 shows the simulated Hmin obtained from 
(2.32) considering RIC=525 Ω, tag inductance L2=0.7 µH, Q3L=70, 
A=15×15 mm2 and N=6. An Umin=4.8V is obtained by measurement 
with a low capacitance probe with the oscilloscope at the read range 
distance. Hmin can be considered a figure of merit of the tag because 
it depends only on the tag parameters (IC and receiver antenna). 
Therefore, it can be employed to evaluate the tag performance 
independently of the reader used to generate the field. Good 
agreement has been achieved between the experimental 
characterization of the Hmin and the analytical model. From these 
results, the threshold or minimum power that activates the energy 
harvesting output is 13.2 dBm (very close to the 14 dBm considered 
in the simulation of section 7.3.3). The estimated power conversion 
considering a load of 3 mA and the static DC current consumption 
given in the datasheet (around 400 µA) gives a PCE of 42.82 %. This 
value is close to the one obtained with the rectifier simulated in 
section 7.3.3. 

Figure 7.30 shows the measured average magnetic field as a function 
of the reader-to-skin distance (dair) for different depths of the 
implanted tag in the case of the 2-coil system. Finally, Figure 7.31 
shows the same measurement as Figure 7.30 but for the 3-coil 
system.  

It is shown that implanted distances of up to 16 mm can be reached 
in the case of the 3-coil system. However, the detuning of the relay 
antenna can be observed due to the proximity of the metal of the 
mobile. Therefore, the peak of the magnetic field is obtained for 
distances between the reader and skin around 15 mm. The position 
of this peak can be tuned by changing the resonance frequency of 
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the relay antenna, adjusting the tuning capacitor. Figure 7.31 shows 
the higher robustness of the 3-coil system over the 2-coil system.  In 
all the measurements a commercial mobile (Xiaomi Note 2) is used 
as the reader. The reader antenna in this mobile is around the 
camera and the size of the antenna is about 25 mm × 25 mm (as the 
reader antenna 1-2 in Table 7.IV). 

 
Figure 7.27. Average magnetic field (Hav), measured as a function of the tag-to-

reader distance in the air for the 2-coil system. Threshold Hmin is shown as a 

dashed line. 

 

 
Figure 7.28. Average magnetic field (Hav) measured as a function of the distance 

between the tag and the relay antenna for different distances to the reader in the 

air (dair) for the 3-coil system. 
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Figure 7.29. Simulated threshold magnetic field Hmin as a function of the frequency. 

 

 
Figure 7.30. Measured average magnetic field (Hav) as a function of the reader-to-

skin distance (dair) for different depths of the implanted tag in the phantom for 

the 2-coil system. Threshold Hmin is shown as a dashed line. 
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Figure 7.31. Measured average magnetic field (Hav) as a function of the reader-to-

skin distance (dair) for different depths of the implanted tag in the phantom for 

the 3-coil system. Threshold Hmin is shown as a dashed line. 

7.5 Conclusions 

This work has analysed the feasibility of using battery-less NFC tags 
for implants that can be read using commercial mobiles. The use of 
standardized NFC readers and devices presents several challenges 
compared to custom-designed WPT systems. Two of these are the 
size of the implanted antenna and the reader loop antenna. Others 
arise in connection with the limitations in power and the high 
bandwidth of the communication that limit the system’s overall 
quality factor. The effects of the tag’s nonlinearity must also be 
considered. The IC impedance decreases with the power received 
and, as a consequence, the loaded quality factor decreases, and 
efficiency cannot achieve high values compared with other WPT 
cases in which this limitation does not exist. Thus, the quality factor 
of the tag (implanted antenna) is not critical. Finally, other effects 
are the detuning due to the metallic cases of the mobile and the high 
permittivity of body materials. Two WPT systems have been 
theoretically and experimentally studied, these being the 2-coil and 
3-coil systems. The latter is implemented using a relay antenna 
placed on top of the skin that makes it possible to reduce the effects 
of the low coupling coefficient between the reader and tag antennas, 
which can be of different sizes and enable 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. The experimental 
results show that when using a standard 2-coil system, a maximum 
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depth of 12 mm can be achieved with the mobile close to the skin, 
whereas depths of up to 16 mm can be achieved with the proposed 
3-coil system when placing the mobile phone at distances of 1-2 cm 
from the skin. The maximum distances obtained for activating the 
harvesting mode of the NFC IC and feeding the sensors are similar 
when considering the implant both inside the phantom and in the 
air, because the body is non-magnetic and thus barely attenuates the 
magnetic field at the operating frequency. However, both the 
implanted and the relay antennas need to be tuned for each case. 
The effect of detuning is studied by means of electromagnetic 
simulations, and an improved model has been proposed for modelling 
the quality factor of the antennas. The detuning effects due to high 
permittivity on the loop antennas are 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) reduces degradation of the quality factor of the coils and 
sensitivity  
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8. Conclusions 

This Doctoral Thesis has studied the application of sensors in 
battery-less NFC tags powered by the radiofrequency generated by 
smartphones. Circuit models for the reader and the tag have been 
proposed to be subsequently analysed in order to achieve an efficient 
wireless power transfer as well as taking into account the standards 
related to NFC to assure the data communication.  

Several sensors have been successfully embedded in battery-less tags. 
A custom sensor for volumetric water content has been implemented 
along with commercial sensors, both analog and digital. It has been 
shown the viability of developing such low-cost sensors with an 
acceptable accuracy and time response. Another approach to 
measure moisture in diapers in a non-invasive way has been 
developed, by measuring the change in capacitance between 2 
electrodes. Such method could be implemented with other 
technologies such as BLE to overcome the limitations of NFC, 
achieving longer read ranges and constant monitoring, however, the 
use of NFC reduces the price dramatically as well as expands its 
shelf life due the lack of batteries, and increases simplicity avoiding 
the need of pairing the devices.   

A more demanding colour sensor, with current requirements of a few 
microamperes has been developed and studied. This sensor uses a 
led to light up the sample. The persistence has been proved with two 
different applications and compared with other techniques (i.e. image 
processing). Even though the presented work focus on the hardware, 
the possibilities brought from the software side are shown with an 
application of fruit classification, where, after analysing several 
items, a pattern has been determined to decide the ripeness state of 
the fruit by determining certain boundaries. The fact of using 
smartphones as a readers, ease the development of powerful and 
user-friendly applications, which must be considered for further 
study, along with the firmware on the tag’s microcontroller and the 
exploit of NDEF record types.  

There are two main advantages of using NFC battery-less tags: the 
use of an affordable, common and user-friendly readers, and the 
possibility of avoiding batteries. The first brings, to any end-user 
with a smartphone, the possibility to use the technology in a very 
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easy way keeping the tap-and-go concept. The second, beyond the 
fact of getting rid of the maintenance an spreading the useful life of 
the tags, allows to use tags in environments where the toxic 
components of batteries are inadvisable or entails an increase of the 
production cost, such as when the tag is placed near food or even 
inside the body. Hence the interest of study the feasibility of using 
this device for implantable tags. This leads to the development of 
small tags, and, consequently, small antennas. All this constrains 
have been addressed in this work, presenting a small tag, and 
showing the improvements of using a relay coil between reader and 
the tag, which extends the read range as well as the energy 
harvesting range. Furthermore, the use of an external relay may help 
for the alignment of the coils, whose effect is accentuated when using 
small coils, as has been proved. The viability of using implantable 
devices, surrounded by body matter, has been proved, after tuning 
the tag consequently.   

The use of a microcontroller in passive-tags has been tested for very 
different applications, some more demanding than others, proving 
that can perfectly work with the energy constrains presented in the 
NFC scenario. The restrictions, then, comes from the consumption 
of the sensors or other circuitry used in the tag, and the acquisition 
time, since it is important to keep the tap-and-go idea, hence the 
sensing must be done in a few seconds. The development of low-
power sensors has an increasing interest in the industry and is 
expected to keep growing. NFC tags will benefit for that, spreading 
its possibilities. 

The future of NFC is promising, being its implementation assured 
due the growing use as payment system. There are several research 
interests for future work. On the one hand, hardware improvements 
on the design of NFC chips and systems as well as low-power sensors, 
will bring new possibilities to implement more variety of sensors. On 
the other hand, there is a promising future on the possible 
applications. As mentioned above, the main advantage of NFC 
technology is the use of conventional smartphones as a reader. The 
fact of having a reader in almost any pocket, altogether with the 
simplicity of its use, turns this technology into a very interesting 
player within the IoT scenario. The low price and long-life of the 
tags make possible the spread of those around. Thus, an interesting 
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future research work could be the implementation of a massive 
collaborative system, where the users would bring the phone close to 
a tag which, for instance, would measure the air or water quality, 
and at the same time that they get the information it will be sent to 
a database in the cloud. Other collaborative applications may use 
gamification to motivate the users to get some kind of points or 
something similar by tapping the tags, and the retrieved data could 
be stored for a further big data analysis.  

Maybe the most promising use of NFC at short or mid-term, would 
be its use in implantable tags and other telemedicine applications, 
since it provides a standardized communication system which does 
not require a specific and expensive reader, neither an application 
specific IC, as most of the current works presented in the literature 
need. A further study on the long-term use and improvements on 
the sensing capabilities of miniaturised tags is needed for the 
commercial industrialisation.   
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Annex 1 

Near Field Communication (NFC) 

NFC is a subset of protocols within RFID technology, which operates 
at 13.56 MHz, mainly aimed for mobile or handheld devices. It 
started around the year 2000 when two of the main leaders in the 
industry, Sony and Philips, decided to cooperate to create a standard 
for multiple, generic and varied applications for digital data.  Few 
years later, in 2004, and with the support of a bunch of companies, 
the NFC Forum was born. The goals of the NFC Forum are: develop 
specification and test mechanisms, take a leadership role in the 
industry to ensure NFC can deliver a positive user experience, 
educate enterprises, service providers and developers about the 
benefits of NFC, and establish the NFC Forum and NFC technology 
brand as well recognised and utilised marks (see Figure A.1) [1]. To 
accomplish these goals, it is mandatory to achieve an environment 
where the technology is used for any end-user just with a simple 
geasture over the tag, no matter the application, either to pay a 
coffee or getting an alarm because his/her glucose level is falling. But 
that is not an easy thing since there are several existing contactless 
communication protocols which use RFID at the UF band, a bunch 
of companies developing NFC devices, using different standards, 
hence the importance of a “big player” like the NFC Forum to unify 
the ecosystem to spread it successfully worldwide.  

 

Figure A.1. NFC Forum N-Mark. 

Operating modes 

There are three possible operating modes for an NFC tag based on 
the ISO/IEC 18092 [2], ISO/IEC 14443 [3] and ISO/IEC 15693 [4] 
standards: 
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 Card emulation: the device acts like a contactless card, the 
typical use case is for using the device for payments or 
ticketing. Can be based on ISO/IEC 14443 or 15693. 

 Reade/write: the device can read a tag and overwrite the 
content if the tag allows it. Used for smart posters, get an 
URL or getting the sensed data from a tag. Can be based on 
ISO/IEC 14443 or 15693. 

 Peer to Peer (P2P): allows to exchange data between 2 
devices. Used to transfer data such as photos or any other 
data. Based on ISO/IEC 18092. 

There is a fourth mode, whose technical specification is still a 
candidate, waiting for approval: 

 Wireless charging (WLC): power transfer from a device to 
another device such as a smartwatch or fitness tracker. Four 
power transfer classes are specified: 250, 500, 750 and 1000 
mW. 

NFC Forum specifications 

To give a better view of the relationship between RFID and NFC, 
Figure A.2 depicts the set of standards and protocols related to NFC. 
As can be seen, NFC uses the physical characteristics, air interface 
and some protocols of the existing standards used by RFID. The 
contribution of the NFC Forum has been to add a number of 
technical specifications like a specific data exchange format with 
differentiated record types and tag types. An above application layer 
groups all the standards with a same data exchange format. The 
ambition of the NFC Forum is the pervasiveness of NFC technology 
among all the manufacturers, making devices compatibles with all 
the different existing standards.  
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Figure A.2. RFID and NFC standards and specifications 

The set of specifications created by the NFC Forum allow NFC 
Forum compliant devices to communicate with readers/cards 
compliant with ISO/IEC 14443 Type A and B standards, cards 
compliant with ISO/IEC 15693, devices compliant to ISO/IEC 
18092, Readers/cards compliant to JIS-X 6319-4 [5], as well as with 
NFC Forum tags and NFC Forum devices. A structured logical stack 
of functional layers over which NFC is built is depicted in Figure 
A.3, from physical to software layers implementation.  
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Figure A.3. NFC system functional architecture. 

NFC Forum specifications [6] include: 

 Protocol  
o Logical Link Control Protocol (LLCP) 
o Digital Protocol 
o Activity Technical 
o Simple NDEF Exchange Protocol (SNEP) 
o Analog 
o NFC Controller Interface (NCI) 

 Data exchange 
o NFC Data Exchange Protocol (NDEF) 

 Forum tag types 
o Type 1 to Type 5 

 Record type definition 
o Record Type Definition (RTD): Text, URI, Verb, 

Smart poster, Generic control, Signature, NFC device 
information 

 Reference application 
o Connection handover 
o Personal health device communication 

 Wireless charging 
o Wireless Charging 

Even though NFC has the shortest range among radiofrequency 
technologies, it has been widely extended due its security, 
compatibility, user friendly interface, large amount of applications, 
and low-cost components. The main reason of the current growing 
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implementation of NFC in almost any smartphone is due its use for 
contactless payments, making it increasingly indispensable for the 
end-user, like happens with other wireless technologies such as Wi-
Fi or Bluetooth. As the IoT scenario grows, the number of devices 
and the ways people interact with devices grows with it. The present 
work is motivated by the possibilities that NFC brings us, to create 
applications without batteries, thus, avoiding toxic waste while 
extending life-time of devices.  

Forum tag types 

Five type tags are defined by the NFC Forum, each of them with a 
certain characteristics (see Table 1.IV).  

Table A.I. NFC Forum type tags. 

 Type 1 Type 2 Type 3 Type 4 Type 5 

Technology NFC-A NFC-A NFC-F 
NFC-A 

NFC-B 
NFC-V 

Standard ISO14443A ISO14443A JIS 6319-4 
ISO14443 

A/B 
ISO15693 

Memory size 
Up to 2 

kBytes 

Up to 2 

kBytes 

Up to 1 

MBytes 

Up to 32 

Kbytes 

Up to 64 

kBytes 

Transmission 

Speed 

(kbits/s) 

106 106 212 /424 106 Up to 26.5 

Unit price Low Low High 
Medium / 

High 

Low / 

Medium 

Range Proximity Proximity Proximity Proximity 
Proximity 

& vicinity 

Chip 

examples 

Innovision 

Topaz 

Mifare 

ultralight 
Felica 

Mifare 

DESFire 

ICODE 

SLI 

Use case 

Business 

cards, smart 

poster 

Event 

tickets, 

transit 

tickets 

e-money, 

membership 

cards 

Transit 

tickets 

Packaging, 

ticketing 

 

Each type of tag is based on a NFC technology. Table A.II 
summarises the modulations, coding, and sub-carrier frequencies 
used by these technologies. 

Table A.II. NFC Technologies. 

 NFC-A NFC-B NFC-F NFC-V 
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Standard ISO14443A ISO14443B JIS 6319-4 ISO15693 

Modulation 

(Reader to tag) 
ASK 100% ASK 10% ASK 10% 

ASK 10% or 

100% 

Data coding 

(Reader to tag) 
Miller Miller 

Manchester 

MSB first 

¼ PPM or 

1/256 PPM 

Load 

modulation 
ASK ASK ASK ASK 

Sub-carrier 

modulation 
OOK OOK n/a OOK/FSK 

Data coding 

(Tag to reader) 
Manchester Manchester Manchester Manchester 

Sub-carrier 

(kHz) 
848 848 n/a 424/848 

Anti-colision No No Yes Yes 
ASK: Amplitude Shift Keying 
MSB: Most Significant Bit 
PPM: Pulse Position Modulation 
OOK: On-Off Keying 
FSK: Frequency Shift Keying 

NDEF 

One of the most significant features that NFC add upon the RFID 
standards is the data exchange format NDEF (NFC Data Exchange 
Format). NDEF is independent from the command protocols and 
NFC technologies, being on the top of the NFC architecture stack 
(as shown in Figure A.2), thus, NDEF can be used across all NFC 
devices, regardless of the underlying tag type.  

NDEF is a light-weight binary message format used to encapsulate 
one or more application-defined payloads of arbitrary type and size 
into a single message construct. Each payload is described by a type, 
a length and an optional identifier [7]. 

The NFC Forum standardises the different types of NDEF records 
in order to ease the interpretation of the messages by the NFC 
devices. Some of NDEF records are: text, URI, smart poster, 
signature, vCard or pairing Bluetooth or Wi-Fi. The payload type is 
used to dispatch the message to the appropriate user application.   

The structure of a NDEF message is depicted in Figure A.4 and 
consists of one or more records, each one with a header and payload. 
The header contains some flags indicating the beginning and end of 
the message, the message type, the payload length, and an ID. 
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Figure A.4.  NDEF message structure 

Security 

NFC arose with the main purpose of replacing credit cards, event 
and transport tickets, personal ID cards, access keys, and other data-
sensible applications, hence security has been intrinsically related to 
NFC since its birth. In fact, the short operational range, which would 
be an undesired factor for almost any wireless system, turns to be 
an important benefit regarding security. Existing literature 
demonstrates the importance of security with a large quantity of 
studies.  Since the early development of NFC, the possible threats 
like eavesdropping, data corruption, insertion or modification, and 
relay attacks [8] have been addressed [9]–[12]. The security 
perception and concerns of end users for using mobile payment 
systems has been studied by the unified theory of acceptance and 
use of technology (UTAUT) model for some specific cases [13]. 

The growing interest on healthcare applications with sensible data is 
another scenario to consider [14]. Privacy, identity authentication, 
low power devices, limited storage capacity, accuracy, and integrity 
are the main points to take into account. 

At the same time that it is a great chance for developing innovative 
applications, card emulation mode makes the system more likely to 
be attacked [15]. NFC devices with card emulation mode use a 
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secured piece of hardware called Secure Element (SE), connected to 
the NFC module. The SE can be embedded on the phone, or can be 
located on another elements such the user SIM card [16]. The SE 
only accepts new software from a Trusted Services Manager (TSM), 
who holds the private key to authenticate to the SE. Cryptography 
plays an important role and its effects over the operation speed must 
be considered [17] to keep a secure but still fast and easy-to-use user 
experience. Cryptographic protocols such as the Transport Layer 
Security (TLS) are used for P2P mode, applied, for instance, in IoT 
applications [18].    

The current standards allow each application to adopt the required 
level of security and the possibility to incorporate security measures 
such as passwords, strong authentication, and access control, that 
further protect the integrity of the transactions as well as the stored 
information and the devices itself. 
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AC Alternating Current 

ADC Analog-to-Digital Converter 

AIDC Automatic Identification Data Capture 

ASCII American Standard Code for Information Interchange 

ASIC Application Specific Integrated Circuit 

ASK Amplitude Shift Keying 

BLE Bluetooth Low-Energy 

BPF Band-Pass Filter 

CDF Cumulative Distribution Function 

CMOS Complementary Metal Oxide Semiconductor 

CMT Coupled-Mode Theory 

CTI Critical Temperature Indicator 

DBS Deep Brain Stimulation 

DC Direct Current 

ECL Electrochemiluminescence 

EEPROM Electrically Erasable Programmable Read-Only Memory 

EH Energy Harvesting 

EMI Electromagnetic Interference 

FDR Frequency Domain Reflectometry 

FR4 Fiber-glass substrate 

GPIO General Purpose Input/Output 

HSV Hue Saturation Value 

I2C/I2C Inter-Integrated Circuit 

IC Integrated Circuit 

IDC Inter-Digital Capacitor 

IDE Integrated Development Environment 

IEC International Electrotechnical Commission 

IMD Implantable Medical Device 
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IoT Internet of Things 

ISO International Organization for Standardization 

LDA Linear Discrimination Analysis 

MCU Microcontroller 

MEMS Micro-Electro-Mechanical Systems 

MOS Metal Oxide Semiconductor 

MUT Material under test 

MWCNT Multi-Walled Carbon Nanotubes 

NDEF NFC Data Exchange Format 

NFC Near Field Communication 

NMM Neutron Moisture Meters 

NMOS N-type Metal Oxide Semiconductor 

NN Nearest Neighbour 

P2P Peer to Peer 

PCA  Principal Component Analysis 

PCB Printed Circuit Board 

PCE Power Conversion Efficiency 

PDL Power Delivered to the Load 

PLA Polylactic Acid 

PTE Power Transfer Efficiency 

QDA Quadratic Discriminant Analysis 

QR Quick Response 

RF Radio Frequency  

RFID Radio Frequency Identification 

RGB Red Green Blue 

RX Reception 

SA Spectrum Analyser 

SAP Super Absorbent Polymer 

SMD Surface-Mount Device 

TDR Time Domain Reflectometry 
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TVBN Total Volatile Basic Nitrogen 

TX Transmission 

UL Ultralam 

USB Universal Serial Bus 

VNA Vector Network Analyser 

VWC Volumetric Water Content 

WISP Wireless Identification and Sensing Platform 

WLC Wireless Charging 

WPT Wireless Power Transfer 
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