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Summary

Wearable antenna sensors are a promising technology for developing new ap-
plications in the healthcare field since textiles are widely used by everyone
due to the maturity of textile manufacturing. According to the last decade’s
market behavior, it is expected that consumers will claim smaller and more
intelligent communications systems which will improve their quality of life.
In this respect, wearable antenna sensor technology is one of the key imple-
mentations of the future smart clothes field and they may find their place in
our daily life. Currently, the researches on wearable antenna sensors are re-
ceiving increasing interest while wearable antenna sensors on textile have less
research, thus it is a novelty and motivation of this thesis. This thesis deals
with challenges regarding wearable antenna sensor design, characterization,
and measurements on textile.

Based on the analysis of the current state of the art, there are several new
research that merits to be explored, thus generating the specific objectives of
this thesis. The first objective is to develop new textile antenna sensors with
high performance including low profile, high sensitivity, low cost, and high
durability; the second objective is to explore wearable antenna-based sensors
that can be used for body signal/healthcare monitoring and communication
purposes; the third objective is to test the performance of the antenna sensor
in real-world scenarios, such as breathing monitoring, and the fourth objective
is to develop antenna sensors that can be integrated into clothing for breathing
monitoring combined with other commercial electronic components, such as
Bluetooth/WIFI transmitter.

For achieving the first objective, an embroidered fully textile antenna-
based sensor is proposed to detect various concentrations of salt and sugar
using microwave signals. Different concentrations of salt and sugar are iden-
tified through variations in frequency shifts and magnitude levels observed in
reflection coefficient measurements. In addition, the rinsing reliability valida-
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SUMMARY

tion measurements are performed. The proposed sensor offers high sensitivity
and compact size. To achieve the second objective, a textile antenna sensor
for in vitro diagnostics of diabetes for monitoring blood glucose levels is pro-
posed. The experiments are performed to detect different diabetic conditions
including hypoglycemia, normoglycemia, and hyperglycemia. To attain the
third objective, a new embroidered meander dipole antenna-based sensor for
real-time breath detection using the technique based on chest well movement
analysis is proposed. For the fourth objective, an embroidered antenna-based
sensor is integrated into the T-shirt to demonstrate the sensing mechanism
based on the detection of different breathing patterns through the resonance
shift frequency and the received signal strength indicator (RSSI) using a Blue-
tooth transmitter. The results show a good sensing performance and its abil-
ity to detect and monitor different breathing patterns.

This thesis has been developed at RFLEX (Radio Frequency Identification
and Flexible Electronics) group, which is part of the Electronic Engineer-
ing Department at UPC partially supported by projects: TEC2016-79465-
R, TED2021-131209B-I0, and PID2021-124288OB-I0. This Ph.D. thesis has
been written as a Compendium of articles, five articles indexed in the Journal
Citation Report are already published and one additional is under submission,
which are included as an annex in this thesis.

Keywords – Antenna-based sensors, embroidered textile, frequency shift,
microwave sensing, breathing patterns, wearable system, e-textile, breathing
monitoring.
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Resumen

Los sensores de antena portátiles son una tecnoloǵıa prometedora para el
desarrollo de nuevas aplicaciones en el campo de la salud, ya que los textiles
son ampliamente utilizados por todos debido a la madurez de los métodos de
fabricación textil. De acuerdo con el comportamiento del mercado de la última
década, se espera que los consumidores reclamen sistemas de comunicaciones
más pequeños e inteligentes que mejoren su calidad de vida. En este sentido,
la tecnoloǵıa de sensor de antena portátil es una de las implementaciones
clave del futuro campo de la ropa inteligente y puede encontrar su lugar en
nuestra vida diaria. Actualmente, las investigaciones sobre sensores de antena
portátiles están recibiendo un interés creciente, mientras que los sensores de
antena portátiles en textiles han sido sometidos a menor investigación, por lo
que es una novedad y motivación de esta tesis. Esta tesis aborda los desaf́ıos
relacionados con el diseño, la caracterización y las mediciones de sensores
antena portátiles.

En base al análisis del estado del arte actual, hay varias investigaciones
nuevas que merecen ser exploradas y que constituyen los objetivos espećıficos
de esta tesis. El primer objetivo es desarrollar nuevos sensores de antena
textil con alto rendimiento que incluyan bajo perfil, alta sensibilidad, bajo
costo y alta durabilidad; el segundo objetivo es explorar sensores portátiles
basados en antenas que se puedan integrarse en la ropa para propósitos de
comunicación y monitoreo de señales corporales/salud; el tercer objetivo es
probar el rendimiento del sensor de antena en escenarios del mundo real, como
el control de la respiración, y el cuarto objetivo es desarrollar sensores de
antena que se puedan integrar en la ropa para para monitorear la respiración
junto con otros componentes electrónicos comerciales, como el transmisor
Bluetooth/WIFI.

Para lograr el primer objetivo, se propone un sensor basado en una antena
totalmente textil bordado para detectar diferentes concentraciones de sal y
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azúcar utilizando señales de microondas. Las diferentes concentraciones de
sal y azúcar se identifican a través de variaciones en los cambios de frecuencia
y los niveles de magnitud observados en las mediciones del coeficiente de
reflexión. Además, se realizan las medidas de validación de la fiabilidad del
enjuague. El sensor propuesto ofrece alta sensibilidad y tamaño compacto.
Para lograr el segundo objetivo, se propone un sensor de antena textil para
el diagnóstico in vitro de diabetes para monitorear los niveles de glucosa en
sangre. Los experimentos se realizan para detectar diferentes condiciones
diabéticas que incluyen hipoglucemia, normoglucemia e hiperglucemia. Para
lograr el tercer objetivo, se propone un nuevo sensor basado en una antena
dipolo de meandro bordado para la detección de la respiración en tiempo real
utilizando la técnica basada en el análisis del movimiento del pecho. Para el
cuarto objetivo, se integra un sensor basado en antena bordado en la camiseta
para demostrar el mecanismo de detección basado en la detección de diferentes
patrones de respiración a través de la frecuencia de cambio de resonancia y
el indicador de intensidad de la señal recibida (RSSI) usando un transmisor
Bluetooth. Los resultados muestran un buen rendimiento de detección y su
capacidad para detectar y monitorear diferentes patrones de respiración.

Esta tesis ha sido desarrollada en el grupo RFLEX (Identificación por
Radio Frecuencia y Electrónica Flexible), que forma parte del Departamento
de Ingenieŕıa Electrónica en la UPC apoyado parcialmente por los proyectos:
TEC2016-79465-R, TED2021-131209B-I0, y PID2021-124288OB-I0. Esta tesis
doctoral se ha escrito bajo la modalidad de compendio de art́ıculos. Cinco
art́ıculos indexados en el Journal Citation Report ya están publicados y uno
adicional está en proceso de presentación, los cuales se incluyen como anexo
en esta tesis.

Palabras clave- sensores basados en antenas, tejido bordado, cambio de
frecuencia, detección de microondas, patrones de respiración, sistema portátil,
tejido electrónico, monitorización de la respiración.
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Communication Platform Based on an Embroidered Antenna-Sensor for
Real-Time Breathing Detection”, Sensors, Q2, 3.847, (2022).

xvii



PUBLICATIONS INCLUDED IN THIS THESIS

• Mariam El Gharbi, Maurizo Bozzi, Raúl Fernández-Garćıa and Ignacio
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Saida Ahyoud, and Ignacio Gil. ”A novel ultra-wide band wearable an-
tenna under different bending conditions for electronic-textile applica-
tions.” The Journal of The Textile Institute 112, no. 3 (2021): 437-443.

• Mariam El Gharbi, Saida Ahyoud, Noura Aknin, Ignacio Gil and Raúl
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1
Introduction

The industrial and academic world have generated a lot of interest in the field
of wearable and flexible electronics in recent years. Flexible electronics, whose
mechanical properties include to be wrinkled, bent, and stressed/collapsed,
would considerably extend the applications of modern electronic devices to
multiple real non-flat scenarios, including the shape of the human body. As
a consequence, flexible electronics combined with textile materials offer many
advantages that make them an attractive technology for boosting the next
generation of consumer electronics, among them are low-cost manufacturing,
inexpensive flexible substrates, lightweight, and ease of fabrication. Recently,
much interest has been focused on antenna sensors due to their simple con-
figuration, multimodality sensing, passive operation, and low cost. Antenna
sensors are electronic devices with dual functionality for communicating and
sensing, and they can be implemented by minimizing the number of compo-
nents. The operating principle of antenna sensors is demonstrated by their
geometrical or intrinsic material change influence in terms of their antenna
resonance frequency, which is evaluated by means of the impact on the return
loss and the S-parameters (S11). In addition, antenna sensors have evolved
as another process to measure diverse physical parameters such as pressure,
temperature, motion, humidity, strain, snow, and gas.
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CHAPTER 1. INTRODUCTION

Wearable antenna sensors refer to integrating an antenna with a sensing
function onto wearable textiles, such as clothing or accessories, to monitor
various physiological and environmental parameters. These sensors are de-
signed to be flexible, comfortable, and unobtrusive, making them ideal for
various applications such as health monitoring, military, space, emergency,
sports, and fitness. Figure 1.1 depicts the general concept of using antenna-
based sensors to monitor parameters of interest for wearable applications [1].
In fact, the flexible electronics global market is expected to reach 56.27 $ bil-
lion in 2027 [2]. As a result, wearable antenna sensors open up a new horizon
of bendable/flexible devices for new applications.

Textile wearable antenna sensors use a combination of conductive mate-
rials and textile fibers or flexible dielectric substrates to create the antenna
structure. The conductive materials can be metallic, such as copper or silver,
or non-metallic, such as conductive polymers or carbon nanotubes. These
materials are then integrated onto the textile substrate using techniques such
as embroidery, weaving, or printing.

Antenna sensors can be designed to detect a variety of signals, includ-
ing electromagnetic radiation, temperature, pressure, and humidity. These
signals can be transmitted wirelessly to a receiver for real-time monitoring
and analysis. Textile wearable antenna sensors have the potential to revo-

Figure 1.1: Illustration of using antenna sensors to monitor parameters of
interest for wearable applications.
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lutionize the way we monitor and manage our health and well-being. They
can provide continuous, non-invasive monitoring of vital signs, such as heart
rate and respiratory rate, and can be used to detect early warning signs of
medical conditions. They can also be used to monitor environmental factors,
such as air quality and temperature, to improve safety and comfort in various
scenarios.

Overall, textile wearable antenna sensors represent a promising area of
research and development, with the potential to create new opportunities for
healthcare, leisure/sports, industry, and military applications.

1.1 Motivations and Objectives

Up to now, antenna sensors are used for many applications, such as agri-
cultural activities and gardening, structural health, biomedical sensing, food
quality monitoring, and so on, which are mostly designed on rigid materials.
Several researches have already been reported in the literature using rigid ma-
terials for different types of antenna sensors, including temperature sensing
[3], crack sensing [4], strain sensing [5], and dielectric sensing [6], but appli-
cations based on other features and materials are expected to be explored. In
fact, one of the main objectives of the thesis is to explore useful textile antenna
sensors with novel functions and wearable materials. Nowadays, the research
on wearable antenna sensors are receiving increasing interest. Figure 1.2rep-
resents a comparison of the number of publications in the areas of wearable
sensors, wearable antenna, and antenna sensors, including all the articles in
different fields for JCR journals. From 2010 onwards, an exponential growth
is observed concerning the demand for antenna-based sensors research. This
trend is expected to continue or even increase in the coming years as an emerg-
ing solution for the challenges expected in multi-sensory wearable devices. In
particular wearable antenna sensors on textile and flexible substrates have
been barely researched in comparison with conventional materials. Thus, this
is a novelty and motivation for this thesis. Wearable antenna sensors are a
rapidly growing field with a wide range of potential applications, from health-
care and sports to military and industrial settings. However, developing such
sensors presents several significant challenges. Some of the challenges and
expected research outputs for developing textile wearable antenna sensors are
summarized in Figure 1.3.

Overall, the objectives of developing textile wearable antenna sensors are
to provide a comfortable and convenient way to monitor vital signs and track
physical activity, improve biometric monitoring, increase mobility, and enable
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Figure 1.2: The total number of publications in the areas of wearable antenna,
wearable sensor and antenna sensor in the last 27 years. Source: Web of
Science.

Figure 1.3: Challenges and expected research outputs for developing textile
wearable antenna sensors.
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integration with other technologies, while remaining cost-effective. Therefore,
the objectives of this PhD thesis are listed as follows:

• Objective 1: Develop new textile antenna-based sensors with high per-
formance: low profile and area, high sensitivity, low cost, and high
durability.

• Objective 2: Explore wearable antenna-based sensors that can be inte-
grated into clothing for body signal/healthcare monitoring and commu-
nication purposes.

• Objective 3: Test the performance of the antenna sensor in real-world
scenarios, such as breathing monitoring and blood glucose level.

• Objective 4: Develop an antenna-based sensor to be integrated with
other commercial electronic components, such as Bluetooth/WIFI trans-
mitter.

1.2 Structure of the thesis

This thesis is focused on investigating novel wearable antenna-based sensor
structures deployed on textiles substrates for healthcare monitoring. The aim
of the research thesis is to facilitate and offer new possibilities in the develop-
ment of smart textiles and their application in the field of wearable devices.
The present thesis addresses the design, simulation and characterization of
antenna-based sensors which serve the dual function of sensing and commu-
nicating using manufacturing textile techniques. It will be explained how one
can use textiles to develop new antenna-based sensors using materials such
as conductive threads, produced by available textile technology. Overall, this
thesis can contribute to the growing field of wearable technology and provide
new insights into how we can use wireless sensors to improve our lives and
the world around us.

This Ph.D. thesis has been written as a Compendium of articles, which
means that all the results presented over this report thesis have been already
published in international JCR journals and conference proceedings. Fur-
thermore, another research paper is under submission. The list of published
Journal articles and conference proceedings are summarized in the Section
Publications included in this thesis.
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The organization and content of the thesis are as follows:

Chapter 1 is the present introduction to the thesis which is aimed at
the motivations and objectives, including the addressed challenges and po-
tential expected outputs. In addition, the structure and organization of the
manuscript are detailed. Finally, the research group where the thesis has been
developed as well as the projects and grants funding this thesis are described.

Chapter 2 presents an extensive review on wearable antenna-based sen-
sors. The operating principle and the classification of antenna sensors are
presented. Furthermore, the implementation of antenna-based sensors in-
cluding rigid and textile antenna sensors are proposed. The influence of the
body when the antenna is worn, the bending effects and Specific Absorption
Rate (SAR) are covered. Besides, challenges and opportunities to improve
the performance of wearable antenna sensor are addressed.

Chapter 3 introduces a survey and analysis of the textile materials and
their EM characteristics (dielectric and conductive materials), different man-
ufacturing techniques of wearable antenna sensors and also the numerical
method to simulate various antenna sensor. In addition, the main antenna
sensor characterization techniques and methods are discussed.

Chapter 4 is the most important part of this thesis, which describes the
research and development of different proposed textile antenna sensors for
healthcare applications as well as their applications in real scenarios. This
chapter contains: a textile antenna sensor for in vitro diagnostics of diabetes
for monitoring blood glucose levels. Furthermore, a novel antenna-based sen-
sor is proposed to demonstrate for the first time the capability of a fully-textile
antenna sensor to detect different amounts and concentrations of salt and
sugar using microwave signals. Along this chapter, a novel kind of antenna-
based sensors which combines the benefits of textile substrates with the ad-
vantages of SIW technology is presented for liquid characterization. Last but
not least, a wearable stretching T-shirt is proposed in this chapter to explain
the sensing mechanism based on the detection of different breathing patterns
through the resonance shift frequency and the received signal strength in-
dicator (RSSI). This research is supported by “TELEBREATH”, a project
which focuses on the application of electronic textile sensors for monitoring
and control of respiratory diseases for elderly and vulnerable people.

Chapter 5 summarizes the main conclusion of the presented research work
and provides future directions for taking the current work forward.

The work conducted during the realization of this thesis, from 2020 to
2023, is carried out within the group RFLEX (Radio Frequency Identifica-
tion and Flexible Electronics), which is part of the Electronic Engineering
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department at the Universitat Politècnica de Catalunya (Campus de Ter-
rasa).

RFLEX is also associated with the INTEXTER (Institute of Textile Re-
search and Industrial Cooperation of Terrassa). The aim of the RFLEX group
is to research, study, design and test all kinds of electronic systems using flex-
ible substrates, such as fabrics, paper and polymers.

This work has been funded by Spanish governments through different
projects. We would like to highlight and acknowledge the following projects
that have given support to the developed research activities:

• Project: TEC2016-79465-R. Title:Electronic integration on textile sub-
strates for the development of smart textiles.

• Project: TED2021-131209B-I00. Title: Telecare system based on intel-
ligent fabrics for monitoring respiratory diseases in vulnerable groups.

• Project: PID2021-124288OB-I00. Title: Textile sensors for healthcare
applications.

In addition, this Ph.D. thesis has been supported by Terrassa Universitaria
Terrassa’s Council and by the UPC Electronic Engineering Department.

Furthermore, a research mobility at Pavia University visiting the Mi-
crowave Lab was carried out by the author. This stay was supported by
an Erasmus grant. This international collaboration consisted of a 3 months
stay where a project is developed to combine the benefits of textile substrates
with the advantages of SIW technology for liquid characterization. As a result
of this international collaboration with the Microwave Lab, the results of our
research will be submitted to a JCR journal.
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2
State of the art

Ref A: El Gharbi, M., Fernández-Garćıa, R., Ahyoud, S., & Gil, I. (2020). A
review of flexible wearable antenna sensors: design, fabrication methods, and
applications. Materials, 13(17), 3781.

2.1 Introduction

This chapter presents an overview of wearable antenna sensors state of the art
providing readers with a survey of different areas and applications of wear-
able antenna-based sensors. The operating principle and the classification of
available antenna-based sensors in the literature will be discussed. The sub-
strate implementation including rigid and textile antenna-based sensors are
also presented. In addition, the influence of the body when the antenna is
worn, the bending effects, and Specific Absorption Rate (SAR) are covered.
Besides, discussion of research challenges of wearable antenna sensors will be
presented.
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2.2 Overview of wearable antenna sensors

Wearable antenna sensors have been in development since the 1990s. The first
generation of these sensors are primarily used for military applications, such
as tracking and communications for soldiers in the field. In the early 2000s,
wearable antenna sensors began to be used in the medical field, particularly
for remote monitoring of patients. These sensors are designed to be attached
to the body and measure various physiological signals, such as heart rate and
blood pressure. As technology advanced, wearable antenna sensors became
more sophisticated, with the ability to transmit data wirelessly to a central
monitoring station or to a smartphone app. They also became more widely
available for consumer use, with applications in fitness tracking and sports
performance monitoring.

In recent years, there has been a growing interest in the use of wearable
antenna sensors for applications in the Internet of Things (IoT), where they
can be used to collect data in real time from a range of sources and transmit it
to other devices for analysis and processing. Furthermore, wearable antenna
sensors are a type of electronic devices that combine the functionality of both
antennas and sensors to enable wireless communication and sensing capabil-
ities in a compact, wearable form factor. Wearable antenna sensors can be
used in a wide range of applications, including healthcare, sports and fitness,
safety and security, and industrial monitoring, among others. They offer sev-
eral advantages, such as non-invasiveness, comfort, portability, and ease of in-
tegration into everyday life. The key components of wearable antenna sensors
include the antenna itself, which is responsible for transmitting and receiving
wireless signals, and the sensor, which collects data from the user/wearer or
the environment. These sensors need to be flexible, lightweight, and comfort-
able to wear for extended periods without causing discomfort or hindering
the wearer’s movements.

Wearable antenna sensors can enable a wide range of sensing capabilities,
such as physiological monitoring (e.g., heart rate, temperature, respiratory
rate) [7], motion tracking (e.g., acceleration, rotation), environmental sens-
ing [8] and location tracking (e.g., GPS, RFID) [9], among others. The data
collected by wearable antenna sensors can be processed locally on the device
itself or transmitted wirelessly to other devices or systems for further analy-
sis, storage, or action. This data can be used for various purposes, such as
health monitoring, sports performance tracking, safety and security applica-
tions, and industrial process optimization. Overall, wearable antenna sensors
represent a growing area of research and development with immense potential
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2.2. OVERVIEW OF WEARABLE ANTENNA SENSORS

Figure 2.1: Areas and applications of wearable antenna sensors, (a) [10],(b)
[11],(c) [12],(d) [13] and (e) [14].

for numerous applications. They offer unique advantages in terms of comfort,
portability, and integration into everyday life, making them a promising tech-
nology for the future of wearable computing and the Internet of Things (IoT).
Figure 2.1 shows some of the areas and applications of wearable antenna sen-
sors. An antenna-based sensor for sweat monitoring is presented as shown
in Figure 2.1 (a) [10], The patch antenna sensor used a cellulose filter pa-
per substrate, which is capable of absorbing liquids, such as sweat on the
skin. In this paper, the feasibility of sweat detection is validated by artificial
sweat and salt solutions measurements, in which the frequency mainly shifted
with changing NaCl (sodium chloride) concentration (8.5–200 mmol/L). The
proposed system demonstrates for the first time the capability of microwave
signals to detect sweat using a paper substrate, but certainly, some important
validation measurements such as bending, environment impacts, and washing
for performance and reliability need to be considered.

In the medical field, many common wearable antenna sensors on rigid and
flexible substrates have been presented and applied for commercial healthcare
monitoring applications. Furthermore, textile antenna sensors for healthcare
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applications are still in the early stages and most investigations are at the
stage of laboratory research. For instance, A T-shirt based on an antenna
sensor is proposed for real-time breathing monitoring as shown in Figure
2.1(b) [11]. In this work, the sensor is a spiral antenna made by a multi-
material metal glass–polymer fiber emitting and receiving at 2.4 GHz, which
is integrated into a standard T-shirt. The paper demonstrates the capability
of the proposed system to detect the breath of four volunteers in real time
via RSSI measurements. These research achievements are helpful for future
applications, but some safety and reliability validation measurements need to
be considered.

In another example of a wearable application, a paper-based patch an-
tenna sensor is proposed for strain detection as shown in Figure 2.1(c) [12].
The antenna sensor is fabricated by a radiation patch as the antenna and
sensor, a layer of cellulose filter paper as the substrate, and an aluminum
tape as the ground pane. In this work, after hundreds of bending cycles in
the bending strain tests, the performance of the antenna sensor is still stable.
In addition, through small cracks identification, bending angle analysis, and
real human motion detection applied to gloves, the antenna sensor is fully
evaluated and proved to be feasible to be used in medical, healthcare, and
modern electronic device areas.

A wearable sensing system with wirelessly transmitted real-time ultra-
sound imaging for muscle electrical activity is shown in Figure 2.1(d) [13].
From the observed measurement results, the proposed system is capable to
provide in real-time ultrasound image of muscles, and measuring the joint
angle, muscle vibration and muscle activation, simultaneously. However, this
work presents several limitations. The proposed system still needed wires
to connect multiple sensors. This could be improved with flexible devices
that are tailored to make such measurements in a way that is mechanically
invisible in the future.

Monitoring blood glucose levels is an essential part of case management
in patients with diabetes. Therefore, continuous glucose monitoring (CGM)
sensors are needed to improve the quality of life of diabetic patients and man-
age the progression of diabetes. A non-invasive and portable system inspired
by the anatomy of the vasculature, based on an electro-magnetism (EM) an-
tenna sensor for continuous glucose monitoring is shown in Figure 2.1(e) [14].
The proposed antenna-based sensor is validated on animal models, serum,
and animal tissues of diabetes and in a clinical setting. The aim of this work
is to demonstrate the ability of the proposed antenna sensor to detect glucose
variations over the diabetic range covering the hypo-to-hyperglycemic range.
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This work indicates the high potential of sensing systems for continuous glu-
cose monitoring, but other factors need to be addressed such as the comfort
and electromagnetic safety for pregnant women and infants.

2.3 Principle of operation

In this section, a rectangular microstrip patch antenna is used to explain
the principle of operation of an antenna sensor. A microstrip patch antenna
contains four elements: a radiation patch, a dielectric substrate, a ground
plane, and a transmission feed line as shown in Figure 2.2(a). The radiation
patch and the conductive ground plane (which can take any possible shape)
are detached by a dielectric substrate. As a consequence, an effective elec-
tromagnetic resonance cavity allows radiation at particular frequencies. The
radiation patch is supplied by a microstrip feed line, and an incident signal is
provided. This signal is transmitted or reflected by the radiation patch.

Consequently, the S11 parameter of the microstrip patch antenna can be
determined by the ratio between the reflected power and the incident power.
The radiation characteristics of the microstrip patch antenna can be char-
acterized by the resonant bandwidth BW and the resonance frequency f0.
These two specifications can be extracted from the reflection coefficient S11

[15]. The operating frequency of the antenna is determined as the frequency
at which the reflection coefficient is minimum, i.e., little energy is reflected by
the antenna and most of the incident power is radiated. The resonant band-

Figure 2.2: (a) Basic configuration of a microstrip antenna sensor and (b)
illustration of frequencies shift of the antenna sensor.
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width of the antenna can be defined as the range of resonance frequencies at a
given S11 typically at S11 = −10dB. In theory, all of these radiation parame-
ters can be used to convert a physical quantity (strain, temperature, pressure,
pH level, concentration of aqueous solution, etc.) into a measurable radiation
parameter. In fact, a physical variation leads to a resonance frequency shift
(see Figure 2.2(b)).

The basic principle behind textile antenna sensors is that they utilize
conductive threads or fibers embedded within the fabric to create an antenna
structure that can transmit and receive electromagnetic waves. These conduc-
tive elements can be either metallic wires, conductive polymers, or conductive
coatings applied to the textile surface. The conductive threads or fibers are
woven or knitted into the fabric to create the antenna structure, which can be
customized in terms of size, shape, and orientation depending on the specific
application requirements.

2.4 Classification of antenna sensors

Antenna sensors can be classified into diverse categories as presented in the
Figure 2.3. There are four main types of antenna sensors according to their
measurement principle, namely, the temperature, dielectric, crack, and me-
chanical sensing. All these types of antenna sensors are able to detect changes
using microwave signals or radio frequency (RF). The details of each type are
described as follows:

Figure 2.3: Different types of antenna sensors.

2.4.1 Dielectric Sensing

An antenna dielectric sensor can be represented by a patch antenna or by
other standard planar antennas. Antenna-based sensor for dielectric sens-
ing is based on the principle of measuring changes in the dielectric constant
due to a measurand in the sensing area of the antenna. When the effec-
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tive dielectric constant of the surrounding antenna including the measurand
changes, it affects on the resonance frequency of the antenna sensor. Figure
2.4 presents a patch antenna where the radiation patch is covered with a di-
electric material (superstrate). The choice of superstrate material depends on
the selected measurand (humidity, salt and sugar, gas, etc.). The substrate
can use different materials such as carbon nanotubes for gas sensing or poly-
mer for humidity sensing or a textile material such as denim for blood glucose
sensing [16]. However, the effective dielectric constant (relative permittivity)
of the antenna sensor is provided by both the superstrate and the substrate
[17]. Table 2.1 presents a summary of previously reported works on antenna
dielectric sensors with different properties such as the measurand, the size,
the operation frequency, material, and the sensing parameters.

Figure 2.4: Configuration of an antenna dielectric sensor.

Table 2.1: Summary of previously reported works on antenna dielectric sen-
sors.

Ref Measurand
Type of
Antenna

Size (mm2) Freq Material
Type

of Material
Sensing

Parameters

[18] PH
Hexagonal

split-ring resonator
19 × 23.35 3–20 GHz PCB FR-4

Transmission
coefficient

[19]
Salt

and sugar
Crescent

shaped patch
32 × 22 2.5–18 GHz PCB FR-4

Return
loss

[20] Humidity
H-shaped
patch

90 × 85 880 MHz Polymer 2 PEDOT: PSS
Threshold
power

[21] Gas
Patch
antenna

41 × 41 2.4 GHz PCB Rogers
Frequency

shift

[22]
Soil

moisture
Spiral
antenna

12 × 12 2.48 GHz PCB FR-4
Frequency

shift

[23]
Moisture
content

Patch
antenna

48 × 48 2.26 GHz Polymer 3 PDMS
Frequency

shift

[24] Humidity
Patch a
ntenna

30 × 20 38 GHz Textile Cotton
Frequency

shift

[25]
Relative
humidity

Split ring
resonator

35 × 35 0–1.5 GHz Polyimide Kapton
Frequency

shift

2.4.2 strain Sensing

In order to check the structural integrity of the engineering components, strain
is among the most important mechanical properties that must be used to
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quantify the deformation of a material [26]. Regarding types of strains, there
are two strains: shear strain and normal strain. The first type is determined
from the change of angle from an original value of 90◦ and the second type
is related to the change in the size of a design compared to its original size
[27]. Figure 2.5(a) shows the operating principle of an antenna sensor for
shear detection. An antenna patch with a slot in the ground plane is used to
visualize the effect of the shear on the behavior of the antenna. The principle
of a loop antenna sensor for pressure detection is presented in Figure 2.5(b).
The variation of the parameter d in the geometry of the antenna structure
detunes its operating frequency [28]. In order to provide accurate spatial
resolution, it is recommended that the strain sensor presents a small size.
Different types of antenna mechanical sensors are summarized in Table 2.2.

Figure 2.5: Antenna mechanical sensors for: (a) shear detection and (b)
pressure detection.

Table 2.2: List of antenna mechanical sensors

Ref Measurand
Type of
Antenna

Size
(mm2)

Freq
(GHz)

Material Type of Material
Sensing

Parameters

[27] Strain
Dipole
antenna

17 × 16 8–12 Polymer Polyimide
Frequency

shift

[29] Pressure
Slot

antenna
17.55 × 13.5 5.5 PCB Rogers laminate

Frequency
shift

[30] Strain
Patch
antenna

94.58 × 52.36 1.8–2.4 Textile Felt
Frequency

shift

[31]
Shear and
pressure

Patch
antenna

12.1 × 66.9 6–7 Polyimide Kapton
Frequency

shift
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2.4.3 Temperature Sensing

The temperature of an antenna sensor is an important parameter to know as
it indicates whether or not the antenna sensor is in control. As the tempera-
ture changes, the temperature-sensitive material expands or contracts, caus-
ing a shift in the dimensions of the microstrip patch antenna. This change
in dimensions alters the electrical characteristics of the antenna, particularly
its resonant frequency. The antenna temperature sensor is useful for many
applications, e.g., food production, manufacturing process control, human
health monitoring, etc. There are many different types of antenna temper-
ature sensors available and all have different characteristics depending upon
their application [32]. Table 2.3 presents some research works reported in
the literature for temperature sensing with several properties: the type of the
antenna sensor, the size, the operation frequency, the used materials, and the
sensing parameters.

Table 2.3: Summary of previously reported works on antenna temperature
sensors.

Ref Measurand
Type of
Antenna

Size (mm2) Freq Material Type of Material
Sensing

Parameters

[33]
Body

temperature
Patch
antenna

10 × 6 38 GHz Textile Cotton
Frequency

shift

[34] Temperature
Slotted
patch

38 × 38 900 MHz PCB FR-4
Frequency

shift

[35] Temperature
Rectangular

patch
11.8 × 9.8

4.85 GHz
5.95 GHz

PCB
Rogers

Laminate
Frequency

shift

[36] Temperature
Patch
antenna

13.6 × 10.9 2.4–2.8 GHz PCB
Rogers
RO3210

Frequency
shift

[37] Temperature
Patch
antenna

71 × 64
2.45 GHz
9.5 GHz
38 GHz

Textile

Cotton
Jeans
Viscose
Lycra
Cotton

Frequency
shift

2.4.4 Crack Sensing

In order to reduce catastrophic structural breakdowns, cracks must be mon-
itored because they are a direct indicator of structural damage monitoring.
In fact, it is important to know the length, direction, and location of the
crack to gather sufficient information to maintain structural integrity. Figure
2.6 presents a configuration of an antenna patch for crack detection. The
direction and growth of the crack can be detected by observing the changes
in the resonance frequency shifts. The resonance frequency shift of the crack
antenna is generally much larger than the resonance frequency shift caused
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Figure 2.6: Antenna crack sensor: (a) schematic configuration of a patch
antenna, (b) antenna sensor with crack, and (c) effect of cracks on the current
model of the sensor.

Table 2.4: Summary of previously reported works on antenna crack sensors.

Ref Measurand
Type of
Antenna

Size
(mm2)

Freq
(GHz)

Material
Type

of Material
Sensing

Parameters

[38] Crack orientation
Rectangular

patch
15 × 12.75

5.75
6

PCB
Rogers laminate

RO4350B
Frequency

shift

[39]
Crack opening
and growth

Rectangular
patch

15 × 12.5
6.1
8.6

Polyimide Kapton
Frequency

shift

[40] Crack
Patch
antenna

35 × 20.6 2.4 PCB
Rogers RT/duroid

5880
Frequency

shift

[41] Crack and monitoring
Patch
antenna

50.8 × 25.4
6.1
7.6

Polyimide Kapton
Frequency

shift

by strain or temperature. Some examples of antenna crack sensors are given
in Table 2.4.

2.5 Implementation of antenna sensors

2.5.1 Rigid wearable antenna sensors

Rigid wearable antenna sensors are designed to be attached or integrated
into wearable devices, such as smartwatches, fitness trackers, or other wear-
able gadgets. Unlike flexible or conformal antenna sensors, which can bend
or conform to the shape of the wearable device, rigid antennas are typically
made of stiff materials, such as metal or printed circuit boards (PCBs), and
maintain their shape without bending. Therefore, rigid wearable antenna sen-
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sors present some limitations, including limited flexibility compared to soft or
textile-based sensors, potential discomfort during prolonged wear, and sen-
sitivity to body movements that may affect the performance of the antenna
sensors. Additionally, the design and integration of rigid antennas into wear-
able devices can pose challenges in terms of size, shape, and aesthetics. Table
2.5 summarizes the limitations of rigid wearable antenna sensors.

Table 2.5: Limitations of rigid wearable antenna sensors.

Limitations Description

Comfort and
flexibility

Rigid wearable antenna sensors may not be comfortable
to wear for long durations, especially on curved

or irregular body surfaces.

Integration

Rigid wearable antenna sensors may
face challenges in integrating with

other wearable technologies or clothing, such as smart textiles
or other sensors, due to their rigid nature.

User
acceptance

Rigid wearable antenna sensors may face challenges
in user acceptance, as some users may be reluctant

to wear or use devices that are rigid or uncomfortable.

Manufacturing
and cost

Rigid wearable antenna sensors may require complex
manufacturing processes, including specialized materials

and fabrication techniques, which can add to the cost of production.

Discreteness

Rigid wearable antenna sensors may not be aesthetically
pleasing or discreet, which can be a concern for wearable

applications where appearance matters,
such as in fashion or lifestyle.

It’s important to consider the aforementioned limitations when designing
and implementing rigid wearable antenna sensors and explore potential solu-
tions or alternatives, such as flexible or conformable antenna designs. The
new generation wearable antenna sensor design ought to overcome these lim-
itations and improve the overall performance and user experience.

Several researches have been reported in the literature using rigid ma-
terials for different types of antenna sensors, including temperature sensing,
crack sensing, strain sensing, and dielectric sensing. For instance, a microstrip
patch antenna-based sensor using flame retardant 4 (FR-4) substrate has been
presented in [18]. The proposed antenna is employed as a sensor to detect
different percentages of sugar and salt in terms of return loss based on the
dielectric properties of the solution. In [7], a microstrip patch antenna sensor
is printed on a Rogers (R03006) substrate. The presented antenna has been
designed for temperature detection by subjecting a patch antenna bonded to
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various metal bases to thermal cycling. These types of substrates are not
quite suitable for wearable antenna sensors as they cannot be stretched and
bent. A wearable antenna sensor often should have additional characteristics
such as robustness and flexibility, which claims the consideration of flexible
non-conventional materials to exchange traditional printed circuit boards.

2.5.2 Textile wearable antenna sensors

Electro-textiles, also known as e-textiles, are fabrics or textiles that incor-
porate electronic components and systems. These textiles are designed to
provide a range of functions, from sensing and actuating to communication
and data collection. E-textiles are an emerging field that combines the tradi-
tionally separate domains of textiles and electronics, enabling the creation of
interactive, smart fabrics that can be used in a variety of advanced applica-
tions. The integration of electronic components into textiles has opened up
new possibilities for wearable technology, smart clothing, and other applica-
tions. Figure 2.7 represents different applications of the e-textiles. A wearable
antenna integrated into a military beret to achieve an indoor/outdoor posi-
tioning system is presented in [42]. The proposed antenna is fabricated using
a conductive textile, and a felt substrate. It is designed for the Global Posi-
tioning System (GPS). For healthcare applications, a wearable antenna-based
sensor for the diagnosis of pulmonary edema is proposed in [43]. The results
demonstrated the system feasibility and robust remote sensing capability. In
addition, a textile antenna for spacesuit applications is presented in [44]. The
results revealed that textile spacesuit performed in an excellent way and the
achievements had the potential for future space applications. Furthermore, a
dual-band textile antenna for electromagnetic energy harvesting, operating at
global system for mobile communication is presented [45]. The proposed work
presents an innovative solution that demonstrates the first antenna prototype
fabricated directly into clothing since it is made of the same textile material
as the cloth. This work indicates the high potential of textile antenna for
communication applications. A high-gain textile antenna array system, fully
integrated into a firefighters vest is proposed in [46], The results demonstrated
that the textile antenna provides an excellent on-body performance. In ad-
dition to its low weight, compact dimensions which makes the antenna very
well-suited for emergency applications.

The electro-textiles can be designed to be flexible, lightweight, and com-
fortable, making them ideal for use in clothing, accessories, and other textile-
based products. The development of electro-textiles involves a range of tech-
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Figure 2.7: Different applications of the E-textiles adapted from ref. (a) [42]
,(b) [43], (c) [44], (d) [45], (e) [46].

nologies, including conductive materials, sensors, microcontrollers, and power
sources. These technologies are combined in various ways to create textiles
that can sense, process, and transmit information, or control external devices.

Textile antenna sensors are a type of smart textile that integrate antenna
functionality with sensing capabilities. These antenna sensors are designed to
be woven, knitted, or embroidered into fabrics, allowing them to be integrated
into garments, or other textile-based products. As their rigid counterparts,
textile antenna sensors are capable to detect and measure various physical and
environmental parameters, such as temperature, humidity, pressure, strain,
and motion, among others. In addition, they offer several advantages over tra-
ditional sensors (rigid antenna-sensors). Firstly, they are flexible, lightweight,
and conformable, making them ideal for wearable applications where comfort
and flexibility are important. They can be easily integrated into textiles with-
out adding bulk or weight, making them discreet and unobtrusive. Secondly,
textile antenna sensors can be fabricated using standard textile manufacturing
processes, such as weaving or knitting, allowing for scalable and cost-effective
production. Figure 2.8 shows typical textile antenna-based sensors for dif-
ferent applications, the related achievement of each application presented is
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Figure 2.8: Typical textile antenna-based sensor applications adapted from
ref. (a) [47]; (b) [48]; (c) [49]; (d) [50], (e) [51], (f) [52], (g) [53], (h)[16], (i)
[54]

listed in Table 2.6. Thirdly, they can be easily washed, making them suit-
able for applications where regular cleaning is required, such as in sports or
healthcare. Textile antenna sensors have a wide range of potential applica-
tions. They can be used in sports and fitness wearables for tracking body
movements and vital signs [55], in healthcare for monitoring patients’ health
conditions [56], in automotive and aerospace industries for structural health
monitoring [57], in smart homes for environmental sensing [58], and in mili-
tary and defense for monitoring soldiers’ physiological parameters [59], among
others. They are also being explored for applications in Internet of Things
(IoT), where they can be integrated into everyday textiles to enable smart
functionalities.
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Table 2.6: Achievements of the researchers as shown in Figure 2.8

Label Achievements Ref.

(a)
A wearable textile antenna-based sensor for respiration monitoring exhibits

high accuracy in detecting the breathing rate and pattern of the user.
[47]

(b)
A wearable patch antenna-sensor fabricated with a textile material for a more

comfortable breast hyperthermia therapy. The proposed system is flexible, breathable,
and lightweight and therefore, can be inherently embedded into clothing.

[48]

(c)
A textile antenna for moisture sensing shows better sensitivity

and accuracy for moisture measurement.
[49]

(d)
Health-care-based RFID antenna sweat sensor for sweat rate measurements

in exercise, by comparing the graphene-printed pattern and the silver-plated pattern.
[50]

(e)
A textile monopole antenna-based sensor offered more reliable

and accurate results for moisture content measurement.
[51]

(f)
Textile antenna strain sensor to explore the relationship between antenna

elongation and resonant frequency, based on a stretchable antenna made of conductive fabrics.
[52]

(g)
A wearable temperature-sensing antenna indicated a frequency shift of

about 60–80 MHz for each 2°C change in temperature, being suitable for measuring fever.
[53]

(h)
A non-invasive textile antenna-sensor for blood glucose monitoring offered

an accurate correlation between the antenna reflection response and the blood glucose level.
[16]

(i)
A smart textile T-shirt based on antenna-sensor for real-time breathing monitoring,

by obtaining the relationship between the RSSI and respiratory periods.
[54]

Textile antenna sensors can operate in different frequency ranges, such
as ultra-high frequency (UHF), microwave, and radio frequency (RF) bands,
depending on the desired sensing capabilities. They can be designed as passive
antennas, which reflect or transmit signals from an external source, or as
active antennas, which generate their own signals for sensing purposes.

One of the main advantages of textile antenna sensors is their flexibility
and conformability to the shape of the body or other objects, allowing for
comfortable and unobtrusive sensing without restricting movement. Addi-
tionally, textile antenna sensors can be washable and durable, allowing for
long-term and practical use in real-world environments.

2.6 Human body impact

Antenna-sensors are an essential component of wireless communication sys-
tems, in order to transmit and receive electromagnetic waves. The perfor-
mance of an antenna-sensor is influenced by several factors, including its
geometrical design, orientation, and environment. One critical factor that
can significantly impact the performance of an antenna-based sensor is the
proximity of the human body to the antenna. When a human body comes
in close proximity to an antenna, it can affect the antenna’s radiation pat-
tern, realized gain, efficiency, and resonance frequency, leading to changes in
its performance. This is because the human body behaves as a lossy medium

15



CHAPTER 2. STATE OF THE ART

and degrades the efficiency and the electromagnetic radiation pattern emitted
by the antenna. In addition, the change in the effective permittivity detunes
the operation frequency of the system.

Concerning the design of on-body antenna-sensors, there are two effects
that need to be considered: First, the different electromechanical properties
such as bending effects which refer to the change of the antenna sensor elec-
trical properties when it is bent or deformed. Second, a significant amount
of the power is usually radiated toward the body and absorbed. As a conse-
quence, the specific absorption rate (SAR) must be considered. These effects
can be particularly significant for antennas operating at high frequencies, such
as those used for mobile communication systems. For this reason, antenna
designers and engineers must consider the impact of the human body’s prox-
imity when designing and testing antennas for these applications. Overall,
understanding the effects of the human body’s proximity on the antenna per-
formance is crucial for ensuring reliable and effective wireless communication
systems.

2.6.1 Bending effects

The bending effect of a wearable antenna sensor refers to the phenomenon
where the performance of the antenna changes as it bends. Wearable antenna
sensors are designed to be integrated into clothing or other flexible materi-
als, allowing for unobtrusive monitoring of vital signs or other physiological
parameters. However, the flexibility of the material can cause the antenna to
deform, leading to changes in its resonance frequency, radiation pattern, and
other characteristics that can affect its ability to transmit or receive signals.
Understanding and mitigating (re-tuning) the bending effect is crucial for the
reliable operation of wearable antenna sensors in real-world applications. In
this context, this effect is an important consideration for antenna design and
optimization. When a textile antenna is bent, several effects may occur that
can impact its performance. These effects include:

• Changes in the resonance frequency: The resonance frequency of an
antenna is the frequency at which it operates most efficiently. When
a textile antenna is bent, its resonance frequency may shift, which can
cause it to operate less efficiently.

• Changes in radiation pattern: The radiation pattern of an antenna is
the directional pattern of the emitted/received electromagnetic. When
a textile antenna is bent, the radiation pattern may change, which can
impact its ability to communicate effectively.
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• Changes in impedance: The impedance of an antenna is the measure of
its opposition to the flow of electrical current. When a textile antenna
is bent, its impedance may change, which can affect its ability to match
the impedance of the transmitting or receiving device.

The antenna-based sensor can be positioned on the typical arm or chest.
To minimize the bending effects of a textile antenna, it is important to design
the antenna with these effects in mind. This can include selecting the right
materials, optimizing the antenna shape and size, and carefully positioning
the antenna on the wearable device to minimize bending. The majority of
prior studies found in the literature included an analysis of antenna perfor-
mance under bending [60–63]. These antennas are designed with wide enough
bandwidth, such that the return loss remains below −10dB at the desired fre-
quency. Table 2.7 summarizes research works that investigate the influence
of bending on antenna performance.

Table 2.7: A summary of bending effects on the performances of wearable
antennas.

Ref Substrate Radius (mm) Bandwidth (GHz) Applications

[64] Silicon 30 3.88 Medical telemetry

[65] Polyimide 20, 30, 40, 50, 60, 70, 180,360 0.36 WBAN

[66] Denim 28.5, 42.5 0.14 ISM band

[67] Jeans 33.5, 47.5, 58.5 3.84 WLAN

[68] Shieldit conducting fabric 34,40,50,70 2.4 ISM band

[69] Polyester textile 10,20,30,40,50,60,70,80,90 3.37 WiMAX

[70] Thin planar textile 0°,45°,90° 2.45 ISM band

[71] Polyamide 8, 15, 30, 80 11.5 UWB

[72] Felt 10, 15, 20 4 Medical imaging

[73] Polyimide 50, 100,150 2.45 ISM

There are several advantages of using a bent or flexible antenna, including:

• Improved performance: Bending or curving an antenna can help to
improve its performance by increasing its gain and directivity. This can
lead to better signal reception and transmission in certain situations.

• Reduced size: A bent or flexible antenna can be made smaller than a
straight antenna of the same frequency and gain. This can be beneficial
in applications where size is a critical factor, such as in portable devices
or wearables.

• Increased durability: A bent or flexible antenna can be more durable
than a straight antenna, as it is less likely to break or snap off if it is
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bumped or bent. This can be important in applications where the an-
tenna may be exposed to rough handling or harsh environments. Over-
all, the use of a bent or flexible antenna can provide several benefits
depending on the specific application and requirements.

2.6.2 Specific Absorption Rate (SAR)

Specific absorption rate (SAR) is a measure of the amount of radio frequency
(RF) energy absorbed by the human body when exposed to an electromag-
netic field (EMF). SAR is expressed in units of watts per kilogram (W/kg)
and is used to evaluate the potential health risks of exposure to RF radia-
tion. When an electronic device, such as a cell phone, emits RF energy, it
can be absorbed by the body tissues nearest to the device. SAR is the mea-
sure of how much energy is absorbed by the body tissue per unit of mass.
SAR values can vary depending on the frequency of the EMF, the power
of the RF energy, and the distance between the body and the source of the
EMF. The SAR value is used as a standard for measuring the potential health
risks associated with exposure to EMF radiation. Exposure to high levels of
EMF radiation has been linked to various health risks, such as cancer, DNA
damage, and other biological effects [74]. Therefore, SAR is an important
parameter in evaluating the safety of wireless devices. Regulatory agencies,
such as the Federal Communications Commission (FCC), require electronic
devices to comply with SAR limits to ensure that the amount of RF energy
absorbed by the body does not exceed safe levels. SAR limits vary by coun-
try and can differ depending on the type of device and the location of the
exposure. These limits are designed to ensure that the level of exposure to
EMF radiation does not exceed a safe threshold for human health. Mobile
phone manufacturers are required to measure the SAR of their devices and to
ensure that they comply with these regulatory limits before they are sold to
consumers. Overall, SAR is an important metric for evaluating the potential
health risks of exposure to RF radiation and ensuring that electronic devices
are safe for use.

According to the Institute of Electrical and Electronics Engineers (IEEE)
and the International Commission on Non Ionizing Radiation Protection (IC-
NIRP) organizations, the limit of SAR is set as: 1.6 W/Kg and 2 W/Kg
averaged over 1 g and 10 g tissue, respectively [75, 76]. Table 2.8 represents a
comparison of different kinds of wearable antennas of SAR over 1g and 10g.
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Table 2.8: comparison of different kinds of wearable antennas SAR values in
W/Kg.

Ref Antenna design Size (mm2) fr (GHz)
SAR 1g
(W/Kg)

SAR 10g
(W/Kg)

[[77]
Slotted rectangular

patch
70 x 60 2.45 0.087 0.043

[[78]
Meta surface

antenna
50 x 50 5 0.291 0.0975

[[79] Patch antenna 90 x 90 2.45 0.09 0.04

[[80]
Full ground UWB

antenna
60 x 50 3.8-5.8 0.25/0.7 0.071/0.171

[[81]
Folded-ring
antenna

60 x 60 2.45 0.2 0.1

[[82]
Handset
antenna

40 x 80 1.8 0.87 0.58

[[83]
Square patch

antenna
29 x 29 2.4 0.302 0.176

[[84]
Lotus-wearable

antenna
54 x 54 5.8 0.175 0.549

2.7 Research challenges of wearable antenna sen-
sors

Wearable antenna sensors are becoming increasingly popular as they offer the
ability to monitor a person’s vital signs and physical activity in real time.
However, there are several research challenges that need to be addressed in
order to improve the performance and reliability of these sensors. In this
section, we will explore some of the key challenges associated with wearable
antenna sensors, including miniaturization, robustness and durability, wireless
connectivity, human body effects, signal interference, noise and security, and
privacy. The details of these challenges are presented in figure 2.9:

In this thesis, several of the aforementioned challenges will be addressed,
such as:

• Develop miniaturized antenna-based sensors with high performance:
high sensitivity, low cost and high durability.

• Explore an antenna-based sensor platform to be integrated with other
commercial electronic components, such as Bluetooth/WIFI transmit-
ter, to be able to transmit data wirelessly.
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Figure 2.9: Challenges of wearable antenna sensors.

• - Study the effects of the human body on the antenna sensor perfor-
mance.

Addressing these challenges will contribute to the development of wearable
antenna sensors, enabling their widespread adoption and unleashing their full
potential in various applications.
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3
Materials and methods

3.1 Introduction

The present chapter is devoted to describe the methodology for designing,
manufacturing, and characterizing textile and flexible antenna-based sensors.
The first step in designing an antenna sensor is to select a suitable textile
fabric as a substrate for the antenna sensor, which is necessary to character-
ize the fabric by measuring the dielectric constant and loss tangent. These
parameters play vital roles in antenna design. The dielectric constant affects
parameters such as the resonance frequency, impedance, gain, and radiation
pattern. The loss tangent defines the efficiency and power dissipation charac-
teristics of the antenna. To achieve optimal antenna performance, a proper
selection of materials with desirable dielectric properties needs to be consid-
ered. Therefore, advanced characterization and testing of textile fabrics are
essential for ensuring their quality and suitability for various applications.
Then, a survey of the textile materials and their EM characteristics (dielec-
tric and conductive materials) will be discussed. The next step is to simulate
the antenna-based sensor using an industrial 3D full electromagnetic software.
A detailed description for the used simulator will be presented in this section.
Finally, to fabricate the antenna-based sensor different manufacturing meth-
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ods available in the literature will be presented in this chapter. In addition,
the characterization methods for the different applications will be explained
in this section.

3.2 Textile materials and their EM characteriza-
tion

Textile materials are widely used in many different industries and applica-
tions. The electromagnetic (EM) characterization of textile materials is es-
sential for the development of novel applications in the field of wearable tech-
nology, wireless communication, and electromagnetic shielding. The electrical
properties of textile materials can be measured using a variety of techniques,
including the parallel plate capacitor method [85], the coaxial line method
[86], and the cavity resonator method [87]. These techniques are commonly
used to determine the dielectric properties (dielectric constant and loss tan-
gent) of textile materials.

The characterization of textile materials is important for several reasons.
First, it helps manufacturers to ensure that their products meet quality stan-
dards and specifications. This includes testing for properties such as strength
and durability, which are important for ensuring that textiles can withstand
regular wear and tear. Second, the characterization of textile materials is
critical for determining their performance in specific applications. For ex-
ample, textiles used in outdoor clothing or technical fabrics must be able to
withstand exposure to the elements and maintain their properties over time.
Third, the characterization of textile materials is important for ensuring their
safety. Certain textiles may be treated with chemicals or dyes that could be
harmful to human health, and testing is necessary to ensure that these mate-
rials are safe for use. Overall, the characterization of textile materials is vital
for ensuring that textiles are of high quality, perform as expected, and are
safe for use. It plays a critical role in the textile industry and in the products
that we use every day.

A wearable antenna-based sensor is composed of a minimum of two kind
of materials: one is chosen for the dielectric part and the other for the con-
ductive part (complex implementations can use n-dielectric and m-conductive
layers). These materials must be carefully considered to design wearable an-
tenna sensors. In this section, a detailed classification of these two groups is
summarized in figure 3.1.
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Figure 3.1: Classification of materials for wearable antenna sensors imple-
mentation.

3.2.1 Dielectric materials

Dielectric materials play an important role in the performance of wearable
antenna-based sensors since they form the antenna substrate. In fact, wear-
able antenna sensors are designed to be integrated into clothing or other wear-
able devices, which often have a dielectric layer that surrounds the antenna.
The dielectric material affects the electromagnetic field distribution around
the antenna, which in turn affects the radiation pattern, impedance matching,
and efficiency of the antenna. Table 3.1 presents the dielectric properties of
common commercial materials used for designing wearable antenna-sensors.

Table 3.1: Dielectric properties of common materials.

Material
Dielectric

constant ( εr)
Loss

tangent ( Tanδ )
Frequency (GHz) Ref

Paper 1.4 0.01 2-4 [10]

PDMS 2.7 0.022 2.5-12.4 [88]

Cotton 1.3 0.0058 2.4 [89]

PET 3.4 0.01 Up to 60 [90]

Denim 1.8 0.07 3.3-5 [91]

Silk 1.75 0.012 2.45-5 [92]

Fleece 1.25 0.019 2.45 [93]

Velcro 1.34 0.006 2.4-5 [94]

Felt 1.2 0.0013 2.4 [95]
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Figure 3.2 shows different dielectric materials used in wearable antenna
sensors such as soft PCB substrate, textile, paper, and PDMS.

For soft PCB substrate, flexible films are the main base materials for sup-
porting overlays, such as liquid crystal polymer films (LCP) [96], Polyethylene
TerePhthalate (PET) films [97] and polyimide (PI) films [98]. Various soft
PCB substrates have been used for flexible and transparent antennas be-
cause they offer high flexibility, low loss and thickness [99]. An example of an
antenna-based sensor for microwave breast cancer detection using a polyimide
substrate is presented in Figure 3.2 (a) [100]. This kind of dielectric is expen-
sive due to the specialized materials and manufacturing processes required to
produce them.

Textile substrate for antennas refers to the use of flexible and wearable
textile materials as the base for antennas. The integration of antennas into
textiles has gained significant attention in recent years due to the increas-
ing demand for wearable electronic devices and the need for comfortable and
convenient communication systems. Textile antennas offer several advantages
over traditional antennas, including conformability, light weight, and flexibil-
ity. The use of textile substrates allows for the creation of conformal and
wearable antennas that can be easily integrated into clothing, accessories,
and other textile-based products. Numerous textile substrates have been in-
vestigated for wearable antennas sensors such as cotton [101], denim [102],
jeans [103], cordura [104], fleece [105], and felt as presented in Figure 3.2
[106].

Figure 3.2: Various dielectric materials for different wearable antenna-sensors
applications, (a) Polyimide, (b) Felt, and (c) Paper substrate.
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Table 3.2: Comparison of different dielectric materials.

Properties Polymer Textile Paper

Weight Medium Low Low

Cost of fabrication Medium Low Low

Robustness to Wetness High Medium Low

Fabrication complexity Simple/Printable Simple Simple/Printable

Deformability Low High High

Tensile strength High Low Low

Furthermore, paper materials are also used for the design of wearable
antenna-based sensors using the screen-printing and inkjet methods. Paper
substrates have been used in various applications such as healthcare [107] ,
agricultural [108], and military [109]. A paper antenna operating as elec-
tromechanical sensor for human motion detection is shown in Figure 3.2 [12].
Moreover, the paper material has some disadvantages, such as poor mechan-
ical strength and sensitivity to moisture. A comparison of different dielectric
materials is presented in Table 3.2.

Textile materials such as Felt and Cotton are chosen to be used in this
thesis because of their many advantages including, flexibility, lightweight, low
cost, textile material low losses, comfort, and washability.

3.2.2 Conductive materials

Conductive materials are a crucial component of wearable antenna-based sen-
sor, they can be evaluated in terms of tensile strength, weather-proof, de-
formability, conductivity and their integration with flexible materials. Tradi-
tionally, conductive materials such as silver, copper, and gold have been used
to manufacture wearable antenna sensors. However, these materials can be
rigid, heavy, and uncomfortable to wear, which limits their practicality for
everyday use. These materials have high low cost, conductivity, and can be
incorporated with textile substrates using adhesive laminated materials with-
out using sewing and embroidery and techniques; however, its rigid structure
restricts their use for flexibility [110, 111]. Recently, there has been growing
interest in the development of conductive materials that are lightweight, flexi-
ble, and comfortable to wear. Some of the promising materials being explored
for wearable antennas such as Zelt [112], Shieldit Super [113], and Flectron
[114] (Figure 3.3), and their electrical properties such as surface resistance
and conductivity are presented in Table 3.3.

Furthermore, metal-plated textile is widely used as a conductive material
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Figure 3.3: Different conductive textile materials.

Table 3.3: Conductive materials properties.

Properties
Conductivity

(S/m)
Surface resistance

(Ohm/sq)
Thickness
(mm)

Ref

Pure Copper 2.5.105 0.05 0.08 [115]

Zelt 1.106 < 0.01 0.06 [92]

Shieldit Super 6.67.105 < 0.1 0.17 [116]

Flectron 3.105 < 0.07 0.04 [117]

for manufacturing wearable antenna-based sensors, it is often termed “electro-
textile” and “E-textile”. It offers the added benefit of being comfortable
to wear and can be easily integrated into clothing. Several electro-textiles
can be used for wearable antenna sensors, which provide high flexibility and
can be sewn into clothing using fabric yarns. There are two common yarns
used for manufacturing wearable antenna sensors. The first kind of yarn is
commercial Bekaert yarns, which are produced by the ring yarn technique
where conductive stainless-steel fibers are mixed with polyester or cotton
fibers in different percentages. The second type of yarn is represented by a
commercial Shieldex 117/17 dtex 2-ply, which is a polyamide multifilament
yarn coated with pure silver 99. Table 3.4 describes these yarns properties.

Another kind of conductive materials is the conductive ink made of metal
or carbon particles; these kinds of conductive material are promising for de-

Table 3.4: Yarns Properties[118].

Material Density (tex) Linear R (ohm/cm) Type

Shieldex 11.7/2 ≤30 Twisted multifil

Bekaert 20/2 ≤50 Ring yarn
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signing wearable antenna sensors. Conductive inks have the advantages of
simplicity of manufacture and compatibility with standard inkjet printing
and screen-printing process. In this thesis, a Less EMF Shieldit super fabric
and Shieldex 117/17 dtex 2-ply yarn have been used as conductive materi-
als for the metal layer radiation parts of the antenna sensors for different
applications.

3.3 Fabrication methods for wearable antenna sen-
sors

Fabrication methods play a vital role in creating reliable and efficient wearable
antenna sensors that can seamlessly incorporate with the human body. Fabri-
cation methods for wearable antenna sensors involve the process of designing
and manufacturing antennas that are flexible, lightweight, compact, and ca-
pable of conforming to the contours of the human body. Different fabrication
techniques are employed to manufacture wearable antenna sensors, each offer-
ing unique advantages and challenges. However, advances in materials science
and manufacturing techniques have paved the way for innovative approaches
such as screen printing, inkjet printing and embroidery techniques. An inter-
esting review of these manufacturing methods is presented in [119],[120].

Screen printing is a simple and economical approach used by many elec-
tronics manufacturers. In addition, this method is an additive operation,
which makes it environmentally friendly [121]. Instead of hiding the woven
screen that has different thread densities and thicknesses, the mask with the
required pattern is adjusted directly to the substrate where the conductive ink
is handled and thermally annealed. Moreover, the screen-printing technique
faces diverse limitations. It comprises its limited number of realizable layers,
lack of thickness control for the conductive layer, and low printing resolution.
These aspects lead to the limited implementation of this technology, because
wearable printing requires better precision for the convenient operation of the
communications for wearable devices.

Inkjet printing is one of the relatively low-cost printing technologies. This
technology is capable of producing a very high precision pattern due to its
use of ink droplets the size of up to a few picolitres’ [122]. Additionally, this
technique allows the design pattern to be transmitted directly to the substrate
with no requirement for masks. In addition, inkjet printing projects the single
ink droplet from the nozzle to the required position, from which no waste is
founded, which makes it among the economical manufacturing methods. This
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is a clear advantage in comparison with traditional etching technology, which
has been generally used in industry [123]. The main drawbacks of inkjet
printing technology are the incompatibility of certain types of conductive
inks due to the larger particle size and clogging of the nozzles.

Embroidery method has gained attention in recent years due to their ca-
pability to incorporate antenna-based sensors into textile materials. Fibers
or conductive threads are embroidered onto textile substrates, offering a com-
bination of functionality and aesthetics. This technique is used to fabricate
all the antenna-based sensors presented in this thesis; therefore, the details
of the embroidery method are discussed below.

The embroidery manufacturing uses specialized conductive threads, from
which the antenna sensor can be embroidered on the base substrate textile
fabric. Before embroidering, it is very important to know the properties of
the conductive threads that are going to be used (conductivity, DC resistance,
and mechanical parameters), because when the conductive thread is charac-
terized, it is then easier to find methods to improve the performance of the
antenna sensor [124]. Therefore, the conductive threads must have adequate
resistance and flexibility to avoid undesired breaks produced by high tensions
in the embroidery machine [125]. This technique is evolved to allow a digital
image or layout to be directly embroidered using a computer-assisted em-
broidery machine.Figure 3.4 depicts the embroidery technique, starting with
the simulated model of the desired design (Figure 3.4 (a)). The 3D model is
designed using the commercial CST studio 3D full electromagnetic simulator
and exported to 2D model as a Gerber format (single layer) from CST, so
once the geometry image is obtained, this image should be converted into
the readable format of the manufacturing machine using the Digitizer EX
software, as presented in Figure 3.4 (b). The software allows the user to care-
fully modify some textile properties for the embroidery structure such as the
stitch pattern, the structural boundaries and yarn density. After importing
the file which contained the identification of the desired layout geometry into
the embroidery machine in digital format, the computerized embroidery pro-
cess is implemented to embroider the conductive part of the design. A needle
with the conductive yarn is threaded through the substrate material and in-
terwoven with a bobbin assistant yarn to form the stitch as demonstrated in
Figure 3.4 (c). The stitches appear the same on the top and bottom of the
substrate. In this example, a satin fill stitch pattern is selected and imple-
mented because it is well-suited to a narrow shape. Threads converge in the
center of the seam. The number of points is fixed; therefore, the stitches are
denser for narrower antenna sensor geometries.
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Figure 3.4: Embroidery process.

The conductive yarn is relatively thick compared to the conventional em-
broidery yarn, due to the mechanical constraints of the embroidery machine.
In order to optimize the fabrication, a processed conductive yarn is employed
in the bobbin of the embroidery machine. A certain degree of tension control
is performed on the yarn in order to increase the precision of stitch geometry
and patterns. The stitch spacing is a significant feature for good design, and
it can be defined as the distance between two needle penetrations on the same
side of the shape. In order to avoid damaging the tissue sample, less dense
stitches should be used in areas with narrow columns. For fabrication, a
popular fabrication machine (Singer Futura XL-550) is adopted, an example
for an embroidered prototype is presented in Figure 3.4 (d). The embroi-
dery process is advantageous over other techniques and embroidery machines
are more recommended in the industry. This technique is easier to apply
for mass production of clothing with integrated embroidered antenna sensors.
With embroidery, the use of glue is not always a requirement to connect the
textile layers together and also it allows to create reproducible geometries via
computerized embroidery machines [126]. This can improve the washability
of the clothing with the integrated antenna sensor. To conclude, a comparison
of different textile fabrication techniques is presented in Table 3.5.
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Table 3.5: Comparison of different textile manufacturing techniques.

Method Embroidery Inkjet Printing Screen Printing

Process
Stitching designs

using
thread and needle

Spraying inkon the
fabric

using inkjet technology

Applying ink through
a mesh

screen onto fabric

Design
options

Limited to
stitching

designs and patterns

Virtually
unlimited

Can accommodate
various designs

Complexity Simple
Simple

and versatile
Moderate complexity

Durability
Highly durable
and long lasting

Less durable Durable and long lasting

Cost Medium Lower Moderate

Customization
Suited for
intricate

and personalized designs

Ideal for
customization

and on-demand printing

Well-suited for multicolor
designs

and large quantities

3.4 Simulation method

The initial design of the antenna-based sensor starts with the choice of the
material for the substrate and the geometry of the antenna sensor. The
choice of geometry needs to be guided from the design requirements such as
low profile, small size, simple structure and light weight. The antenna-based
sensor design procedure starts with the definition of the design goal and target
antenna sensor specifications. In addition, the choice of materials for the
antenna-based sensor and characterization of their electromagnetic properties
needs to be defined. In this thesis, the design, optimization and numerical
evaluation of the antenna sensors performance are carried out using CST
Microwave Studio. This 3D full-wave electromagnetic commercial software is
based on the Finite Integration Time Domain Method (FITD) which is used
to compute the modelled antenna sensor structures and VOXEL human body
models. Figure 3.5 presents a generic flowchart of the antenna-based sensor
process. The steps taken to achieve the desired model in CST are:

• Determine the parameters and design the antenna sensor model.

• Calculate the antenna sensor model dimensions for the required an-
tenna.

• Optimize the parameters of the antenna sensor to achieve a specific
objective.

• Evaluate the behavior of the desired design (sensing performance, hu-
man body impact).
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Figure 3.5: Flowchart of the design, optimization, fabrication and measure-
ment process of an antenna-based sensor.

Most of the antenna sensors used in this thesis are based on resonance fre-
quency shift, thus, S11 simulations are highly used to evaluate the behavior
of the proposed design.

For evaluating the performance of the antenna sensor, there are some
parameters need to be simulated:

• S11 parameter: helps to analyze the antenna’s sensor performance across
different operating frequencies and identify resonance points, band-
width, and other frequency-dependent characteristics.

• Gain: to determine the directionality, beamwidth, and coverage area of
the antenna sensor.
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Figure 3.6: CST Voxel family.

Table 3.6: CST Voxel family details.

Voxel model Age (Year) Size (cm) Mass (kg) Sex Resolution/mm

Baby 8-weeks 57 4.2 F 0.85 x 0.85 x 4

Child 7 115 21.7 F 1.54 x 1.54 x 8

Donna 40 176 79 F 1.875 x 1.875 x 10

Emma 26 170 81 F 0.98 x 0.98 10

Gustav 38 176 69 M 2.08 x 2.08 x 8

Laura 43 163 51 F 1.875 x 1.875 5

Katja 43 163 62 F-P 1.775 x 1.775 x 4.84

• E-field: helps to select the sensing region that provides the highest sen-
sitivity, this region should have the maximum electric field distribution.

• Specific Absorption Rate (SAR): to ensure that the SAR levels are
within acceptable limits to protect human health and safety. To sim-
ulate the SAR, CST Microwave Studio offers a variety of human body
models for numerical analysis, which offers a vast collection of biological
body models as shown in Figure 3.6.

These human body voxel models are made of different weight, height, ages
and resolution. CST provides the option for the users to explore material
properties for any desired frequencies. Table 3.6 presents details of all models
available in the CST Voxel Family obtained from the CST website.
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3.5 Characterization methods

This section is dedicated to describe the characterization methods used in
this thesis. The first method is to characterize the substrate materials by
measuring the dielectric constant and loss tangent. Subsequently, the res-
onance frequency shift measurement will be discussed. In addition, sample
preparation of salinity, sugar, and glucose concentration will be determined.
The different measurement methods adopted to monitor different breathing
patterns will also be presented. Besides, to retrieve the electromagnetic prop-
erties of liquids, a method using a SIW antenna sensor will be explained as
well.

3.5.1 Characterization of the substrate materials

Measuring the dielectric properties of the used substrate is required for simu-
lation and design. In this thesis, considering that the addressed applications
need different substrates, the textile materials are tested every time. The
relative dielectric constant and loss tangent of the substrate can be measured
by a Microwave Frequency Q-Meter as shown in Figure 3.1 (a). Also, an Elec-
tronic Outside Micrometer is utilized to determinate the thickness (h) of the
substrate (Figure 3.1 (b)). In this thesis, felt is chosen as one of the substrates
due to its better hygroscopicity and low losses compared with other fabrics.
Its relative experimental dielectric constant and loss tangent are εr = 1.2 and
Tanδ = 0.0013 , respectively. The textile substrate material corresponds to
a non-woven structure with a 100 polyester (PES) composition and it has
a weight of 211 g/m2. Therefore, this textile substrate is resistant to tear-
ing and humidity, whereas it has several advantages including heat stability,

Figure 3.7: Substrate parameters measurements,(a) Permittivity and loss tan-
gent measurements and (b) thickness measurement.
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chemical moisture resistance, and durability. Furthermore, a cotton T-shirt
is used to monitor breathing patterns. The dielectric properties of the T-
shirt are accurately characterized by a dielectric constant and loss tangent
corresponding to εr = 1.3 and Tanδ = 0.0058, respectively.

3.5.2 Resonance frequency shift measurement

The principle of operation of an antenna-based sensor is explained in sec-
tion 2.3, using the microstrip rectangular patch antenna as an example. As
explained, a microstrip patch antenna radiates EM signals at its resonance
frequencies. An incident signal is provided to feed the microstrip line. This
incident signal is either transmitted by the radiation patch or reflected by
it. The spectrum of the reflected signal, thus, shows significant losses at the
antenna resonance frequencies. This phenomenon is represented by the S11

curve from which the resonance frequency can be extracted. The resonance
frequency is determined as the frequency at which the S11 is a local minimum;
at this frequency, most of the incident power is radiated by the antenna, and
thus, little power is reflected back. However, the resonance frequency shift is
the most commonly used sensing parameter. The resonance frequency shift
technique for antenna-based sensor is based on the principle of monitoring
the changes in resonance frequency of an antenna when its surroundings or
properties are changed. This method is widely used in various sensing applica-
tions, including liquid characterization, healthcare monitoring, environmental
monitoring, and wireless communication systems.

The resonance frequency of a rectangular patch antenna can be calculated
as [127]:

fmn =
c

2π
√
εreff

√(
mπ

Le

)2

+

(
nπ

We

)2

(3.1)

Where c is the speed of light and εreff is the effective dielectric constant; m,
n represents the resonant orders; for an antenna with rectangular radiation
patch, the fundamental mode is TM10. The electric length Le and the electric
width We can be calculated from the geometric dimensions of the radiation
patch and the fringe extensions as:

Le = L+∆L (3.2)

We = W +∆W (3.3)

Where, L, W are the width and length of the antenna patch, respectively.
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Therefore, the resonant frequency of the TM10 mode can be simplified
from equation 3.1 as:

f10 =
c

2
√
εreff

1

Le
(3.4)

The line extension ∆L can be neglected, when the substrate height h is much
smaller than the dimensions of the radiation patch. Thus, equation 3.4 can
be simplified to:

f10 =
c

2L
√
εreff

(3.5)

The relationship between the antenna frequency shift ∂f10and the changes in
L and εreff can be derived by taking the full derivative of equation 3.5[128]:

∂f10 =
∂f10
∂εreff

∂εreff +
∂f10
∂L

∂L (3.6)

Thus,

∂f10
∂εreff

=

(
− 1
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)
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2L
√
εreff
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(
− 1

2εreff

)
f10 (3.7)

and

∂f10
∂L

=

(
− 1

L

)
c

2L
√
εreff

=

(
− 1

L

)
f10 (3.8)

Normalizing ∂f10 with respect to f10 results in:

∂f10
f10

= −1

2

∂εreff
εreff

− ∂L

L
(3.9)

This equation serves as the theoretical basis for the antenna-based sensors:

• The first expression of the right-hand side represents the sensitivity of
the antenna’s resonant frequency to the changes of the effective dielectric
constant of the sensing area of the antenna, which can be used for
monitoring blood glucose levels and PH levels.

• The second term represents the resonant frequency sensitivity of the
antenna with respect to changes in radiation patch dimensions, which
can be used for strain sensing.
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In this thesis, the resonance frequency shift technique is used for:

Liquid sensing: resonance frequency shift can be used in liquid concentra-
tion level sensing, such as blood glucose level for diabetes or salinity/sugar
concentration. Liquid sensing is based on the principle of measuring changes
in the dielectric constant due to a measurand in the sensing area of the an-
tenna. When the effective dielectric constant of the surrounding antenna
including the measurand changes, it affects on the resonance frequency of
the antenna sensor. The resonance frequency can be defined by the antenna
reflection coefficient (S11) plot. In the S11 curve between frequency (x-axis)
and S11 results (y-axis), the minimum point of the S11 curve is determined
as the resonance frequency of the antenna-based sensor. Figure 3.8 presents
the details for the resonant frequency shift measurement technique for liquid
sensing.

Figure 3.8: (a) Illustration of frequencies shift of the antenna sensor, (b)
Measurement setup configuration.

Strain sensing: an antenna sensor for strain sensing is a device that utilizes
changes in the mechanical strain applied to it to alter its electrical properties.
When the strain is applied, the antenna effective length changes with struc-
tural deformation, which influences the resonance frequency of the antenna
sensor. This sensing method is used for breathing monitoring. The sens-
ing mechanism is based on the resonance frequency shift of the embroidered
antenna-based sensor. When the textile antenna sensor is worn by a human
body, its geometry is subjected to significant deformation due to the body’s
respiration process. As a result, the operation frequency of the antenna-based
sensor shifts downward or upward because of the strain applied on the antenna
by the chest movement as shown in Figure 3.9.
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Figure 3.9: S11 Simulation results of the antenna-sensor under stretching, (b)
Configuration of the proposed antenna-sensor under the stretching caused by
the chest expansion during the breathing.

3.5.3 Samples preparation

3.5.3.1 Salinity and sugar concentration

Salt and sugar solutions are ionic compounds. These compounds appear in
the ionic state when they are dissolved in water. The solubility of sugar and
salt in water at room temperature are 2000 g/l and 360 g/l, respectively.
Therefore, sugar is much more soluble in water than salt. Using the following
equation, the percentage of salt and sugar concentration is calculated:

Masspercent =
Msolute

Msolution
· 100 (3.10)

where,

Msolute: Mass of solute(g)

Msolution: Mass of solution(g)

Density of water:

ρ =
Masswater

volumewater
= 1 g/ml (3.11)

Both compounds are added individually to distilled water to obtain dif-
ferent percentages of salt and sugar concentration using equation 3.10. The
mass of the solution is equal to the mass of the solvent (distilled water) plus
the mass of the solute (sugar or salt), the mass of water 1g = 1mL according
to equation 3.11. Table 3.7 presents the mass of the solute and the distilled
water to calculate the percentage of different concentrations of salt and sugar.
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Table 3.7: Calculation of the percentage of varying concentrations

Concentration
(%)

Mass of
solute (g)

Mass of
water (g)

5 2.5 47.5

10 5 45

20 10 40

In this thesis, the calculations are carried out to find the 5, 10, and 20 % of
sugar and salt concentrated solutions.

3.5.3.2 Blood mimicking by means of aqueous solutions

The entire human blood consists of glucose, water, and other components.
Furthermore, water makes up about 92% of an adult’s total body weight
(Figure 3.10 (a)). Therefore, it can be supposed that the dielectric properties
of the blood are related to the properties of aqueous glucose solutions. To
imitate the blood behavior for in vitro experiments, several aqueous glucose
concentrations are prepared by mixing distilled water and D Glucose powder
for various diabetic conditions of type-2 diabetes. The glucose/water solu-
tions are prepared to verify the functionality of the proposed antenna-based
sensor. Figure 3.10 (b) presents the diabetes control chart for three diabetic
conditions. The international unit for measuring the concentration of blood
glucose is mmol/L.

Formula to calculate mg/dL from mmol/L:

mg/dL = 18mmol/L (3.12)

The glucose/water solutions are prepared to cover diabetes patients for three
states concerning glucose concentration level (Gcon):

• Hypoglycemia: Gcon ≤ 70 mg/dL.

• Normoglycemia: 80 ≤ Gcon ≤ 110 mg/dL.

• Hyperglycemia: Gcon > 120 mg/dL.

3.5.4 Measurement of different breathing patterns

Monitoring breathing patterns can provide valuable insights into an individ-
ual’s respiratory health and overall well-being. By analyzing diverse breathing
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Figure 3.10: (a) Water proportion in the human body, (b) Diabetes control
chart.

patterns, researchers and healthcare professionals can identify changes or ab-
normalities that may indicate underlying medical conditions. Two different
methods are addressed in this section.

3.5.4.1 Breathing detection based on resonance frequency shift
measurements

In this thesis, two different techniques are used to monitor different breath-
ing patterns. The first one is based on the resonance frequency shift of the
antenna-based sensor induced by the chest expansion and the displacement
of the air volume in the lungs during breathing. The working principle is
based on strain sensing as explained in the previous section.The resonance
frequency shift is continuously measured using a VNA linked to a remote PC
via LAN interface in real-time. A program via Matlab is developed to collect
respiration data information using a PC host via LAN interface to be able to
transfer over TCP/IP. The measurement setup configuration is presented in
Figure 3.11 (a).

3.5.4.2 Breathing detection based on RSSI measurements

The breathing system is composed of four parts: an embroidered antenna-
based sensor integrated into a cotton T-shirt and placed on the middle of the
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Figure 3.11: Breathing detection systems embedded into textile T-shirt: (a)
based on the resonant frequency shift using VNA (b) based on RSSI detected
wirelessly using a base station.

human chest, a transmission Bluetooth module, a receiver Bluetooth mod-
ule, and a base station. The measurement setup configuration is presented in
Figure 3.11 (b). The breathing antenna sensor is connected to a Bluetooth
transmitter, and during breath, the transmitted signal from the antenna sen-
sor is sensitive to strain caused by the movement of the abdomen and chest
wall. The respiratory signal is extracted from the variation of the RSSI sig-
nal emitted from the detuned embroidered antenna sensor integrated into a
T-shirt. A base station contains a laptop and a receiver Bluetooth which
are used to receive the Bluetooth signal from the transmitter antenna sensor.
MATLAB is used to collect and visualize the breathing data information in
real-time. The block diagram for the breathing monitoring system is shown
in Figure 3.12.

3.5.5 Liquid characterization

The determination of the dielectric properties for liquid under test by using an
antenna sensor based on Substrate Integrated Waveguide (SIW) technology
will be discussed in this section.

The principle of operation is based on the SIW cavity antenna sensor con-
sisting of a circular resonant cavity with a hole in the center to introduce the
pipe which contains the liquid under test (Figure 3.13). The cavity resonates
on the fundamental mode, whose electric field amplitude is maximum at the
center. Furthermore, when the pipe is inserted through the cavity hole, the
presence of the liquid under test perturbs the EM field inside the cavity, by
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Figure 3.12: Block diagram of breathing monitoring: (a) Wearable unit, (b)
Receiver

changing the quality factor and shifting the resonance frequency. To increase
the sensitivity of the device, a metal sheath is covered on the wall of the pipe
to enhance the penetration of the EM field into the pipe.

This phenomenon is present in Figure 3.14 which shows the amplitude
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Figure 3.13: Design layout of the proposed sensor: (a) Front view, (b) Back
view, and (c) Side view.

of the electric field inside the cavity with and without metal sheath. This
permits the electromagnetic field to penetrate profoundly inside the liquid
under test and has a better accuracy to retrieve the dielectric properties of
Liquid Under Test (LUT).

Figure 3.14: Amplitude of the electric field: (a) without metal sheath, (b)
with metal sheath
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The resonance frequency shift and quality factor are two important pa-
rameters used to extract the liquid properties. Therefore, the S-parameters
allow for determining the resonance frequency and the unloaded quality factor
of the cavity and, in turn the EM properties of the liquid under test.

The resonance frequency is calculated as the frequency corresponding to
the minimum of S11. Figure 3.15 explains the process calculation of the
quality factor from S11, where:

Figure 3.15: Measurement of quality factor from S11.

S11,∆f = 10 · log10
(
10S11,b/10 + 10S12,f0/10

2

)
(dB) (3.13)

Where, 10S11,b/10 is the base line of S11 is the S11 value at the resonance
frequency.

The loaded quality factor can be calculated from:

QL =
f0

f2 − f1
(3.14)

To obtain the unloaded quality factor (Qu), the coupling coefficient k has to
be calculated from the linear value of S11, f0:

k =
1− S11,f0

1 + S11,f0

(3.15)

Therefore, the unloaded quality factor can be calculated as:

Qu = QL(1 + k) (3.16)
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3.5.5.1 Retrieval of LUT dielectric constant

The following process is used to determine the real part of the complex per-
mittivity (εr) in terms of the resonant frequency shift. CST simulations are
performed, considering the pipe filled with liquids with different dielectric
constant εr ranging from 1 to 90, to calculate the corresponding frequency
shift. The simulated frequency shift ∆f = f0-fres, where:

f0: represents the resonant frequency in the case of empty or air-filled.
fres: represents the resonant frequency in filled pipe.
The simulation results (simulated resonant frequency shift versus the di-

electric constant of LUT) are fit using a curve fitting technique to retrieve
the real part of the complex permittivity of the liquid under test from the
measured frequency shift.

3.5.5.2 Retrieval of LUT loss tangent

The variation of the unloaded quality factor Qu is exploited to extract the loss
tangent Tanδ of the liquid under test. The relationship between loss tangent
and quality factor can be obtained by:

Qu =
1

Tanδ
(3.17)

In the simulations, the unloaded quality factor obtained from the system
(Qsim

u ) contains the losses from the substrate structure and the conductors
(defined by Qsim

S+c and also the losses from the liquid in the pipe (defined by
Qsim

liq ), therefore:

1

Qsim
u

=
1

Qsim
liq

+
1

Qsim
S+c

(3.18)

Based on 3.18, the value of the quality factor Qsim
liq , due to losses in the

liquid, can be expressed as:

1

Qsim
liq

=
1

Qsim
u

− 1

Qsim
S+c

(3.19)

Where:
Qsim

u : quality factor calculated from the simulation of the full system
including the losses of the liquid pipe.

Qsim
S+c: quality factor obtained from the simulation of the system including

the losses of the substrate material and conductors and with lossless of the
liquid pipe.
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An estimation of the losses in the structure can be retrieved from the
measurements. Therefore, the quality factor Qm

S+ceas can be estimated by the
measured quality factor Qm

U,aireas of the system with an empty pipe (equation
3.19).

Qsim
S+c −→ Qmeas

S+c = Qmeas
U,air (3.20)

By substituting 3.19 and 3.20 in 3.18, the combination of the measured
and simulated quality factor can be obtained from this expression:

1

Qsim,ref
u

=
1

Qsim
u

− 1

Qsim
S+c

+
1

Qmeas
u,air

(3.21)

Where, the first term of the right-hand side contains the losses in the liquid
under test, and the second and third terms demonstrate the refinement of the
losses in the structure, obtained by replacing the simulated value with the
measured one. Furthermore, this proposed technique is based on retrieving
the dielectric properties of the liquid injected into the pipe. The dielectric
constant (εr) of the liquid is retrieved from the shift of the resonance frequency
relative to the case of an empty pipe. Particularly, the loss tangent (Tanδ) of
the liquid is extracted from the variation of the quality factor, after removing
the actual losses of the structure.
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4
Results

This section contains the main research findings obtained in this thesis. Over
the course of our study, we conducted extensive investigation and analysis to
address specific applications. The following subsections will provide differ-
ent applications, and the corresponding publications from the author will be
cited. In particular, we worked on the following cases: textile antenna sen-
sors for in Vitro diagnostics of diabetes, determination of salinity and sugar
concentration by means of textile antenna sensor, an embroidered wearable
antenna-based sensor for real-time breath monitoring, a wireless communica-
tion platform based on an embroidered antenna sensor, and a textile antenna
sensor in SIW technology for liquids characterization. By presenting these
key findings, we aim to showcase the contributions to developing knowledge
and understanding of the topics discussed in this thesis.
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4.1 Textile antenna sensors for in Vitro diagnostics
of diabetes

Ref B: Gharbi, Mariam El, Raúl Fernández-Garćıa, and Ignacio Gil. 2021. 
”Textile Antenna-Sensor for In Vitro Diagnostics of Diabetes” Electronics 
10, no. 13: 1570.

4.1.1 Introduction

Nowadays, the healthcare field has seen great advances in developing wearable 
antenna sensors to monitor various vital signs and medical conditions. 
One such breakthrough innovation is the textile antenna sensor, which 
can be used for monitoring blood glucose levels. By integrating 
electronics with textiles, this technology provides a discreet, convenient, and 
real-time solution for individuals dealing with diabetes. Furthermore, 
electronic textiles could be developed on common garments which are 
lighter and more comfortable. They can also easily adapt to rapid changes in 
the computational and sensing conditions of any application.

This section proposes a textile antenna-based sensor for in vitro 
exper-iments to monitor blood glucose level. The proposed system uses a 
square ring incorporated within a textile monopole antenna to absorb and 
sense dif-ferent glucose concentrations through the sensing area. Hence, the 
substrate dielectric properties are changed according to the properties of 
the glucose concentration. The experiments are carried out with blood 
mimicking by us-ing D(+)-glucose with distilled water for various diabetic 
conditions including hypoglycemia, normoglycemia and hyperglycemia. 
These differences in glu-cose concentration are detected as different 
frequency shifts in reflection co-efficient measurements. Moreover, the 
proposed system demonstrates a proof of concept for monitoring blood 
glucose level and diagnostics of diabetes. The details of the full research are 
provided in Ref B.

4.1.2 Structure of the proposed antenna-based sensor design

The design of the proposed antenna sensor is based on a square ring that con-
tains the sensing area and a partial ground plane. To design it and perform a 
realistic simulation, the dielectric properties of the textile substrate need to 
be defined. A split-post dielectric resonator (SPDR) is used to characterize 
the dielectric parameters of the substrate as explained in Chapter 3.2.1. Felt 
is chosen as a substrate due to its low loss tangent and low cost in comparison 
with other fabrics (see Table 3.1). This antenna-based sensor is designed to
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operate at 2.4 GHz. The proposed textile antenna-sensor is embroidered us-
ing a professional embroidery machine (Singer Futura XL-550). Figure 4.1(a)
illustrates the simulated model which is embroidered by the mentioned tech-
nique in the previous section as shown in Figure 4.1(b). A parametric study
is carried out by means of a geometric tuning process on various parameters
of the proposed antenna-sensor in order to obtain a better understanding of
the physical behavior of the antenna sensor and optimize its behavior at 2.4
GHz. Table4.1 presents a list of the optimized geometrical parameters of the
proposed antenna sensor.

Figure 4.1: (a) Geometry of the proposed antenna sensor, (b) Embroidered
prototype.

Table 4.1: Antenna-based sensor parameter dimensions.

Parameters Dimensions (mm)

w 35

l 35

wf 3.1

lf 19

a 15.4

b 9.4

lg 5
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4.1.3 Preparation test

For the sake of simplicity, to mimic the blood behavior, various aqueous glu-
cose concentrations are prepared by mixing distilled water and D (+)- glucose
powder. In order to obtain the glucose solutions with different concentration
levels, accurate weighing is realized by a precise balance (PCE-BS 300). The
glucose/water solutions are prepared to cover various diabetic conditions of
type-2 diabetes. Three sets of samples of the proposed antenna sensor are
prepared to test different glucose concentration levels Gcon for:

• Hypoglycemia: Gcon ≤ 70 mg/dL.

• Normoglycemia: 80 ≤ Gcon ≤ 110 mg/dL.

• Hyperglycemia: Gcon > 120 mg/dL.

The measurement setup for the preparation test is presented in Figure 4.2.
Each set is composed of four newly embroidered antenna sensors for a specific
state of diabetes. The proposed antenna sensor is connected to an N9916A
FieldFox microwave analyzer operating as a Vector Network Analyzer (VNA)
for saving data of the reflection coefficient for the in vitro experiment. A
digital micropipette device is used to drop a specific volume of each concen-
tration on the sensing area. In order to reduce the measurement errors due
to uncertainty in the solution volume (V), a V=2µL is chosen to test different
glucose concentrations. The environmental conditions are maintained during
the experiment.

Figure 4.2: Photograph of measurement setup for the preparation test.
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4.1.4 Simulation and measurement

The performance of the proposed antenna-sensor is simulated using the com-
mercial CST Studio Suite 3D full electromagnetic simulator. Since, three sets
of samples are prepared over three diabetic conditions (hypoglycemia, nor-
moglycemia, and hyperglycemia), each set contains four new antenna-sensors.
The initial testing is implemented for different glucose concentrations ranging
from 10 to 70 mg/dL to cover diabetes patients with hypoglycemia. A sec-
ond test is performed to cover patients with normoglycemia (80-110mg/dL).
The last test is implemented to reach the indicated concentrations for hyper-
glycemia ranging from 130 to 190mg/dL. Therefore, 12 antenna sensors are
fabricated and measured to verify the implementation of the proposed sys-
tem. All the fabricated antenna sensors are tested in free space by measuring
the S11. The simulated and measured S11 for five samples of the fabricated
antenna sensors are compared in Figure 4.3. The five samples are taken as an
example to emphasize the consistency of our antenna sensor. The S11 simu-
lated reaches -24 dB at resonance frequency 2.4 GHz. The measured results
of the five antenna sensors have a resonance frequency of 2.4 GHz and exhib-
ited a small declination of the S11 amplitude due to embroidery fabrication
tolerance.

Figure 4.3: Simulated and measured S11 of the proposed antenna-sensors in
free space.
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4.1.5 Results and discussion

The radio frequency (RF) microwave sensing of the glucose level is based on
the resonance concept of the antenna sensor. The glucose solutions have di-
electric properties that alter the propagation of electromagnetic waves. As
glucose interacts with the textile fabric, it causes changes in the dielectric
properties of the surrounding medium, altering the resonance frequency of
the antenna sensor. Therefore, the frequency shift is considered as the prin-
cipal sensing parameter of the proposed antenna-sensor. The square ring
is selected as the sensing area to apply a drop of 2µL by micropipette of
different glucose concentration. The S11 response of each concentration for
different diabetic conditions are recorded immediately (<6s) after the solution
is dropped on the sensing area. Figure 4.4 presents the measured S11 of the
proposed antenna sensor for the hypoglycemia state. We observed that the
resonance frequency of the proposed antenna sensor shifts up when increas-
ing the concentration of the glucose/water solutions. The electromagnetic
interaction between the antenna-based sensor and glucose with a different di-
electric constant is the main cause of the change in the resonance frequency.
After recording the antenna-based sensor performance results, the resonance
frequencies resulting from loading a specific glucose concentration can be esti-
mated using linear regression analysis. Figure 4.5 presents the applied linear

Figure 4.4: Measured S11 of the proposed antenna sensor for the hypoglycemia
state.
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Figure 4.5: Linear correlation for the frequency shift as a function of glucose
concentration in different diabetic conditions.

regression of the resonance frequency shift for the different diabetic conditions.
It can be observed that the results show a good linear relationship between
different glucose concentrations and the resonance frequency shift. The ob-
tained results demonstrate a correlation coefficient (R2) of 0.96 between the
indicated concentrations and the resonance frequency shift.

The sensitivity (S) of the proposed sensor is calculated by:

S =
∆f

∆c
MHz/mgdL−1 (4.1)

The measurement results of the proposed antenna-sensor succeed to differ-
entiate different glucose concentrations for different diabetic conditions. In
order to demonstrate the performance of our device, Table 4.2 presents a com-
parison of the proposed antenna-based sensor with previous works. It can be
observed that the proposed sensor offers a higher sensitivity in comparison
with other sensors reported in the literature which are based on diverse sens-
ing mechanisms.

Furthermore, the proposed antenna sensor has a compact size comparing
areas with other works. All of the antenna sensors reported in Table 4.2
used rigid substrates. Therefore, the proposed work is a novel approach for
monitoring blood glucose levels based on a textile antenna.
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Table 4.2: Comparisons of different methods for monitoring glucose concen-
tration using microwave sensors.

Ref
Measurement

technique
Concentration

(mg/dL)
Area
(mm2)

fr(GHz) Substrate
Sensing

parameters
S

(kHz per mg/dL)

[[129]
Rectangular

Waveguide Cavity
0-25000 110 x 54.5 1.9 Rigid fr(S21)

0.4

[[130]
Inverted F

Antenna (PIFA)
0-530 38 x 38 0.53 Rigid fr(S11) 3.54

[[131]
CSRR
resonator

70-150 59 x 20 1-6
Rigid
(FR-4)

fr(S21) 67-11

[[132]
Split ring
resonator

0-5000 50 x 20 4.18
Rigid

(Rogers )
fr(S21) 26

[[133]
Microstrip Patch
Antenna Sensor

0-400 42.97 x 34.60 2.4 Rigid fr(S21) 25

[[134] Transmission lines 0-347.8 - 16 Rigid fr(S11) 16.4

[[135] Single-port sensor 100-1000 55 x 30 4.8 Rigid (Rogers) fr(S11) 14

This
work

Monopole Antenna
Sensor

0-190 35 x 35 2.4 Textile fr(S11) 350

4.1.6 Conclusion

In this section, a textile monopole antenna sensor is proposed to monitor
glycemia levels for diabetes. The proposed sensor is tested in vitro experi-
ments to verify the functionality of the microwave glucose antenna sensor. The
sensing method is based on the absorption of different glucose/water concen-
trations by the textile substrate in the sensing area. The sensing parameter is
based on the resonance frequency of the reflection response. A linear regres-
sion is applied to the resonance frequency shift and it can be clearly seen a
good correlation between glucose concentration and the frequency shift. Fur-
thermore, the results demonstrated the ability of the proposed device to cover
different glucose levels of diabetes, hypoglycemia, normoglycemia, and hyper-
glycemia with a sensitivity of 350 kHz/(mg/dL). The proposed antenna-based
sensor, besides its capability to monitor glucose levels, presents various other
features such as miniatured size, simple design, and low cost. Such attrac-
tive characteristics promote the proposed sensor to be used as a preliminary
screening for monitoring blood glucose levels.

4.2 Determination of salinity and sugar concentra-
tion by means of textile antenna sensor.

Ref C: Mariam El Gharbi, Marc Martinez-Estrada, Raul Fernández-Garćıa
and Ignacio Gil, ”Determination of Salinity and Sugar Concentration by
Means of a Circular-Ring Monopole Textile Antenna-Based Sensor,” in IEEE
Sensors Journal, vol. 21, no. 21, pp. 23751-23760, 1 Nov.1, 2021.
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4.2.1 Introduction

The accurate and rapid assessment of salinity and sugar concentration in
various liquids is of extreme importance in different areas. However, recent
advancements in sensor technology, specifically textile antenna sensors, have
opened up new approaches for efficient and cost-effective analysis. Moreover,
the use of textile antenna sensors offers opportunities for cost-effective and
scalable solutions. Textiles are affordable, readily available, and can be easily
fabricated in huge quantities. By exploiting the electromagnetic properties
of these textiles, it is possible to design antenna sensors capable of detecting
and quantifying salinity and sugar concentration in liquids.

In this section, an innovative method used the microwave signals to mon-
itor and measure different concentrations of salt and sugar. The measure-
ments are provided by a fully textile circular-ring antenna sensor operating
at 2.4GHz. The sensing approach is based on the absorption of salt and
sugar concentration by the textile substrate. Different concentration of salt
and sugar are identified through variations in frequency shifts and magnitude
levels observed in reflection coefficient measurements. Moreover, to assess
the rinsing reliability of the antenna sensor, we conducted reflection measure-
ments by applying different amounts and concentrations of salt and sugar
before and after the rinsing process. The details of the full research are pro-
vided in Ref C.

4.2.2 Antenna sensor design and analysis

The selection of appropriate materials for the conductive and non-conductive
elements of an antenna sensor is critical, particularly when targeting proper-
ties such as lightweight, low-profile, compactness, and flexibility. It is neces-
sary to choose cost-effective, flexible and thinner materials in order to create
an antenna suitable for wear potential. In this work, we used a felt textile
material as an appropriate substrate due to its dielectric constant (εr=1.2)
and low tangent loss Tanδ=0.0013. Figure 4.6 shows the antenna-based sen-
sor configuration proposed in this study. It consists of a monopole antenna
with a circular ring shape and a partial ground plane. Table 4.3 presents the
optimal geometric parameters of the antenna sensor. The proposed textile
antenna sensor is designed and simulated by means of the full 3D electromag-
netic CST Microwave Studio software at a 2.4 GHz operation frequency. The
antenna has a circular ring slot of length 7.7 mm as shown in Figure 4.6. The
slot is incorporated to help absorb saline/sugar solutions. Absorbed solutions
with different characteristics change the substrate dielectric properties and
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Figure 4.6: Geometry of the proposed antenna sensor, (a) Front view, (b)
Back view, (c) Side view, and (d) Embroidered prototype.

Table 4.3: Size parameters of the design.

Parameters Dimensions (mm)

w 37

l 37

wf 3.1

lf 21

R1 7.7

R2 6

h 0.7

lg 4

thus reflection measurements will change accordingly.

4.2.3 Antenna sensing methodology and solution preparation

The key idea in this work is to use the textile material to absorb salt and sugar
solutions, which then changes the dielectric constant of the textile. When dif-
ferent concentrations of salt and sugar are dropped on the sensing area, the
dielectric constant is expected to change according to the concentration level
because each concentration induces its own (and different) dielectric constant
of the mixture medium of substrate material and solution. The frequency
of minimum reflection and corresponding magnitude of the reflection coef-
ficient (S11) before and after applying different solutions are recorded and
compared. The differences between these two recorded measurements for dry
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and wet antenna sensor are related to changes in the dielectric properties
of the substrate. This process can be used to collect a sample during an
examination, so that both quantity and content are of interest.

To validate the operation of the proposed antenna sensor, different con-
centrations of salt and sugar solutions of 5%, 10%, and 20% are prepared.
Both compounds are added individually to distilled water to obtain different
percentages of salt and sugar concentration. Various concentration calcula-
tions of salt and sugar are shown in the previous section. Different solution
volumes are tested using a polyethylene graduated transfer Pasteur pipette
with salt or sugar solutions on the sensing area of the proposed antenna sen-
sor. Thereafter, the resonance frequency and the magnitude of the reflection
coefficient variations are detected and recorded. The S11 is measured by using
an N9916A FieldFox microwave analyzer operating as Vector Network Ana-
lyzer (VNA) in a laboratory environment. The configuration of the proposed
antenna sensor setup is shown in Figure 4.7.

Figure 4.7: Measurement setup for the preparation test, (a) Photograph of
measurement setup, (b) configuration of measurement setup.

4.2.4 Experimental measurements and performance

The proposed antenna sensor is tested in terms of detecting the amount of
salt/sugar concentration solution. Six new fabricated antenna sensors are
prepared and different quantities and concentrations are applied to each sen-
sor. Three of the fabricated antenna-sensors are assigned to detect different
amounts and concentrations of salt solution and the last three are customized
to detect sugar concentration. To enhance measurement accuracy and re-
duce errors due to uncertainty in solution volume, a polyethylene graduated
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transfer pipette is used in the experimental setup. This pipette allowed the
precise dispensing of a predetermined volume of liquid samples into the sens-
ing area. All the prepared solutions are performed at room temperature of
25±1◦C to minimize the environmental effect on the collected measurements
and preserve consistent operating conditions for all data. To generate high-
accuracy measurement results, it is necessary to drop the liquid under test
within an area of strong electric field intensity. The quantities varying from 1
to 4 drops, each drop equivalent to 0.08 mL. Different quantities are applied
to each antenna sensor with different concentrations of salt/sugar.

The simulated and measured S11 in free space and with distilled water
for three examples of antenna sensor samples (A1, A2, and A3) are presented
in Figure 4.8 Note that A1, A2, and A3 are assigned for measuring different
amounts of salt concentrations. Therefore, the proposed textile antenna sen-
sors demonstrated good matching between the simulated and the measured
results. By applying distilled water to the sensing area of the three antenna
sensors, the resonance frequency in free space experienced a shift to 1.68 GHz.
This shift can be attributed to the higher dielectric constant of the distilled
water. All the antenna sensors are presented a good impedance matching
with return loss below -10 dB. However, there are minor variations noticed,
which could possibly be attributed to the tolerance levels in the embroidery

Figure 4.8: Simulated and measured S11 versus frequency for three antenna
sensors samples in free space and with distilled water.
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manufacturing process. In order to maintain result consistency, various con-
centrations, and quantities are used to test each antenna sensor. Sample
testing is performed at room temperature. The salt/sugar solution is applied
in 4 consecutive rounds of 1 drop (0.08 mL) each. The presented results are
recorded instantly (< 10 s) after the test sample is dropped into the sensing
area.

Results shown in Figure 4.9 represent the calculated resonance frequency
shift for different salt concentrations and quantities. The resonance frequency
shift increases as the quantity of salt increases at various concentrations.
Based on the obtained results, it can be concluded that each salt concentration
exhibits a distinct resonance frequency shift. This fact is key to achieve a
good salinity detector. A linear regression is applied to analyze the resonance
frequency shift with different salt concentrations and quantities as presented
in Figure 4.9. The three antenna sensors demonstrate high sensitivities of 550,
475, and 325 MHz/mL for 5%, 10%, and 20% respectively. Each of the three
solutions of different salt concentrations are applied to a textile antenna sensor
in increments of drops, and the changes in the magnitude of S11 are recorded
after the application of each drop. These results indicate that the presented
textile antenna sensor is able to differentiate between different amounts of
salt concentration. To detect different amounts of sugar concentration, three
sample antennas A4, A5 and A6 of the same dimensions and materials as

Figure 4.9: Linear regression of the calibration curve of the resonance fre-
quency shift at different salt concentrations and quantities.
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shown in Figure 4.6 are prepared. Each antenna sensors A4, A5, and A6
are assigned to measure three different amounts of sugar concentrations: 5%,
10%, and 20%, respectively. The amounts varying from 1 to 4 drops (1 drop =
0.08mL). The aim of this experiment is to monitor the effect of sugar solutions
on the antenna sensor’s performance. During testing, the first solution is
carefully dropped into the sensor, drop by drop, while measuring changes in
resonant frequency after each application. This process allowed us to monitor
the immediate impact of each droplet on the behavior of the sensor. The
results of applied linear regression analysis of the resonance frequency shift
at different sugar concentrations and quantities are presented in Figure 4.10.
Based on the obtained data, it can be concluded that each sugar concentration
exhibits a resonance frequency shift, which is crucial for developing an efficient
sugar detector. The applied linear regression analysis, as presented in Figure
4.10, shows a good linear fit of R2 = 0.9827 (R=correlation coefficient) of 10%
of sugar. The three antenna sensors exhibit notable sensitivities of 550, 325,
and 500 MHz/mL for sugar concentrations of 5%, 10%, and 20%, respectively.
From the obtained results, we explore the ability of the textile antenna sensor
to differentiate between different quantities of sugar concentrations.

Figure 4.10: Linear regression of the calibration curve of the resonance fre-
quency shift at different sugar concentrations and quantities.
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4.2.5 Reliability of the textile antenna sensor

In order to evaluate the reliability of the proposed antenna sensors, two extra
textile antenna sensors are fabricated to test diverse quantities and concen-
trations of salt and sugar solutions. The measurements are divided into two
parts. The initial part comprised three salt solutions with concentrations of
5%, 10%, and 20%, which are applied to one of the fabricated antenna sen-
sors. After testing the antenna sensor with different quantities of 5% salt
concentration, we rinsed the antenna sensor and dried it for reuse for testing
the two last concentrations. The embroidered antenna sensor underwent a
manual rinsing process using tap water. Subsequently, the textile antenna
sensors are subjected to multiple rinses, each lasting 10 minutes. The second
part consists of three sugar solutions with identical concentration and proce-
dure as the salt. After drying the proposed antenna sensor, the return loss is
recorded to evaluate the performance degradation in terms of the resonance
frequency. To assess the repeatability error of the antenna sensor, the mea-
surements are conducted four times for each concentration. As mentioned,
the first part is dedicated to evaluate the impact of rinsing in detecting salt
concentration. Only a single antenna sensor is used, which is rinsed each time
for detecting different salt concentrations and amounts ranging from 0.08 mL
to 0.32 mL. Note that the resonance frequency of the textile antenna sensor
remains unchanged even after rinsing, and its performance reverts back to
its original state. This confirmed that the proposed antenna sensor is not
damaged during wetting. The resonance frequency shift with different salt
concentrations and quantities are analyzed using linear regression. The ap-
plied linear regression analysis for the rinsed antenna presented in Figure 4.11
reveals a good correlation with the linear fit between different quantities of
salt concentrations and resonance frequency shift. The rinsed antenna sensor
exhibits high sensitivities of 800, 350, and 337.5 MHz/mL for 5%, 10%, and
20% of salt, respectively. By comparing the previous results of Figure 4.9
and Figure 4.11, they reveal that the resonance frequency shifts in both cases
(dry and wet) maintain the same behavior (the frequency of the resonant
frequency increases with the increasing amount of salt in all concentrations).
This is due to the fact that the textile antenna sensor is not damaged during
wetting and therefore we obtain significant reliability. The second part is
dedicated to evaluate the effect of rinsing in detecting sugar concentration.
Only a single antenna sensor is rinsed each time for detecting different sugar
concentrations and quantities varying from 0.08 mL to 0.32 mL. A linear re-
gression of the calibration curve of the resonance frequency shift at different
sugar concentrations and quantities is presented in Figure 4.12. Based on the
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Figure 4.11: Linear regression of the calibration curve of the resonance fre-
quency shift at different salt concentrations and quantities after rinsing.

Figure 4.12: Linear regression of the calibration curve of the resonance fre-
quency shift at different sugar concentrations and quantities after rinsing.

obtained results, we observed that the textile antenna sensor is not damaged
during wetting, which indicates good reliability. The applied linear regression
analysis demonstrates a good correlation with the linear fit between resonance
frequency shift and different quantities of sugar concentrations. The rinsed
antenna sensor exhibits high sensitivities of 525, 250, and 250 MHz/mL for
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5%, 10%, and 20% of sugar, respectively. Based on the results presented in
this section, it can be inferred that the proposed antenna sensor maintained
its performance even after rinsing. This indicates that the rinsing process has
no appreciable detrimental effect on the performance of the antenna sensor.

4.2.6 Conclusion

This work presents a proof of concept for a new approach using an embroi-
dered fully textile antenna-based sensor to detect different concentrations of
salt and sugar concentrations using microwave signals. The sensing mecha-
nism relies on the absorption of salt and sugar solution into a felt textile sub-
strate through a circular ring integrated into the radiating element. Changes
in reflection-based measurements are used to detect salt and sugar concen-
trations. The proposed textile antenna sensor demonstrated its ability to dis-
tinguish between different amounts of salt and sugar concentrations, ranging
from 1 to 4 droplets. The proposed antenna sensor demonstrates a high sensi-
tivity of 800 MHz/mL and 550 MHz/mL for 5% salt and sugar concentration
solutions, respectively. In addition, we assessed the rinsing reliability of the
textile antenna sensor by measuring the S11 of varying amounts and concen-
trations of salt and sugar. This evaluation is used to ensure that the antenna
sensor remains undamaged when exposed to wet conditions. The proposed
antenna sensor offers several benefits, including high sensitivity, compact size,
consistent performance, and no fabrication complexities.

4.3 Embroidered wearable antenna-based sensor for
real-time breath monitoring

Ref D: El Gharbi, Mariam, Raúl Fernández-Garćıa, and Ignacio Gil. ”Em-
broidered wearable Antenna-based sensor for Real-Time breath monitoring.”
Measurement 195 (2022): 111080.

4.3.1 Introduction

An embroidered wearable antenna-based sensor presents immense potential
for real-time breath monitoring. The integration of the antenna into clothing,
enables continuous monitoring of breathing patterns, offering a comfortable
and convenient solution for individuals with breathing conditions. This ap-
proach enables healthcare professionals to collect timely and accurate data
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on breathing patterns, facilitating early detection of breathing and health
abnormalities.

This work introduces a new embroidered meander dipole antenna-based
sensor for real-time breath detection using the technique based on chest well
movement analysis. The proposed antenna-based sensor is placed on the
middle of the human chest and takes into account the user’s comfort with no
movement constraints. The sensing mechanism is based on the resonance fre-
quency shift of the antenna- based sensor, which is caused by the movement
of the chest and the displacement of air volume in the lungs during breathing.
Respiration data information is consistently monitored in real-time using a
Vector Network Analyzer (VNA), and the data is transmitted to a remote
PC through a LAN interface, using MATLAB. The measurements aimed to
monitor the breathing patterns of volunteers under different scenarios (stand-
ing and sitting) at diverse breathing conditions: eupnea (normal respiration),
apnea (no breathing), hyperpnea (deep breathing), and hypopnea (shallow
breathing). The details of the full research are provided in Ref D.

4.3.2 Mechanism of breathing detection

A simplified illustration of the lungs during inspiration and expiration is
shown in Figure 4.13(a). During respiration, the volume of the respiratory
system alters due to the movement of the abdomen and chest wall caused by
contractions of the intercostal muscles and the diaphragm. During inhalation

Figure 4.13: (a) Simplified illustration of the lings during inspiration and
expiration, (b) Geometry of the proposed antenna sensor, (c) Embroidered
prototype.
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(inspiration), the diaphragm contracts, leading to the downward movement
of the abdominal organs and a subsequent reduction in intrathoracic pres-
sure. Conversely, during exhalation (expiration), the intercostal muscles and
diaphragm relax, the abdomen and chest take back relax position and lung
volumes decrease as shown in the lower portrait of Figure 4.13(a). A technique
based on the analysis of chest wall movement is used to monitor breathing
using a meander dipole embroidered antenna sensor integrated into a cotton
T-Shirt. The proposed antenna sensor is positioned in the center of the human
chest. Breath sensing is accomplished by detecting the mechanical thoracic
chamber changes with the resonance frequency variation of the embroidered
antenna sensor. These changes are caused by the movement of the abdomen
and chest during respiration.

4.3.3 Antenna sensor design

The material used for the antenna conductive part is a commercial Shieldex
117/17 dtex 2-ply material. This specific conductive yarn available in the
market is composed of 99% pure silver-plated nylon yarn 140/17 dtex, which
ensures excellent conductivity. For the dielectric (nonconductive) part, a cot-
ton substrate of a commercial T-shirt is used. The dielectric properties of the
T-shirt are characterized using a Split Post-Dielectric Resonator (SPDR). The
cotton relative dielectric constant and loss tangent are εr=1.3 and Tanδ =
0.0058, respectively. On the other hand, the thickness of cotton substrate is
of 0.464 mm, measured using an Electronic Outside Micrometer. To begin
the design process, we started with a conventional dipole antenna, which is
known for its large dimensions. Next, we performed a comprehensive analysis
of several parameters, aiming to reduce its size and improve its performance
specifically at 2.4 GHz. As a result, we successfully achieved a significant
reduction of up to 54% in the overall size of the proposed folded meander
dipole antenna when compared to the normal textile dipole reported in the
literature [136]. The proposed antenna sensor is integrated into a commer-
cially available T-shirt at the pectoral region of the chest. The optimized
parameters of the antenna sensor are presented in Figure 4.13 (b), with: W
=45 mm, L =4.8 mm, d =7.6 mm, g =2 mm.

4.3.4 Data collection and treatment

The textile dipole antenna-sensor is integrated into the T- Shirt to mon-
itor respiration data with the help of a woman volunteer in a laboratory
environment. The main feature of the proposed antenna sensor is the reso-
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nance frequency shift exhibited due to the change of lung volume and textile
stretching under the chest movement. In order to evaluate this concept, a
Vector Network Analyzer (VNA) is connected to a PC host for data process-
ing through a LAN interface. Respiration data is recorded and processed in a
MATLAB environment. Figure 4.14 illustrates the configuration of the mea-
surement setup for real-time respiration detection using the antenna sensor
integrated into a T-Shirt. The volunteer is asked to proceed two different
positions (standing and sitting) for monitoring different breathing patterns,
including eupnea, apnea, hypopnea (shallow breathing) and hyperpnea (deep
breathing). A MATLAB program is developed to gather breathing data infor-
mation from VNA. The most important step is to configure the VNA with the
same IP address used in the PC host via LAN interface to be able to transfer
data with instrumentation over TCP/IP. The program is able to detect con-
tinuously respiration data information and measure the resonant frequency
shift. The obtained breathing signals are compared with the standard res-
piration signal for different breathing patterns, as explained in Figure 4.15.
Respiratory signals manifest in different ways that are determined by breath-
ing patterns. These breathing patterns can be categorized into four common
types of respiration, as illustrated in Figure 4.15. The eupnea represents the
natural respiration of an individual during relaxed conditions. Apnea refers
to stopping breathing. Hypopnea refers to decreased signal amplitude due to
shallow breathing. The hyperpnea is a deep breathing, the amplitude of the
signal breathing is higher than the eupnea. Table 4.4 provides an overview of
typical breathing patterns along with their descriptions and possible causes.
Therefore, continuous monitoring of breathing is critical to evaluate the sub-
ject’s health status, as it helps in the identification, diagnosis, and treatment
of various pathological conditions.

Figure 4.14: Measurement setup configuration.
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Figure 4.15: Process to detect human respirtory status.

Table 4.4: Different breathing patterns and their causes.

Breathing Patterns Description Causes

Eupnea
Quiet breathing or resting

respiratory rate
Normal breathing

Apnea Absence of breathing
Diabetes, Heart failure,

cardiomyopathy

Hypopnea
Shallow breathing or an

abnormally low respiratory rate
Anxiety, Asthma, Pneumonia,
Shock, Pulmonary Edema

Hyperpnea
Increased rate and depth

of breathing
Emotional stress, Diabetic

ketoacidosis

4.3.5 Results and analysis

The antenna resonant frequency is mainly determined by the parameters S,
more especially S11. The proposed antenna sensor prototype is characterized
in terms of S11 and Specific Absorption Rate (SAR) to evaluate its perfor-
mance for wireless communication. The antenna-sensor integrated into the
T-shirt is tested by measuring S11 using the Vector Network Analyzer in or-
der to verify the accuracy of the embroidery technique. The simulated and
measured S11 for the proposed antenna-sensor is presented in Figure 4.16.
Based on this figure, we can observe that the experimental measurement of
the S11 has a good agreement with the numerical simulation result. Both the
experimental and simulated results are obtained at an operating frequency of
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Figure 4.16: Simulated and measured S11 of the textile meander dipole
antenna-based sensor.

2.4 GHz. However, slight variations in the S11 amplitude are noticed due to
manufacturing tolerance process. The operating frequency of 2.4 GHz belongs
to the ISM (Industrial, Scientific, and Medical) band and is chosen according
to the requirements of medical monitoring applications.

Since the proposed antenna-sensor operates close to the human body, it
becomes crucial to take into account the absorption rate of radio frequency
(RF) energy in the surrounding tissues. The Specific Absorption Rate (SAR)
serves as a measure of the power absorbed by biological tissue when exposed
to an RF electromagnetic field. Specific Absorption Rate (SAR) plays an
important role in ensuring the safety of individuals exposed to Radio Fre-
quency (RF) energy. The Institute of Electrical and Electronics Engineers
(IEEE) and the International Commission on Non-Ionizing Radiation Pro-
tection (ICNIRP) have set recommended SAR limits, which are referenced
in the section 3.4 (chapter 3). Since the proposed breathing sensor can be
used by people of different ages and gender such as monitoring the respiration
status of a newborn infant, different voxel models are used for simulation the
SAR under two standards. Table 4.5 presents the results of a comprehensive
SAR analysis conducted by performing simulations on various voxel models
of different ages, sizes, and weights. The table includes the absolute SAR val-
ues and the corresponding safety percentage (%) in relation to the standard
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Table 4.5: Specific absorption rate values at different voxel model and stan-
dards.

Voxel
model

Age
(Year)

Size
(cm)

Mass
(kg)

Sex Resolution/mm
SAR (1g)
W/kg

SAR (10g)
W/kg

Baby 8-weeks 57 4.2 F 0.85 x 0.85 x 4 1.53 (4%) 0.86 (57%)

Child 7 115 21.7 F 1.54 x 1.54 x 8 1.54 (4%) 0.064 (96%)

Donna 40 176 79 F 1.875 x 1.875 x 10 0.295 (81%) 0.141 (92%)

Emma 26 170 81 F 0.98 x 0.98 10 0.878 (45%) 0.414 (79%)

Gustav 38 176 69 M 2.08 x 2.08 x 8 1.57 (2%) 0.786 (60%)

Laura 43 163 51 F 1.875 x 1.875 5 0.489 (69%) 0.247 (87%)

Katja 43 163 62 F-P 1.775 x 1.775 x 4.84 0.456 (71%) 0.226 (88%)

Figure 4.17: (a) Antenna-sensor on human Emma voxel model, SAR at
2.4GHz: (b) 1g, (c) 2g.

SAR limits. This table shows that the proposed breathing sensor offers an
acceptable SARs at different voxel model for both standards. As an example,
the proposed antenna-sensor is placed on the chest of a realistic Emma voxel
human model with a SAR distribution at 2.4 GHz for two standards (1 g and
10 g) as shown in Figure 4.17.

The main concept of this study is to validate the integration of an antenna-
sensor into a commercially available T-Shirt for real-time breathing monitor-
ing. A female volunteer (28 years old, 1.67 cm tall, weighing 70 kg) with
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similar characteristics to the human Emma voxel model participated in the
breathing tests. Real-time simulations of various respiratory patterns, as de-
scribed in Table 4.4, are performed by the volunteer. Figure 4.18 depicts
a photograph of the volunteer wearing the T-shirt during laboratory testing
while sitting and standing. To assess the feasibility and consistency of the
proposed antenna-based sensor, several experimental tests are conducted to
monitor different breathing patterns, including eupnea, apnea, hypopnea, and
hyperpnea. During the test, the volunteer is asked to:

• Normal breath.

• Deep breaths (hyperpnea) followed by shallow breaths (hypopnea).

• Deep breaths (hypernea) followed by apnea (absence breathing).

For the normal respiration (eupnea), the female volunteer is asked to breathe
normally and at ease in different positions (standing and sitting on a chair).
During the apnea test, there is no air exchange either through the mouth or
the nose means that no diaphragmatic and intercostal muscle activity. The
resonant frequency shift is continuously measured using an N9916A FieldFox
microwave analyzer operating as Vector Network Analyzer (VNA) to a re-
mote PC via LAN interface in real-time. The volunteer is then instructed
to engage in deep breathing (hyperpnea), causing the resonance frequency to
shift to 3.2GHz. Next, the volunteer switched to shallow breathing (hypop-
nea), which shifted the resonant frequency to 2 GHz (Figure 4.19(b)). The

Figure 4.18: Photograph of the embroidered antenna-based sensor into a cot-
ton T-shirt under laboratory testing for different scenarios, (a) sitting, (b)
standing.
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hypopnea has a low breathing signal according to a low respiratory taking
by the volunteer. During apnea, the volunteer begins a deep inhalation, fol-
lowed by a pause in breathing for several seconds (Figure 4.19(c)), without
exchanging air through the mouth or nose. It can be seen that the signal be-
comes saturated across different breathing patterns, as the female volunteer
maintains a constant breathing cycle during inhalation, which displays the
accuracy of the proposed system for different breathing patterns. The peak
saturation of the curve for apnea is due to the absence of respiration, and this
corresponds to the standard breathing signal. The obtained results demon-
strate that our antenna is able to monitor different breathing patterns. The
measurements are repeated in sitting position for different breathing patterns
as shown in Figure 4.20. In the case of normal breathing (eupnea), a resonant
frequency shift of 2.84 GHz is observed (Figure 4.20(a)). The measured reso-
nant frequency shift for hypopnea and hyperpnea are 2.15 GHz and 2.95 GHz,
respectively (Figure 4.20(b)). Therefore, all obtained results showed similar
characteristics to the standard breathing signal shown in Figure 4.15. This

Figure 4.19: Measured respiratory patterns of an adult female volunteer in
standing position, (a) Eupnea, (b) hypopnea and hyperpnea, and (c) Apnea.
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Figure 4.20: Measured respiratory patterns of an adult female volunteer sit-
ting position, (a) Eupnea, (b) Hypopnea and hyperpnea, and (c) Apnea.

consistency enhances the potential of the embroidered antenna-based sensor
for monitoring human breathing. The proposed approach succeeded to mon-
itor different breathing patterns, which could prove valuable in assessing the
health status of an individual.

4.3.6 Conclusion

This study presents a new antenna sensor integrated into a commercially
available T-shirt to monitor respiration in real time. The sensor uses a me-
ander dipole antenna and operates at a frequency of 2.4GHz. The working
principle is based on detecting the change in the resonance frequency of the
antenna caused by expansion of the chest and displacement of the air dur-
ing breathing. Sensor efficacy is verified across different breathing patterns
(apnea, apnea, hypopnea, and hyperpnea) and two different body positions
(standing and sitting). Real-time detection of a female volunteer’s breathing
patterns has been successfully demonstrated using an antenna-based sensor.
The system holds potential for healthcare applications, including diagnos-
ing respiratory diseases and monitoring individuals with conditions such as

72



4.4. WIRELESS COMMUNICATION PLATFORM BASED ON AN
EMBROIDERED ANTENNA SENSOR

pulmonary edema and asthma. The proposed antenna-based sensor has the
advantages of combining wearability, compact size, consistent performance
and no fabrication complexities.

4.4 Wireless communication platform based on an
embroidered antenna sensor

Ref E: El Gharbi, Mariam, Raúl Fernández-Garćıa, and Ignacio Gil. ”Wireless
Communication Platform Based on an Embroidered Antenna-Sensor for Real-
Time Breathing Detection.” Sensors 22, no. 22 (2022): 8667.

4.4.1 Introduction

Breathing is a critical vital sign that holds immense significance in assess-
ing the physiological and physical condition of human health. It serves as
a critical indicator for evaluating various medical conditions, including sleep
apnea, asthma, and heart and lung diseases. Thus, continuous monitoring of
breathing plays an important role in determining the general health status of
a patient. The growing demand for improved medical breathing monitoring
systems, extensive research has been undertaken to develop simple, conve-
nient, and accurate measurement solutions. Recently, the need for wireless
respiratory monitoring technologies has increased because of their convenience
and ability to continuously monitor the physiological status of patients over
long periods. These wireless methods provide a great user experience through
the use of a remote sensing system. This enables patients to engage in their
daily activities while remaining under surveillance.

This study investigates and evaluates a wireless textile sensor platform for
monitoring breathing in real-time. Specifically, we propose to integrate a sen-
sor based on a meander dipole antenna into an e-textile T-shirt connected to a
Bluetooth transmitter for real-time breathing monitoring. The sensor, based
on the antenna design, enables data to be transmitted wirelessly through com-
munication networks operating at 2.4GHz frequency. Respiration is detected
through the use of Received Signal Strength Index (RSSI) measurements. The
respiratory system is placed centrally on the human chest. The respiratory
signal is extracted from the variation of the RSSI signal emitted at 2.4 GHz
from the embroidered antenna-based sensor embedded into a commercially
made T-shirt and detected using a base station (laptop). The details of the
full research are provided in Ref E.
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4.4.2 Design and characteristics of the antenna sensor

The textile antenna sensor plays a vital role in wearable technologies, particu-
larly within an e-textile system that incorporates wireless communication, lo-
calization, and sensing capabilities seamlessly and comfortably into garments.
Before integrating the antenna sensor into textile materials, it is necessary to
conduct a dielectric material characterization. The details of the proposed
antenna design and its parameter are presented in the previous section.

The breathing sensing mechanism of the proposed system is based on
the operation frequency shift of the embroidered antenna sensor. When
the textile antenna-based sensor is worn by a human body, its geometry
is subject to significant deformation caused by respiratory movements (ex-
pansion/contraction). Thus, the operating frequency of the antenna either
increases or decreases in response to the stress applied on the antenna by the
chest movement. The breathing antenna sensor is connected to a Bluetooth
transmitter positioned at the center of the chest. The frequency detuning of
the antenna leads to a mismatch in the transmitter, which affects the received
RSSI (Received Signal Strength Indication). A base station, equipped with a
laptop and a Bluetooth receiver, is used to continuously record the changes
of the RSSI signal emitted from the beaded antenna sensor.

4.4.3 Experimental measurement and performance analysis

A novel detection system based on the measurement of the power transmitted
by an embroidered meander dipole antenna-based sensor through a Bluetooth
protocol is presented. The innovative breathing system consists of four main
components: an antenna sensor integrated into a cotton T-shirt, positioned
at the center of the human chest, a transmission Bluetooth module, a re-
ceiver Bluetooth module, and a base station. The base station, which can be
a laptop or tablet equipped with a receiver Bluetooth module, is responsible
for detecting the signals. The Bluetooth transmitter module is fabricated by
means of a commercial ESP32-WROOM-32UE [137], which contains a U. FL
connector that needs to be connected to an external antenna. For our specific
implementation, the external antenna is a fully embroidered meander dipole
antenna-based sensor. The manufactured transmission module includes a
ESP32, which is a cost-effective and energy-efficient system on a chip (SoC)
that integrates Bluetooth and Wi-Fi capabilities. This ESP32-based trans-
mission module functions as an advertising beacon following the Bluetooth
Low Energy (BLE) protocol at a frequency of 2.4 GHz. The transmitter
Bluetooth module is fabricated and sewn into the T-shirt. A commercial
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ESP32-WROOM-32U is used to program our fabricated transmitter module.
Figure 4.21 illustrates the block diagram of the proposed breathing monitor-
ing system. The custom board, depicted in Figure 4.21 has a compact size
of 2.36 × 3.17 cm2̂. This compact design ensures a high level of comfort for
users when wearing the T-shirt.

The proposed breathing wireless system is sewn into the T-shirt. To ex-
tract the RSSI over the Bluetooth protocol, a code is created using Arduino
Software (IDE). This code enabled to display of RSSI signal variations result-
ing from the physical detuning of the antenna sensor integrated into the T-
shirt during the process of respiration. Bluetooth provides the RSSI as an in-
teger value in dBm, serving as a measure of the received power of a Bluetooth
Low Energy (BLE) signal. The breathing signal is obtained by analyzing the
changes in the received signal strength indicator (RSSI) from the antenna
sensor embedded in the T-shirt. The RSSI measurement is detected using a
laptop connected to a receiver Bluetooth module (ESP32 ESP-WROOM-32).
The respiratory signal is acquired from the RSSI signal emitted by the sensor
based on the antenna. This sensor is able to detect strain caused by movement
of the abdomen and chest wall. After programming the receiver Bluetooth
module, the receiver module receives the Bluetooth signal from the transmit-
ter antenna sensor. By using the RSSI data, the receiver unit estimates the
received power of the BLE signal. Then it transfers all the collected values to
a laptop computer via a serial connection. To collect and visualize breathing
data in real-time, MATLAB is used. Figure 4.22 summarizes the proposed
approach to detect and classify human breathing status.

Figure 4.21: Block diagram of breathing monitoring: (a) Wearable unit, (b)
Receiver.
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Figure 4.22: Procedure to detect human breathing status.

4.4.4 Detection of different breathing patterns

The transmitted signal from the embroidered antenna-based sensor is ob-
tained and recorded by the movements of the chest and the abdominal wall. It
should be noted that the transmitted signal is sensitive to stretching caused by
mechanical changes during breathing, as explained in detail in [89]. Breathing
patterns are typically classified into two categories: normal (eupnea) and ab-
normal (apnea). Abnormal respiration serves as a crucial indicator for chronic
diseases such as chronic obstructive lung disease, pneumonia, or physiological
instability. Hence, there is a significant practical need for a continuous real-
time respiratory system that is cost-effective. The proposed system’s signal
acquisition is performed in a real environment by an adult female. Various
precautions are taken to ensure accurate measurements, including the avoid-
ance of any human movements or actions. To assess normal breathing, the
participant is instructed to adhere to the following conditions:

• Respiration with small movement (walking);

• Respiration with speaking activities (reading a book);

• Stable pause without any other activities.

To acquire abnormal breathing, the signal is produced by pausing respiration
for a few seconds to imitate apnea. During the experiment, the transmitter
module is stitched into a T-shirt and worn by the participant, as depicted
in Figure4.23. A base station is set up, and the receiver Bluetooth module
is connected to the laptop. The base station consistently records the trans-
mitted received signal strength indicator (RSSI) emitted by the embroidered
antenna sensor. The participant followed the prescribed breathing patterns.
The IDE software displayed the RSSI values, which are read by MATLAB
through the serial port and plotted in real-time. Figure 4.24 displays the
recorded raw RSSI data and the corresponding smoothed RSSI curves repre-
senting eupnea breathing signals under different conditions. The smoothed
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Figure 4.23: Person under test wearing the e-textile for breathing monitoring:
(a) experimental setup configuration and (b) photograph of the experimental
setup.

Figure 4.24: Examples of eupnea breathing signals: (a) normal breathing in
stable position, (b) normal breathing while speaking and (c) normal breathing
while moving.
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RSSI signal is obtained by the Loess fitting method using data analysis and
graphic software. The signal of eupnea is generated, a signal that is similar
to sinusoidal breathing, and the breathing period is clear and could be dis-
tinguished. Therefore, expiration and inspiration phases in each respiration
period are clearly extracted for different examples of the normal respiration
status. The obtained results demonstrated that breathing signals can be ac-
quired wirelessly by the RSSI via Bluetooth. The RSSI range varied from -80
dBm to -72 dBm, -88 dBm to -79 dBm, and -85 dBm to -80 dBm, for ex-
piration and inspiration during normal breathing, speaking, and movement,
respectively.The RSSI measurements are collected at a distance of 1 meter
from the base station. It’s important to note that during the movement,
the participant maintained the physical separation between the receiver and
transmitter. We can observe that the transmitted received signal strength
oscillates as the participant breathes. By analyzing the data, we obtained the
respiration signal which consisted of 11 breathing cycles within a 60-second
timeframe. Note that normal breathing rates for an adult person range from
11 to 16 breaths per minute according to the respiratory rate chart [138]. The
estimated period for expiration and inspiration is 5 seconds, which is in good
agreement with the typical breathing cycle of 3 to 6 seconds. Figure 4.25
demonstrates an example of abnormal breathing (apnea) where there is an
absence of breathing due to a very brief expiration and inspiration period.

Figure 4.25: Example of abnormal breathing status.
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4.4.5 Conclusion

A fully embroidered antenna-based sensor integrated into a commercial T-
shirt is developed and tested for breathing monitoring. We have demonstrated
the ability of the wireless communicating portable system to monitor breath-
ing in real time. The system successfully transmitted the collected data to
a base station using a Bluetooth protocol operating at a frequency of 2.4
GHz. Experimental tests are shown that the proposed wireless system can
effectively detect the breathing signal using the received signal strength indi-
cator (RSSI) through the standard Bluetooth protocol. The wearable device
demonstrated its ability to accurately detect and monitor the breathing signal
of a female volunteer in real-time. These promising results indicate that our
e-textile T-shirt holds potential for various healthcare applications such as in
chronic obstructive pulmonary illness or sleep apnea and various respiration
disorders in neonates, children and adults.

4.5 Textile antenna sensor in SIW Technology for
liquids Characterization

4.5.1 Introduction

In recent years, there has been significant interest in the development of new
sensors for characterizing the electromagnetic properties of liquids. Various
methods are currently employed for liquid characterization, such as transmis-
sion line techniques, free space methods, coaxial probes, and cavity resonator
methods. Cavity resonators, in particular, are well-suited for precise and nar-
rowband characterization, offering a high level of accuracy. Cavity resonators
find great benefits in substrate-integrated waveguide (SIW) technology, offer-
ing cost-effective solutions and a relatively high-quality factor. In the present
era, textiles are becoming the first choice for developing and fabricating wear-
able antenna sensors due to their ability to offer wearer comfort and flexibility.
Therefore, the convergence of textile and SIW technology has resulted in a
remarkable fusion of wireless communications and liquid sensing capabilities.
SIW, an innovative transmission line technology, enables the design and inte-
gration of various electromagnetic structures on low-cost substrates. By inte-
grating this technology with textile antenna sensors, we can now create smart
fabrics that are able to distinguish and monitor liquids in real time. The tex-
tile antenna-based sensor represents a significant advancement in healthcare
applications. This novel approach provides a non-destructive, and versatile
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solution for liquid characterization, overcoming many limitations of conven-
tional techniques.

This work presents the implementation of a novel textile antenna sensor
based on a resonant cavity for liquid characterization. The cavity is based on
circular substrate integrated waveguide (SIW) technology with a hole in the
middle and a pipe passing through, which contains the liquid under test. the
pipe is covered by means of a metal sheath to enhance the electromagnetic
field to penetrate into the tube, thus increasing the device’s sensitivity. The
S11 measurement enables the extraction of electromagnetic properties of the
liquid injected into the pipe. Specifically, the dielectric constant of the liquid
is determined by observing the resonance frequency shift relative to the case of
an air-filled pipe. The loss tangent of the liquid is extracted by comparing the
variation in the quality factor with that of an air-filled pipe, after eliminating
the inherent losses of the structure.

4.5.2 Antenna sensor SIW design and working principle

In this work, the SIW antenna-based sensor structure is implemented by a
circular waveguide constructed using two circular conductor planes, which are
separated by a dielectric material. The substrate adopted for the realization
of the SIW antenna-based sensor is a felt material. furthermore, the top and
bottom metal layers of the SIW structure are implemented using Less EMF
Shieldit Super Fabric. The resonant frequency (fcnm) of TM0N mode for
designing the circular SIW cavity is defined by the following equations:

fcnm =
kc

2π
√
µε

=
ρnm
2πaµε

(4.2)

where,

kc : wavenumber kc =
ρnm

a

ρnm : root of Bessel’s function

Based on this formula, the value of ρnm derived from Bessel’s function
of TM01, is determined as 2.045. The a parameter represents an indicator
of the radius of the circular cavity, while µ and ε express the permeability
and permittivity, respectively. The simulation specifications are implemented
using a commercial CST Studio Suite 3D full electromagnetic simulator. The
dimensions of the proposed system are shown in figure 4.26(a) and (b). The
dimensions of the antenna sensor SIW are depicted in Table4.6. This SIW
cavity is designed to operate at 5.8GHz. A photograph of the textile antenna
SIW sensor is presented in Figure 4.26(c) and (d). Subsequently, the spacing
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Figure 4.26: Geometry of the proposed SIW antenna-based sensor, (a) Front
view, (b) Back view, Prototype of the proposed SIW antenna-based sensor,
(c) Front view, (d) Back view.

Table 4.6: Dimensions of the proposed SIW antenna-based sensor.

Parameters Dimensions (mm)

w 50

l 78

wf 3.84

wa 22

la 11.84

ws 2

R 22

ls 8.1

lg 13
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between the hole diameter, d = 1.5 mm, and the vias, p = 2.8mm of SIW
structure, indicates that the wave is propagating through to the waveguide
structure of electric fields spreading meets the condition d/p ≤ 0.5 and d >
0.2λg. However, if the position between vias is too far, there is a potential
risk of field leakage that could impact the performance of the SIW structure
[139]. The structure is based on a SIW cavity with a pipe in the middle
which contains the liquid under test. The pipe used to characterize the liquid
is a polypropylene (PP) tube. The advantages of this tube are its ability to
reduce sample effluent and measure time compared to other liquid handling
processes [140],[141]. This pipe is covered by means of a metal sheath to
enhance the electromagnetic field to penetrate into the tube, thus increasing
the device’s sensitivity. The structure of the proposed sensor consists of a
circular SIW cavity that contains an embedded pipe for liquid injection and
extraction. By introducing liquid into the pipe, the effective permittivity
inside the cavity changes, thus causing a variation in the resonance frequency
and the quality factor of the cavity. Furthermore, the working principle of the
proposed system is based on measuring changes in the properties of the liquid
surrounding the sensor. It used the interaction between the electromagnetic
fields radiated by the sensor and the liquid medium to extract the dielectric
properties of the liquid under test.

4.5.3 Measurements and results

The S11 of the SIW antenna-based sensor is measured when filling the pipe
with different liquids. It is measured by using an N9916A FieldFox microwave
analyzer operating as Vector Network Analyzer (VNA) in a laboratory en-
vironment. Figure 4.27 shows the measured S11 for four different cases (air,
distilled water, pure Isopropanol, and a mixture of 90% Isopropanol and 10%
water). From the obtained results, the resonance frequency of the SIW sensor
decreases when different liquids are injected into the pipe, i.e., when increasing
the dielectric constant of the liquid under test. To be precise, the resonance
frequencies shift from 5.8 GHz for the empty pipe to 5.32 GHz for the water-
filled pipe. In addition to the frequency shift, the quality factor of the SIW
sensor also alters when changing the liquid in the pipe. The resonance fre-
quency shift can be used to retrieve the dielectric constant of the liquid under
test. In order to achieve this, CST simulations are performed, considering
the tube filled with liquid with different dielectric constants ranging from 10
to 80. The purpose is to calculate the corresponding frequency shift ∆f . The
results of these analyses are presented in Figure4.28. The example of the

82



4.5. TEXTILE ANTENNA SENSOR IN SIW TECHNOLOGY FOR LIQUIDS
CHARACTERIZATION

Figure 4.27: Simulated and measured S11 for air, distilled water, pure Iso-
propanol and a mixture of 90% Isopropanol and 10% water.

mixture of 10% iso 90% water is presented in Figure4.28. When the mixture
is injected into the pipe, the measured frequency shift (with respect to the
case with empty pipe) is ∆f =0.44GHz. According to the plot in Figure 4.28,
the corresponding dielectric constant of the mixture is 61.24 (indicated in the
plot). This process is employed for all liquids under test examined within
this article. The dielectric properties of different liquids are measured using a
commercial open-ended coaxial probe Keysight N1501A Dielectric Probe Kit,
which is used as the reference technique. The dielectric constant and the loss

Figure 4.28: Simulated values of the dielectric constant versus the resonance
frequency shift, and experimental validation example for water and pure Iso-
propanol.

83



CHAPTER 4. RESULTS

Table 4.7: Dielectric constant retrieved with the proposed technique and ref-
erence values measured with the coaxial probe.

Mixture under test Antenna SIW sensor Coaxial probe Relative error %

Pure Water 71.94 72.44 0.69

10% Iso 90% Water 61.24 61.37 0.21

30% Iso 70% Water 38.84 37.92 2.42

50% Iso 50% Water 23.72 22.52 5.32

70% Iso 30% Water 14.23 12.10 17.60

90% Iso 10% Water 6.37 5.70 11.75

Pure Isopropanol 4.36 3.89 19.79

tangent of all liquids under test are compared with the values of the dielectric
properties measured by the coaxial probe. Table 4.7 represents the values of
the dielectric constant obtained from the presented method compared with the
measured values obtained by the coaxial probe characterization technique.In
order to retrieve the loss tangent of the liquid under test, the variation of
the unloaded quality factor is used. The methodology used to retrieve the
loss tangent is explained in the previous chapter. Figure 4.29 presents the
simulated values of the loss tangent versus the unloaded quality factor. By
calculating the unloaded quality factor obtained from the measured S11 for
LUT, the loss tangent of the liquid under test can be retrieved by using Figure
4.29. Since the unloaded quality factor of the mixture of 10% Iso 90% Water

Figure 4.29: Simulated values of the loss tangent versus the unloaded qual-
ity factor with the experimental validation example for water and 90% Iso-
propanol and 10% water.
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Table 4.8: Loss tangent retrieved with the proposed technique and reference
values measured with the coaxial probe

Mixture under test Antenna SIW sensor Coaxial probe Relative error %

Pure Water 0.28 0.29 3.44

10% Iso 90% Water 0.39 0.41 4.87

30% Iso 70% Water 0.69 0.67 2.98

50% Iso 50% Water 0.84 0.79 6.32

70% Iso 30% Water 0.82 0.81 1.23

90% Iso 10% Water 0.72 0.64 12.50

Pure Isopropanol 0.37 0.35 5.71

is 14.9, the resulting loss tangent is 0.39 (indicated in the plot). The value
obtained is quite close to the reference value obtained with the coaxial probe,
which is 0.40. Table 4.8 represents the values of the loss tangent obtained
from the presented method compared with the measured values obtained by
the coaxial probe characterization technique.

4.5.4 Conclusion

A textile circular cavity of the SIW antenna-based sensor is developed to
characterize the dielectric properties of liquid samples. The proposed system
is designed, simulated, fabricated, and measured at a resonance frequency of
5.8 GHz. A pipe is inserted at the center of the cavity SIW, where the LUT
can be injected and extracted, to define its electromagnetic properties. This
proposed SIW antenna-based sensor is used to retrieve the dielectric constant
and loss tangent of different liquid mixtures, and the values obtained are
compared with the result measured by the coaxial probe. To the best of our
knowledge, this work demonstrates for the first time the capability of a fully-
textile SIW antenna-based sensor to retrieve dielectric properties of liquid
under test using microwave signals.
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5
Conclusions and Future Work

5.1 Conclusions

This thesis presents the analysis, design, and testing of several wearable
antenna-based sensors for healthcare monitoring. The antenna sensor struc-
tures are implemented using embroidery on different textile substrates. The
thesis covers five JCR articles that document various applications of textile
antenna sensors. In the first chapter, the research objectives are presented
from a comprehensive analysis of the current advancements through a system-
atic review. By conducting a comprehensive analysis of the state, the four
main objectives are suggested including (1) Developing new textile antenna-
based sensors with high performance: low profile and area, high sensitivity,
low cost, and high durability; (2) Exploring wearable antenna-based sensors
that can be used for body signal/healthcare monitoring and communication
purposes; (3) Test the performance of the antenna sensor in real-world scenar-
ios, such as breathing monitoring and blood glucose level; and (4) Develop
an antenna-based sensor to be integrated with other commercial electronic
components, such as Bluetooth/WIFI transmitter.

An overview of the actual state of the art of wearable antenna sensors is
presented in Chapter 2, including the working principle, classification, and

87



CHAPTER 5. CONCLUSIONS AND FUTURE WORK

implementation of antenna sensors. In this section, the operating principle
of antenna-based sensor is explained. The main types of antenna sensors
including dielectric, strain, temperature, and crack sensing are described in
detail. Furthermore, the substrate implementation including rigid and textile
antenna sensors is discussed. The chapter finishes with several challenges and
opportunities to improve the performance of wearable antenna sensors.

The materials and methods for designing, manufacturing, and character-
izing textile and flexible antenna-based sensors are presented in Chapter 3.
The textile materials and their EM characteristics (dielectric and conductive
materials) and different manufacturing methods of wearable antenna sensors
are explained. This survey of textile materials reveals the extensive range of
design possibilities currently offered by textile antenna sensors. In this sec-
tion, several characterization methods are used for wearable antenna sensors,
and they present valuable insights into their functionality.

Chapter 4 presents the main research results carried out in the thesis. A
textile antenna-based sensor for in vitro experiments to monitor blood glu-
cose levels is presented. The proposed textile device demonstrates a proof of
concept for efficient in vitro blood glucose level measurements and diagnostics
of diabetes. The performance of the antenna sensor is practically validated.
The sensor demonstrates its functionality and the ability to detect different
concentrations to cover diabetes patients with hypoglycemia, normoglycemia,
and hyperglycemia relevant to type-2 diabetes. In addition to its ability to
monitor glucose levels, the proposed antenna-based sensor offers a range of
other features. These include its compact size, simple design, and low cost.
Furthermore, a novel antenna-based sensor is proposed to demonstrate for
the first time the capability of a fully-textile antenna sensor to detect differ-
ent amounts and concentrations of salt and sugar using microwave signals.
Moreover, the accuracy in detection is guaranteed, since small amounts of
volume change can be detected by means of resonance frequency shift. Some
additional tests are considered, such as rinsing reliability and repeatability
results. This evaluation is used to ensure that the antenna sensor remains
undamaged when exposed to wet conditions. Besides, the experimental re-
sults showed that the rinsing process has no appreciable detrimental effect on
the performance of the antenna sensor.

A novel fully embroidered meander dipole antenna-based sensor integrated
into a cotton T-shirt for real-time breathing monitoring using the technique
based on chest well movement analysis is presented. The antenna sensor has
proven its effectiveness in detecting various breathing patterns. However, this
method is inconvenient due to the use of a connecting cable for the Vector
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Network Analyzer (VNA), which limits the usability of the proposed system.
In order to improve user comfort, we proposed an e-textile T-shirt based on
the received signal strength indicator (RSSI) detected wirelessly using a base
station that presents a high level of comfort for the user. The innovative
system consists of a contactless antenna-based sensor embedded in a cotton
T-shirt and a laptop with a receiver Bluetooth module. The main novelty of
our research is the development of a new wireless communications platform
for breathing monitoring using a fully embroidered antenna sensor embedded
into a commercial T-shirt and connected to a transmission Bluetooth module
that provides high comfort for the user and is comfortable for long-term use.

Overall, the thesis provides novel sensing applications using a fully textile
antenna sensor. The outcome of the research activities presented in this thesis
is expected to serve as a baseline for the development of new approaches and
antenna-based sensor systems as well as lead to new research ideas.

5.2 Future works

Wearable antenna sensors are a topic of increasing interest in the industry
and the scientific community. Some further work may be carried out in the
research lines that emerged from this thesis. Among them, we would like to
highlight:

• Develop new antenna-based sensor to be integrated with other com-
mercial electronic components, such as WIFI transmitter for breathing
monitoring (Project TED2021-131209B-I00).

• Investigate new designs and sensing functions of textile antenna sensors
with common or novel textile materials using printing technology, which
could provide high accuracy.

• Studying the reliability of textile antenna sensors such as humidity and
temperature and human activity factors such as washing and sweat
corrosion that can imply certain effects on performance.
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Abstract: This review paper summarizes various approaches developed in the literature for antenna
sensors with an emphasis on flexible solutions. The survey helps to recognize the limitations
and advantages of this technology. Furthermore, it offers an overview of the main points for the
development and design of flexible antenna sensors from the selection of the materials to the framing
of the antenna including the different scenario applications. With regard to wearable antenna
sensors deployment, a review of the textile materials that have been employed is also presented.
Several examples related to human body applications of flexible antenna sensors such as the detection
of NaCl and sugar solutions, blood and bodily variables such as temperature, strain, and finger
postures are also presented. Future investigation directions and research challenges are proposed.

Keywords: antenna sensor; textile materials; wearable antenna sensor; flexible

1. Introduction

The industrial and academic world have generated a lot of interest in the field of wearable and
flexible electronics in recent years [1]. Flexible electronics, whose mechanical properties include to
be wrinkled, bent, and stressed/collapsed, would considerably extend the applications of modern
electronic devices to multiple real nonflat scenarios [2], including the shape of the human body [3].
As a consequence, flexible electronics combined with textile materials offer many advantages that make
them an attractive technology for boosting the next generation of consumer electronics, among them
are low-cost manufacturing, inexpensive flexible substrates, light weight, and ease of fabrication [4].

Recently, there has been a lot of interest focused on antenna sensors due to their simple configuration,
multimodality sensing, passive operation, and low cost [5]. Antenna sensors are electronic devices with
dual functionality for communicating and sensing, and they can be implemented by minimizing the
number of components. The function principle of antenna sensors is demonstrated by their geometrical
or intrinsic material change influence in terms of their antenna resonance frequency, which is evaluated
by means of the impact on the reflection coefficient. In addition, antenna sensors have been evolved
as another process to measure diverse physical parameters. To provide the wireless communication
required by today’s information-oriented community, it is necessary to integrate flexible antenna
sensors into flexible electronic systems [6].

In the literature, the first antenna sensor is published in [7]. A circular antenna is proposed to
measure the humidity content of sludge samples. Above the antenna sensor, the sludge sample was
placed inside a plastic beaker. The Bottcher model was used to calculate the humidity content of
a sample from measurements of the dielectric effective permittivity of the antenna sensor. Several
antenna sensors have been reported in the literature for measuring the relative permittivity of soils
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and snow [8], gas [9], relative humidity [10], pH [11], soil moisture [12], and glucose [13]. All of these
antenna sensors can be categorized as antenna dielectric sensors. The relation between the physical
measurement and the radiation parameters of the antenna is determined by the properties of the
material. This issue cannot be modeled analytically in the majority of the cases [14], and it is one of
the challenges of the development of antenna dielectric sensor. Therefore, almost all the reported
works of antenna dielectric sensors are mainly based on direct characterization and experimental
tests. With regard to antenna temperature sensors, the first one found in the literature is devoted
to temperature threshold detection [15]. The antenna sensor was fabricated from a shape memory
polymer (SMP) paper sandwiched between a radio frequency identification (RFID) tag and a metallic
sheet. The shape memory polymer changed its relative permittivity as the temperature crossed a
doorstep, which in turn could be recognized from the turn-on power of the RFID tag.

Up to now, antenna sensors are applied for many applications, such as agricultural activities and
gardening, structural health, biomedical sensing, food quality monitoring, and so on, which are mostly
designed on rigid materials. Several researches have already been reported in the literature using rigid
materials for different types of antenna sensors, including temperature sensing [16], crack sensing [17],
strain sensing [18], and dielectric sensing [19]. Microstrip patch antennas are usually employed in
sensing applications because they are characterized by several advantages: low manufacturing cost,
low weight, durability and reliability, and small size. Patch antennas act as sensors through the
interaction between dielectric properties and electromagnetic waves. For instance, a microstrip patch
antenna-based sensor using flame retardant 4 (FR-4) substrate has been presented in [20]. The proposed
antenna is employed as a sensor to detect different percentage of sugar and salt in terms of return
loss based on the dielectric properties of the solution. In [21], a microstrip patch antenna sensor was
printed on a Rogers (R03006) substrate. The presented antenna has been designed for temperature
detection by subjecting a patch antenna bonded to various metal bases to thermal cycling. These types
of substrates are not quite suitable for wearable antenna sensors as they cannot be stretched and
bent. A wearable antenna sensor often should have additional characteristics such as robustness and
flexibility, which claims the consideration of flexible nonconventional materials to exchange traditional
printed circuit boards [22].

Wearable textile antenna sensors are becoming more and more essential in on-body applications
in the last decade [23], due to their ability to detect microstructure deformations and human motions
and to monitor and supervise the human health [24,25]. Compared with conventional antenna sensors,
textile antenna sensors are able to be integrated on the outfits and they offer key features such as
comfort, light weight, and washability. Various wearable flexible antenna sensors have been proposed
in the literature. An example of a finger motion antenna sensor based on a dipole antenna proposed
to realize dual function of sensing and communicating in the wireless sensor system was presented
in [26]. Moreover, this dipole antenna sensor was attached on a glove to assess the human bending
impact in the actual wearable device scenario. Taking into account the previous examples and as a
future trend, the antenna sensor technology could be used in human machine interfacing, healthcare,
robotics, and virtual reality.

Conference proceedings and full-text articles were chosen from a comprehensive search including
diverse sources and databases such as ScienceDirect, Springer, Web of Science, and IEEE Xplore.
Keywords were selected in each source as follows: (wearable OR flexible) AND (textile OR electro-textile)
AND antenna sensor. The initial search returned 180 results. All results were screened and analyzed to
eliminate duplicates and the final total was 83 studies, of which 33.4% were focused on the classification
of antenna sensors, 52.3% were associated researches on technological feasibility and reliability, and the
remaining 14.3% were investigative researches on scenario-based applications.

The Section 2 details the operating principle and the types of available antenna sensors in the
literature. Section 3 presents a survey of the impact of certain characteristics of textile materials,
different manufacturing techniques and particular examples and applications of flexible textile antenna
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sensors. Finally, Section 4 exhibits the main conclusions and future research directions and challenges
related with antenna sensors.

2. Principle of Operation and Classification of Antenna Sensors

2.1. Principle of Operation

In this section, a rectangular microstrip patch antenna is used to explain the principle of operation
of an antenna sensor. A microstrip patch antenna contains four elements: a radiation patch, a dielectric
substrate, a ground plane, and a transmission feed line as shown in Figure 1a. The radiation patch
and the conductive ground plane (which can take any possible shape) are detached by a dielectric
substrate. As a consequence, an effective electromagnetic resonance cavity allows radiation at
particular frequencies [27]. The radiation patch is supplied by a microstrip feed line (Figure 1a),
and an incident signal is provided. This signal is transmitted or reflected by the radiation patch.
Consequently, the return loss of the microstrip patch antenna can be determined by the ratio between
the reflected power and the incident power, also named “reflection coefficient” [21]. The radiation
characteristics of the microstrip patch antenna can be characterized by the resonant bandwidth BW
and the resonant frequency f0. These two specifications can be extracted from the reflection coefficient
(S11) [28]. The operating frequency of the antenna is determined as the frequency at which the reflection
coefficient is minimum, i.e., little energy is reflected by the antenna and most of the incident power
is radiated [29]. The resonant bandwidth of the antenna can be defined as the range of resonant
frequencies at a given return loss, e.g., at −10 dB. In theory, all of these radiation parameters can be
used to convert a physical quantity (strain, temperature, pressure, pH level, concentration of aqueous
solution, etc.) into a measurable radiation parameter which leads to a resonance frequency shift (see
Figure 1b).
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Figure 1. (a) Basic configuration of a microstrip antenna sensor and (b) illustration of frequencies shift
of the antenna sensor.

2.2. Classification of Antenna Sensors

Antenna sensors can be classified into diverse categories as presented in the Figure 2. There
are four main types of antenna sensors, namely, the temperature, dielectric, crack, and mechanical
sensing. All these types of antenna sensors are able to detect changes using microwave signals or radio
frequency (RF). Details of each types are described as follows.

2.2.1. Dielectric Sensing

An antenna dielectric sensor can be represented by a patch antenna or by other standard planar
antennas. Figure 3 presents a patch antenna where the radiation patch is covered with a dielectric
material (superstrate). The choice of superstrate material depends on the selected measurand (humidity,
salt and sugar, gas, etc.). The substrate can use different materials such as carbon nanotubes for
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gas sensing or polymer for humidity sensing or a textile material such as denim for blood glucose
sensing [30]. However, the effective dielectric constant (relative permittivity) of the antenna sensor is
provided by both the superstrate and the substrate [31]. Table 1 presents a summary of previously
reported works on antenna dielectric sensors with different properties such as the measurand, the size,
the operation frequency, material, and the sensing parameters.Materials 2020, 13, x FOR PEER REVIEW 4 of 20 
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Figure 3. Configuration of an antenna dielectric sensor.

Table 1. Summary of previously reported works on antenna dielectric sensors.

Ref Measurand Type of
Antenna

Size
(mm2) Freq Material Type of

Material
Sensing

Parameters

[11] PH Hexagonal
split-ring resonator 19 × 23.35 3–20 GHz 1 PCB FR-4 Transmission

coefficient

[20] Salt and sugar Crescent-shaped
patch 32 × 22 2.5–18 GHz 1 PCB FR-4 Return loss

[32] Humidity H-shaped patch 90 × 85 880 MHz Polymer 2 PEDOT: PSS/
Threshold

power

[33] Gas Patch antenna 41 × 41 2.4 Ghz 1 PCB
Rogers

RT/duroid 5880 Frequency shift

[34] Soil moisture Spiral antenna 12 × 12 2.48 GHz 1 PCB FR-4 Frequency shift

[35] Moisture
content Patch antenna 48 × 48 2.26 GHz Polymer 3 PDMS Frequency shift

[36] Humidity Patch antenna 30 × 20 38 GHz Textile Cotton Frequency shift

[37] Relative
humidity Split ring resonator 35 × 35 0–1.5 GHz Polyimide Kapton Frequency shift

1 Printed circuit board. 2 Poly (3,4-ethylenedioxythiophene) polystyrene sulfonate. 3 Polydimethylsiloxane.

2.2.2. Strain Sensing

In order to check the structural integrity of the engineering components, strain is among the most
important mechanical properties that must be used to quantify the deformation of a material [38].
Regarding types of strains, there are two strains: shear strain and normal strain. The first type is
determined from the change of angle from an original value of 90◦ and the second type is related to the
change in the size of a design compared to its original size [39]. Figure 4a shows the operating principle
of an antenna sensor for shear detection. An antenna patch with a slot in the ground plane is used to
visualize the effect of the shear on the behavior of the antenna. The principle of a loop antenna sensor
for pressure detection is presented in Figure 4b. The variation of the parameter d in the geometry of
the antenna structure detunes its operating frequency [40].

In order to provide accurate spatial resolution, it is recommended that the strain sensor presents a
small size [41]. Different types of antenna mechanical sensors are summarized in Table 2.
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Table 2. List of antenna mechanical sensors.

Ref Measurand Type of
Antenna Size (mm2) Freq Material Type of

Material
Sensing

Parameters

[39] Strain Dipole antenna 17 × 16 8–12 GHz Polymer Polyimide Frequency shift

[42] Pressure Slot antenna 17.55 × 13.5 5.5 GHz 1 PCB
Rogers

laminate
RO4350b

Frequency shift

[43] Strain Patch antenna 94.58 × 52.36 1.8–2.4 GHz Textile Felt Frequency shift

[44] Shear and
pressure Patch antenna 12.1 × 66.9 6–7 Ghz Polyimide Kapton Frequency shift

1 Printed circuit board.

2.2.3. Temperature Sensing

The temperature of an antenna sensor is an important parameter to know as it indicates whether or
not the antenna sensor is in control. This parameter is useful for many applications, e.g., food production,
manufacturing process control, human health monitoring, etc. There are many different types of
antenna temperature sensors available and all have different characteristics depending upon their
application [46]. Table 3 presents some research works reported in the literature for temperature
sensing with several properties: the type of the antenna sensor, the size, the operation frequency,
the used materials, and the sensing parameters.

Table 3. Summary of previously reported works on antenna temperature sensors.

Ref Measurand Type of
Antenna

Size
(mm2) Freq Material Type of

Material
Sensing

Parameters

[47] Body temperature Patch antenna 10 × 6 38 GHz Textile Cotton Frequency shift
[48] Temperature Slotted patch 38 × 38 900 MHz 1 PCB FR-4 Frequency shift

[49] Temperature Rectangular
patch 11.8 × 9.8 4.85 GHz

5.95 GHz
1 PCB

Rogers
laminate
RO3006

Frequency shift

[50] Temperature Patch antenna 13.6 × 10.9 2.4–2.8 GHz 1 PCB
Rogers
RO3210 Frequency shift

[51] Temperature Patch antenna 71 × 64 Textile

Cotton

Frequency shift

Jeans
2.45 GHz Viscose

Lycra
9.5 GHz
38 GHz Cotton

1 Printed circuit board.
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2.2.4. Crack Sensing

In order to reduce catastrophic structural breakdowns, cracks must be monitored because they are
a direct indicator of structural damage monitoring. In fact, it is important to know the length, direction,
and location of the crack to gather sufficient information to maintain structural integrity [52]. Figure 5
presents a configuration of an antenna patch for crack detection. The direction and growth of the crack
can be detected by observing the changes in the resonance frequency shifts. The resonance frequency
shift of the crack antenna is generally much larger than the resonance frequency shift caused by strain
or temperature [53]. Some examples for antenna crack sensors are given in Table 4.
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Figure 5. Antenna crack sensor: (a) schematic configuration of a patch antenna, (b) antenna sensor
with crack, and (c) effect of cracks on the current model of the sensor [54].

Table 4. Summary of previously reported works on antenna crack sensors.

Ref Measurand Type of
Antenna

Size
(mm2) Freq Material Type of

Material
Sensing

Parameters

[53] Crack
orientation

Rectangular
patch 15 × 12.75 5.75 GHz

6 GHz
1 PCB

Rogers laminate
RO4350B

Frequency
shift

[55] Crack opening
and growth

Rectangular
patch 15 × 12.5 6.1 GHz

8.6 GHz Polyimide Kapton Frequency
shift

[56] Crack Patch
antenna 35 × 20.6 2.4 GHz 1 PCB

Rogers
RT/duroid 5880

Frequency
shift

[57] Crack and
monitoring

Patch
antenna 50.8 × 25.4 6.1 GHz

7.6 GHz Polyimide Kapton Frequency
shift

1 Printed circuit board.

3. Flexible Wearable Antenna Sensor

In order to provide good electrical performance as well as stability for the flexible devices, it is
necessary to choose quality materials during manufacturing. The substrate selection for antenna sensor
requires a low loss material so as to have better chances of increased antenna sensor efficiency when
placed on the body. In fact, this is one of the important considerations for wearable electronics design [58].
Several flexible wearable antenna sensors are implemented on different types of materials such as
papers [59], fabrics [60], and plastics [61]. Plastic substrates are neither recyclable nor biodegradable,
as they affect environmental pollution and involve many health problems. Alternatively, textile materials
are among the most internationally used and easily available materials for the design of flexible
wearable antenna sensors with regard to body area networks (BANs).
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3.1. Key Characteristics of Textile Materials in the Design of Antenna Sensors

The properties of the fabrics are determined from the properties of their constituent fibers and
the structure of the fabric and/or the yarns. They are fibrous and porous materials, in which the pore
size, fiber density, and air volume determine the general behavior, e.g., thermal insulation and air
permeability [62]. Consistently, the density and thickness of fabrics can change with pressure as they
are flexible, compressible, and stretchable materials. In addition, the fibers are constantly exchanging
water molecules with the surrounding environment, which can sometimes affect their shape and
properties [63]. It would be difficult to control these features in textile applications and, thus, it is
necessary to know the influence of these factors on the behavior of the antenna sensor to reduce the
undesirable and parasitic effects. Furthermore, the impact of the properties of textile materials on the
performance of the antenna sensor is presented in this section.

3.1.1. Relative Permittivity (Dielectric Constant) of the Fabrics

The dielectric permittivity of the substrate or material is one of the most important parameters
affecting on the ability to transmit rapidly changing signals through the textile transmission line.
The operation frequency and reflection coefficient in the transmission line can be affected by this
phenomenon. The dielectric permittivity is defined as Equation (1):

ε = ε0εr = ε0(ε
′
r − jε′′r ) (1)

where ε0 = 8.854 × 10−12 F/m is the permittivity of vacuum [64]. Generally, the moisture content,
the temperature, the frequency, and also the surface roughness depend on the dielectric properties
of the material under test [65]. The real part of the dielectric constant, ε′r, is also named “the relative
permittivity”. It should be noted that this parameter is not constant in frequency. In addition,
the material losses are typically given by the loss tangent, defined as tan δ = ε

′′
r /ε′r.

The dielectric properties of textiles are reviewed and studied in [66,67]. The textile materials
dielectric behavior depends on the characteristics of the constituent polymers and fibers. Various
experimental methods have been used to determine an accurate measurement of the dielectric
characteristics of textiles. Among these techniques, there are the cavity perturbation method [68],
the MoM-segment method [69], the free-space method [70], and the transmission line method [71].
Generally, textiles offer a very low relative permittivity (in comparison with typical rigid substrate
materials for electronic applications) as they are very porous fabrics. Table 5 presents the dielectric
properties of common commercial textile fabrics.

Table 5. Dielectric properties of normal fabrics. Data from reference [72].

Nonconductive Fabric εr tan δ

Cordura(r) 1.90 0.0098
Cotton 1.6 0.0400

100% polyester 1.90 0.0045
Quartzel(r) fabric 1.95 0.0004

Felt 1.215–1.225 0.016
Silk 1.75 0.012

Jeans 1.7 0.025
Fleece 1.17 0.0035
Denim 1.6–1.65 0.05

3.1.2. Surface Resistivity of Fabrics

The electronic performance of fabrics can be determined by the surface resistance. Hence, the surface
resistance is the ratio of a direct voltage applied to the current obtained from two electrodes placed
on the surface of a material [73], and it also can be defined by the ratio between the DC voltage drop
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per unit length and the surface current per unit width. Surface resistivity is thus a property of the
fabric considering a constant thickness, not depending on the design of the electrodes used for the
measurement [62]. It is usually indicated by Ohm/square (Ω/sq).

3.1.3. Regain of the Fabrics

Relative humidity (RH) of the fabrics is determined as the amount of water in a sample of air
compared to the maximum amount of water the air can hold at a given temperature. It is expressed in a
form of 0% to 100% [74]. In [65], some studies are presented on various textile fibers which indicate the
relationship between relative humidity of the air and regain (amount of humidity present in a fabric
calculated as a percentage of its oven-dry weight). Note that for the same relative humidity conditions,
there are textile fibers with different humidity contents. For example, at 65% RH, cotton fiber could
offer a regain of 7.5%, polyester fiber might offer a regain of 0.2%, and wool fiber might offer a regain
of 14.5% [65]. Generally, the humidity absorption changes the properties of fibers, such as the effective
permittivity or the mechanical rigidity. For this reason, fabric metrology is carried out at a specified
temperature of 20 ◦C and relative humidity of 65% [62].

3.1.4. Mechanical Deformations of the Fabrics

Textile fabrics are characterized by their good elasticity and flexibility, which makes them adaptive
to curvature of the human body. However, after adapting to the topology of the surface, the structure
is usually deformed and bent. These geometrical modifications influence the performance of the
antenna sensor and they also lead to changes in the electromagnetic properties of textile fabrics [75].
In fact, the elongation and the bending of the dielectric fabric affect their thickness and their effective
permittivity, which influences the resonance frequency of the antenna sensor. Furthermore, when the
antenna sensor is compressed or elongated, the geometric accuracy decreases, affecting the behavior of
the antenna sensor and, as a result, a resonant frequency shift can be produced.

3.2. Fabrication Methods for Wearable Antenna Sensor

Fabrication techniques are the determinants of the accuracy and manufacturing speed of low-cost
wearable antenna sensor designs. The most popular wearable fabrication techniques are listed as
follows: wet-etching [75], screen printing [76], inkjet printing [77], and embroidery methods [78].
To ensure durability, low cost, and high comfort to users in their daily wear, these techniques can
be used for antenna sensors fabrication. An interesting review of these manufacturing methods is
presented in [79–81]. Several of the aforementioned manufacturing techniques are discussed below.

3.2.1. Screen Printing

To produce a lightweight and flexible antenna sensor, screen printing is a simple and economical
approach used by many electronics manufacturers. In addition, the screen printing is an additive
operation, which makes it environmentally friendly [82]. Instead of hiding the woven screen that has
different thread densities and thicknesses, the mask with the required pattern is adjusted directly to
the substrate where the conductive ink is handled and thermally annealed.

Moreover, the screen-printing technique faces diverse limitations. It comprises its limited number
of realizable layers, lack of thickness control for the conductive layer, and low printing resolution.
These aspects lead to the limited implementation of this technology, because wearable printing requires
better precision for the convenient operation of the communications for wearable devices.

3.2.2. Inkjet Printing

Inkjet printing is one of the relatively low-cost printing technologies [83]. This technology is
capable of producing a very high precision pattern due to its use of ink droplets of the size of up to a
few picoliters [84]. Additionally, this technique allows the design pattern to be transmitted directly to
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the substrate with no requirement for masks. In addition, inkjet printing projects the single ink droplet
from the nozzle to the required position, from which no waste is founded, which makes it among
the economical manufacturing methods. This is a clear advantage in comparison with traditional
etching technology, which has been generally used in industry [85]. The main drawbacks of inkjet
printing technology are the incompatibility of certain types of conductive inks due to the larger particle
size and clogging of the nozzles. Figure 6 presents an example of the inkjet-printing method using
electroconductive layers on the surface of textile.
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from [86].

3.2.3. Embroidery

This technique has been evolved to allow a digital image or layout to be directly embroidered
using a computer-assisted embroidery machine. The embroidery manufacturing uses specialized
conductive threads, from which the antenna sensor can be embroidered on the base substrate textile
fabric. Before embroidering, it is very important to know the properties of the conductive threads
that are going to be used (conductivity, DC resistance, and mechanical parameters), because when the
conductive thread is characterized, it is then easier to find methods to improve the performance of the
antenna sensor [87]. Therefore, the conductive threads must have adequate resistance and flexibility to
avoid undesired breaks produced by high tensions in the embroidery machine [88]. Figure 7 depicts the
embroidery technique, starting with the simulated design model to embroider the antenna integrated
with the textile substrate.

Although embroidered antenna sensors are greatly considered as an ideal solution to replace
traditional antennas in flexible electronics, compared with antenna sensors fabricate of metallic
materials, they present some limitations, e.g., the embroidered geometry is much stretchable than
metallic antenna sensors on inlays. This stretching impact, combined with the low resolution of the
yarn stitches, makes fine geometries impractical [89]. The resistance of conductive yarn is much higher
than metallic materials. They are either made of nylon cores coated with silver plating or carbon.
The resistivity of the antenna sensors made from these yarns is order-of-magnitude higher than metallic
ones even printed ones (made of silver paste or made of aluminum or copper).

3.2.4. Comparison of Embroidery with Other Techniques

The embroidery process is advantageous over other techniques and embroidery machines are
more recommended in the industry. This technique is easier to apply for mass production of clothing
with integrated embroidered antenna sensors. In embroidery, the currents in the fabric flow along the
yarns, making linear antenna sensors such as spirals or dipoles suitable for this fabrication technique,
because it is very difficult to manufacture this type of structure using a Nora dell cloths or copper tape.
With embroidery, the use of glue is not always a requirement to connect the textile layers together and
also it allows to create reproducible geometries via computerized embroidery machines [91]. This can
improve the washability of the clothing with the integrated antenna sensor.
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3.3. Alternative Materials for the Deployment of Flexible Antenna Sensors

Various flexible wearable antenna sensors are implemented on different types of materials
such as Kapton polyimide [92], cellulose filter paper [93], polydimethylsiloxane (PDMS) film [94],
and graphene film (FGF) [95]. These materials are being applied as promising candidates for
innovative flexible antenna sensors. All of these antenna sensors are discussed in the next section.
Furthermore, the graphene has attracted tremendous interest in wearable communication devices due
to its outstanding electronic properties and performance. However, the applications of graphene in
antenna sensors are limited because the use of single or few layer graphene films exhibit insufficient
electrical conductivity and high sheet resistance. Figure 8 represents the manufacturing process of an
antenna sensor. This antenna is fabricated on a cellulose paper substrate with a radiating patch of
aluminum tape and a ground plane.
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3.4. Applications and Specific Examples of Flexible Textile Antenna Sensor Designs

In current society, sensing applications are always based on some specific scenarios, which require
different functions for the antenna sensors. Flexible antenna sensors are an attracted research orientation
in the field, and there are some typical samples as listed in Table 6, including dipole antenna sensors [26],
patch antenna sensors [93,95–98], and RFID tag sensors [99,100].

A cellulose filter paper substrate for liquids detection was presented as shown in Figure 9b [93].
The patch antenna sensor utilized the special feature of the paper substrate, which is capable of
absorbing liquids, such as sweat on the skin. The dielectric constant of the paper substrate is sensitive
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to the properties of the absorbed liquid through the 2 slots in the structure. In this paper, the feasibility
of the sweat detection is validated by artificial sweat and salt solutions measurements, in which the
frequency mainly shifted with changing NaCl (sodium chloride) concentration (8.5–200 mmol/L).Materials 2020, 13, x FOR PEER REVIEW 14 of 20 
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reproduced by courtesy of The Electromagnetics Academy [99]; (b) antenna sensor photo after 
absorbing saline solution [93]; (c) antenna sensor under bending stress, reproduced with permission 
from [101]; and (d) photographs of an antenna sensor in state tensile strain and compressive, 
reproduced with permission from [96]. 
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Figure 9. (a) Experimental setup for the measurements of the concentration of aqueous solutions,
reproduced by courtesy of The Electromagnetics Academy [99]; (b) antenna sensor photo after absorbing
saline solution [93]; (c) antenna sensor under bending stress, reproduced with permission from [101];
and (d) photographs of an antenna sensor in state tensile strain and compressive, reproduced with
permission from [96].

Compared with the mentioned flexible based antenna sensor for solution detection, another
antenna sensor with RFID techniques [99] was designed to detect the concentration of NaCl (sodium
chloride) solutions and sucrose solutions, which was printed on a polyimide substrate as shown in
Figure 9a. The proposed RFID tag antenna was used to detect the solutions based on sensitivity to
different levels of concentration. From tests with concentration levels from 0% to 80% at the different
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frequency points (864, 868, 915, and 926 MHz), the results revealed that sensitivity increases with the
rise of concentration levels of NaCl and sucrose solutions.

Table 6. List of some previously reported work of flexible textile antenna sensor.

Ref Measurand Type of
Antenna

Size
(mm2) Freq Material Type of Material Sensing

Parameters

[26] Finger
postures Dipole antenna 100 × 20 426 MHz Filter paper Cellulose filter paper Frequency shift

[93] Noninvasive
Sweat Patch antenna 50 × 60 2–4 GHz Filter paper Cellulose filter paper Frequency shift

[95] Strain Patch antenna 35 × 27.4 1.63 GHz Carbon Graphene Film (FGF) Frequency shift
[96] Strain Patch antenna 29.5 × 37.7 2.4 GHz Filter paper Cellulose filter paper Frequency shift

[97] Blood glucose Patch antenna 40 × 40 2.4 GHz Textile Denim Specific
Absorption Rate

[98] Temperature Patch antenna 71 × 64 2.45 GHz Textile Cotton Frequency shift

[99] NaCl and
sugar RFID tag 100 × 32 860–960 MHz Polyimide Kapton Frequency shift

[100] Strain RFID tag 100 × 20 866.6 MHz Textile Polyester Frequency shift

For the body fluids detection field, another typical textile-based antenna sensor was proposed for
the blood glucose monitoring as shown in Table 6 [97]. This proposed antenna sensor was designed to
operate at 2.4 GHz in a noninvasive manner. In this work, the SAR analysis was taken into account
since the antenna sensor would radiate towards the body when operating on the arm. In addition,
the work revealed the SAR was also sensitive to the substrate thickness. For instance, when the
thickness value was 4 mm, the SAR value would be 3.86 W/kg, which was lower than the safety limit
value of 4 W/kg.

A microstrip patch antenna sensor was designed to detect temperature as detailed in Table 6 [98].
The proposed antenna sensor was embroidered on a cotton substrate and developed to operate at
ISM band around 2.45 GHz. In this work, the relative permittivity of the substrate sensitive to the
temperature was utilized to affect the resonant frequency points. Through this way, the low-cost
solution for heat monitoring could be used for body temperature detection.

A textile-based antenna sensor was proposed for the research on bending impact as shown in
Figure 9c [101]. This proposed antenna sensor was designed with an open ring resonator structure,
which was sensitive to the bending levels of the structure. In this work, the antenna sensor was tested
under different bending radius (45 and 90 mm) and results showed an output sensitivity from 0.4
to 2.2 MHz/mm. The feasibility and usefulness could be validated for developments of the antenna
sensor based on textile materials with an open ring resonator structure.

A paper-based patch antenna sensor was proposed for strain detection as shown in Figure 9d [96].
The antenna sensor was fabricated by a radiation patch as the antenna and sensor, a layer of cellulose
filter paper as the substrate, and an aluminum tape as the ground pane. In this work, after hundreds
of bending cycles in the bending strain tests, the performance of the antenna sensor was still stable.
In addition, through small cracks identification, bending angle analysis, and real human motion
detection applied to gloves, the antenna sensor was fully evaluated and proved to be feasible to be
used in medical, healthcare, and modern electronic device areas.

A graphene-based antenna sensor was proposed for high strain detection as listed in Table 6 [95].
This antenna sensor was designed to operate at 1.63 GHz with the flexible multilayer graphene
film (FGF) whose conductivity reaches 106 S/m. In this work, the performance of the proposed
antenna sensor with the special material was tested under tensile and compressive bending situations,
respectively. In addition, compared with the antenna sensor with similar copper material, the strain
sensitivity of the graphene-based antenna sensor was higher. The kind of antenna sensor had some
good features in reversible deformability, mechanical flexibility, and structure stability, which made it
suitable for some applications such as wireless strain sensing and wearable devices.
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4. Conclusions and Future Research Directions

In the realization and implementation of wearable devices, flexible antenna sensors are getting
more attention due to their conformal characteristics, lightweight, and low cost, being ideal for wireless
communication and sensing applications. This review starts with the principle of operation and the
types of antenna sensors used and their state-of-the-art including technologies to realize these devices.
For any presented type, divers reference examples are provided. Next, a survey of the effect of some
features of the wearable materials, including dielectrics and conductors, in the behavior of the antenna
sensors is reported. The work also details some guidelines for the choice of materials for designing
textile antenna sensors. The current advanced manufacturing techniques for flexible wearable antenna
sensors are discussed. Finally, several applications and specific examples of flexible wearable antenna
sensor designs are reviewed. Flexible antenna sensors are promising devices to enhance and boost
the development of wireless communication technology and contribute to the miniaturization and
improvement of performance of the future communication systems, especially with regard to wearable
applications and human body area network scenarios.

Flexible wearable antenna sensors are a topic of increasing interest for industry and the scientific
community. For this reason, some research key issues and challenges foreseen for future research in
this area are presented as follows:

• Improving the precision and efficiency of the current manufacturing and measuring methods.
• Introducing new yarns and conductive fabrics in the market with less resistivity or higher conductivity.
• Introducing new flexible wearable materials for embroidery technique or new proposed

manufacturing techniques.
• Introducing new antenna sensors based on textile substrates to operate on body.

Textile antenna sensors are expected to be used in various fields such as industry, healthcare,
security, and so on. In addition, it is still a long way for wearable antenna sensors to improve their
performance and increase their reliability in future applications. Further research is still needed to
explore novel designs with new manufacturing processes and textile materials. New materials such
as graphene and conductive ink on textile substrates have been employed in order to improve the
performance of textile sensors and are promising candidates for next-generation antenna sensors.

Textile antenna sensors present great potential applications in many areas of life and production.
In fact, the reported research in the scientific literature is mainly focused on the basic functions of
textile antenna sensors such as humidity sensing, temperature sensing, and strain sensing. Nowadays,
there are some uses for the textile antenna sensors that do not cover advanced functions and significant
research is in progress. For example, there are wearable textile antenna sensors that can only detect the
temperature without analyzing any other element such as bending and reliability, which requires more
research. In addition, textile antenna sensors are more suitable for different applications such as for
medical applications due to the various medical textiles employed for elderly or patients. Many types
of parameters including moisture, strain, blood-glucose, and pH could be detected by means of textile
antenna sensor systems. As a consequence, numerous scenarios could create many opportunities for
new designs and applications of textile antenna sensors in the future.
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Abstract: In this paper, a feasibility study of a microwave antenna-based sensor is proposed for
in vitro experiments for monitoring blood glucose levels. The proposed device consists of a square-
ring incorporated within a fully textile monopole antenna to absorb and sense different glucose
concentrations, covering patients with different diabetic conditions. The designed antenna-sensor is
optimized to operate at 2.4 GHz. The sensing principle is based on the resonance frequency shift of
the reflection response of the antenna-based sensor under different glucose levels. The experiments
were carried out with blood mimicking by means of aqueous solutions, using D(+)- glucose/water in
different concentrations for various diabetic conditions of type-2 diabetes. The performance of the em-
broidered antenna-based sensor is characterized and validated using a convenient setup for in vitro
measurements. The results demonstrated the ability of the proposed antenna-based sensor to cover
all the glucose levels of the diabetes range, including hypoglycemia (10–70 mg/dL), normoglycemia
(80–110 mg/dL) and hyperglycemia (130–190 mg/dL) with a sensitivity of 350 kHz/(mg/dL). Besides
its ability to detect different glucose concentrations of various diabetic conditions, the proposed
antenna-sensor presents diverse features such as a simplistic design, compact size, wearability and
low cost. The proposed textile device demonstrates a proof of concept for efficient in vitro blood
glucose level measurements and diagnostics of diabetes.

Keywords: antenna-sensor; frequency shift; glucose detection; microwave sensing; sensitivity; textile
monopole antenna

1. Introduction

Human beings suffer from several diseases related to genetic or lifestyle factors. Dia-
betes mellitus (DM) is one of the most common illnesses increasingly expanding among
humankind, and it is a critical worldwide health problem due to the increase of diabetes
patients and the lack of treatment [1]. Diabetes is caused by the malfunction of the insulin-
producing cells of the pancreas. Insulin is a hormone that helps regulate the level of blood
glucose, and it also helps introduce glucose molecules into cells for storage or energy
production [2]. This illness can cause many complications in the human body including
stroke, kidney failure, heart attacks and peripheral arterial disease. According to the World
Health Organization (WHO), 422 million people worldwide have diabetes, particularly in
low-and middle-income countries, and the number will increase to 592 million in 2035 [3].
According to the International Diabetes Federation (IDF), the diabetes is categorized into
three main categories as Type-1 diabetes, Type-2 diabetes and gestational diabetes (GDM).
The Type-2 is the most common among diabetics and accounts for around 90% of all dia-
betes cases [4,5]. The blood glucose level is classified into three categories: Hypoglycemia,
Normoglycemia and Hyperglycemia [6]. The first one is typically defined as a blood
glucose level less than 70 mg/dL. The primary signs and symptoms of hypoglycemia
include shivering, accelerated heartbeat, dizziness and others [7]. When the patients feel
any of these symptoms, they should consume food or drinks high in sugar until their blood
glucose levels reach the normal range. The second one is the state of having a normal level
of blood glucose and it encompasses the range of 80 to 110 mg/dL. The last category, called
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hyperglycemia, was defined by WHO as a blood glucose level greater than 120 mg/dL
and it is considered one of the most dangerous conditions for diabetic patients because it
causes more complications such as nerve damage, cardiovascular disease, feet problems
and eye diseases [8]. Therefore, diabetics have to check their blood glucose levels regularly
to reduce the danger of additional illness.

In the literature, there are various techniques developed for glucose monitoring
levels including Raman spectroscopy [9,10], electrochemistry [11], reverse iontophoresis
(RI) [12] and optical [13], on which the researchers have been working to measure blood
glucose levels. Microwave sensing is considered as a promising technique for monitoring
blood glucose levels due to the miniaturization of the involved electronic systems, ease of
handing, cost-effectiveness and quick response time [14]. The operation principle in most
of the microwave sensors is based on detecting the variations in the dielectric properties
of different concentrations of blood glucose on the sensing area. The changes in dielectric
properties of the liquid under test in the sensing area are perceived and explained by
the sensing parameters (resonance frequency and/or amplitude) of a readout device. To
enhance the sensitivity and generate high-accuracy measurement results, the liquid under
test should be placed in the zone of a high intensity electric field.

Recently, antennas operating as sensors established a growing demand for monitoring
blood glucose levels [15]. Several studies have been reported in the literature using
antenna-based sensors to detect blood glucose levels [16–18]. In [16], a microstrip patch
antenna-sensor was developed to monitor blood glucose levels in an in vitro experiment.
The glucose concentration ranged from 0 to 400 mg/dL, and the antenna-based sensor
demonstrated a sensitivity of 25 kHz/(mg/dL). A planar inverted-F antenna (PIFA) was
used as a sensor to test three diabetic conditions [17]. The antenna-sensor was optimized
to operate at 530 MHz. A resonance frequency shift of 3.54 kHz/(mg/dL) was observed
according to the change of glucose concentration. All the devices mentioned above used
conventional electronic rigid substrates. Printed circuit boards (PCBs) are implemented by
means of commercial substrates that are not suitable for electronic textile applications.

Wearable electronic textiles have grown rapidly in recent years for various research
fields such as communication, sensing, information and medical [19]. Electronic textiles
(e-textiles) could be developed on common clothes which are lighter and more comfortable
than those implemented on PCBs, and they can also easily adapt to rapid changes in
the computational and sensing conditions of any application. Recently, textile materials
have been getting more attention due to their special characteristics including low weight,
integration level, softness and flexibility [20].

In the current study, a textile embroidered monopole antenna-based sensor is proposed
for monitoring blood glucose levels for in vitro experiment. The designed antenna-sensor
was optimized to operate at 2.4 GHz. Different glucose concentrations were prepared to
cover diabetes patients with Hypoglycemia, Normoglycemia and Hyperglycemia. The
remainder of the paper is organized as follows. Section 2 details the methodology of the
antenna-sensor design as well as the preparation of the blood mimicking aqueous solutions.
Section 3 presents the results of the proposed antenna-based sensor for three diabetic
conditions. A comparison of different techniques for detecting glucose concentration using
microwave sensors is presented in Section 4. Finally, Section 5 exhibits the main conclusions.

2. Materials and Methods
2.1. Antenna-Sensor Design

To design an antenna-sensor and perform a realistic simulation, the substrate-related
parameters have to be defined. For textile materials, it is essential to determine the per-
mittivity and the losses of the substrates. A split-post dielectric resonator (SPDR) was
used to characterize the dielectric parameters of the textile substrate by means of the
resonance method. Felt was chosen as a substrate due to its low loss tangent and low cost
in comparison with other fabrics. The experimental dielectric constant and loss tangent
of the felt fabric were εr = 1.2 and tan δ = 0.0013. Furthermore, an electronic outside
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micrometer was used to measure the thickness (h = 0.7 mm) of the felt substrate. The fabric
material corresponds to a non-woven structure with a 100% polyester (PES) composition.
The conductive antenna-sensor layer is embroidered by means of a commercial conductive
yarn (Shieldex 117/17 dtex 2-ply) made of 99% pure silver-plated nylon yarn 140/17 dtex
with a linear resistance < 30 Ω/cm.

The design of the proposed antenna-based sensor mainly consisted of a square ring
(radiation part) and a partial ground plane. This antenna-sensor is designed to operate at
2.4 GHz. The embroidered textile monopole antenna-sensor was fabricated using a Singer
Futura XL embroidery machine. The manufacturing embroidery process is depicted in
Figure 1. Starting with the simulated design of the antenna-sensor using the commercial
CST Studio Suite 3D full electromagnetic simulator 2019, the geometry of the proposed
antenna-sensor as well as the sensing area are presented in Figure 1a. A parametric study
was performed by means of a geometric tuning process on various parameters such as
length and width of the substrate and square-ring of the proposed antenna-sensor in order
to obtain better insight into the physical behavior of the antenna and to optimize its behavior
at 2.4 GHz. The list of the optimized geometrical parameters are detailed in Table 1. The
desired design layout was digitized, converting the antenna-sensor shape into the path that
the needle was going to follow in the embroidery machine. After importing the file which
contained the identification of the desired geometry into the embroidery machine in digital
format, the computerized embroidery process was implemented to embroider the conductive
part of the design. A needle with the conductive yarn was threaded through the substrate
material and interwoven with a bobbin assistant yarn to form the stitch (Figure 1b). The
stitches appeared the same on the top and bottom of the felt substrate. A satin fill stitch
pattern was selected and implemented because it was well-suited to a narrow shape. This
fact ensures the required resolution for the antenna dimensions. The final embroidered
prototype of the textile antenna-sensor is shown in Figure 1c.
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Table 1. Geometrical parameters of the proposed antenna-sensor.

Parameters Dimensions (mm)

w 35
l 35

wf 3.1
lf 19
a 15.4
b 9.4
lg 5

2.2. Samples Preparation and Test Setup

The entire human blood consists of glucose and other components, as well as water
which accounts for a major proportion of its volume. Therefore, it can be predicted that
the dielectric properties of the blood are related to the properties of aqueous glucose
solutions. To imitate the blood behavior for in vitro experiments, several aqueous glucose
concentrations were prepared by mixing distilled water and D(+)- glucose powder for
various diabetic conditions of type-2 diabetes.. The glucose/water solutions were prepared
to verify the functionality of the proposed antenna-based sensor.

The glucose/water solutions were prepared to cover diabetes patients for three states
concerning glucose concentration level (Gcon):

• Hypoglycemia: Gcon ≤ 70 mg/dL.
• Normoglycemia: 80 ≤ Gcon ≤ 110 mg/dL.
• Hyperglycemia: Gcon > 120 mg/dL.

To test the antenna-sensor response for different concentration at each diabetic condi-
tion, three sets of samples were prepared. Each set consisted of four newly embroidered
antenna-sensors for a specific state of the diabetes patients. A photograph of the measure-
ment setup is shown in Figure 2. A digital micropipette device was used to drop a specific
volume of each concentration on the sensing area. To reduce the measurement errors due
to uncertainty in the solution volume, a minimum volume considered of V = 2 µL was
selected for testing different glucose concentrations. The antenna-sensor was connected to
an N9916A FieldFox microwave analyzer operating as a vector network analyzer (VNA) for
recording data of the return loss for the in vitro experiment. Throughout the experiment,
the controlled environmental conditions were maintained. Absorbed solutions in the sens-
ing area (square ring) with various concentrations of glucose alter the dielectric properties
of the substrate and therefore reflection measurements are expected to change accordingly.
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3. Results

In order to verify the accuracy of the fabrication technique of the antenna-sensor
design, 12 antenna-sensors (same as presented in Figure 1a) were fabricated for testing
and validation. All the fabricated antenna-sensors were tested in free space by measuring
the return loss. The return loss of the simulated and measured device are compared in
Figure 3. We presented five samples (S1, S2, S3, S4 and S5) as an example to emphasize
consistency of our antenna-sensor output. The measured return loss of five fabricated
antenna-sensors presented a slight deflection between measured and simulated results
due to manufacturing tolerance. The simulated return loss reaches −24 dB at resonance
frequency 2.4 GHz.
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All the measured results of the embroidered antenna-sensor have a resonant frequency
of 2.4 GHz and exhibited a small declination in the amplitude of the return loss due to
embroidery fabrication tolerance.

RF Response of the Glucose Level

The radio frequency (RF) microwave sensing of the glucose level relies on the reso-
nance concept of the antenna-sensor. The main principle is based on the detection of the
change in the RF signal induced by different concentrations of the glucose/water solutions,
which present different dielectric properties. 12 measurements are performed to verify the
functionality of the proposed antenna-sensor for several diabetic conditions. The measure-
ment setup of the antenna-sensors is shown in Figure 2. Three sets of samples are prepared,
with each set dedicated to one of the diabetic conditions. The initial testing was performed
for four antenna-sensors to cover diabetes patients with hypoglycemia (10–70 mg/dL)
within in vitro experiments. A second test was implemented for the glucose-based aqueous
solution range from 80 to 110 mg/dL of four new fabricated antenna-sensors to cover dia-
betes patients with normoglycemia. Finally, the last four new microwave antenna-sensors
were tested to reach the indicated concentrations for hyperglycemia (130–190 mg/dL) dia-
betic condition. All samples were tested with a fixed-volume micropipette and the return
loss was immediately recorded (<6 s) after the solution was dropped on the sensing area.

When the textile antenna-sensor absorbs certain solutions, the electrical properties
such as the resonance frequency are expected to change, since the overall permittivity
of the textile substrate was modified. Therefore, the frequency shift was considered
as the principal sensing parameter of the proposed antenna-sensor. The square ring
was selected as the sensing area to apply a drop of 2 µL by micropipette of different
concentrations, which can generate a detectable shift in the resonance frequency. Different
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glucose/water solutions correspond to different dielectric properties. Therefore, this
alteration in dielectric properties produced a shift in the resonance frequency. The return
loss response of the antenna-sensor was recorded for each of the indicated concentrations
for different diabetic conditions. Figure 4 illustrates the measured return loss of the
proposed antenna-sensor for three diabetic conditions with a zoom-in zone of the main
resonance points. The distilled water was considered as a reference sample. Due to the
higher constant dielectric of the distilled water, the resonance frequency in the air shifted
by 100 MHz. We observed that the resonance frequency of the antenna-based sensor for
each diabetic condition shifts up when increasing the concentration of the glucose/water
solutions. The electromagnetic interaction between the antenna-based sensor and glucose
with a different dielectric constant was the main cause of the change in resonance frequency.
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The behavior of the proposed device can be understood as an antenna-based sensor
whose resonance frequency was altered by absorbing different glucose/water concentra-
tions for each diabetic condition. This device can help to distinguish the glucose levels
in diabetes patients. After recording the antenna-sensor performance results, a linear
regression analysis was applied to evaluate the resonance frequency with various con-
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centrations of glucose/water solutions for each diabetic condition. Figure 5 presents the
applied linear regression of the resonance frequency shift for the three diabetic condi-
tions. It can be observed that the results show a good linear relationship between different
glucose concentrations and the resonance frequency shift. The obtained results reveal a
correlation coefficient (R2) of 0.96 between the indicated concentrations and the resonance
frequency shift.
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4. Discussion

This paper exhibits proof of how RF signals may be used to differentiate various
glucose concentrations, covering diabetic patients with hypoglycemia, normoglycemia and
hyperglycemia within in vitro experiments. The main concept is based on the absorption of
different glucose/water solutions by the textile substrate on the sensing area. Therefore, the
resonance frequency of the antenna-based sensor changes due to the variation in dielectric
properties of different glucose concentrations inside the sensing area. Furthermore, the
microwave measurements of the proposed antenna-sensor succeed to distinguish different
glucose concentrations for the three diabetic conditions. In order to demonstrate the
performance of our device, a comparison of the proposed antenna-sensor with previous
works is listed in Table 2. It can be observed to have excellent sensor sensitivity and a
reasonable measurement range of glucose concentrations. The sensing parameter is based
on the resonance frequency of reflection response in some of the microwave sensors, while
others used the resonance frequency of the transmission response variations for sensing.
The sensitivity (S) was defined by the resonant frequency shift that the sensor can achieve
for a unit change in glucose concentration. The proposed antenna-sensor offers higher
sensitivity in comparison with microwave sensors reported in the literature which are
based on various sensing mechanisms. Moreover, the area of the proposed antenna-sensor
is competitive in comparison with the reported works. All of the techniques reported
in Table 2 used rigid substrates. Therefore, the proposed work is a novel approach for
monitoring blood glucose levels based on a textile antenna.
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Table 2. Comparisons of different techniques for detecting glucose concentration using microwave sensors.

Ref Measurement
Technique

Concentration
(mg/dL) Area (mm2)

Resonant
Frequency

(GHz)
Substrate Sensing

Parameters
S (kHz per

mg/dL)

[21]
Rectangular
Waveguide

Cavity
0–25,000 110 × 54.5 1.9 Rigid fr(S21) 0.4

[17] Inverted-F
Antenna (PIFA) 0–530 38 × 38 0.53 Rigid fr(S11) 3.54

[22] CSRR resonator 70–150 59 × 20 1–6 Rigid (FR-4) fr(S21) 67–11

[23] Split ring
resonator 0–5000 50 × 20 4.18 Rigid (Rogers

RT6006) fr(S21) 26

[16] Microstrip Patch
Antenna-Sensor 0–400 42.97 × 34.60 2.4 Rigid fr(S11) 25

[24]

Distributed
MEMS

transmission
lines (DMTL)

0–347.8 - 16 Rigid fr(S11) 16.4

[25] Single-port
sensor 100–1000 55 × 30 4.8 Rigid (Rogers

RO3006) fr(S11) 14

This
work

Monopole
Antenna-Sensor 0–190 35 × 35 2.4 Textile fr(S11) 350

5. Conclusions

In this article, a textile monopole antenna-based sensor was presented for the monitor-
ing of glycemia level for diabetes. The performance of the antenna-sensor was practically
validated. The measured results of the return loss in free space presented a good agree-
ment with the simulation at 2.4 GHz. The proposed antenna-sensor was tested on in vitro
experiments to verify the functionality of the microwave glucose antenna-sensor. A blood
mimicking aqueous solution was prepared for different concentrations to cover diabetes
patients with hypoglycemia, normoglycemia and hyperglycemia relevant to type-2 dia-
betes. The sensing method is based on the absorption of different glucose concentrations by
textiles on the sensing area. The textile antenna-based sensor uses reflection measurement
to monitor the glucose level change in the resonant frequency. The detection of different
glucose/water solutions is based on the variation of the dielectric properties of the sensing
area which produce a significant shift in the resonant frequency. A linear regression was
applied to the resonant frequency shift and a good correlation can be clearly seen between
glucose concentration and the frequency shift. The results demonstrate the capability of the
proposed device to cover all the glucose levels of diabetes, hypoglycemia, normoglycemia
and hyperglycemia, with a sensitivity of 350 kHz/(mg/dL). The proposed antenna-sensor
presents a higher sensitivity compared to existing microwave sensors reported in the litera-
ture; together with other features such as simple design, low cost and miniature size, it can
therefore be used as a preliminary screening for monitoring blood glucose levels.
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A B S T R A C T   

In this paper we present the design and the validation of a novel fully embroidered meander dipole antenna- 
based sensor integrated into a commercially available T-shirt for real-time breathing monitoring using the 
technique based on chest well movement analysis. The embroidered antenna-based sensor is made of a silver- 
coated nylon thread. The proposed antenna-sensor is integrated into a cotton T-shirt and placed on the mid-
dle of the human chest. The breathing antenna-based sensor was designed to operate at 2.4 GHz. The sensing 
mechanism of the system is based on the resonant frequency shift of the meander dipole antenna-sensor induced 
by the chest expansion and the displacement of the air volume in the lungs during breathing. The resonant 
frequency shift was continuously measured using a Vector Network Analyzer (VNA) to a remote PC via LAN 
interface in real-time. A program was developed via Matlab to collect respiration data information using a PC 
host via LAN interface to be able to transfer data with instrumentation over TCP/IP. The measurements were 
carried out to monitor the breathing of a female volunteer for various positions (standing and sitting) with 
different breathing patterns: eupnea (normal respiration), apnea (absence of breathing), hypopnea (shallow 
breathing) and hyperpnea (deep breathing). The measured resonance frequency shift to 2.98 GHz, 3.2 GHz and 2 
GHz for standing position and 2.84 GHz, 2.95 GHz and 2.15 GHz for sitting position, for eupnea, hyperpnea and 
hypopnea, respectively. The area of the textile sensor is 45 × 4.87 mm2, reducing the surface consumption 
significatively with regard to other reported breath wearable sensors for health monitoring.   

1. Introduction 

Health care expenditures are constantly increasing and take up a 
large part of the states national budget [1]. One of the current challenges 
in the state of the art is to investigate new strategies for the imple-
mentation of sensors fully integrated into fabrics (clothing, sheets, etc.) 
that allow monitoring and control in real time the state of health of 
people with maximum comfort. The benefits of this type of devices 
would generate an overall improvement of the healthcare system in 
terms of assistance efficiency and overall cost. During medical care, a 
vital sign such as breathing is an essential factor that must be continu-
ously monitored [2]. Breathing is a principal physiological task in living 
organisms and is considered as an indicator of pathological instability 
such as sleep apnea, asthma, lung disease and cardiopulmonary arrest. 
Breathing monitoring may be used during the surveillance of patients or 
for treatment, it also plays an important role in the monitoring of 
newborns, some of whom are born in sensitive conditions, and this 
monitoring may avoid any injury due to sleep apnea in infants [3]. 

Hence, continuous monitoring of respiration is critical to evaluate the 
subject’s health status. 

Continuous monitoring of patients using wearable technologies is an 
important diagnostic technology as it opens a new era for medical 
assistance in advancing healthcare outside the hospital [4]. Various 
techniques were proposed in the literature to perform breathing moni-
toring [5]. To measure breathing parameters a sensor could be an 
alternative diagnostic device to monitor an important physiological sign 
for the human being in real-time. There are large differences among 
techniques determined by sensors and breathing parameters, sensing 
techniques, sensor locations, processing sensor data, software of anal-
ysis, and performance evaluation. In the literature, several non-invasive 
methods were proposed to monitor breathing [6] such as passive radars, 
camera-based system [7], optics infrared thermography, Ultra-Wide- 
Band (UWB) radar, and thermal imaging [8]. The main disadvantage 
of these techniques is that they require a complex measurement equip-
ment and data analysis and they suffer from the implementation 
complexity for patients daily use. The most popular contact-based 
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techniques for respiration monitoring are summarized as follows [9]:  

- Technique based on air humidity: possible sensors are fiber optic 
sensors, resistive or capacitive sensors, impedance sensors, nano-
particles and nanocrystal sensors. 

- Technique based on respiratory airflow that uses photoelectric sen-
sors, hot wire anemometers, turbine flowmeters and differential 
flowmeters.  

- Technique based on the modulation of cardiac activity: can used 
radar sensors, PPG (photoplethysmography) and ECG (electrocardi-
ography) sensors.  

- Technique based on chest well movement analysis, this technique 
contains three different measurement approaches: Firstly, the 
impedance analysis used transthoracic impedance sensors and sec-
ondly strain measurement that uses triboelectric nanogenator, py-
roelectric and piezoelectric sensors, fiber optic sensors, resistive and 
inductive sensors. Thirdly, the movement measurement is based on 
ultrasonic proximity sensors, magnetometers and gyroscopes sen-
sors, Kinect sensors, accelerometers and frequency shift sensors. 

Recent technological advances in wireless communications and mi-
croelectronics ushered textiles into a novel era of smart wearable sys-
tems. The use of clothing is a major part of people’s daily life, and is the 
most natural form of integrating electronic devices. These garments are 
often called smart textiles [10]. The latter can be defined as textiles that 
are able to sense and respond to changes in their environment. Smart 
textiles present a challenge in various areas such as military [11], 
fashion [12], sport [13] and medicine [14]. Thanks to new de-
velopments in textile research, smart textile clothing can now perform 
continuous monitoring of respiration. The sensing area is either incor-
porated into textile such as microbend multimode fiber technology [15], 
sensors based on fiber Bragg grating (FBG) [16,17], piezoelectric sensor 
[18], or integrated into fibers and threads composing the textiles such as 
conductive polymers [19] and conductive yarn [20]. 

For respiration monitoring, wearable devices such as smart T-shirt 
provides more comfort and user-friendly approaches using embedded 
sensors. Smart textile sensors have received a lot of research interest for 
the breath monitoring. A twelve Fibre Bragg Grating (FBG) sensors glued 
on the elastic T-shirt was validated to monitor breath and heart rates in 
two different positions standing and sitting [21]. This detection-based 
technology is complicated and expensive to manufacture the sensors 
as well as the use of FBG into the T-shirt causes a discomfort to the user 
when used for a long time. In [22], a spiral antenna-based sensor using 
multi-material metal-glass-polymer fibers was integrated into standard 
t-shirt to monitor the respiration rate of an adult. The breathing 
antenna-based sensor was incorporated into a T-Shirt using cyanoacry-
late glue. For breathing monitoring using a T-shirt, most researchers 
have embedded the sensor into the T-shirt with a specific glue. 

Nowadays, we are seeing an increasing demand for smart textiles as 
they can be applied directly to the body for sensing/communicating 
such as antenna sensors. Wearable antenna sensors have demonstrated a 
significant impact on the future of healthcare applications [23]. Despite 
their development, these devices face several challenges related to lack 
of reliability, rigid form, user convenience and challenges in data 
analysis that have limited their wide application. In order to address 
these problems, it is necessary to develop a new reliable and user- 
friendly approach that allows incorporating antenna-sensors into gar-
ments without restricting movement or compromising the comfort of the 
user. In this work, we have developed a new embroidered meander 
dipole antenna-based sensor for real-time breath detection of an adult 
using the technique based on chest well movement analysis. The pro-
posed antenna-based sensor is placed on the middle of the human chest 
and takes into account the user’s comfort with no movement constraints. 
The sensing method relies on the resosant frequency shift of the antenna- 
based sensor induced by the chest movement and the displacement of 
the air volume in the lungs during breathing. The respiration data 

information was continuously measured using a Vector Network 
Analyzer (VNA) to a remote PC via LAN interface in real-time using 
Matlab. The measurements were carried out to monitor the breathing of 
a female volunteer for various scenarios (standing and sitting) with 
different breathing patterns: eupnea (normal respiration), apnea 
(absence of breathing), hyperpnea (deep breathing) and hypopnea 
(shaloow breathing). The paper is organized as follows: Section 2 de-
scribes the mechanism of breathing detection, the design of the proposed 
antenna-sensor and data collection and treatment. Section 3 shows the 
results obtained from the controlled experiments and analysis, Section 4 
provides the discussion and finally the conclusions are drawn in Section 
5. 

2. Textile Antenna-Sensor for real time breath monitoring 

2.1. Mechanism of breathing detection 

A simplified illustration of the lungs during inspiration and expira-
tion is shown in Fig. 1(a). During breathing, the volume of the respira-
tory system changes due to the movement of the abdomen and chest wall 
caused by contractions of the intercostal muscles and the diaphragm. 
The contraction of the diaphragm causes the abdominal organs to be 
pushed down, causing a decrease in intrathoracic pressure. The dia-
phragm contracts during inhalation (inspiration) and relaxes during 
exhalation (expiration). During inhalation, the external intercostal 
muscles and the diaphragm contract and this causes the rib cage to 
expand and move outward as well as the expansion of the lung volume 
and thoracic cavity. For the expiration, the intercostal muscles and 
diaphragm relax, the abdomen and chest take back relax position and 
lung volumes decrease as shown in the lower portrait of Fig. 1(a). A 
technique based on the analysis of chest wall movement was used to 
monitor breathing using a meander dipole embroidered antenna-sensor 
integrated into a cotton T-Shirt. The antenna-based sensor is located on 
the middle of the human chest whereas the breath sensing depends on 
the resonant frequency shift of the embroidered antenna-sensor induced 
by the abdominal and thoracic movement during respiration. The res-
piratory signal was continuously measured using a N9916A FieldFox 
microwave analyzer operating as Vector Network Analyzer (VNA) to a 
remote PC via LAN interface in real-time. 

2.2. Antenna-Sensor design 

Similar to conventional antennas, a wearable textile meander dipole 
antenna-sensor contain two elements: conductive and non-conductive 
parts. The material used for the conductive part is a commercial Shiel-
dex 117/17 dtex 2-ply. This commercial conductive yarn is made of 99% 
pure silver-plated nylon yarn 140/17 dtex which furnishes a good 
conductivity. The non conductive part is a cotton substrate of a 

Fig. 1. (a) Simplified illustration of the lungs during inspiration and expiration, 
(b) Fabrication process of the embroidered antenna-sensor integrated into a 
cotton T-Shirt. 

M. El Gharbi et al.                                                                                                                                                                                                                              



Measurement 195 (2022) 111080

3

commercially available T-Shirt. The dielectric properties of the T-shirt 
have been accurately characterized using a Split Post-Dielectric Reso-
nator (SPDR). The cotton relative dielectric constant and loss tangent are 
εr = 1.3 and tanδ = 0.0058, respectively. 

On the other hand, an Electronic Outside Micrometer was used to 
measure its thickness (0.464 mm). A meander dipole antenna-sensor 
was integrated into a commercially available T-shirt at the pectoral re-
gion of the chest. The dimensions of the proposed antenna sensor are 
depicted in Fig. 2. The breathing antenna-sensor was designed to oper-
ate at 2.4 GHz. The manufacturing embroidery process of the proposed 
antenna-sensor is represented in Fig. 1(b) and can be summarized in 
three steps:  

• Step 1 (Antenna Design): The design of the proposed antena-sensor is 
simulated using the commercial CST Studio Suite 3D full electro-
magnetic simulator 2019. The design was developed to specify pre- 
set performance criteria (operating frequency and size).  

• Step 2 (Digitization): The conductive part is converted to a stitch 
pattern using a Digitizer Ex Software. This software is used to pro-
duce a digital stitch format file to be readable by embroidery ma-
chine Singer Futura XL550.  

• Step 3 (Embroiderd Protoype): The design was modified by the 
functions of the embroidery machine by means of the desired em-
broidery pattern, desired stitch density and thread tension. 

2.3. Data collection and treatment 

The meander dipole antenna-sensor is integrated into the cotton T- 
Shirt to monitor respiration data of a healthy woman volunteer in a 
lababoratory environment. The main figure of merit of the proposed 
antenna-sensor is the shift of the resonant frequency that appears due to 
the change in lung volume under the movement of the chest. To test this 
concept, a Vector Network Analyzer (VNA) was connected to PC host for 
data processing via a LAN interface. Data was analyzed in Matlab 
environment. The measurement setup configuration for the respiration 
detection in real time of the meander dipole antenna-sensor integrated 
into a T-Shirt is presented in Fig. 3. The volunteer was asked to perform 
two positions (standing and sitting) with different breathing patterns 
eupnea, apnea, hyperpnea (deep breathing) and hypopnea (shaloow 
breathing). The data process model is presented in Fig. 4. We developed 
a program via Matlab to collect respiration data information from VNA. 
The most important step is to configure the VNA with the same IP 
address used in the PC host via LAN interface to be able to transfer data 
with instrumentation over TCP/IP. The program was able to detect re-
petitive respiration and measure the resonant frequency shift con-
tinously. Table 1 outlines common breathing patterns with a description 
and possible causes. Therefore, continuous monitoring of respiration is 
critical to evaluate the subject’s health status, as it helps in the diagnosis 
and management of a variety of pathological conditions. 

The aim of this work was to provide a technique to detect human 
breathing status using a wearable meander dipole antenna-sensor 
embroidered into a cotton T-shirt. The human respiratory status was 
compared with the standard respiration signal for different breathing 
patterns presented in the Fig. 5. The respiratory signals come in various 
forms depending on the breathing patterns, and are generally defined in 
four types of breathing, as presented in Fig. 5. For the eupnea, is a 
normal respiration of an individual under resting conditions. Apnea 

present a stop breathing. For the hypopnea describe a low signal 
amplitude due to the shallow breathing. The hyperpnea is a deep 
breathing, the amplitude of the signal breathing is higher than the 
eupnea. 

3. Results and analysis 

3.1. S-parameter 

The main parameters characterizing the antenna resonant frequency 
are the parameters S, more specifically S11. The prototype of the pro-
posed antenna-sensor was characterized in terms of S11 and the Specific 
Absorption Rate (SAR) to evaluate its performance for the wireless 
communications. In order to verify the accuracy of the embroidery 
technique, the meander dipole antenna-sensor was tested by measuring 
S11 using the Vector Network Analyzer. The simulated and measured S11 
for the proposed antenna-sensor is presented in Fig. 6. From this figure, 
we can observe that the experimental measurement of the S11 has a good 
agreement with the numerical 3D electromagnetic simulation. The 
operating frequency of the experimental and simulation results is 2.4 
GHz. Due to manufacturing errors, a small deviation in the S11 ampli-
tude is observed. It is noted that this proposed antenna-sensor has 
achieved a realized gain of 1.86 dB. 

3.2. Antenna under stretching 

When textile antenna-based sensor is worn by a human body, its 
geometry is subject to significant deformations caused by the body 
shape. The antenna-sensor deformation causes alterations to the radio 
frequency (RF) signal. Therefore, the impact of mechanical de-
formations needs to be quantified for the proposed antenna-sensor. The 
main feature of the proposed textile antenna is the resonance frequency 
shift caused by the change in lung volume and the stretching of the 
textile under the movement of the chest. The proposed antenna-based 
sensor is located on the middle of the human chest, allowing the chest 
expansion to slightly stretch the antenna-sensor as presented in Fig. 7. 
The resonance frequency shift as a function of stretching deformation 
have been performed for the proposed antenna-sensor. In order to 
evaluate the performance of the meander dipole antenna-sensor under 
stretching, the proposed antenna was simulated by different width (w) 
ranging from 47 mm to 53 mm to mimic the stretching of the antenna 
(Fig. 8). It is important to note that the stretching does not cause any 
deformation to the antenna, only the width changes. Note that the an-
tenna at rest had w = 45 mm (Fig. 2). The simulated and measured re-
sults of the resonance frequency of the textile antenna-sensor as a 
function of the induced stretch are shown in the Fig. 9. From this figure, 
a linear function is used to fit the data and the coefficient of determi-
nation (R2) shows the curves fitting well. From the obtained results, the 
feasibility of the textile antenna-sensor under stretching is confirmed 
and the proposed antenna-sensor can work to measure the resonant 
frequency with different values of w in a linear way at a determined 
frequency. 

3.3. Specific absorption rate (SAR) analysis 

Since the proposed antenna-sensor operates close to the human 
body, it is important to consider the rate of absorption of radio fre-
quency (RF) energy in the involved tissues. Specific Absorption Rate 
(SAR) is defined as the power absorbed by the biological tissue when 
exposed to a RF electromagnetic field. Specifically, it is defined as: 

SAR = σ|E|2/(ρ)

Where, E: Electric filed (V/m). 
σ: Electrical conductivity (S/m). 
ρ: Tissue density (kg/m3). 

Fig. 2. Meander dipole antenna-based sensor. Dimensions are: W = 45 mm, L 
= 4.8 mm, d = 7.6 mm, g = 2 mm. 
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SAR is a very important parameter used to help ensure safety aspects 
of exposure to RF energy. Institute of Electrical and Electronics Engi-
neers (IEEE) and the International Commission on NonIonizing Radia-
tion Protection (ICNIRP) have provided recommended SAR limits in 
order to protect users from the hazards of exposure to electromagnetic 
fields. According to the both organizations, the limit of SAR was set as: 
1.6 W/Kg and 2 W/Kg averaged over 1 g and 10 g tissue, respectively 
[24,25]. Since the proposed respiration antenna-sensor can be used by 
people of different ages and gender such as monitoring the breathing 
status of a newborn infant, a voxel model was used for simulation. This 
voxel family is a group of seven realistic human model data sets created 
from seven persons of different stature, age and gender including their 
corresponding tissues. The complete SAR analysis is done by importing 

the proposed antenna into CST Studio Suite 3D full electromagnetic 
simulator 2019. The SAR simulations are carried out using different 
voxel models under two standard as presented in Table 2, which shows 
that the proposed antenna- sensor offers an acceptable SARs at different 
voxel model for both standards. The power used for the simulations is 50 
mW. The SAR simulations were carried out considering the IEEE/IEC 

Fig. 3. Measurement setup configuration.  

Fig. 4. Data process model to monitor breathing.  

Table 1 
Different breathing patterns and their causes.  

Breathing 
Patterns 

Description Causes 

Eupnea Quiet breathing or resting 
respiratory rate 

Normal breathing 

Apnea Absence of breathing Diabetes, Heart failure, 
cardiomyopathy 

Hypopnea Shallow breathing or an 
abnormally low respiratory 
rate 

Anxiety, Asthma, Pneumonia, 
Shock, Pulmonary Edema 

Hyperpnea Increased rate and depth of 
breathing 

Emotional stress, Diabetic 
ketoacidosis  

Fig. 5. Process to detect human respiratory status.  

Fig. 6. Simulated and measured S11 of the textile meander dipole antenna- 
based sensor. 

Fig. 7. Configuration of the proposed antenna-sensor under the stretching 
caused by the chest expansion during the breathing. 
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62704–1 standard, according to the regulators. All models take into 
account up to 80 human tissues and organs. As an example, the proposed 
antenna-sensor is placed on the chest of a realistic Emma voxel human 
model with a SAR distribution at 2.4 GHz for two standard (1 g and 10 g) 
as shown in Fig. 10. 

For SAR simulation, the proposed antenna-based sensor is placed at 
distance d = 10 mm from the voxel model to imitate realistic worn plac 
ements.In order to address a complete SAR analysis, the simulations 
over different voxel models with different age, size and weight have 
been performed.The absolute SAR value as well as the percentage of 
safety (%) with regard to the standard SAR limits are reported in Table 2. 

3.4. On-body measurements 

The main concept of this work is to validate the embroidered 
meander dipole antenna-sensor integrated into a commercially available 
T-Shirt for the breathing monitoring in real time. The breathing tests 
were attended with the help of a female volunteer (28 years, 1.67 cm, 70 
kg) having approximately the same characteristics with human Emma 
voxel model. Various respiratory patterns were professionally role 
played in real time based on the description of the breathing patterns 
reported in Table 1. Fig. 11 shows a photograph of the volunteer wearing 
the T-shirt under laboratory testing for sitting and standing positions. To 
investigate the feasibility and consistency of the proposed antenna- 
based sensor, various experimental tests were performed to study 
different breathing patterns (eupnea, apnea, hypopnea and hyperpnea). 

When the antenna-based sensor is placed on the human chest, the 
participant was asked to:  

1- Normal breath.  
2- Deep breaths (hyperpnea) followed by shallow breaths (hypopnea).  
3- Deep breaths (hyerpnea) followed by apnea (absence breathing). 

The normal respiration (eupnea), the female volunteer was asked to 
breath normally and at ease for different positions (standing and sitting 
on a chair). During the apnea test, there is no air exchange either 
through the mouth or the nose means that no diaphragmatic and 
intercostal muscle activity. The measured S11 for eupnea, hyperpnea and 
hypopnea patterns are presented in Fig. 12. The obtained results are 
taking during inhalation of the female volunteer for sitting position. This 
change in resonance frequency is caused by the change in lung volume 

Fig. 8. S11 Simulation results of the antenna-sensor under stretching.  

Fig. 9. Simulated and measured results of the resonant frequency of the textile 
antenna-sensor as a function of the induced stretch. 

Table 2 
Specific absorption rate values at different voxel model and standards.  

Voxel 
model 

Age 
(Year) 

Size 
(cm) 

Mass 
(kg) 

Sex Resolution/ 
mm 

SAR 
(1 g) 
W/kg 

SAR 
(10 g) 
W/kg 

Baby 8- 
weeks 

57 4.2 F 0.85 × 0.85 
× 4 

1.53 
(4%) 

0.86 
(57%) 

Child 7 115 21.7 F 1.54 × 1.54 
× 8 

1.54 
(4%) 

0.064 
(96%) 

Donna 40 176 79 F 1.875 ×
1.875 × 10 

0.295 
(81%) 

0.141 
(92%) 

Emma 26 170 81 F 0.98 × 0.98 
10 

0.878 
(45%) 

0.414 
(79%) 

Gustav 38 176 69 M 2.08 × 2.08 
× 8 

1.57 
(2%) 

0.786 
(60%) 

Laura 43 163 51 F 1.875 ×
1.875 5 

0.489 
(69%) 

0.247 
(87%) 

Katja 43 163 62 F-P 1.775 ×
1.775 × 4.84 

0.456 
(71%) 

0.226 
(88%)  

Fig. 10. Antenna-sensor on human Emma voxel model, SAR at 2.4 GHz (a) 1 g, 
(b) 10. 
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and the stretching of the textile under the movement of the chest. It can 
be clearly seen a consistent frequency shift of the main resonance fre-
quency of the embroidered antenna-sensor. 

The resonant frequency shift was continuously measured using a 
N9916A FieldFox microwave analyzer operating as Vector Network 
Analyzer (VNA) to a remote PC via LAN interface in real-time. Matlab 
environment was used to test our methodology for different breathing 
signals (Fig. 4). The acquisition rate was adjusted to provide the mea-
surement per second. Real-world breathing tests were attended with 
help of a female volunteer. The different breathing patterns of the fe-
male volunteer for standing position were presented in Fig. 13. From this 
figure, a noticeable resonant frequency shift can be seen that allowed the 
correct detection of different breathing patterns (eupnea, apnea, hypo-
pnea and hyperpnea) of the volunteer. For the eupnea, a stable rhythm 
breathing was observed with a large shift frequency up to 2.98 GHz 
(Fig. 13(a)). The participant was asked to take a deep breathing (hy-
perpnea) following by a shallow breathing (hypopnea), the resonant 
frequency shifted to 3.2 GHz and 2 GHz, respectively (Fig. 13(b)), the 
hypopnea has a low breathing signal according to a low respiratory 
taking by the volunteer. For the apnea, the volunteer take a deep 
breathing followed by a stop breathing for several seconds (no air ex-
change either through the mouth or the nose). We can observe that the 
signal is saturated for different breathing patterns, because the female 

volunteer keeps her breathing cycle constant during inhalation to show 
the accuracy for the proposed system for different breathing patterns. 
The curve peak saturation for apnea is due to the absence of breathing, 
and this corresponds to the standard breathing signal. They are pre-
sented to demonstrate that our antenna is able to monitor different 
breathing patterns. The measurements was repeated in sitting position 
for different breathing patterns as presented in Fig. 14. For the eupnea, a 
resonant frequency shifted to 2.84 GHz (Fig. 14(a)). The measured 
resonant frequency shift for hypopnea and hyperpnea are 2.15 GHz and 
2.95 GHz, respectively (Fig. 14(b)). All the results have the same 
behavior as the standard respiration signal presented in Fig. 5, this fact 
confirms that the obtained results from these measurements seem to be 
very promising for an embroidered antenna-based sensor to monitor 
human breathing, as the proposed approach is able to detect different 
breating patterns for several postions and this could be useful to evaluate 
the subject’s health status. 

4. Discussion 

The objective of this study is to verify the proposed breathing 
antenna-sensor embroidered into a commercial cotton T-shirt for real 
time monitoring of a human being breath. The breathing antenna-sensor 
was designed to operate at 2.4 GHz. The proposed antenna sensor is 
placed on the middle of the human chest and takes into account the 
user’s comfort with no movement constraints. The breathing sensing 
mechanism is based on the resonant frequency shifts of the embroidered 
antenna-sensor due to textile stretching induced by chest wall move-
ments. The obtained results could make our embroidered antenna- 
sensor as a potential system for medical application such as: breathing 
troubles in neonates, children and adults, evaluating sleep apnea and 
monitor people suffering from asthma. The principal advantage of the 
proposed process consists of high user comfort associated with con-
ventional clothing, as it does not require a connection of electrodes of 
any form. Table 3 presents a comparison of different techniques, sensor 
type, location, measuring parameter and size for previously reported 
works of the wearable category for respiration monitoring. 

A breathing parameter (BP) was calculated from breath to-breath 
interval. BP is the time that elapses between two consecutive peaks of 
the respiratory signal during normal breathing. This parameter shows 
the accuracy of the system during the breathing cycle. Most of the re-
ported works were fabricated using conventional printed circuit board 
substrates. There are two sensors made from textile substrates, one is a 
piezoresistive sensor stitched into a T-shirt and the other one is a spiral 
antenna based on multi-material fibers integrated into a T-shirt. As 
shown in the Table 3, both T-shirts have a large sensor size. The main 

Fig. 11. Photograph of the embroidered antenna-based sensor into a cotton T-shirt under laboratory testing for different scenarios, (a) sitting, (b) standing.  

Fig. 12. Measured S11 for different breathing patterns in sitting position.  
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novelties of our research are to consider a new approach to monitor 
breathing using a a fully textile wearable meander dipole antenna- 
sensor embroidered into a cotton T-shirt with a compact size present-
ing a high comfort for the user. Moreover, the overall size of the 

Fig. 13. Measured respiratory patterns of an adult female volunteer in standing 
position, (a) Eupnea, (b) hypopnea and hyperponea, and (c) Apnea. 

Fig. 14. Measured respiratory patterns of an adult female volunteer sitting 
position, (a) Eupnea, (b) Hypopnea and hyperponea, and (c) Apnea. 
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breathing antenna-based sensor is reduced by up to 90% compared to 
the reported works. 

5. Conclusion 

In this work, a new embroidered meander dipole antenna-based 
sensor integrated into a commercially available T-Shirt for real-time 
breathing monitoring using the technique based on chest well move-
ment analysis is presented. The breathing antenna-sensor was designed 
to operate at 2.4 GHz. The working principle is based mainly on the 
resonant frequency shift of the meander dipole antenna-sensor induced 
by the chest expansion and the displacement of the air volume in the 
lungs during breathing. We have demonstrated the feasibility and con-
sistency of the proposed antenna-based sensor in various breathing 
patterns (eupnea, apnea, hypopnea and hyperpnea) for two different 
postions (standing and sitting). The ability and accuracy of the 
embroidered antenna-based sensor to detect in real time the breathing 
patterns of a female volunteer has been demonstrated. Our system may 
be used for healthcare applications, such as in situ diagnose of breathing 
diseases and monitor people suffering from Pulmonary Edema, Asthma 
and so on. The proposed antenna-based sensor has the advantages of 
combining wearability, compact size, consistent performance and no 
fabrication complexities. 
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Abstract: Wearable technology has been getting more attention for monitoring vital signs in various
medical fields, particularly in breathing monitoring. To monitor respiratory patterns, there is a current
set of challenges related to the lack of user comfort, reliability, and rigidity of the systems, as well
as challenges related to processing data. Therefore, the need to develop user-friendly and reliable
wireless approaches to address these problems is required. In this paper, a novel, full, compact
textile breathing sensor is investigated. Specifically, an embroidered meander dipole antenna sensor
integrated into an e-textile T-shirt with a Bluetooth transmitter for real-time breathing monitoring
was developed and tested. The proposed antenna-based sensor is designed to transmit data over
wireless communication networks at 2.4 GHz and is made of a silver-coated nylon thread. The
sensing mechanism of the proposed system is based on the detection of a received signal strength
indicator (RSSI) transmitted wirelessly by the antenna-based sensor, which is found to be sensitive
to stretch. The respiratory system is placed on the middle of the human chest; the area of the
proposed system is 4.5 × 0.48 cm2, with 2.36 × 3.17 cm2 covered by the transmitter module. The
respiratory signal is extracted from the variation of the RSSI signal emitted at 2.4 GHz from the
detuned embroidered antenna-based sensor embedded into a commercial T-shirt and detected using
a laptop. The experimental results demonstrated that breathing signals can be acquired wirelessly
by the RSSI via Bluetooth. The RSSI range change was from −80 dBm to −72 dBm, −88 dBm to
−79 dBm and−85 dBm to−80 dBm during inspiration and expiration for normal breathing, speaking
and movement, respectively. We tested the feasibility assessment for breathing monitoring and we
demonstrated experimentally that the standard wireless networks, which measure the RSSI signal via
standard Bluetooth protocol, can be used to detect human respiratory status and patterns in real time.

Keywords: antenna sensor; breathing status; embroidered textile; e-textile; wearable system

1. Introduction

In recent years, the market for wearable technologies involving advanced electronic
technologies, computer sciences and fashion has experienced significant growth. Among di-
verse wearable technologies, e-textiles are one of the most popular categories, with great in-
fluence in our daily lives and prevalence in many applications, including military, aerospace,
automotive, and medical fields [1]. The e-textiles are based on adding sensing electronic
components to clothes or creating fabrics based on conductive fibers/yarns/printing inks
in order to sense and respond to various external and environmental effects: mechanical,
electrical, chemical, etc. [2,3]. In the medical field in particular, e-textiles have been widely
used for continuous monitoring of vital signs [4]. To acquire vital signs from a person, there
are different types of devices, but in general, the measurement technique is divided into
two categories: wired and wireless. Wired systems are generally attached to the human
body to collect a vital sign using cables. These kinds of systems are often used in hospitals
and medical centers to measure vital signs on a daily basis, although several patients face
difficulties or discomfort during the measurement, particularly burn victims or child pa-
tients [5]. As a consequence, these techniques have restrictions for continuous monitoring,
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because any activity or movement is not accepted, and this limitation can bother the patient.
In contrast, wireless systems are gaining more popularity because they allow long-term
usability and provide convenient continuous monitoring of vital signs that could provide
additional understanding about disease progression, allowing prompt clinical intervention
because the data is sent and received wirelessly in real time [6,7].

Breath is one of the most important vital signs, and it is considered as a crucial indicator
to evaluate the physiological, physical state of human health, including diseases such as
sleep apnea, asthma and cardiopulmonary diseases [8,9]. Therefore, continuous monitoring
of breathing plays an important role in assessing a person′s health status. The growth of
demand for optimized medical breathing monitoring systems has led intensive research
to obtain simple, comfortable and accurate measurement solutions [10]. In the literature,
different methods were proposed for breathing monitoring. Breathing status assessment is
usually evaluated through human body temperature, movements or sounds. Specifically,
several techniques were proposed, such as the technique based on the modulation of cardiac
activity, the technique based on air temperature and the technique based on chest wall
movement analysis [11]. One of the techniques based on the modulation of cardiac activity
is an electrocardiogram (ECG), which requires the distribution of electrodes on the patient’s
body [12]. The main drawback of this technique is the complexity of the equipment and
difficulty of implementation. Another technique widely used for breathing monitoring
is the Respiratory Inductive Plethysmography (RIP) method [13]. This technique was
developed to evaluate respiratory status by measuring the abdominal wall and movement
of the chest. The disadvantage of this method is that the equipment is expensive and
cumbersome. The drawback of these methods is the complexity of their implementation
for daily use by the patient due to the wired connection. In addition, they require complex
techniques for processing data [14].

Recently, there has been an increasing demand for wireless respiratory monitoring
methods, as they are practical to use for convenient and long-term continuous monitoring
of patients′ physiological status. These wireless techniques provide an excellent user expe-
rience because they usually involve a sensing system located at a remote location so that a
person can perform their usual activities while they are continuously monitored. Various
contactless methods were proposed to monitor breathing, such as ultra-wideband (UWB)
radars [15], camera-based systems [16], thermal imaging [17] and infrared thermography
based on wavelet decomposition [18]. Although these techniques are contactless, their
main drawback is that they suffer from difficulty of usage and inaccuracy.

Recently, new noninvasive and contactless alternatives have emerged that rely on
integrating sensors into clothing, which provides more comfortable and user-friendly ap-
proaches for breathing monitoring. Many studies have proposed sensing systems integrated
into textiles for breathing monitoring, including fiber Bragg grating-based sensors [19],
magnetometers [20], inertial measurement unit sensors [21] and multimaterial fiber antenna
sensors [22]. Although the proposed sensor systems embedded in textiles were able to
detect vital signs, methods for data processing and analysis must be developed, and user
comfort is still a requirement.

In this work we investigate, design and test a textile sensor for real-time breathing
detection. In particular, an embroidered meander dipole antenna-based sensor integrated
into an e-textile T-shirt with a Bluetooth transmitter for real-time breathing monitoring
is proposed in this work. The antenna-based sensor is designed to transmit data over
wireless communication networks at 2.4 GHz. The breathing detection is based on the
received signal strength indicator (RSSI) measurements. The respiratory system is placed
on the middle of the human chest. During breathing, the transmitted signal from the
antenna-based sensor is sensitive to the stretching caused by the expansion/contraction of
the chest, so it can be used for monitoring the respiratory signal. The respiratory signal is
extracted from the variation of the RSSI signal emitted at 2.4 GHz from the embroidered
antenna-based sensor integrated into a commercially made T-shirt and detected using a
base station (laptop). The paper is organized as follows: Section 2 presents the design of
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the proposed system and the approach for the sensing and data collection. Section 3 shows
the test results of breathing status. The discussion based on the results can be found in
Section 4. Finally, conclusions are drawn in Section 5.

2. Design and Fabrication of E-Textile T-Shirt for Breathing Monitoring
2.1. Mechanism of Breath Detection

During respiration, the volume of the breathing system changes due to the movement
of the chest wall and abdomen caused by contractions of the diaphragm and the inter-
costal muscles. Figure 1 presents a schematic representation of the ventral body cavity.
The contraction of the diaphragm leads the abdominal organs down, causing a decrease
in intrathoracic pressure. There are two various sorts of physical movements during a
respiratory period: breathing in, or inhalation (draws air into the lungs), and breathing
out, or exhalation (pushes air out of the lungs). During inhalation, the intercostal muscles
contract and the size of the thoracic cavity increases, and this is related to the lowering of
the diaphragm. Thus, this reduces the pressure within the alveolus so that air flows into the
lungs, as shown in Figure 1a. During exhalation, the intercostal muscles and diaphragm
relax, the abdomen and chest return to a resting position and lung volumes decrease, as
shown in Figure 1b.
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Figure 1. Schematic representation of the ventral body cavity: (a) expiration, (b) inspiration and
(c) chest movement during inhalation and exhalation.

The breathing sensing mechanism of the proposed system is based on the operation
frequency shift of the embroidered antenna sensor. When the textile antenna-based sensor
is worn by a human body, its geometry is subject to significant deformation due to the
body’s respiration (expansion/contraction). As a result, the operation frequency of the
embroidered antenna shifts downward or upward because of the strain applied on the
antenna by the chest movement. The breathing antenna sensor is connected to a Bluetooth
transmitter, which is placed on the middle of the chest position. The detuning of the antenna
frequency generates a mismatching in the transmitter, which affects the received RSSI. A
base station contains a laptop with a receiver Bluetooth module prepared to continuously
record the variation of the RSSI signal emitted by the embroidered antenna sensor.

2.2. Embroidered Antenna-Based Sensor Design

The textile antenna-based sensor is a critical component of wearable technologies,
especially in an e-textile system that implements wireless communication, localization and
sensing functions while it is integrated unobtrusively and comfortably into the clothes. The
implementation of the antenna-based sensor in textile materials first requires a dielectric
material characterization, as shown in Figure 2a. In this particular case, a split-post
dielectric resonator (SPDR) was used to determine the dielectric properties of the T-shirt by
means of the resonance method. The substrate is the cotton of a commercially available
T-shirt. The experimental dielectric constant and loss tangent of the cotton substrate were
εr = 1.3 and tan δ = 0.0058, respectively. Also, an Electronic Outside Micrometer was used
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to measure the thickness (h) of the T-shirt, obtaining h = 0.464 mm. After measuring all the
necessary parameters of the substrate, the proposed antenna-based sensor was designed
using the commercial CST Studio Suite 3D full electromagnetic simulator 2021. For the
design process, we started with a conventional dipole antenna, which has a large size, and
we carried out a parametric study of different parameters in order to minimize the size and
to optimize its behavior at 2.4 GHz. Moreover, the overall size of the proposed meander
dipole antenna was reduced by up to 54% compared to the normal textile dipole reported in
the literature [23]. A meander dipole antenna-based sensor was designed for compactness.
Its dimensions are presented in Figure 2b: w = 45 mm, L = 4.8 mm, d = 7.6 mm and g = 2
mm. The layout of the proposed model is converted to a stitch pattern by using Digitizer
Ex software (Figure 2c). This software is used in order to obtain a digital stitch format file
that can be read by the Singer Futura XL550 embroidery machine. The final prototype
of the proposed antenna-based sensor is depicted in Figure 2d. A commercial Shiel-dex
117/17 dtex 2-ply was used for the conductive layer. This commercial yarn is made of
99% pure silver-plated nylon yarn 140/17 dtex, which provides excellent conductivity. In
addition, this conductive yarn allows the antenna-based sensor to be integrated into the
cotton T-shirt without mobility restriction or compromising the comfort of the person under
test, due to its high flexibility. Figure 2 summarizes all the fabrication steps of the proposed
embroidered antenna-based sensor.
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ment setup of the dielectric properties of material, (b) Antenna design model, (c) Digitization and
(d) Embroidered prototype.

2.3. Respiratory Antenna-Sensor Based on RSSI Measurement

A novel detection system based on the measurement of the power transmitted by
an embroidered meander dipole antenna-based sensor through a Bluetooth protocol was
presented. The proposed breathing system is composed of four parts: an embroidered
meander dipole antenna-based sensor integrated into a cotton T-shirt and placed on the
middle of the human chest, a transmission Bluetooth module, a receiver Bluetooth module
and a base station. The detection base station could be a laptop or tablet with a receiver
Bluetooth module. The breathing antenna sensor is connected to a Bluetooth transmitter,
which is placed on the middle of the chest position, maximizing the user′s comfort with
no restrictions of movement. The Bluetooth transmitter module is fabricated by means
of a commercial ESP32-WROOM-32UE [18], which contains a U. FL connector that needs
to be connected to an external antenna. In our case, the external antenna was a fully
embroidered meander dipole antenna-based sensor integrated into a T-shirt, as described
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in the previous section. The fabricated module was stitched by conductive yarn into the
T-shirt by means of two metallic pads to insure a good connection with the embroidered
antenna sensor. The ESP32 used in the fabricated transmitter module is a low-cost, low-
power system on a chip (SoC) series with Bluetooth and Wi-Fi capabilities. It is often used
for wearable electronics, mobile devices, and IoT applications. This transmission module
acts as an advertising beacon that follows the Bluetooth Low Energy (BLE) protocol, with
an operating frequency of 2.4 GHz. The transmitter Bluetooth module was fabricated and
sewn into the T-shirt. A commercial ESP32-WROOM-32U was used for programming our
fabricated transmitter module. The block diagram for the proposed breathing monitoring
system is presented in Figure 3. The custom board has a compact size 2.36 × 3.17 cm2, as
shown in Figure 3, which provides a high comfort level for the user wearing the T-shirt.
The proposed breathing wireless system was sewn into the T-shirt. To extract the received
signal strength indicator through Bluetooth protocol, a code was developed using Arduino
Software (IDE) to display the variation of the RSSI signal from the physical detuning of
the antenna sensor embedded into the T-shirt during the respiration process. The received
power of a BLE signal is disposable in the form of a received signal strength indicator (RSSI),
which is given by Bluetooth. It is an integer value representing the received power in dBm.
The breathing signal is extracted from the variation of the received signal strength indicator
(RSSI) from the antenna sensor embedded into the T-shirt. The RSSI measurement was
detected using a laptop connected to a receiver Bluetooth module (ESP32 ESP-WROOM-32).
This receiver module is a low-cost and low-power system on a chip microcontroller with
integrated dual-mode Bluetooth and Wi-Fi. It is well suited to a number of different IoT
(Internet of Things) devices, such as smart security devices (smart locks and surveillance
cameras), smart industrial devices and smart medical devices (wearable health monitors).
The respiration signal is obtained from the RSSI signal transmitted by the antenna-based
sensor, which is sensitive to the strain caused by the movement of the abdomen and chest
wall. After programming the receiver Bluetooth module, the receiver module receives the
Bluetooth signal from the transmitter antenna sensor, and it estimates the received power
of a BLE signal through RSSI data and sends all the obtained values via a serial connection
to the laptop. MATLAB was used to collect and visualize the breathing data information in
real time.
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3. Experimental Measurement and Performance Analysis

Breathing pattern monitoring is a mandatory and crucial task in healthcare fields.
Indeed, the respiratory signal plays a key role in the estimation and prediction of the
physiological status of patients. To acquire a breathing signal from a person, diverse
systems and techniques are developed, but most of these techniques are generally attached
to the human body using wires. This leads to difficulties and discomfort for the patients
during the measurement, especially in burn victims or child patients. To improve user
comfort, we proposed an e-textile T-shirt by means of a wireless system that was stitched
to an embroidered antenna sensor for real-time breathing detection. During expiration
(exhalation) and inspiration (inhalation), shape variation of the chest provides quantitative
information about human breathing status. The transmitted signal from the embroidered
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antenna-based sensor is obtained and recorded by the movements of the chest and the
abdominal wall. Note that the transmitted signal from the antenna sensor is sensitive
to stretch caused by the mechanical deformation during breathing. This behavior was
described in detail in [24]. The breathing status is usually categorized into two types:
normal (eupnea) and abnormal (apnea) breathing. Abnormal respiration is a very important
indicator of chronic diseases such as chronic obstructive lung disease, pneumonia or
physiological instability, so the demand for a continuous respiratory system in real time
with a relatively low cost is very important in practice.

The signal acquisition of the proposed system was done by a female adult in a real
environment. Several precautions are considered during measurements, avoiding any
movements or action by other humans. For normal breathing, the participant was asked to
follow several conditions:

1. Respiration with small movement (walking);
2. Respiration with speaking activities (reading a book);
3. Stable pause without any other activities.

To acquire abnormal breathing, the signal was produced by pausing respiration for a
few seconds to imitate apnea, because real abnormal respiration is difficult to obtain.

Figure 4 summarizes the proposed approach to detect and classify human breathing
status. In the experiment, the transmitter module was stitched into a T-shirt and was worn
by the participant, as shown in Figure 5. The base station was prepared, and the receiver
Bluetooth module was connected to a laptop. The base station records continuously the
transmitted received signal strength indicator emitted by the embroidered antenna sensor.
The participant was breathing according to the above conditions. The RSSI values were
displayed in IDE software, and MATLAB read the data and plotted it in real time through
the serial port. The measured raw RSSI data and related smoothed RSSI curves of eupnea
breathing signals for different conditions are presented in Figure 6. The smoothed RSSI
signal can be obtained by the Loess fitting method using data analysis and graphic software.
The signal of normal breathing (eupnea) was generated, a signal that is similar to sinusoidal
breathing, and the breathing period was clear and could be distinguished. Therefore,
expiration (exhalation) and inspiration (inhalation) phases in each respiration period were
clearly extracted for different examples of the normal respiration status. The experimental
results demonstrated that breathing signals can be acquired wirelessly by the RSSI via
Bluetooth. The RSSI range change was from −80 dBm to −72 dBm, −88 dBm to −79 dBm
and−85 dBm to−80 dBm during expiration and inspiration for normal breathing, speaking
and moving, respectively. The RSSI measurements were recorded for the participant at 1 m
from the base station. Note that during movement, the participant maintains the physical
distance between the receiver and transmitter. We can observe that the transmitted received
signal strength oscillates as the participant breathes. The respiration signal is obtained with
11 breathing cycles in 60 s. Note that normal breathing rates for an adult person range
from 11 to 16 breaths per minute according to the respiratory rate chart [25]. The expiration
and the inspiration period are estimated to be 5 s, which is in a good agreement with the
regular breathing cycle from 3 s to 6 s. An example of abnormal (apnea) breathing status
is presented in Figure 7. No expiration and inspiration over a very short period imitates
apnea (absence of breathing).
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4. Discussion

A novel, fully embroidered meander dipole antenna-based sensor integrated into a
cotton T-shirt for real-time respiration monitoring using the technique based on chest wall
movement analysis was developed in our group. This study demonstrated the capability
of the embroidered antenna sensor to detect different breathing patterns [24]. However,
this breathing monitoring technique is inconvenient because the breathing mechanism uses
a connecting cable for VNA that restricts the use of the proposed system. To improve the
user comfort, an e-textile T-shirt with wireless communication of an embroidered antenna-
sensor for real-time breathing detection was developed in this work. The proposed system
is composed of a contactless antenna-based sensor integrated into a cotton T-shirtthat is
connected to a transmission integrated Bluetooth module and a laptop with a receiver
Bluetooth module. The area of the proposed system is 4.5 × 0.48 cm2, and the transmitter
module is 2.36 × 3.17 cm2. The breathing signal is recorded through the detection of the
transmitted received signal strength indicator (RSSI) by means of a base station (laptop).
Table 1 presents a comprehensive comparison between two proposed systems for breathing
monitoring. The proposed work demonstrated the ability of the embroidered antenna-
based sensor to detect the breathing signal in real time and communicate the data via a
Bluetooth protocol at 2.4 GHz to a base station. Our breathing detection systems embedded
into a commercially textile T-shirt are presented in Figure 8. The respiratory antenna sensor
is placed on the middle of the chest position of the human body to monitor breathing in real
time by means of the stretching deformation of the textile under the movement of the chest
during breathing. The working principle is based on the resonant frequency shift using the
vector network analyzer (VNA) (Figure 8a). This technique makes the user uncomfortable
due to the connection cable of the VNA. Therefore, we proposed an e-textile T-shirt based
on the received signal strength indicator (RSSI) detected wirelessly using a base station
(Figure 8b) that presents a high level of comfort for the user. The reliability of the proposed
system will be addressed in future work. Several studies on the durability and washability
of textile antennas have been presented in the literature [26,27]. Different coating materials
(latex, silicone and so on) are used to protect the antenna from detaching in the laundry.
According to those studies, the effect of coating materials on antenna performance is far less
significant than manufacturing tolerances. Table 2 provides a comparison of the proposed
work with other studies that monitored breathing with different methods, and we can see
that a few textile sensors were found in the literature. The main novelty of our research is
the development of a new wireless communication platform for breathing monitoring using
a fully embroidered antenna sensor embedded into a commercial T-shirt and connected



Sensors 2022, 22, 8667 9 of 11

to a transmission Bluetooth module, which offers a compact size compared with reported
works, provides a high level of comfort for the user and is comfortable for long-term use.

Table 1. Comparison between two systems for breathing monitoring.

Breathing
System Sensor Type Measuring

Parameter Technique Advantages Disadvantages

System 1
(our previous

work)

Meander dipole
antenna sensor

connected
to a SMA

Frequency shift
of the S11

Vector Network
Analyzer (VNA)

• Wide frequency
range operation.

• No signal
interference.

• Not comfortable
for long term use.

• Movement
restriction

• Requires a
connection cable
for VNA.

• Not portable.

System 2 (our
current work)

Meander dipole
antenna sensor
connected to a

Bluetooth
transmitter

Received Signal
Strength

Indicator (RSSI)

Wireless
communication
with a portable

base station

• Portable.
• Comfortable.
• User friendly.
• Low energy

consumption.

• The signal strength
depends on the
distance between
the transmitter and
the detection base
station.

• Interference with
another RF signal
at 2.4 GHz.
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Figure 8. Breathing detection systems embedded into textile T-shirt: (a) system 1 (our previous work)
based on the resonant frequency shift using VNA, (b) proposed system based on the RSSI detected
wirelessly using a base station.

Table 2. Comparison with other breathing systems.

Ref [28] [29] [30] [31] [32] [33] [34] This Work

Sensor type Microphone Thermistor Spiral
antenna Camera Piezoelectric Resistive Multimodal

Patch
Dipole
antenna

1 C.T Mobile
phone

2 PAT 3 BT Wired WatchPAT wired WIFI 3BT

Method Recording
sound Nose airflow RSSI Image

analysis Raw signal 4 RIP
Signal

amplitude RSSI

Real-time Yes Yes Yes Yes Yes No Yes Yes
Textile No No Yes No No Yes No Yes

Size (mm2) 450 × 250 _ 200 × 100 50 × 76 70 × 60 310 × 40 65.53 × 26.67 45 × 4.87

1 C.T: Communication technology. 2 PAT: Portable analogue transmission. 3 BT: Bluetooth. 4 RIP: Respiratory
Inductive Plethysmograph.
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5. Conclusions

The feasibility of a contactless device for human breath detection based on a fully
embroidered antenna-based sensor embedded into a commercial T-shirt has been presented
and tested. An antenna sensor has been fully integrated into an e-textile T-shirt with wire-
less capability. We have demonstrated the ability of the wireless communicating portable
system to monitor breathing in real time and communicate the data via a Bluetooth protocol
at 2.4 GHz to a base station. The proposed wireless system demonstrated experimentally
the breathing signal by means of the received signal strength indicator (RSSI) via stan-
dard Bluetooth protocol. The capability and accuracy of the proposed wearable device to
detect in real time a breathing signal of a female volunteer has been demonstrated. The
obtained results could make our proposed e-textile T-shirt a potential device for healthcare
applications, such as in chronic obstructive pulmonary illness or sleep apnea and various
respiration disorders in neonates, children and adults.
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