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Introduction

High wearability and low intrusivity are increasingly common characteristics
of new generations of electronic personal devices. Given the high number
of devices used by the average person daily, having small and non-invasive
devices becomes more and more important. In this scenario, wireless commu-
nications are crucial to open the door to new generations of wearable nodes
connected to wireless sensor networks. In this technological transition, an-
tennas play a fundamental role. Antennas for these new applications have
to face several challenges. Firstly, the compactness of the footprint. Sec-
ondly, the flexibility of the substrate, improving the yield of the majority of
non-invasive and wearable systems. Thirdly, optimal radiation properties,
that combining high gains with low Specific Absorption Reference (SAR),
minimize the risks on the human body application. All these peculiarities
are very difficult to achieve and require several advanced techniques such
as artificial intelligence algorithms fabricated using advanced manufacturing
processes. In this thesis work, several wearables and flexible antennas for
remote sensing platforms are exposed. The antennas are designed using sev-
eral approaches to minimize their dimensions without affecting the radiation
properties. Moreover, the effects on the human body are carefully evaluated
using Finite-Different Time-Domain (FDTD) solvers. Finally, the integra-
tion of wearable antennas in a real scenario is presented. More in detail, the
integration of wearable and biocompatible piezoelectric sensors with flexi-
ble patch antennas is described. The obtained radiofrequency system has
a lightweight profile, is very compact and low consuming, and can monitor
the Heart Rate (HR) of one to multiple patients from remote. This thesis

work is structured as follows. In the first part, the state of the art as regards
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flexible antennas and remote wearable sensing platforms is exposed. Chapter
2 follows a brief theoretical explanation of the mathematical instruments to
characterize and design the flexible antennas and the radio link. In chapter
3, an evolved patch antenna is detailed. The antenna is a multilayer de-
vice composed of a radiative part designed through a genetic algorithm and
loaded with a split-ring resonator. All the steps of the design and the fabri-
cation protocol are exposed. In the end, the characterization of the device is
provided. Chapter 4 presents two examples of Planar Inverted-F Antennas
(PIFAs) on flexible substrates. In the first part, the design, fabrication, and
characterization of a PEN-based PIFA antenna are reported. In the second
section, the same antenna is replicated on a flexible glass substrate. Both
two antennas present a very straightforward fabrication process suitable for
rapid prototyping and mass production and can be exploited for wearable
systems. Chapter 5 regards the design and fabrication of flexible antennas
based on a plastic-free chitosan substrate. In particular, two generations
of antennas are detailed, both based on the same geometry and a chitosan
dielectric layer. The first uses metal traces based on silver nanoparticles,
while the second is all based on biodegradable materials such as a PEDOT:
PSS conductive layer. Antennas are characterized in terms of return loss
and radiation properties and show to be an optimal choice for wireless sensor
network applications. In chapter 6 the integration of a piezoelectric defor-
mation sensor integrating patch antennas to build a wireless remote sensing
platform is exposed. Three generations of boards are prototyped and tested
with gradually decreasing power consumption and sizes. All three boards are
characterized in terms of the degree of signal distortions and signal-to-noise
ratio. Moreover, the third-generation board working in the Industrial, Scien-
tific, and Madical (ISM) band is used to measure from one to three patients
simultaneously. Finally, chapter 7 reports the conclusions and perspective
of this work. All the reported fabrication protocols have been developed at
the Center for Biomolecular Nanotechnologies (CBN) of Istituto Italiano di

Tecnologia sited in Lecce.



Chapter 1

State of the art

With the maturity of fabrication processes, a multitude of biocompatible
and flexible materials have been applied for sensing technologies to realize
sensing platforms characterized by very high wearability combined with high
sensitivities. The number of wearable flexible sensors is constantly increas-
ing, and several highly sensitive platforms have been successfully applied for
monitoring biological parameters. In [1]| a wearable platform able to measure
humidity has been proposed. The sensor is formed by patterning interdigi-
tated electrodes made of graphene on a 40 pm-thick polyimide substrate. The
working principle is based on the variation of resistance because of the hu-
midity in the air. The sensor has been demonstrated to be very sensitive and
able to monitor breath with low-invasive measurements. Another example of
a pressure sensor is presented in [2]. The sensor is composed of micro con-
formal graphene electrodes (MGrEs) transferred to a PET substrate through
a (UVA) adhesion layer. By sandwiching a Polydimethylsiloxane (PDMS)
dielectric layer between the top MGrE and the bottom electrode, the au-
thors obtained a capacitive pressure sensor with high sensitivity, fast response
speed, ultralow detection limit, tuneable sensitivity, high flexibility, and high
stability. Reference [3] details a new sensing platform able to monitor, at
the same time, heartbeat and temperature. The sensor is composed of a
core thermosensitive micro/nano porous fiber (graphene/Fe2(Mo0O4)3/TPU)

wrapped with nylon filament outside. The heartbeats are measured by ex-
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ploiting the triboelectricity of the whole textile, while the sensitivity to the
temperature is given by the thermosensitive core. The use of such mini-
mally invasive sensors has opened up scenarios far beyond the simple use of
wearable technology but has also enabled the realization of monitoring plat-
forms inside the human body; unthinkable to achieve with other technologies.
As an example, in [4] a flexible piezoelectric sensor for monitoring gastroin-
testinal (GI) motility has been presented. The sensor is placed within the
gastrointestinal tract for the diagnosis and treatment of motility disorders,
monitoring of ingestion to aid in the treatment of obesity, and development of
flexible therapies in the form of GI electroceuticals. The main issue regarding
this kind of technology is related to the reading setup which always requires
wires and cumbersome interconnections that drastically increase the physi-
cal complexity of the application environment. To overcome this challenge,
the next revolution in sensing platforms regards the integration of sensors
in complex networks composed of several nodes able to wirelessly transmit
information remotely. One of the main advantages of replacing cables with
wireless transmissions is the minimizing of the impact of the sensors. The
latter becomes extremely important in wearable or even endometrial sensing
applications. For example, in [5] a wireless and battery-free cuff-type sensor

for monitoring arterial blood flow is presented.

Figure 1.1: Schematic drawing of In vitro sensor characterization using an
artificial artery model 5]



CHAPTER 1. STATE OF THE ART 5

The system is formed of a thin and flexible structure easy to be wrapped
around arteries of various sizes. In addition, the device is made entirely of
biodegradable materials and is resorbed after several months. The wireless
sensing is enabled using an external antenna which couples with an LCR
resonator placed on the artery. An external antenna transmits power to the
sensor which absorbs more power when the frequency of the transmitted
signal matches the resonance value. In this scenario the role of antennas
becomes crucial. Antennas convert electromagnetic waves traveling through
the air to transmission lines-guided signals and vice versa and represent the
most important building block of any wireless system. However, the design
and fabrication of antennas suitable for such systems are challenging in terms

of design requirements and fabrication techniques.

1.1 Antenna design requirements

From a design point of view, wearable antennas have to satisfy several re-
quirements. First, the overall footprint has to be as smaller as possible to be
unobtrusive. The commonly used substrates for flexible electronics are very
thin and characterized by low permittivity, hence compactness becomes very
challenging to achieve; therefore, minimization techniques come to the aid.
A very straightforward technique is the shorting pin [6]: a shortcut between
the positive and the negative parts of the antenna. In |7] two shorting pins
have been used to fabricate an electrically small antenna (ESA) [8] on a felt
substrate. The antenna exhibits optimal performance even when applied to
a human arm, despite compact dimensions (70x25 mm?). One of the prob-
lems of this approach is the design of the interconnection in terms of feed
position and length. The last becomes particularly challenging at gigahertz
frequencies as the effect of a shorting pin is the increasing value of the input
impedance of the antenna. An alternative approach is shown in ref. [9],
where a high-dielectric constant substrate is exploited. A nanocomposite
paper substrate with a high dielectric value (k) was used to miniaturize a
dipole antenna working at 2.4 GHz up to 50%. An interesting approach is

the optimization of the geometry of the antenna through the use of artifi-
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cial intelligence optimization algorithms, such as Genetic Algorithm (GA).
In general, the GA optimizes the features of a given population using Dar-
winian laws. The algorithm starts with a random population and iteration
by iteration new generations are formed by combining the individuals. The
Darwinian fitness of the elements is evaluated using a given cost function,
and the individuals having the highest values mate to form new generations.
Ref. [10] details the design of a waffle-type antenna using genetic algorithms
(GAs) in the 402-405 MHz MICS band of a size potentially suitable for car-
diac pacemakers. The antenna is treated as a set of pixels. Each gene can
have a binary value, “1 7 if made of metal, “0” if made of dielectric material.
The geometries produced by the algorithm are forced to have all the metal
pixels connected. The fitness function considers only the return loss value
in the frequency range of interest. The optimization of a Bow-tie fractal
antenna is detailed in [11|. In this case, the genetic algorithm helps to find
the most important parametric variations on the characteristics of the an-
tenna. In [12] the authors optimize, through a GA, the gain of a wideband
microstrip patch antenna. The proposed antenna exhibits a wide operating
bandwidth of 450 MHz high gain and directivity of about 8.35 dB.

w

Figure 1.2: Geometry of the proposed metamaterials Wi-Fi antenna pre-
sented in [12]

Another example is reported in [13]; an evolved antenna based on a ge-

netic algorithm is designed and fabricated. In this case, GA acts on the
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geometry of the radiative part to enhance the gain value. In [14] a compact
patch antenna has been optimized to work in the sub-6GHz band. The an-
tenna has been optimized in terms of Sj; and gain value at the frequency
of interest and has been fabricated on a polyethylene naphthalate (PEN)
biocompatible and flexible substrate, using a multi-material 3D printer. An-
other nature-inspired optimization algorithm is Particle Swarm Optimization
(PSO). This algorithm follows the behavior of flocks of birds or shoals of fish.
When an individual moves through a given direction is influenced by his past
trials but also by the global trend of the swarm, hence it tries to find the
optimal solution by considering not only his personal information but also
the shared knowledge. This approach has been successfully applied to design
ESAs for the first time in [15]. In [16] an ISM-band antenna has been opti-
mized in terms of return loss at a given frequency (S1;), radiation pattern,
and dimensions. The proposed antenna presents minimum area consumption
of 435mm? with a return loss of -30 dB and a gain of 10 dB. The algorithm
has been applied also for the optimization of a flexible antenna for Radiofre-
quency Identification (RFID) [17]. Several parameters have been considered
as input of the PSO algorithm to minimize the return loss, the bandwidth,
and the gain of the device. Reference [18| details the optimization of a patch
antenna using a PSO algorithm for its integration with a textile denim sen-
sor. In contrast, a problem regarding GA and PSO is the cost function
expression. Each antenna element of the set has to be evaluated through an
electromagnetic solver and this comports huge computational costs. There-
fore, in the last years, another strategy gaining interest is based on Artificial
Neural Networks (ANNs). An ANN is a computer algorithm that emulates
the behavior of a brain. The structure of an ANN is formed by an input
layer linked to the output layer through a hidden section. The hidden layer
is formed by vectors of neurons. Each neuron is modeled as a transfer func-
tion that combines the inputs to determine an output value. The way the
neurons link the inputs to the outputs is specific to the neural network and is
determined in the training initial phase. The main advantage of using ANN
in comparison to other methods is that they do not need a cost function; after

the training the algorithm can estimate the response of the antenna directly
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from its geometry, speeding up the optimization. In [19] a method for the
evaluation of the electromagnetic response of antennas in terms of the gain,
radiation pattern, and Sy; is presented. The approach was demonstrated to
be effective in antenna optimization and very near to classical electromag-
netic solver results, despite the very low resources required. An example of a
flexible antenna optimized with ANN is reported in [20]. An ANN formed of 1
hidden layer of 15 neurons is presented. An error of less than 6% is produced
during the learning, validation, and testing processes. In [21] an ANN was
used to optimize the gain of a hexagonal shape slot antenna. In general, a
drawback of small antennas is the low radiation efficiency. Hence, it is always
necessary a trade-off between compactness and performance. In this sense,
an interesting approach is the use of metamaterials to enhance the radiation
properties of the antennas. A metamaterial is the expansion of the atom
concept to a macroscopic scale. By arranging multiple cells having specific
properties it is possible to tailor the electrical and magnetic characteristics of
the entire structure. One of the commonest examples of metamaterial is the
Split Ring Resonator (SRR) since its planar geometry and easy integration
simplify the fabrication process. SRRs can be used as Artificial Magnetic
Conductor (AMC) layers having effective permeability near zero, i.e. Zero
Index metamaterials (ZIMs). ZIMs can be placed between the top layer and
the ground plane of microstrip antennas. In this case, the ZIM acts as a
very precise mirror that minimizes the back-reflected electromagnetic waves
improving the directivity. In [22] a patch antenna based using a ZIM layer
to enhance the gain is presented. The metamaterial structure is composed
of very thin copper grids printed on the 2.65mil substrates (0.5 mm) with
crossed dipole aperture lattices whose period p is equal to 17.6 mm. The
antenna has been characterized showing a gain of 15.5 dB. In [23] a split-
ring resonator-based metamaterial has been integrated with a patch antenna
working in the C-Band. The results have been an enhancement of the band-
width from 4.769 to 5.370 GHz, a better adaptation at the working frequency
from -19.42 dB to -21.79 dB, and an increase of the gain from 5.36 dBi to 5.6
dBi. A problem arising from the use of metamaterials is the fabrication of

the stack of metallic layers forming the antenna. In this sense, antennas suit-
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able for wearable applications should be characterized by lightweight, mimic

capabilities, and most important flexibility.

1.2 Flexible substrates

Flexible /stretchable antennas can be more conformally integrated into wear-
able electronics, drastically reducing the physical complexity of the appli-
cation environment. In addition, due to the low density of most flexible
substrates, the weight of microwave electronics can be drastically reduced.
The state-of-the-art microstrip patch represents the best choice as regards
flexible antennas in terms of facility of design and fabrication combined with
very low costs. A microstrip patch antenna is formed by a dielectric material
patterned with a radiative conductive part. The choice of the appropriate
materials and fabrication technique takes into consideration several aspects
such as the forming materials, i.e. substrate and metallic layers, the geom-
etry of the antenna, its footprint, and the number of layers. Flexibility can
be achieved by using appropriate substrates. The most used substrates are
plastics because of their low costs and more straightforward fabrication tech-
niques. A substrate can be characterized in terms of dielectric properties
by two parameters, the relative dielectric constant (e.) and the loss tangent
(tand). The use of materials with a high dielectric constant minimizes the
footprint and the physical impact of the radiative region [24], while low di-
electric losses enhance radiation efficiency. In the literature, several examples
of flexible substrates applied to antennas are reported; polymers represent
the most common solution. In [25] a Yagi Huda antenna fabricated on a
Kapton substrate with a graphene conductive ink is shown. The antenna
operates in a wide bandwidth starting from 3 GHz to 8 GHz covering three
possible applications: the industrial, scientific, and medical (ISM) band type
B at 5.8 GHz, the highest band of wireless local area network (WLAN) /Wi-Fi
at 5 GHz, and the sub-6GHz of the 5G spectrum. Other examples of poly-
meric antennas based on Polyethylene Naphthalate (PEN) are presented in
[14], |26], [27]. Polyethylene naphthalate (PEN) is a very attractive choice for

flexible electronics since its low cost combined with good dielectric properties
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(€, = 2.9; tand= 0.005); it also presents a high glass-transition temperature
(T,) of 250°C. Another interesting material is polyethylene terephthalate
(PET), used in [28] for the fabrication of an RFID tag. The antenna is a
dipole formed by two meander lines connected to a logical circuit chip. The
substrate presents optimal dielectric properties, having ¢, = 2.9 and tand=
0.0002. In [29], a Liquid Crystal Polymer (LCP) antenna is shown. The
dielectric properties of the material are ¢, = 2.9 and tand= 0.0025. The
geometry is a tapered slot antenna working at 60 GHz. The authors claimed
to have integrated the antenna in an array working for wireless personal area
network (WPAN) applications. Reference [30] presents the design, fabrica-
tion, and characterization of a circularly polarised antenna with metamaterial
loading-based LCP. The metal part is a 18 um-thick copper cladding, while
the dielectric permittivity of the substrate settles around 2.9-3.2 with tand
of 0.0025.

a) b) c)

Figure 1.3: Images of the designed antenna at different bending angles: a)
15°, b) 30° and c) 90°. [28]

The downside of the rise of connected and flexible radiofrequency sys-
tems is the increasing use of halogenated or toxic compounds harmful to
the environment. Therefore, a critical aspect concerns the environmental
impact of the devices. The manufacture of antennas based on plastic-free
and biodegradable substrates represents a strategic step forward in the di-
rection of sustainability-conscious technology development. Regarding the

integration of these eco-friendly substrates with flexible electronics, there are
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two approaches. On one side, the bioreplacement solution tries to mimic
the properties of monomers similar to petroleum-based. On the other side,
bioadvantage polymers present the most interesting perspectives as, rather
than replicating existing plastic materials, integrate ecological polymers up-
grading the substrates with new peculiarities [31], [32]. In Reference [32] a
bioadvantage approach has been successfully applied for the production of an
antenna working at 2.5 GHz. The authors used a biological conductive ink
based on cellulose fibers, zein proteins, and graphene nano-platelets (GnPs).
Another very interesting work has been presented in [33] which details an
antenna based on a cork substrate and having a conductive textile metallic
part. However, the used substrate is not flexible, because a 2 mm-thick PVC
layer has been used for passivation. Examples of flexible and eco-friendly
antennas based on vegetal textile substrates have been presented in [34],
[35]. The antennas have been fabricated on jute and knitted biodegradable
synthetic fibers, respectively. They show optimal radiation properties com-
bined with high flexibility; the drawback is the very huge footprint (almost
5x5 cm?), due to the low dielectric constant of the textiles. In literature
there exist some examples of textile materials that are replacing both the
dielectric substrate and the metallic components with conductive fabrics, to
achieve all-textile antennas. For example, in [36] all-textile patch antennas
are studied. In particular, the authors fabricate four different antennas for
Bluetooth transmission having different metallic textiles and electrical polar-
izations. They tested silver-plated knitting and silver-copper-nickel-plated
wooden textiles materials producing linearly polarised and left-hand-circular
polarised patches. All the antennas work properly at the frequency of 2.4
GHz and can be folded up to a curvature radius of about 30 mm without
significant modification on the resonance position. However, the gains are
limited to the lower conductivities of the metallic layers of classical copper.
Reference [37] presents six types of a 1.9 GHz single patch microstrip antenna
having different combinations of woven patches and ground planes. All the
woven antennas present good radiation performance. Moreover, the author
demonstrates that the woven antenna with warp yarns parallel to the feed-

ing direction exhibit a dipper return loss and a higher gain than the antenna
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with a weft yarn parallel to the feeding direction. Other conductive mate-
rials suitable for flexible and stretchable electronics are liquid metals based
on Gallium alloys. These materials offer attractive mechanical, electromag-
netic, and chemical properties and have demonstrated their effectiveness in

the fabrication of several antennas reported in the Ref [38].

Figure 1.4: Examples of stretchable electronics. a) Stretchable dipole. b)
Elongating a dipole shift in the resonant frequency for tuning the antenna
mechanically or sensing strain. c¢) A soft loop antenna. d) A deformable coil
antenna for wireless power transfer. e) An elastomeric patch antenna. f )
RFID liquid metal with a chip placed on the arm. [38|

In [39] a Near Field Communication (NFC) antenna based on a liquid
metal is presented. The system combines soft electronics materials and en-
gineering designs with NFC functionality for human motion sensing. The
liquid metal is based on Galinstan (a GalnSn alloy) and gives the system
gel-like characteristics combined with a very high stretchability. Electrome-
chanical characterization of the antenna reveals its robustness under large
tensile and compressive strains, as well as more complex modes of deforma-
tion. In [40] a liquid conductive material composed of gallium indium eutectic
(EGaln) nanoparticles is embedded in an elastomeric matrix. In this case,
the electrical conduction is inducted by a pressure mechanical sintering. The
peculiarity of this approach is the possibility to fabricate arbitrary shapes of

antennas using a writing tool and it is very suitable for rapid prototyping of
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flexible communication systems. To demonstrate the potentiality of the ma-
terial, a dipole antenna has been fabricated by injecting the liquid metal into
a PDMS microfluidic channel. The antenna does not radiate until pressure is
applied. Moreover, by varying the area of the applied pressure it is possible
to tune the resonant frequency in a range between 2 GHz and 3 GHz. The
main problem in these kinds of liquid metal alloys is that the corrosive nature
of Ga towards other metals might reduce the long-term stability of antenna
performance. In this respect, conductive polymers (CP) represent a valid
alternative. The conductivity of polymers is lower than metals, but it is high
enough to build antennas; moreover, the biodegradability of such materials
makes them a very interesting solution for eco-friendly wearable and edible
sensors. Reference [41] details an RFID antenna made of PEDOT: PSS. The
antenna has been fabricated by pattering a 1um-thick layer of PEDOT: PSS
on a biodegradable substrate. The gain of the antenna is - 8.5 dB. One of
the biggest advantages of using liquid metals or CPs is the possibility of pat-
terning using non-conventional processes such as subtractive metal etching,

a very old process that is harmful to the environment.

1.3 Fabrication techniques

A very straightforward method for depositing metals on a flexible substrate
is the screen-printing technique. In this technique, the metal ink is trans-
ferred only in certain areas of the substrate by the application of a stencil
mask. Screen printing is very versatile and can be used for printing images
on almost any solid material including polymeric or textile materials. It is a
bottom-up approach allowing a minimum waste of material and a dramatic
reduction of time and costs for fabrication. Several antennas have been fab-
ricated exploiting this approach [42]. Reference [43] explores screen printing
techniques for the fabrication of UHF RFID tags onto various low-cost and
flexible substrates. More in detail, 20 different substrates have been tested
among paper-based substrates, microfluidics, printed electronics, biodegrad-
ables, and flexible low-cost with and without adhesive. It is worth stressing

that the printing technique has not changed in dependence of the substrate,
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underlining the high potentiality of this technique in rapid prototyping an-
tennas. In [44] two different fabric-based antenna designs called PICA and
LOOP have been fabricated on a fabric substrate. The antennas have been
tested in the proximity of a human body. Furthermore, tests on the stability
against wrinkling, bending, fabric washing, or ironing have been performed.
Another clear advantage of the screen-printing technique is the scalability of
roll-to-roll productive systems. In Reference [45] 60 sheets of PEC antennas
have been fabricated with a semi-automatic screen printer (ASYS EKRA
X1-SL). The downside of this technique is related to the fact that there are
many factors to be taken into account to achieve optimal results: the adhe-
sion between substrate and stencil mask, the viscosity of the conductive ink,
the velocity of the blade, and the applied pressure. Another valid bottom-up
technique, combining high resolutions with rapid prototyping and low costs,
is ink-jet printing. In ink-jet printing, the conductive ink is deposited on the
substrate using hundred of nozzles electrically controlled. The deposition of
the metal can be performed with very high precision. In the majority of print-
ing systems, it is also possible to align the printing area to realize different
stacks; moreover, multi-material ink-jet printers can be used also to deposit
both dielectric and metallic inks making the system very attractive for the
manufacturing of antennas. For example, in [25] a flexible graphene antenna
printed on Kapton is reported. The prototyping has been performed using
a Dimatix materials printer (DMP-2831), along with graphene ink (793663)
from Sigma-Aldrich (6=2.5 x 104 4+ 0.2 x 104 S m~!, after an annealing
process of 20/30 min at 250/350 °C). The Kapton has been treated with
an oxygen plasma to increase its hydrophilicity and to enhance the adhesion
with the ink. The fabrication process was demonstrated to be effective as the
antenna resonates at a frequency of 5.65 GHz with a radiation efficiency of
40 % and a maximum gain of 0 dB. As for screen printing, inkjet printing can
be performed on almost any substrate very efficiently. In [46] an antenna has
been produced by inkjet printing on a resin-coated paper substrate (thick-
ness of 0.22 mm, €, of 3.2, and a tand of 0.05). The results indicate that the
antennas can work in most of the bands for mobile and wireless applications
(PCS, UMTS, GSM1900, and WLAN) under flat and bent conditions. The
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conductive ink is a silver nanoparticle-based ink from Sigma-Aldrich (o=
1 " S/m). Reference [47] details on reconfigurable antenna printed on a
paper substrate working between 1.9 GHz and 2.4 GHz. Measured results
show that the antenna has a gain and efficiency of 2 dBi and 50 %, respec-
tively. Ink-jet printing can be applied also to textile materials as detailed in
[48]. The authors describe the fabrication of textile patch antennas working
at 2-6 GHz. The chosen fabric is a standard 65/35 polyester cotton fabric,
which is widely used in everyday clothing. The wettability of the surface con-
cerning the ink has been increased using an adhesion layer made of Fabink
UV-IF1. The prototypes of the antennas have been characterized in an ane-
choic chamber and the radiation patterns are similar to a regular antenna
(maximum gain of 5.8 dB ). The antenna does not significantly change its
performance after bending around a 125-mm-radius cylinder. Inkjet printing
can be used to print dielectric materials together with metallic parts, the lat-
ter becomes a crucial advantage in the manufacturing of multilayer antennas
on flexible substrates. In Reference [49] a Multimaterial Yagi-Uda has been
fabricated on an LCP flexible substrate. The Metallic patterns are achieved
with Cabot CCI-300 silver nanoparticle-based ink, composed of a 20 w%
suspension of silver nanoparticles within an alcohol-based solution; while the
dielectric parts are obtained using a SU-8 polymer-based thick dielectric ink.
The fabrication protocol has taken to a Yagi—Uda antenna exhibiting endfire
realized gains up to 8 dBi in the 24.5 GHz ISM band. In conclusion, flexible
antennas open the door to a multitude of applications especially in requir-
ing lightweights, mimic capabilities, and minimally invasive environments.
The combination with this kind of antenna becomes extremely interesting,
especially in remote sensing platforms on flexible and wearable substrates.
This integration can pave the way for a new class of non-invasive sensors
connected to wireless sensor networks. Although these are very interesting
perspectives, there are several challenges to overcome such as the design and
the fabrication of antennas suitable for these systems. In this thesis, the
design, fabrication, and characterization of flexible and wearable antennas
for remote sensing applications have been reported. Different geometries of

antennas as patches, evolved antennas, and PIFAs are described in detail
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and then fabricated on several flexible substrates plastic-based (PEN, Poly-
imide or Kapton) and plastic-free and biodegradable (Chitosan) and flexible
glasses. All the proposed antennas faced design challenges (miniaturization,
increasing of the radiation properties, the inclusion of the effect of the body)
and exploited some of the fabrication techniques previously detailed. All
the prototypes have been characterized in terms of scattering parameter Sy,
and 3D or 2D radiation patterns. Finally, a practical application using flex-
ible antennas in a complex system for remote hearbeat monitoring based on

flexible piezoelectric sensors [50] has been proposed.



Chapter 2
Theoretical overview

The design of radio frequency antennas on wearable substrates presents sev-
eral challenges to overcome. First, the antenna has to be designed properly
depending on the application. Not only the geometry has to be opportunely
designed to satisfy functional requirements in terms of radiation characteris-
tics, but in wearable antennas, special care has to be taken of the effect that
its integration can have on the human body. The design of these devices
implies the determination of the electromagnetic (EM) field generated. In
this scenario, computer-based numerical methods offer a disruptive help in
solving Maxwell equations rapidly, even in complex situations. Besides the
design of the antenna, another important aspect is the determination of the
link budget. Radio propagation is extremely difficult to handle in wireless
scenarios, not to mention in wireless sensor networks where strict power re-
quirements are introduced. Several propagation models have been developed
to formulate mathematical expressions of the necessary power transmission
to establish a robust connection between the parts. In this chapter the the-
oretical instrument necessary for the design of the antennas and the radio
links is detailed. In the first part, a brief description of the commonest figures
of merit of the antennas is detailed. The second part is about the numerical
simulations commonly included in computer-based algorithms for the esti-
mation of the EM fields produced by the antennas. Finally, the third part
details the radio propagation models used for the power-link budget of the

17
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radio channels or to better analyze the antennas.

2.1 Figures of merit

The main function of antennas is to convert EM waves traveling through
the air into transmission-line signals and vice-versa. The performance of
an antenna can be evaluated by means of several figures of merit [51], [52].
The main parameter is the radiation intensity (U), defined as the power
radiated from an antenna per unit-solid angle (©,®). The radiation intensity
is evaluated for the far field and is defined in Equation 2.1:

r? r2Ey
= Re(E H®) —
U 9 RB( 0 ¢) 2Z0

where 1 is the distance from the source and Zj, represents the impedance

(2.1)

of the vacuum. The relation between received power and radiation intensity

is given by Equation 2.2.

Prog = /ﬂ UdQ = /O " /0 " U6, 6)sinfdbdo (2.2)

If we consider an isotropic source, U is constant in all directions, and the

radiation power can be evaluated as in Equation 2.3.

Prog = 47U (2.3)

Alternatively, we can define an isotropic antenna as an antenna having

radiation intensity constant in all directions, as in Equation 2.4:

Pra
Uy = — (2.4)
4

The isotropy is only an idealization. In real cases, an antenna uses to

radiate more power in a particular direction. The directivity expresses the
concentration of the radiation intensity in a given direction and can be eval-

uated as in Equation 2.5.
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DI6.0) =5 e 25)

In general, if no angles (©,®) are specified, the directivity is evaluated
with the maximum value of the radiation intensity [53].

~ max(U(0, 9))

D = max(D(0,¢)) = Bo/in (2.6)

Another important parameter is radiation efficiency which relates the

power radiated to the input provided to the antenna.

Prad
P;

In general, there are several factors that can affect efficiency:

n= (2.7)

e cp: the reflection efficiency, related to impedance mismatching,
e cc: the conductive efficiency, related to the electrical conductivity,

e cp: the dielectric efficiency, related to the dielectric losses

Therefore, n is given by all three contributions as reported in Equation
2.8.

1 = €RECED (2.8)

The combination of the directivity and the radiation efficiency of the

antenna is the gain (G) expressed as in Equation 2.9.

G(0,¢) =nD(0, ) (2.9)

The value of the gain in all directions represents the 3D radiation pattern
of the antenna. Another approach for representing this parameter is by
means of 2D polar plots representing the gain in the 6 and the ¢ planes. As
for the directivity, if no angles are expressed, the value of the gain refers to

the maximum value (see Equation 2.10).

Go = nmax(D(0,¢)) = nDy (2.10)
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2.2 SAR Evaluation

A very important merit factor, especially in wearable antennas is the Spe-
cific Absorption Rate (SAR) coefficient. The SAR measures the quantity of
energy emitted by the antenna and absorbed by the human tissues. This
quantity strictly depends on the emitted power of the antenna and on the
human tissue exposed to the radiation, i.e. electrical conductivity (o) and
density (p). In general, the SAR is an average of the absorbed power on a

volume of tissue (V).

L[ o@IEmP
SAR = V/v ) d (2.11)

where E is the value of the electric field emitted by the antenna. The
maximum limit of the SAR is set by law and in Europe is limited to 2.0 W /kg
averaged over a volume of 10 grams of tissue. SAR is a critical parameter for
the design of wearable antennas. If the SAR value exceeds the law limit the
input power shall be reduced affecting the maximum transmitting range. A
way to minimize the SAR is to increase the radiation efficiency, improve the
impedance matching, and choose metals and dielectrics having low losses.
Another strategy can be the optimization of the radiation pattern of the
antenna to concentrate the radiation intensity in an opposite direction to the

human body.

2.3 Design techniques: FEM, FDTD, MoM

The parameters listed above are essential for analyzing the performance of an
antenna. However, their evaluation requires the calculation of the EM field,
which is extremely difficult to determine by equations, especially for complex
antenna geometries. A commonly used approach in the design of antennas is
the evaluation of the EM field through computer-based numerical methods.
Finite Difference Time Domain (FDTD), Finite Element Model (FEM), and
Method of Momentum (MoM) represent the state of the art of numerical
simulations. The FDTD method can be applied to a huge number of EM
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problems including the design of antennas [54-60]. FDTD derives the EM
field by solving Maxwell’s equations expressed in the time domain. As a
first step, the geometry and the forming materials have to be specified. The
material can be air, conductive materials, or dielectrics. New materials can
be inserted by specifying their electromagnetic properties. After, the sources
have to be defined in terms of position and excitation signals. The method

is based on the solving of Maxwell’s equations in the time domain:

dE 1

— = —VzH 2.12

dt Eovx ( )
dH 1
— =——VzFE 2.13
o uow (2.13)

Simplifying the problem in one-dimensional case, the equations (2.12) and

(2.13) can be rewritten as:

dE, 1dH,

—_ - 2.14
dt €0 dz ( )
dH, 1 dE,

= —— 2.15
dt fo dz ( )

where the EM wave is traveling in the z-axis direction. The idea to solve
the problem is quite simple: the entire geometry is discretized in time and
space, then the equations (2.14) and (2.15) are solved for each single element
instant by instant using central difference approximations following Yee’s
scheme [61] . More in specific, the vectors Ex and Hy are considered shifted

in time and space of one-half of a unit cell (see Equations 2.16 and 2.17).

(£ 20 A_tEZ () R
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1 1
(Hy (k4 5) = HE(=2)) 1 (E¥2( 1) — B2 (k 4 1))

At 140 Az
(2.17)

The formula used for the FDTD algorithm can be found in Equations
(2.18) and (2.19) as follows:

1
n+—= 1
2 n—— n _ n —
e L A
1
Hy# (k4 ) U o

Therefore, for each time stamp, the algorithm evaluates the Ex and Hy
for each point k. The determination of the spatial and time resolutions
is extremely important to correctly estimate the EM fields and the related
quantities, i.e., directivity, gain, and SAR [56]. In general, the minimum
spatial resolution Az is taken at a maximum equal to one-tenth of the smallest
EM wavelength in the simulation. It is worth stressing that in the case of
the presence of dielectric materials the wavelength to be considered is shorter
than the one in the vacuum, therefore the spatial resolution needs to be
refined. The timestamp is determined starting from the spatial resolution
Az. For stability reasons, the waves cannot propagate more than one Az in

a single time stamp. This condition is expressed as the Courant condition:

Az
CO\/E

where d = 1,2,3 for one-, two- or three-dimensional problems respectively.

At <

(2.20)

Commonly At is taken equal to:
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Az
n 200
The FDTD method can be used to efficiently simulate the EM field gener-

ated by an antenna; however, in this case, the waves are not confined and

At (2.21)

propagate through the air. The grid in FDTD has to be finite, therefore
the analysis domain has to be truncated at some point. The termination of
the grids can cause reflections and then, influence the final result. To min-
imize this effect, FDTD uses boundary conditions. In this case, the points
at the end of the grid are treated as special absorbers able to absorb all the
incoming waves [62]. The biggest issue of FDTD is the numerical mesh dis-
persion effects and the analysis of bent structures. Bended surfaces take to
errors due to the staircase approximation of arbitrarily shaped objects whose
geometries do not conform to the Cartesian coordinates. The only way to
mitigate these errors is by reducing the mesh size at the cost of a higher
computational time. However, FDTD can be easily parallelized using cluster
processors, reducing the computational times [63], [64].

FEM uses an approach quite similar to FDTD but it derives the EM
field through Maxwell’s equations in the frequency domain and can be easily
applied to designing antennas [62], [65-67|. The method comprises four main
steps:

e Discretizing the region of the solution into unit elements.
e Deriving equations for each element.

e Assembling of all elements.

e Solving the matrix system.

In the frequency domain the EM problem becomes linear, on the form:

F = Ku (2.22)

where F is the output, u is the input and K is the property of the structure.
Then, in the FEM the equation (2.23) is derived for all the elements of the
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region of the solution and assembled in a unique system expressed in the

forms of matrixes:

{F} = [K]{u} (2.23)

The matrix [K]| is the stiffness matrix, and the element ki,j represents
the effect on the i-th element due to the input applied to the j-th element.
It is worth noting that the more the j-th input is near to the i-th element,
the higher the reported effect is; therefore, the matrix k is a diagonal sparse

matrix and has a form as the one below:

kiin kis 0 0 ... 0 0 0
koy koo ke 0O ... 0 0 0
Kl=1... . . (2:24)
0 0 0 0 ... knotnes En-ino1 Fnoinm
0 0 0 0 ... 0 knn1  Kon

This kind of matrixes is invertible by means of well-known algorithms so
the [K]™' matrix can be given [68]. Finally, the solution to the problem can
be found by inverting equation (2.25) as:

{u} = [K] {F} K] (2.25)

Although a very similar approach, there are some essential differences be-
tween FEM and FDTD. FEM can handle unstructured grids, therefore is
more suitable for complex geometries. Another big difference is that the al-
gorithm constructs the whole matrix of the system and then founds a global
solution, rather than solving the problem iteratively with a different approach
as in FDTD. Indeed, in the FEM model, the complexity of the problem in-
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creases exponentially with the dimensions of the model, while in FDTD the
increase is almost linear. Moreover, is more difficult to parallelize the FEM
operations concerning FDTDs as the execution of the algorithm requires the
inversion of the whole matrix. In conclusion, FEM methods are more suitable
for small and complex geometries and narrow-band analysis, while FDTD can
handle simpler but more extended geometries (especially if parallelized) and
wide-band studies [69].

Another very powerful method extremely suitable for the analysis of an-
tennas is the Method of Moments [70]. In this method, the structure is
discretized as in the previous two, but in this case, the EM field is extrap-
olated using an approach based on the Green Functions. A Green Function
represents the effects of an EM source in the surrounding space [71]. There-
fore, the use of this kind of analysis avoids the truncation of the model at the
boundaries. The MoM starts with the extrapolation of the current distribu-
tion of the structure, then expresses the EM field using the Green Function

of the system as reported in equations (2.26) and (2.27).

E = E+///GEJ rlr')J ///GEM rlr' )M (r') (2.26)
H = H+///GHJ ') ///GHM M) (2.27)

2.4 Power link budget

The EM propagation in wires is very easy to model, but in the case of wire-
less radio channels, the paths of the waves are not easily predictable. If we
consider an antenna transmitting the data from a sensor in an indoor sce-
nario there are several objects and obstacles which interfere with the radio
propagation. Propagation models have been formulated to estimate the way
the EM waves propagate in a given environment. The simplest propaga-

tion model is the free space propagation; in this case, the waves travel in a
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scenario without any obstacle or attenuation source [72]. This model gives
a good estimation of the received power for short-range transmissions like
in personal area networks, but it loses validity for long-range transmission.
The power loss for a transmission length d and at a frequency f is given by
Equation 2.28:

Py = 20[09(#) = 2()l0g(M

The estimation of the path loss is of great importance for the power-

) (2.28)

link budget, i.e., the evaluation of the needed transmitting power to emit an
intelligible signal at the receiving side. The equation that connects the input
power (Pr) to the signal received (Pg) considers the gain of the receiving
and the transmitting antennas (Gr, Gg) and the length of the radio link (d),
Equation 2.29:

C

PR:PT+GT+GR—PL:PT+GT+GR+20log(47Tdf

) (2.29)

If two identical antennas transmitting at a given power at a given distance
are considered, it is possible to obtain the gain of the antennas by inverting
the Friis Equation (2.30).

4rdf

C

) (2.30)

The method can be extended also in the case of two identical antennas

1
GT:GRzi(PR—PT—i‘QOlOg(

and a third different antenna by the transfer gain method. As a first step
the gain of the two identical antennas is determined by using the previous

approach, and then the third gain is evaluated as in Equation (2.31)

4drdf

Equations 2.30 and 2.31 have been used in this work to build up a set-up
(Figure 2.1) able to extrapolate the radiation pattern of the antennas and

estimate the gain.
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TX Stage RX Stage

Absorber Panel

Figure 2.1: Measurements set-up with PC and VNA

More in detail, the set-up is composed of two supporting stages for the an-
tennas, one fixed in position, the other rotating through a servo motor. The
two stages are connected to a VNA, the transmitting antenna is plugged into
port 1, while the rotating stage, holding the receiving antenna, is connected
to port 2. The VNA is used to analyze the ratio between the transmitting
and the received powers (module of the scattering parameter Sp;). The VNA
sends the Sy; value to a computer, and the measure is repeated for differ-
ent angles rotating the stage of the receiving antenna. At the end of the
measurements, the computer can reconstruct the radiation pattern of the
antennas and the gain value can be determined by applying Equation 2.30
in case of two identical antennas, or Equation 2.31 with the gain transfer
method. Although the setup is very cheap and effective in evaluating the
radiation properties there are some limitations. Firstly, the two antennas
have to be aligned with very high precision and in the case of linear polar-
ization, the device under test has to be in a parallel position. Secondly, the
reflections of the environment cause artifacts, therefore, should be minimized

using absorbing panels. Thirdly in the case of lightweight and flexible anten-
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nas, the rotation movements cause vibrations and introduce noise; hence, the
VNA has to be in average mode. The use of the free-space model together
with the Friis equation is an optimal choice for the rapid estimation of the
needed transmitting power in short-range applications; however, when the
distance between sensors and reader increases the analysis raises in complex-
ity, especially in indoor propagation at Gigahertz frequencies. When an EM
wave propagates into an indoor scenario, it finds several objects on its way
and scatters into several directions. The reflected signals interfere with each
other depending on the frequency and their phases. In general, two signals
can interfere in a destructive mode, i.e., the signals are strongly attenuated,
or interfere constructively, enhancing their total power. In addition to inter-
ference phenomena, the waves can end up in several attenuation factors such
as people moving in the environment, walls, floors, ceilings, and so on. All
these factors can lead to a lower signal or a higher power level with respect
to outdoor propagation, as the surrounding walls can act as a waveguide

concentrating the signal and minimizing the dispersions [73].



Chapter 3
Compact evolved patch antenna

In this chapter, we detail the design and fabrication of a compact and flexible
patch antenna. The antenna has been designed to be attached directly to
the human body and to be integrated into a wireless and wearable sensor
system based on a Polyethylene naphthalate substrate. We have chosen this
geometry because of the presence of a ground plane which minimizes the
back-radiation lowering the SAR. The footprint of the antenna has been
optimized using a GA approach. The algorithm starts with a patch antenna
working at 6 GHz, then thanks to the minimization technique adapts the
antenna to work at 4 GHz. The antenna is subdivided into pixels [74], the
material of each pixel is treated as a gene and the set of genes forming an
antenna is identified as a chromosome. The cost function constructs the
geometry of the patch starting from the chromosome values, then using an
FDTD method evaluates the return loss of the antenna and the realized gain
at the given frequency. The selection process of our GA is a chat roulette
with a mutation rate of 1%. To further enhance the radiation property and
to protect the body from the back radiation, we have integrated a split-
ring-resonator (SRR) under the radiating layer which reflects the EM field
generated by the antenna. After the optimization, the antenna is evaluated
in terms of SAR. The last parameter is extremely important as the antenna
shall be attached directly to the human body. The SAR is evaluated using

an FDTD solver and a schematic fantom. The antenna presents a SAR of
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0.1 mW/Kg, therefore 20 times lower than the law limit in Europe [75]. The
multilayer stack has been fabricated on a PEN substrate through an ink-jet
multi-material 3D printer based on silver-nanoparticles ink. The adhesion
between the PEN substrate and the conductive ink has been increased by
treating the substrate with plasma oxygen to increase the hydrophilicity of
the surface. After the printing, the antenna is assembled and characterized
in terms of scattering parameter S7; and radiation pattern using a VNA and
an anechoic chamber respectively. The combination of the GA optimization
algorithm and the use of the SRR takes to a very compact antenna having
a footprint of about 17x14 mm? and with optimal radiation properties with
a gain of almost 2 dBi. The ink-jet 3D printer allows to increase in the
speediness and the scalability of the fabrication and takes to a high yield of

10 PEN-based metamaterial evolved patch antennas in less than 2 hours.

3.1 Antenna design

The sketch of the device is shown in Figure 3.1.

Level 1: Patch

Level 2: Dielectric substrate

Level 3: Split ring resonator

Level 4: Dielectric substrate

Level 5: Ground plane

Figure 3.1: Exploded representation of the multilayer antenna

The proposed device is a multilayer antenna based on two dielectric layers
made of Polyethylene Naphthalate (PEN) and three metallic ones. The first
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layer (i.e the radiative one) is optimized by employing a Genetic algorithm to
miniaturize the geometry; the second metallic layer is a metamaterial based
on a Split Ring Resonator (SRR), used to improve the radiation properties
of the device. Finally, there is a ground plane for protecting the body from
backside radiation. The evolved antenna works at 4 GHz, in the sub-6GHz
band of the 5G spectrum.

3.1.1 Polyethilene Naphthalate (PEN)

Polyethylene Naphthalate (PEN) is a semi-aromatic transparent polyester
synthesized from naphthalene-2,6-dicarboxylic acid and ethylene glycol [76]

as in Figure 3.2.

Polyethylene naphthalate (PEN)

Racved]

Figure 3.2: Polyethilene Naphtalate molecula

PEN is an optimal choice for flexible electronics for several reasons. As
an example, differently from PET has lower oxygen permeability, and there-
fore is optimal for device passivation. In addition, PEN presents improved
hydrolytic stability, which helps in printing processes. The mechanical prop-
erties of the materials are optimal for flexible applications as it is charac-
terized by a higher tensile strength. Finally, PEN has one of the highest
glass transition temperatures among other flexible materials (120°C' vs 75°C'
of PET) which simplifies the fabrication processes. Furthermore, it presents
good resistance to acids and basis and a very high heat shrinkage coefficient
[77, 78]. The substrate is 250 pum-thick with a relative dielectric constant
equal to 2.9 and a loss tangent equal to 0.005.
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3.2 Genetic algorithm: the evolved patch

The genetic algorithm is one of the most straightforward optimization meth-
ods for treating optimization problems by using a binary coding scheme.
This algorithm was formalized for the first time in [79] and it is based on
Darwinian laws. The workflow starts from an initial binary population rep-
resenting the parents that evolve iteratively following a cost function. In
Figure 3.3 the flowchart of GA is shown.

Encoding

v
Initialization

T
AJ

Evaluation of the
population

Y
Chromosomes rank and
selection process

v
Crossover

l

Mutation

l

Reordering

-

i

Min(Fitness)<=
Threshold

Yes

Figure 3.3: Flowchart of the Genetic Algorithm

1. Encoding: the solution to the problem is treated as a chromosome in

which each gene represents a parameter to be optimized.
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2. Initialization: Each member of the population is generated by randomly

choosing its chromosome values.

3. Evaluation of the population: Darwinian fitness is related to each in-
dividual through a cost function, whose value represents the nearest to

the optimal solution of the individual.

4. Chromosomes rank and selection process: the chromosomes mate ac-

cordingly to their cost values or in a random way

5. Crossover: the couples associated in the previous step generate new

offspring having a combination of the genes of the parents.

6. Mutation: a random variation is applied to some elements of the pop-
ulation. This operation may increase the velocity of the algorithm

convergence avoiding the stalling in the local minimum.

7. Reordering: the same operation of step 3 is performed on the new

offspring.

8. Loop statement: in this step, it is decided if the algorithm has to be
stopped according to the best fitness value and the maximum number
of iterations. In case of a new iteration, the algorithm is repeated from
Step 3.

The starting point for the design of the evolved radiative element is a classical
patch antenna placed on a 250 um-thick PEN substrate working at 6 GHz
with a footprint of 17 x 14 mm? (i.e. electrical length equals 0.34 A x 0.28
A), sketched in Figure 3.4; the corresponding bandwidth is 50 MHz and the

realized gain at the resonant frequency is equals 5.8 dBi.



CHAPTER 3. COMPACT EVOLVED PATCH ANTENNA 34

Wi
Figure 3.4: Top-view of the evolved patch antenna
The geometrical parameters used for the simulations are listed in Table
3.1; the dielectric substrate has been considered loss free for this purpose.

Table 3.1: Geometrical parameter of the considered patch antenna

Parameter | Value [mml]
W 16.88
L 13.77
F; 5.26
Wit 3.19
W, 32
L, 32

All the steps previously described and represented in Figure 3.2 for a

general Genetic Algorithm, are now detailed for our application.
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1. Encoding: the patch antenna is subdivided into 32 pixels with a square
form of 2 nm; each of them represents a gene and assumes a value equal
to 1 if the pixel is made of metal (yellow) or 0 if it is made of vacuum,

as reported in Figure 3.4.

2. Initialization: members of the population are randomly generated. It
is very important to fix the number of the population according to the
field of the application of the GA: if the number of the population is
high, the result is very precise with the drawbacks of a higher computa-
tional time. On the other side, when a small population is considered,
the process is almost fast but a stack in the local minima can occur. In
this case, the radiating area must be big enough to guarantee optimal
radiation properties, so at least 60% of the gene has to be made of

metal.

3. Evaluation of the population: the value of the fitness function C(fg),

expressed in Equation 3.1, is evaluated for each device.

fr—Ffe
c

Cfr = 50 — Re{Z(fr)}le 7, fe—0<fr<[fctd )

1000, otherwhise

In particular, the resonant frequency ( fr) and the value of the impedance
(Z(fr)) at the resonant frequency is estimated by means of a finite dif-
ference time domain (FDTD) solver. The objective frequency equals 4
GHz and is expressed as fc. The term A is used to take into account
the tolerance to the resonant frequency. All the combinations of the
gene which compose antennas having the real part of the impedance
that is far from 50 ) are discarded.

4. Chromosomes rank and selection process: the chromosomes mate fol-
lowing a “roulette selection process” [80]. Each element has an associ-

ated probability of selection, 7; which follows a Boltzmann distribution,
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as in Equation 3.2:
m = e~ (3.2)

C; is the value of the cost function of the i-th element of the population

and f is a normalization factor equal to

1
8= N Z Ci (3.3)

5. Crossover: the couples associated in the previous step generate new

offspring by a single-point crossover.

6. Mutation: a random variable is applied to a single gene on an element

of the population with a probability equal to 1%.

7. Reordering: as in step 3, the fitness function is evaluated for each device
of the new population. Then, elements are rearranged in ascendent
order for the value of their fitness function: the ones characterized by

a high-cost function are discarded.

8. Loop statement: The value of the cost function of the elements is com-
pared with the threshold value of the algorithm: if the convergence is

reached the process is completed, otherwise it restarts from step 3.

In this application, the algorithm converged after 12 iterations. The result
is an evolved patch antenna with a footprint of 14 x 17 mm? that resonates
at 4 GHz with an S;; dip equal to -24.47 dB and a bandwidth of 14 MHz.
the realized gain of the device at the resonant frequency is equal to -0.647
dBi.

3.3 Metamaterials: Split Ring Resonator

One of the drawbacks of the miniaturization step is a degradation of the
radiation properties of the antenna. To improve this aspect a p-negative
split ring resonator is added between the top and ground plane. In detail,

the geometry is a square split ring resonator (Figure 3.5 a)) composed of
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two concentric split rings with the aperture placed in opposite directions and
separated by a gap. The SRR can be treated as an LC circuit [81] as reported
in Figure 3.5 b).

CRING
P—. i
C
W GAP
.‘{ th —
IG LRING gLRING
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( R1 I
CRING
i
a) b)

Figure 3.5: a) Geometry and b) equivalent circuit, of the SRR

The value of the inductance r;yg of each ring can be expressed as in
Equation (3.4):
D
Lrive = MOW [R2 + Rl] (3.4)

where D represents the gap between two rings, W is the ring thickness, and
R2 and R1 are the outer and inner radii of the rings, respectively. As regards
the capacitance, Crrng represents the capacitance of the single ring while
Ceap the capacitance between the rings, respectively. Cryng can be defined
as in the following expression, Equation (3.5)

€0 tW
Cring = — G (3.5)

where t is the thickness of the ring and G is the aperture of the ring. Finally,

Cgap can be expressed as in Equation (3.6):

Aepe, W (2R2 + 2R1 — G)
2D

A is an equilibrium constant. By considering the geometrical parameters

Coap = (3.6)

of the SRR, the resonant frequency fy can be evaluated as in Equation (3.7):
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1 1
= ~ (3.7)
21/ Lrinc(Crincg + Caap) 27V LrincCrine

In this thesis, the geometry of the square split ring resonator has been
properly designed to increase the gain at the working frequency of the an-

tenna. The geometrical dimensions of the square SRR are listed in Table 3.2.

Jo

Table 3.2: Geometrical parameters of the square SRR

Parameter | Value[mm]|
R1 4.5
R2 3
W 1
D 0.5

The results of the simulations of the multilayer antenna are shown in
Figure 3.6.



CHAPTER 3. COMPACT EVOLVED PATCH ANTENNA 39

0
o O
Z,
=-10
(7))
-15
3 3.5 4
Frequency [GHz]
a)

BEBSBBEERESE
BEESBEEERELE )

i

<

g

b) c)
®=0° ©=90°
0 0
30 8 330 30 0 330
60 300 60 300
90 270 90 270
120 240 120 240
150 210 150 210
180 180
d) e)

Figure 3.6: a) Simulated scattering parameter Si; of the multilayer antenna,
b) front perspective and c) side perspective of 3D radiation patterns at 3.985
GHz; simulated polar plot for the plane d) ¢=0° and e) ¢=90°.

In Figure 3.6 a) the trend of the scattering parameter S; is shown; there
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is a dip of —14.2 dB at 4 GHz with a bandwidth of about 15 MHz. For a
different application, it is possible to increase the bandwidth of the device by
considering as a starting point a circular patch antenna [82]. In Figures 3.6 b)
and c) two different perspectives of the 3D realized gain of the patch antenna
at the resonant frequency are reported; the corresponding maximum value is
equal to 1.89 dBi. In Figures 3.6 d), e) the radiation pattern in the E-plane
and H-plane are reported, respectively. In particular, the E-plane (¢=0°)
presents a magnitude of the main lobe equal to 1.89 dBi, with a direction
of 3.0 deg, and an angular width (3 dB) of 93.2°. Whereas, in the H-plane
(¢=90°), the main lobe magnitude is equal to 1.88 dBi and the main lobe
direction is equal to 0 deg with an angular width (3 dB) equal to 92°. The

results of the miniaturization process have been summarized in Table 3.3.

Table 3.3: Comparison between a classical and the evolved patch antenna

Classical Patch Antenna

Evolved Patch Antenna

Working Frequency 6 GHz 3.96 GHz
Electrical Length 0.34Az0.28\ 0.22XA20.18X\

Bandwidth 50 MHz 15 MHz

Gain 5.8 dBi 1.89 dBi
Physical Dimensions 17x14mm? 17x14mm?

If the simulations with and without the integration of the SRR are com-

pared, an increase of 1.24 dBi of the gain without increasing the footprint
of the device can be observed. The final device is an evolved patch antenna
with a footprint of 14 x 17 mm? resonating at 4 GHz: in comparison with a
classical patch antenna working at 6 GHz, we obtain a size reduction of the
60%. Although the device presents a degradation of gain and efficiency due

to the minimization of the antenna, the simulated values suggest its use for
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wireless communications.

3.4 SAR simulations

In the field of wearable devices, an important parameter to be evaluated is the
Specific Absorption Ratio (SAR), which represents the power absorbed by
the human body. The maximum accepted value for this parameter is fixed
equal to 2 W/Kg for 10 g of tissue in Europe [75]. A model representing
a schematic body phantom has been realized in CST Microwave Studio to
estimate this parameter. In [83] it has been demonstrated that by using
a complex structure for the body, the simulation results are not improved.
For this reason, the simplified phantom (Figure 3.7) is composed of different

layers: bone, muscle, fat, and skin, having the thicknesses reported in [84].

® Skin

®* Muscle

Fat

Bone

Figure 3.7: Sketch of the multilayer phantom

For each material is necessary to specify the permittivity, the conductiv-
ity, and the density. The properties and thicknesses of each layer are reported
in Table 3.4. The result of this analysis shows that the SAR value in 10g
of the tissue at the resonant frequency of 4 GHz is equal to 0.06 W/Kg by
considering a stimulus power of 0.5 W (default value of the software), indeed

the absorption of the body is below the limit. In particular, SAR value re-
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Table 3.4: Property of tissues composing the phantom

42

Layer | Thickness [mm)] | Permittivity | Conductivity [S/m] | Density [Kg/m?]
Skin 1.5 38.1 1.44 1020
Fat 8.5 5.29 0.102 900
Muscle 27.5 52.8 1.71 1041
Bone 11.5 11.4 0.385 1850

sults linearly dependent to the variation of fat layer: by considering different
thicknesses in the range [7.5:1:9.5] mm, the SAR is equal to 0.058 W /Kg, 0.06
W/Kg and 0.063 W/Kg, respectively. This is due to the high percentage of

the water in fat tissues.

3.5 Antenna fabrication

The evolved patch antenna has been fabricated by means of the NanoDimen-

sion’s Dragonfly LDM multi-material 3D printer (Figure 3.8 a)).
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Figure 3.8: Antenna fabrication: a) multi-material 3D printer NanoDimen-
sion’s Dragonfly LDM, b) Plasma Oxygen Diener Nano Version

It is a very powerful and innovative machine that allows the printing
of both metallic and dielectric layers with high precision. For our purpose,
only the conductive layer has been used and printed directly on the PEN
substrate. The samples have been subjected to a preliminary Oxygen (Os)
plasma treatment. Oxygen is the most commonly used gas in plasma treat-
ment due to its wide availability and low costs. The aim of the plasma-oxygen
is the cleaning of the surface of samples made of plastic or glass. The treat-
ment can be done in combination with other gases. As an example, oxygen
is used together with Argon (Ar) for cleaning metal surfaces. In this case,
the role of the Oy/Ar-plasma is to strip the oxygen molecules away from
the metal to prevent its oxidation. There exists a fundamental difference
between argon and oxygen: the first does not cause surface modifications as
oxygen, which in turn can also perform etching. This suggests an interesting
application as the etching of the PEN surface increases the rugosity of the
samples together with the wettability. The system used for this step is the
Diener Nano Version (Figure 3.8 b)). The PEN samples have been treated
for 15 minutes with a oxygen plasma generated using a power of 150 W.
After this step, the printing process has been performed. In Figure 3.9 the

fabrication steps are detailed. The first step of this process is the import of
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the 2D Gerber file containing the geometry of the device converted by the
printer in layer-by-layer instructions. The Ag-based ink is deposited through
hundreds of nozzles present on the printing head patterning the geometry
of the antennas. The ink curing and sintering have been carried out at a

temperature of 140°C.

d) e)

Figure 3.9: a) Steps of the 3D printing process, b) result of the alignment
between patch and SRR and printed ground planes, c¢) representation of the
multilayer antenna with the interlayer of PDMS, d) flat and e) bent fabricated
prototype with SMA connector

The first printed layer is the radiative part of the evolved patch. Markers
are patterned on the substrate to correct the alignment on the X and Y
axis of the structure. Then, the substrate is flipped, the printing position is
corrected and then the process goes on with the printing of both SRR, and
the ground plane next to it (Figure 3.8 a)). All these radiating elements are
printed with a thickness of 35 ym in order to guarantee optimal conductivity
(the declared minimum thickness to obtain good conductivity is 17 pum). In

Figure 3.8 b), the result of the alignment step on the PEN substrate is shown.
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After the printing, the layer containing the patch together with the SRR and
one containing the ground plane is cut by means of a laser-cutter (Universal
Laser System vls2.30). A laser cutter is an economical and compact platform
characterized by a working area of 12.585 em? and a C'O, laser of 10.6 pum.
Different parameters have to be fixed before the cut: the power of the laser
(in the range of 10-30W), the velocity of the tip, the distance between the tip
and the sample, and the Pulse Per Inch (PPI), driving the precision of the cut.
The two layers are bonded together by means of an adhesive interlayer made
of Polydimethylsiloxane PDMS (Sylgard 184, Dowsil), widely used silicon for
flexible and biocompatible devices, very easy to prepare. It is worth stressing
that the choice of this elastomer does not affect the flexibility of the antenna.
The PDMS is mixed in a ratio of 1:10 with its curing agent. Then is spin-
coated on one of the dielectric surfaces at 3500 rpm for 60” and cured at
90°C for 15 minutes on a hot plate with the second dielectric layer on it.
The entire stack is schematized in figure 3.8 ¢). Finally, Figure 3.8 d) and e)

report the fabricated prototype in flat and bend conditions, respectively.

3.6 Characterization

The device has been characterized in terms of the scattering parameter Sy,
using a VNA Anritsu MS46122B, 3D radiation pattern, and polar plots. The

results are shown in Figure 3.10.
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Figure 3.10: a) Simulated (blue curve) and measured (red curve) scattering
parameter Sp; of the multilayer antenna, measured b) front perspective and
c) side perspective 3D radiation patterns; polar plot at d) $=0° and e) $=90°

at 4 GHz; simulated (blue curve) and measured (red curve) f) gain and g)
efficiency of the evolved patch antenna
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Figure 3.10 a) shows a comparison between the trends of the simulated
(blue curve) and the measured (red curve) scattering parameter Si;. In par-
ticular, it is possible to see a dip of —14.2 dB at 3.984 GHz and a dip of
-13.41 dB at 3.962 GHz for the simulated and the measured evolved patch
antenna, respectively. There is a shift of a few MHz between simulations
and measurements which is due to the SMA connector. Indeed, the presence
of a coaxial connector causes the presence of a static capacitance, so it in-
creases the electrical length of the device [85]. The 3D radiation patterns are
reported in Figures 3.10 b) and 3.10 ¢). The measurements are performed
by means of an anechoic chamber (StarLab from Satimo), working in a fre-
quency range between 800 MHz and 18 GHz. The working principle of the
chamber exploits Huygen’s principle, thanks to which it is possible to recon-
struct the far field (FF) starting from the indirect measurements of the near
field (NF). It is possible to see a very good agreement with the simulated
ones shown in Figures 3.6 b) and 3.6 ¢). At the resonant frequency of about
4 GHz, the simulated realized gain is equal to -0.8 dBi by considering also
the losses of the dielectric substrate, while the measured one is equal to -1.5
dBi. Measured 2D polar plots for E-plane (¢=0°) and H-plane (¢=90°) are
presented in Figure 3.10 d) and e): for both planes, there is a good agreement
between simulations and measurements (Figures 3.6 d) and e)). Figure 3.10
f) reports the comparison between the trend of the simulated (blue curve)
and measured (red curve) gain near to the resonant frequency; also, in this
case, the experimental results follow the numerical ones. Finally, in Figure
3.10 g), the trend of the efficiency is shown: the simulated value (blue curve)
is higher than the measured one (red curve) at 4 GHz. This phenomenon
may be caused by different factors: the soldering of the SMA connector, the
presence of the solvent mixed with Ag-based ink used during the printing
process of the radiating elements, and the losses of the PEN substrate that
are reported in the datasheet until the frequency equal to 1 GHz.
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3.7 Bending Analysis

Since the final goal is to put this device on the body (in particular, on an
ankle) for health monitoring, further analysis has been performed to charac-
terize the Si; trend of the device under bending conditions. More in detail,
two different bending radii are considered: R=5 ¢m and R=7 cm. The com-
parison has been performed by considering a cylinder made of air for the
numerical analysis and a cylinder made of Polystyrene for the experimental
one. It is worth stressing that this material is transparent to microwave radi-
ation. The results are reported in Figure 3.11 a)-c). As it is possible to see,
there is a very good agreement between simulations and measurements. For
the radius R=5 cm, there is a shift to a lower frequency for both (3.8 GHz
for the simulations versus 3.9 GHz for the measurements). For R=7 cm, the

resonant frequency is the same as the flat one for both curves.

d
0 ) 0
B -10 B -10
——Measured Antenna R=5cm ——Measured Antenna R=7cm
_30 ——Simulated Antenna R=5cm _30 ——Simulated Antenna R=7cm
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Frequency [GHZ] Frequency [GHZ]

b) c)

Figure 3.11: Bending analysis: a) device bent on the software, comparison
between measured (blue curve) and simulated (red curve) scattering param-
eter S1; for a bending radius of b) 5 cm and ¢) 7 cm



Chapter 4

Planar Inverted-F Antenna on

flexible substrates

Planar Inverted-F antennas (PIFAs) are very popular in daily technology
such as smartphones. The geometry of a PIFA is very straightforward as is
formed by a monopole shorted with the ground plane. The radiation pattern
is omnidirectional, and the footprint is very lightweight and compact, as the
presence of the shorting-ping decreases the dimensions of the antenna. The
feed is placed between the transmission line and the shortcutted end. Vary-
ing the position of the feeding, impedance can be adapted without the use of
external components. From a microwave point of view, the shorting pin acts
as a parallel inductance, indeed the nearer the feeding is to the shorting pin,
the higher the impedance of the antenna [86]. Another interesting property
of PIFAs is the planar geometry which allows rapid and low costs fabrica-
tions. In this scenario, the integration of PIFA on flexible substrates can
be very interesting combining their interesting peculiarities with bendability
and wearability [87-89]. In this chapter, the design and fabrication of PIFAs
on flexible substrates have been detailed. In particular, two generations of
PIFAs are developed: the first one is based on a PEN material, while the
second is on a flexible glass substrate. It is worth stressing that these ma-
terials have never been used for the fabrication of PIFAs. A first generation

of antennas is printed using a 3D multi-material ink-jet printer based on sil-

49
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ver nanoparticles. After the printing, the antenna connectors are mounted
using two different approaches. The first is based on a z-tape conductive
adhesive and a flip-chip machine to place the connector with very high pre-
cision. The second is performed by soldering the connector directly on the
metallic pads of the antennas. A second generation, based on flexible glasses,
allows the fabrication of antennas on a totally transparent substrate which
further reduces the visive impact of the device. Also in this case the antennas
are fabricated with the multi-material 3D printer. The fabrication protocol
was optimized for this new substrate: in particular, the glasses are treated
with plasma oxygen to clean all the organic compounds. The effectiveness of
the approach was tested using an Atomic Force Microscope (AFM). Besides
the printing process, the cutting of the antennas is optimized by developing
an innovative procedure involving a laser cutter and a marker. The use of
this approach allows the cutting of antennas without the formation of any
cracks and with a percentage of success of 99%. All the fabricated anten-
nas are characterized in terms of the scattering parameter S;;. This chapter
demonstrates that PIFA geometry is an optimal choice for rapid prototyping

antennas on heterogeneous kinds of flexible substrates.

4.1 Design and simulations

The sketch of the proposed antenna is shown in Figure 4.1, in which the red
portion represents the antenna and the ground, while the light blue section is
the substrate. All the optimized geometrical parameters are listed in Table
4.1.
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Table 4.1: - List of the geometrical parameters

Parameter | Value[mml]
W1 6
W2 2
W3 4.5
W4 4
Wb 8
H1 9
H2 11
H3 1.5
H4 1.5
H5 2.5
H6 3
H7 6

Figure 4.1: Sketch of the PIFA
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The antenna is placed on a PEN substrate with a thickness of 250 um,
a relative dielectric permittivity (e) of 2.9 and a loss tangent of 0.005. It
is a compact, flexible, and is dual-band device, resonating at 3.8 GHz and
6.1 GHz. Both of these frequencies are in the sub-6GHz band of the 5G
spectrum and are licensed in Europe (3.8 GHz) and USA (6.1 GHz). The
PIFA configuration is composed of two different L-shaped regions: W1xH1
is responsible for the impedance matching at the lower frequency, 3.8 GHz,
while W2xH2 is used for achieving the impedance matching at the higher
one, 6.1 GHz. The intermediate part of the antenna is used as a feeding
point for placing the U.FL connector. The total footprint of the device is
10x24 mm?. The PIFA structure is very sensitive to geometrical variations;
the slightest modification could cause impedance mismatching and variation
in the resonant frequency. To achieve a good impedance matching at the two
resonant frequencies, some parametrical sweeps have been performed. For
example, the trend of the scattering parameter Sy, by varying H2 and H7
has been reported in Figure 4.2.
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a) b)

Figure 4.2: Effects of PIFA’s parameters on return loss at a) around 3.81
GHz and b) 6.22 GHz

From Figure 4.2 a) it is possible to note that the resonant frequency
decreases by increasing the value of H2 parameter. The optimal value is
H2=11mm since the resonance is in the band of interest (3.6 - 3.8 GHz). As



CHAPTER 4. PLANAR INVERTED-F ANTENNA ON FLEXIBLE SUBSTRATES 53

regards the parameter H7, in Figure 4.2 b), the S;; dip moves to a lower
frequency when the value of H7 increases. To have the S7; in the band of
interest, the parameter is fixed equal to 6 mm. It is worth stressing that H2
does not cause any variation in the higher band of the antenna; vice versa
variations on H7 are not related to the resonance at the lower frequency.
Furthermore, the other two fundamental parameters (W1 and W7) present
the same behavior of H2 and H7; for this reason, the results are not reported.

In Figure 4.3, the simulation results of the optimized antenna are exploited.
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Figure 4.3: Simulated a) scattering parameter Si1, b) gain of the PIFA an-
tenna, 3D radiation pattern at ¢) 3.8 GHz d) 6.1 GHz

In figure 4.3 a) the trend of the scattering parameter Si; is reported.
There are two dips corresponding to the two resonant frequencies: -29 dB
with a bandwidth of 270 MHz at 3.8 GHz; -18 dB at 6.1 GHz which corre-
sponds to a bandwidth of 208 MHz. In figure 4.3 ¢) and d) the 3D radiation

patterns for realized gain at two resonant frequencies are shown. The max-
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imum value is equal to 1.86 dBi at 3.8 GHz and 4.12 dBi at 6.1 GHz. The
simulated SAR is equal to 0.26 W /kg.

4.2 Fabrication and characterization on PEN

The device has been fabricated directly on the PEN substrate employing
a multi-material 3D printer, NanoDimension’s DragonFly LDMTM System,
after a preliminary Plasma Oxygen treatment as explained in Section 3.5.
The 2D PIFA sketch is provided as input to the printer and because of its
parallel processing characteristic, this technique shows a high process yield.
In this case, approximately 40 um of metal have been deposited and a total
of about 50 antennas are completed in a couple of hours on a printing area of
about 18x18 ¢m?. An array of 3x3 fabricated antennas and some prototypes
are shown in Figure 4.4. It is possible to note that some grid lines of a few
micrometers thickness have been printed to cut the devices with the laser

cutter, in a fast and precise way.

Figure 4.4: Fabricated prototypes

In the middle part of the PIFA, the U.FL connector has been placed for
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performing the characterization step. As a first trial, we decide to use an
ad-hoc small board realized with Dragonfly printer, composed of a 200 pm-
thick dielectric layer and a 30 pm thick metal layer which represent the U.FL
pads. The connector is sold on it and then attached to the antenna by using
a z-conductive tape (3M 9703). For placing it in a very precise way, a Flip
chip machine has been used (Figure 4.5).

a) b)

Figure 4.5: a) Small board and b) Flip-chip machine, used for the positioning
of the connector

The flip chip is a powerful instrument to place components on boards
with very high precision. The machine is formed of a bonding head holding
the connector, and a bonding stage on which the antenna is vacuum-fixed.
The bonding stage can be aligned with the connector by micrometric screws
and a two-sight camera. After the alignment, the bonding head rotates the
connector placing its bottom surface on the substrate. The temperature of
the bonding stage and the force applied from the bounding head are computer
controlled. In this case, the connector is pressed on the substrate with a force
of 20 N at room temperature for 30 minutes. The prototypes realized with
this approach are characterized in terms of the scattering parameter S;; and

the results are shown in Figure 4.6.
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Figure 4.6: Comparison between measured (blue curve) and simulated (red)
curves PIFA at a) 3.8 GHz and b) 6.1 GHz

As it is possible to see, the impedance is not perfectly matched for both
frequencies; in addition, for the second band, there is a shift to a higher
frequency. This happens because the z-conductive tape presents only some
spot of conductive ink and this is not enough to guarantee optimal adhesion
and conductivity with the metal device. It is possible to conclude that even
if this approach is very precise and allows avoiding the use of the soldering
directly on the substrate which could be damaged, it does not guarantee
optimal results in terms of impedance matching. The second approach that
we used is the soldering of the U.FL connector directly on the device. The
results of this procedure and the characterization step have been reported in

Figure 4.7 a) and b), respectively.
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Figure 4.7: a) Fabricated prototypes and b) results of the characterization
step

The fabricated PIFA (red curve) resonates a 3.86 GHz with a bandwidth
of 700 MHz. It is larger than the simulated one (blue curve) due to the elec-
tromagnetic losses introduced by soldering the connector and by the presence
of an amount of solvent mixed with the conductive ink. As regards the second
resonance, at 6.1 GHz, there is a good agreement between simulations (red
curve) and measurements (blue curve) also in terms of bandwidth, which is
equal to 240 MHz. The measured gain is equal to 0.9 dBi and 1.1 dBi for 3.8
GHz and 6.1 GHz, respectively. For the lower frequency, the obtained value
is very close to the simulated one; while for the higher frequency, the value
is lower than the simulated one. This is probably due to some artifacts of
the exploited set-up (see Section 2.4) and the presence of the RF cable on

the radiating part of the antenna, reducing its radiation efficiency.

4.3 Fabrication and characterization on flexible

glasses

The same device, described in detail in the previous section, has been realized
on another flexible substrate: 100 pm and 200 pm-thick Corning Willow(®)

Glass. The bending radius of these glasses is equal to 10 cm and 20 cm,
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respectively. They present a high resistance to the temperature, until 600°C.
The relative dielectric constant is 4.09 at 963 MHz (from the datasheet) and
the corresponding value of loss tangent is equal to 0.0002. Since this material
has never been used for the fabrication of antennas with NanoDimension’s
Dragonfly LDM multi-material 3D printer, as a first attempt we printed the
device directly on the substrate. After this process, the fabricated device

presents an issue: metal delamination, as shown in Figure 4.8.

Figure 4.8: Metal delamination of the device after the printing process

The prototype shown above is placed on 200 pm-thick Corning willow
glass; the result is the same also for the thinner one. To better understand
the reason behind this phenomenon, some Plasma Oxygen treatment has
been performed. All the following analyses are performed on the glass with
a thickness of 200 pum. Different configurations of power for different times
have been used, as listed in Table 4.2.

The four configurations have been analyzed using Atomic Force Microscopy
(AFM), sketched in Figure 4.9.
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Table 4.2: Different configurations of Plasma Oxygen treatment

Configuration | Power [W] | Time [min] | Oxygen flow [sccm]
1 150 15 25
2 150 30 25
3 300 15 25
4 300 30 25

Feedback Loop —

Photodiode
Detector

Mirror

Piezoelectric
Scanner (XYZ)

Figure 4.9: Sketch of the AFM

There is a laser that points at a cantilever. The reflected beam is collected
by a four-quadrant photodiode. At the end of the cantilever, there is a non-
conductive tip that contacts the samples. The sample is moved in 2D by
a Piezo stage. Finally, there is a data acquisition control unit that drives

the scanner, measures the data e and converts them to an image. As a non-
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conductive tip, a silicon tip FORT (AppNano) with a length of 225 pm has
been used. There are two working modes: tapping mode or in contact mode.
During the first one, the tip vibrates at its natural resonance, and, during
the scanning of the surface and the proximity of the surface, the presence
of the atoms shifts the frequency. The instrument registers this shift and
modifies the z-position of the tip with respect to the sample and the original
frequency is restored. In a loop, the instruments register the changes in z
due to the morphology of the sample and reconstruct the topography of the
surface analyzed. The second mode is performed by placing the tip constantly
in contact with the samples and is based on the constant repulsion between
the tip and the surface’s atoms. This modality is easier than the first one,
but the hard silicon tip risks to damage delicate samples [90]. In the case of
antennas, since glass is not soft material, the contact mode has been used.

The results of this analysis are reported in Figure 4.10 a)-e).
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d) e)

Figure 4.10: AFM analysis: a) substrate without any treatment and results
after Plasma Oxygen treatment for b) configuration 1, ¢) configuration 2, d)
configuration 3) and d) configuration 4

Analyzing the data, it results that by increasing the duration of the

Plasma Oxygen treatment, the value of the roughness decreases. In fact,



CHAPTER 4. PLANAR INVERTED-F ANTENNA ON FLEXIBLE SUBSTRATES 62

on the sample without any Plasma Oxygen treatment (Figure 4.9 a)), the
roughness is equal to 6.43 nm. With treatment at 150 W, it becomes equal to
0.958 nm after 15 minutes (Figure 4.9 b)) and 0.3 nm after one hour (Figure
4.9 ¢)). If we consider treatment at 300W, the roughness is equal to 1.74 nm
after 15 minutes (Figure 4.9 d)) and 1.065 nm after one hour (Figure 4.9 e)).
After this analysis, it results that the problem of delamination was due to
organic residuals on the surface of the glass. To find a compromise between
the goodness of the results and the velocity of the entire fabrication process,
a treatment of 15 minutes at 150 W has been performed for improving the
fabrication protocol. In addition, from Figure 4.8 it is possible to see that the
edges of the antenna are not very precise; this is due to the use of a diamond
tool for cutting the device from the glass sheet. To improve this aspect, we
developed a protocol for cutting the device by using the laser cutter. In par-
ticular, first, it is necessary to draw a grid with a black marker on the glass,
as shown in Figure 4.11: this step is useful for locally increasing the glass

temperature when the laser passes on it.

Figure 4.11: Preliminary step for cutting the glass by means of a laser cutter

The power and the velocity value have been fixed equal to 90% and 40%,
respectively, while the distance of the tip from the glass (z) has been changed

during the process. The following steps are included:

e Two at z=0.3 mm.
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e Two at z— 0.2 mm.
e Seven at z= 0.1 mm.

With this approach, the fabricated prototypes are very precise, and the
process becomes faster because it is possible to cut all the printed devices in
only one step. Fabricated prototypes are shown in Figure 4.12: there is an

optimal adhesion between the metal and the glass.

Figure 4.12: Fabricated prototypes on the glass substrate

The characterization step is performed for both the thicknesses of the
glass: 200 pm and 100 pgm. The results in terms of the scattering parameter
S11 of the comparison between numerical (blue curves) and experimental (red

curves) results are shown in Figure 4.13.
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Figure 4.13: Comparison between simulated (red curve) and measured (red
curve) for a) the 200 pm and b) 100 pm thick glass, respectively

Figure 4.13 a) shows that the results are in good agreement with the
simulations as there are two resonances at 3.8 GHz and 6.3 GHz. Figure 4.13
b) reports the same comparison in the case of 100 pum-thick glass substrate;
Also, in this case, it is possible to observe a good agreement between the two
curves. In both of them, it is possible to note the presence of some small
oscillations near the main dips due to the presence of the U.FL to SMA

adapters.



Chapter 5

Chitosan-based Planar Inverted-F

antenna

In the previous chapters, some examples of plastic-based antennas are re-
ported, however, especially during this historical period, the bioimpact of the
devices becomes a crucial aspect to take into consideration. The manufacture
of antennas based on plastic-free and biodegradable substrates represents a
strategic step forward in the quest for sustainability-conscious technology de-
velopment. Among other bioadvantage materials, Chitosan is one of the best
choices. Chitosan is a biodegradable material very cheap and can be easily
extracted even from shrimp shells. Flexible foils having a high dielectric con-
stant equal to 5 can be synthesized as reported in [91]. Another big advantage
of this material is its optical transparency, which can reduce the visual impact
by camouflaging the antenna. Chitosan obtained with this protocol presents
also optimal piezoelectric properties suggesting its use in complex systems
integrating radiofrequency antennas with microelectromechanical transduc-
ers (MEMs) [92, 93]. In this chapter, we combine the optimal peculiarity of
PIFAs with eco-friendly materials realizing plastic-free antennas. In partic-
ular, we present two generations of antennas, the first using biocompatible
materials and having a radiative part based on silver ink, and the second
completely based on biodegradable materials using a PEDOT: PSS conduc-

tive layer [94]. The two generations present the same geometry, a planar-f

65
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inverted antenna, and the same 35 pum-thick chitosan substrate. The geom-
etry is designed to have a resonant frequency of 4.5 GHz and is optimized
using an FDTD solver. Then, two fabrications of the antennas are exposed.
The first based on silver nanoparticle ink is fabricated by depositing the
metal tracks on a glass donor substrate and then transferred to the chitosan
through pressure transfer printing. The second generation is fabricated by
depositing the PEDOT: PSS on a polypropylene surface, then shaped with a
laser cutter and transferred to the chitosan. The antennas are characterized
in terms of Sy; and radiation patterns. The results on the first generation
show a very good agreement with the measures and optimal characteristics
for the antenna. The second generation presents optimal properties as well,
but there is a shift between the simulations and the experimental results,
therefore the fabrication process has to be improved. In general, this chapter
shows the potentiality of plastic-free antennas to realize wearable and bio-
compatible systems; and proposes two methods for their fabrication. The
latter can be a crucial step forward for the integration of antennas in the
Internet of Healthcare (IoHT) systems.

5.1 Chitosan Substrate synthesis

Chitosan is a biopolymer largely found in nature, such as in shrimp shells,
and allows to obtain transparent, low cost and plastic-free substrates. It
derives from the N-deacetylation of Chitin, a renewable raw material that
can be extracted from the exoskeleton of crustaceans, and it is composed
by repetitions of two units of N-Acetyl-D-Glucosamine and D-Glucosamine
(Figure 5.1 a)). Moreover, due to its piezoelectric properties [91] it has
the advantage of a high dielectric constant of 5, which allows compacting the
antenna dimensions with respect to the ones on standard polymeric materials
typically used. The approach used for the preparation of the chitosan film is
the one described in detail in [91], but with a modified amount of chitosan.
More in detail, a solvent-casting green technique has been exploited to realize
the film: the Chitosan with medium molecular weight (Sigma Aldrich), is
mixed in a solution with Milli ) water and Lactic Acid (Sigma Aldrich).
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Then, it is stirred for 9 hours until the complete dissolution of chitosan to
obtain a final solution with 1% w/w chitosan and 1% w/w of Lactic Acid. 40
mL of this mixture is poured into a Petri dish which is placed in an oven at
a temperature of 40°C and vacuum conditions of 200 mbar. Films are left in
the oven for about 12 h. At the end of this process, the solvent is completely
evaporated, and the films are rinsed with a solution based on NaOH and
water, then washed with distilled water until the washing solution shows a
pH of around 7. Finally, chitosan wet films of 55 pm thickness can be peeled
off from the Petri, and it can be used for the fabrication of the devices (an

example is reported in Figure 5.1 b).

N-Acetyl-D-Gl

a) b)

Figure 5.1: a) Chitosan molecule and b) example of chitosan film

5.2 Design and simulations of a metallic chitosan-

based antenna

The designed geometry is a Planar Inverted-F Antenna, whose sketch is re-
ported in Figure 5.2, with some modifications with respect to one of the pre-
vious chapter: the thickness of the strips has been increased to 1.5 mm and
the parameters have been optimized for the new working frequency. This de-
vice is placed on biocompatible and flexible 55 pym-thick chitosan substrates.
The geometrical parameter are listed in Table 5.1. The total footprint is
14x23 mm?.
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Figure 5.2: Sketch of the device

The most important parameters are W1 and H1, which are responsible
for the resonant frequency, while the others are responsible for the impedance

matching at 50 €. The results of the simulations are shown in Figure 5.3.
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Table 5.1: - List of the geometrical parameters

Parameter | Value[mm]|
W1 3.5
W2 7
W3 4.5
W4 4
Wb 8
H1 6
H2 10
H3 1.5
H4 1.5
H5 2.5
H6 3
H7 7

In figure 5.3 a) the trend of the scattering parameter Sq; is reported:
there is a dip of -14.6 dB at 4.5 GHz with a bandwidth of 250 MHz. The
3D radiation pattern for realized gain at the resonant frequency is shown in
Figure 5.3 b); the maximum value is equal to 1.38 dBi. Finally, in Figure
5.3 ¢) and 5.3 d) the polar plots for E-plane ($=0°) and H-plane (& =90°)
are represented. For & =0°, the main lobe magnitude is equal to 1.33 dBi
and the main lobe direction is equal to 15.0 deg. Whereas for the $=90°

the main lobe magnitude is equal to 1.27 dBi and the main lobe direction is
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Figure 5.3: a) Simulated scattering parameter Sy, of the PIFA, b) 3D radia-
tion patterns at 4.5 GHz; simulated polar plot for the plane d) ¢=0° and e)
»=90°
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equal to 0 deg. The simulated SAR is equal to 0.41 W /kg.

5.2.1 Fabrication Protocol

The steps for the antenna fabrication are shown in Figure 5.4.

Figure 5.4: Fabrication steps

The first step is the printing of the Ag-based ink on a donor glass by
means of NanoDimension’s Dragonfly LDM multi-material 3D printer. In
particular, 35 um of conductive ink is deposited and a total of about 25
antennas have been printed in less than two hours. After this, the process
goes on with the second step, the cutting of a single antenna from the entire
sheet utilizing a diamond tool (Figure 5.5); This passage is very important

because each device becomes a sample on which the next steps are performed.
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Figure 5.5: Cutting of the single device

The third step is the functionalization by a 200 nm-thick PEDOT: PSS/Glycerol
(4%w /w) interlayer on the sample, which guarantees an optimal adhesion be-
tween the metal and the chitosan substrate, successively bonded on it. The
PEDOT layer is cured at 140°C for 30 minutes. The last two steps are at-
taching the chitosan on PEDOT: PSS interlayer and peeling off the metal

from the donor glass.

Figure 5.6: a) Attaching the substrate on the donor glass with a Kapton
frame, b) peeling off the metal from the donor glass, c¢) final prototypes
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More in detail, the chitosan substrate is placed on the donor glass with
a frame of Kapton tape (Figure 5.6 a)) and it is put under a vacuum for
2 hours. Finally, the antenna is peeled off from the donor glass (Figure
5.6b)) and then, the prototype is completed with the soldering of the U.FL
connector for performing the characterization step (Figure 5.6 ¢)). As it can
be noted, the antennas are flexible and transparent, meeting the requirements

for the realization of wearable and biodegradable sensors.

5.2.2 Characterization

The characterization of the device in terms of scattering parameter Si; by
means of a VNA and radiation pattern polar plots. The results are reported

in Figure 5.7.

_30 ——Measured Antenna
] —Simulated Antenna
3 - 5 6
Frequency [GHZ]
d) =0° d) =90°
0 0
30 Q 330 30 0 330
60 300 60 300
90 270 0 270
120 240 120 240
160 210 150 210

1
80 180

Figure 5.7: Simulated (red curve) and measured (blue curve) scattering pa-
rameter S1; of PIFA| measured polar plot at b) ¢=0° and ¢) ¢=90°
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In Figure 5.7 a) the comparison between the measured (blue curve) and
simulated (red curve) scattering parameter S;; of the antenna is reported.
It is possible to note a very good agreement in terms of resonance dip; the
measured curve presents a wider bandwidth which is probably due to the
losses of the material substrate and the presence of U.FL connector. In
Figures 5.7 b) and c) the measured polar plots are shown. If we compare
them with the simulated ones (Figure 5.2 ¢) and d)), it is possible to see that
the positions of the nulls in the diagrams are the same for both planes (E-
plane and H-plane). As regards the plane ® = 0°, the measured one presents
a minimum value that is lower than the simulated one; this is due to the
presence of the cable in front of the antenna, the losses of the measurements
set up, and the cables. For the second plane, & = 90°, there is a good
agreement also in terms of minimum value, -15 dB for both of them. The back
lobe of the measured one is lower than the simulated one: this is probably
due to the presence of the absorber panels in the setup. The measured value

of the gain is 1.72 dBi at the resonant frequency.

5.3 Design and Simulation of a non-metallic
PIFA

The design of the device is the same as the section (see Figure 5.2). In
this case, the conductive part is made of a 10 um PEDOT: PSS layer with a
conductivity of 1000 S/cm to have a biocompatible and biodegradable device.
The substrate is, as before, the 55 pm-thick chitosan film. The results of the

simulation are reported in Figure 5.8.
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Figure 5.8: a) Simulated scattering parameter Sy; of the PIFA, b) 3D radia-
tion patterns at 4.5 GHz; simulated polar plot for the plane ¢) ¢=0° and d)
»—90°

In figure 5.8 a) the trend of the scattering parameter S;; is reported:
there is a dip of -10.2 dB at 4.5 GHz with a bandwidth of 80 MHz. The
3D radiation pattern for realized gain at the resonant frequency is shown in
Figure 5.8 b); the maximum value is equal to 0.89 dBi. Finally, in Figure 5.8
c¢) and 5.8 d) the polar plots for the planes ® = 0° (E-plane) and ® = 90°
(H-plane) are represented. For the E-plane, the main lobe magnitude is equal
to 0.81 dBi and the main lobe direction is equal to 17 deg. Whereas for the
H-plane the main lobe magnitude is equal to 0.75 dBi and the main lobe

direction is equal to 0 deg.
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5.3.1 Fabrication

The preliminary step is the preparation of the dielectric substrate as detailed
in Section 5.1. In this case, the radiating element is made of PEDOT: PSS
(High conductivity grade, Sigma Aldrich) mixed in a solution with 4% of
Glycerol (Sigma Aldrich). This specific percentage allows for obtaining a
high conductive material (¢ = 1000 S/cm), as explained in detail in [91].

The fabrication steps are exploited in Figure 5.9.

[ "N PEDOT: PSS deposition on
Polypropylene substrate

Pl ) - Peeling off PEDOT: PSS on Kapton

Q) 3 — Cutting of the shape by means of laser
cutter

Q) /, — Cleaning the excess of PEDOT: PSS

QPel) 5 — Final prototypes

Figure 5.9: Fabrication steps
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First, the PEDOT: PSS is deposited on a polypropylene substrate and
cured at 140°C for 15 minutes. Next, the conductive layer is peeled off with
a 25-um thick Kapton tape: this is a very crucial step because it is necessary
to avoid the breakage of the PEDOT: PSS layer; the polypropylene substrate
allows to perform in a very easy way because its adhesion with the PEDOT
is very low. After this, we cut the shape of the antenna using a laser cutter;
and we clean the surface by removing the excess material. In the last step,
the chitosan substrate is placed on the Kapton film, and the PEDOT: PSS
layer is directly removed from it. The obtained final prototype is flexible and

the adhesion between the two materials is very good.

5.3.1.1 Characterization of the fabrication process

Before characterizing the final prototypes, it is very important to characterize
the fabrication process. Since the PEDOT: PSS is deposited on the substrate
by hand, we have to verify the thickness of the conductive layer to avoid
the insurgence of the Skin effect. When an alternating current flows in a
conductor, the current distribution is not-uniform across the section of the
conductor: it becomes higher in the outer part of the surface (skin) and
lowers in the inner part [95]. This phenomenon can be neglected when the
working frequency is in the range of 0 — 50 Hz with a section of the conductor
of about tens of mm?. At high frequencies, we have to take into account that;
in this case, the current J varies following an exponential function (Equation

5.1), decreasing from the surface towards the inside.
J(z) = Joes (5.1)

Jo is the surface current density, x is the distance from the surface and ¢ is
the deep of penetration at which J(x) = Jy/e. The depth of penetration can
be expressed in the following Equation 5.2:

5 = % (5.2)
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It depends on the material of the conductor and on the frequency of the cur-
rent: pis the conductor’s resistivity, f is the frequency, and p the absolute the
magnetic permeability of the conductor. Since the PIFA has been designed
for working at 4.5 GHz, the skin effect has to be taken into account. By
considering the equation, it results that the minimum thickness for having a
good conductive layer is 2.38 pm. The thickness of the PEDOT: PSS layer
has been measured employing an optical profilometer.

The results are shown in Figure 5.10.
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Figure 5.10: a) 3D and b) 2D measurements of the thickness of the PEDOT
by means of an optical profilometer in the central part of the device, c)
measurements of the thickness at the edges

It results that the thickness of the PEDOT: PSS is not uniform along

the device. The analysis starts from the central part of the antenna. From
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Figure 5.10 a) it is possible to see a variation in the height of the PEDOT
layer: The thickness is equal to 11 gm (Figure 5.10 b)). The same approach
has been used for the analysis of the edges. In this case, the thickness is low:
it is about 4 pum (Figure 5.10 ¢)). As a consequence, it will be necessary to
improve the fabrication process in order to better control the amount of the

conductive material deposited on the substrate.

5.3.2 Device Characterization

For the characterization step, a U.FL connector is placed on the antenna.
Since there are some limitations in terms of adhesion between the soldering
and the PEDOT, for the positioning of the connector a silver-based conduc-
tive paste (MG Chemicals 8330S) has been used. It has been cured at 65°C
for about 2 hours. Also for these prototypes, the characterization has been
performed in terms of the scattering parameter S;; and 2D polar plots. The

results are shown in Figure 5.11.
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Figure 5.11: Simulated (red curve) and measured (blue curve) scattering
parameter Sp; of PIFA, measured polar plot at b) $=0° and ¢) $=90°
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From Figure 5.11 a) it is possible to note that the measured Sy; is shifted
at a lower frequency than the simulated one. This can be caused by multiple
factors: the deposition of the PEDOT: PSS is performed by hand so the
surface is not uniform and it is quite difficult to reproduce this in the simula-
tions. In addition, for placing the connector it is necessary to put the device
on a hot plate for a long time and this can vary the properties of the chitosan
substrate. There are also losses due to the presence of the conductive paste
and the U.FL connector.

As can be seen, comparing figures 5.8 b) and c¢) with figures 5.11 b)
and c), the experimental polar plots slightly differ from the simulations.
This effect can be justified with artifacts introduced by the radiation-pattern
measurement kit. The antennas in this case present a very lightweight and
flexible profile, therefore are subject to vibrations during the movements of
the rotating stage which cause jags into the radiation pattern. Moreover, the
maximum and minimum values of the gain are influenced by the polarization
losses between the antennas. These are preliminary results: it is necessary
to improve the fabrication protocol and also the properties of the conductive
material for further characterization. As an example, [96] reported the chem-
ical treatment used in to increase the conductivity of the PEDOT [97]. In
particular, it has been demonstrated that by immerging the PEDOT layer in
methanol, the conductivity will be significant increase by a factor of five. An
alternative, reported in [98, 99], is to realize devices composed of a multilayer

stack to increase the effective thickness of the conductive materials.



Chapter 6

Wearable system for vital

parameters monitoring

The growing need to monitor vital parameters, accentuated by the SARS-
COV-2 virus pandemic, encourages the exploration of technologies for wear-
able sensors. Among the physiological parameters that can be evaluated, the
heart rate is one of the most measured and relevant since its demonstrated
correlation with some clinical diseases [100, 101]. Electrocardiography (ECG)
represents the gold standard technique for HR monitoring. The ECG elec-
trodes measure the electrical activity of the heart from the skin surface. A

typical waveform is characterized by five peaks and valleys (see Figure 6.1).

R RR Interval

Figure 6.1: Classical ECG wave with identification of characteristic peaks
98]

On the contrary, photoplethysmography (PPG) is a well-known technol-

ogy applied for example in smartwatches. PPG is a non-invasive technique

81
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that is based on the study of the diffusion of light in the tissues to detect the
change of blood volume in the subcutaneous micro-vascular network. The
measures are typically taken in the peripheral areas of the human body, such
as the fingers, feet, earlobes, forehead, etc. Although its great potential,
PPG suffers from several disadvantages. Firstly, the outcomes are not as
accurate as the EEGs. Moreover, the measuring system, composed of the
light-emitting diode (LED) and the photodetector, complicates the sensing
platform and increases power consumption.

Other information, such as the cardiac cycle and its phases can be ex-
tracted from the heart sound by means, for example, of echocardiogram. A
single cycle of cardiac activity is composed of two different phases: diastole
and systole. The first represents the period of time when the ventricles are
relaxed; while the second regards the time during which the left and right
ventricles contract and eject blood into the aorta and pulmonary artery, re-
spectively.

A technology combining low-power consumption, high wearability, and
also ability to relate the heartbeat derived from a mechanical deformation
to an electronic signal can be extremely attractive, and piezoelectric sensors
come to the aid. Piezoelectricity is the property of a material to produce
an electronic signal in response to mechanical deformation and vice-versa.
Reference [50] presents a flexible Aluminium Nitride (AIN) sensor on a poly-
imide substrate. The sensing platform shows extremely high sensitivity, and
a compact footprint, and is based on a wearable and biocompatible Kapton
substrate. Given this, it can be exploited to measure heartbeat through vein
deformations in a non-invasive way.

Moreover, the integration of this technology with RF systems can pave
the way for a new class of wireless and highly sensitive devices. The latter
becomes a crucial challenge to integrate this technology into the scenario of
the Internet of Healthcare Things (IoHT'), where several nodes are connected
in Wireless Sensor Networks (WSN). The standard architecture in IoHT sys-
tems exploits microprocessors to collect and transmit data. However, this
approach increases the impact on the human body, the power consumption,

and the costs of the sensing platforms.
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In this chapter, we present a remote heart rate monitoring platform based
on the sensor detailed in [50]. Rather than using a microprocessor, we trans-
mit the raw data from the sensor using a Frequency Modulator (FM) and a

patch antenna. This architecture reduces the number of supplementary com-

ponents on the device and affects minimally the wearability of the sensing

Q

platform.

Antenna

Sensor

Figure 6.2: Sketch of the system

6.1 Design of the System

The realized sensing system is shown in Figure 6.3.

Receiving Side Transmitting Side

Figure 6.3: Transmitting and receiving side of the realized system
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More in detail, the platform is composed of a piezoelectric deformation
sensor; a printed circuit board (PCB), and a patch antenna. The patch
antenna has been designed for working at 3.6 GHz, in the sub-6Ghz band of
the 5G spectrum. The results in terms of the scattering parameter Si; a nd
gain are shown in Figure 6.4. In Figure 6.4 a) the trend of the scattering
parameter Sp; is reported (blue curve): there is a dip of -23 dB at 3.6 GHz.
Figure 6.4 b) shows the 3D realized gain for the antenna at the resonant

frequency. The maximum value is 1.9 dBi.
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Figure 6.4: a) Comparison between the measured antenna (blue curve) and
simulated antenna (red curve) of the scattering parameter Si;, b) 3D radia-
tion pattern of the realized gain at 3.6 GHz

The Specific Absorption Ratio has also been simulated. The correspond-
ing value is 0.05 mW /Kg with a stimulus power equal to 2 dBm, very far
from the threshold of 2.0W /kg. The device has been fabricated on a PEN
substrate with a 35 pm-thick metallic layer deposited by means of NanoDi-
mension’s Dragonfly LDM multi-material 3D printer. The antenna has been
characterized in terms of S1; with a VNA. From Figure 6.4 a) it is possible to
see a very good agreement between simulation (red curve) and measurements
(blue curve) at the resonant frequency of 3.6 GHz. The piezoelectric sensor

is shown in Figure 6.5.
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.RF Connector
DI material
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Figure 6.5: Flexible piezoelectric sensor; a) Exploded structure of the sensor
and connector; b) picture of the sensor after all the fabrication processes [50]

The footprint is 10 x 20 mm? with a sensitive area of 20 mm? and a thick-
ness of fewer than 30 pum. The multilayer stack is formed by a piezoelectric
aluminum nitride (AIN) layer sandwiched between molybdenum electrodes,
grown on the top of an AIN interlayer deposited on a Kapton substrate. The
structure has been protected by an electromagnetic shield made of parylene,
titanium, and molybdenum for the stabilization of the charges. Finally, the
sensor has been encapsulated in a supplementary parylene layer to guarantee
waterproofing and resistance to oxidation of the metals. All the layers are
obtained by sputtering depositions and patterned through a lift-off process.
All the forming materials are non-toxic and biocompatible, minimizing the
possibility of unwanted reactions after the application on the patients. The
PCB reported in Figure 6.6 has been designed for conditioning the signal
from the sensor and to perform the frequency modulation through a Voltage
Controlled Oscillator (VCO).
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Figure 6.6: Printed circuit board: a) Schematic of the board; b) Sketch of
the mounted board

More in detail, the PCB consists of four main elements: the battery pro-
tection circuitry, the charge amplifier, the buffer stage, and VCO. The charge
amplifier and the buffer stage are powered by voltage reference circuits whilst
a dedicated voltage regulator is used for the VCO. The charge amplifier gain
is 1 mV/pC to guarantee a minimum signal-to-noise ratio (SNR) of 80 dB.
The buffer stage is utilized to tune the central frequency of the modulated
signal on the desired working frequency. The VCO base frequency can be
easily modified through a voltage divider circuitry, also integrated into the
PCB. The last becomes a crucial aspect in the case of multiple sensors trans-
mitting on a frequency division multiplexed channel. The sizes of the board

have been contained to enhance the wearability of the system and are 30x35



CHAPTER 6. WEARABLE SYSTEM FOR VITAL PARAMETERS MONITORINGS87

mm?. The system comprises also a spectrum analyzer and a reader antenna

to collect and analyze the signals from the board.

6.2 First generation board: Proof of Concept

To analyze the effectiveness of the system, the fidelity of the receiving signal
has been tested by comparison with the modulating signal coming directly
from the sensor. More in detail, the piezoelectric sensor has been attached
to the skin in correspondence with the posterior tibial artery; and in the first
phase, the signal has been collected by means of an oscilloscope (MDO4104-
3-Tektronix) after the amplification by a benchtop charge amplifier (Kistler
LabAmp Type 5165A), with the same settings used in the board (Figure
6.6). Secondly, the signal is applied as input to the board Figure 6.7

Figure 6.7: Measurements setup with Amplifier and Oscilloscope

Figure 6.8 shows the comparison between the output recorded by the
oscilloscope (Figure 6.8a) and the one received at the reader side (Figure
6.8b). As it is possible to note, the HR measurement appears clear and with
a very low level of noise in both cases. It results that no differences appear

in the peak shapes obtained with oscilloscope or spectrogram.
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Figure 6.8: a) Signal recorded with the oscilloscope, b) signal received at the
reader side

Although the system presents very interesting characteristics, there are
some limitations in terms of power consumption (156 mW), which limits the

battery life to 6h, and the dimensions of the antenna (29x24mm?).

6.3 Second generation board: integration of the

evolved patch antenna

After the initial proof of concept, a new board has been developed to minimize

the power consumption and the dimensions. The new system is shown in
Figure 6.9.



CHAPTER 6. WEARABLE SYSTEM FOR VITAL PARAMETERS MONITORING89

!
-

" (

Figure 6.9: Realized system at 4 GHz with evolved patch antenna

The power has been reduced by the 50% (100 mW) and the battery life has
been extended to 8.5h (250 mAh battery) using a low-consuming VCO work-
ing at the frequency of 4 GHz. Furthermore, the increase of the frequency
allows for further reduce the dimensions of the antenna. In this regard, we
have integrated the evolved patch antenna (see chapter 3) which combines a

very small footprint (17x14 mm?) with optimal radiation properties and low

SAR values.

6.3.1 Characterization of the system

The second-generation board has been characterized in an indoor environ-
ment through the analysis of the signal-to-noise ratio (SNR), defined as in
Equation 6.1 [102], for various angles and distances between the transmitting

and the receiving antennas. The results are shown in Figure 6.10.

Psi na

noise

where Py;gnq is the power of the signal, and P, is the noise level.
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Figure 6.10: Signal to noise ratio (SNR) at different conditions: a) variation
of angles between antennas; b) variation of heights between antennas; c)
variation of the linear distance between antennas; d) different fabrics between
antennas

Figure 6.10 a) reports the measured SNR for various angles. The anten-
nas have been placed at a 1-meter distance from each other and one was
rotated from 0 to 360°. As it is possible to note the signal level decreases
monotonically from 0° to 90°. From 90° to 360° the trend is not symmetrical
to the previous case. This situation is probably due to the asymmetry of the
measurement environment affected by the presence of obstacles that cause
multiple reflections (see Chapter 2). Figure 6.10 b) regards the SNR varia-
tions concerning the vertical angle between the antennas. The two antennas
have been placed at a distance of 1 meter in the horizontal direction, while

the vertical distance has been varied from 0 to 1.2 meters. The results are
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following theoretical expectations, as it is possible to note a decreasing trend
as the vertical distance increases. In Figure 6.10 c) the antennas have been
maintained in line of sight but their distance has been varied. The SNR
level does not go under 15 dB even in the case of 60 meters. Figure 6.10 d)
emulates the system in a wearable system. More in detail, the SNR has been
measured after placing different fabrics between the antennas. As it can be
noted there are no differences in the values of the signal level proving the

possibility to integrate the antenna in pocket-like structures.

6.3.2 Measurements Results

After the characterization, the board has been placed on the ankle of the
subject. The piezoelectric sensor has been attached to the skin in correspon-
dence with the posterior tibial artery. The results have been reported in
Figure 6.11.
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Figure 6.11: Heartbeat signal; a) Signal from the oscilloscope b) Signal from
the wearable system

Figure 6.11 a) shows the output signal analyzed using an oscilloscope
(MDO4104-3-Tektronix) after the amplification by a benchtop charge ampli-
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fier (Kistler LabAmp Type 5165A). Figure 6.11 b). It reports the demodu-
lated signal after the wireless transmission; as can be noted from the analysis
of the two graphs, the shapes of the peaks are identical, and no information

has been lost during the transmission of the signal.

6.4 System Design in ISM Band

A new board fitting the Industrial Scientific and Medical (ISM) band has
been fabricated. The working frequency of the antenna is around the central
frequency of the band, at 5.8 GHz with a bandwidth of 150 MHz. Moreover,
the new system reported in Figure 6.12 a) presents a significant reduction in

dimensions; it is 24% smaller than the previous one.

4.5 5 5:5 6 6.5
Frequency [GHZ]

b)

Figure 6.12: a) Realized system at 5.8 GHz and b) Characterization of the
patch antenna
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The antenna has been fabricated and characterized as detailed for the
antenna in Section 6.1. The results of the comparison between the measured
(blue curve) and simulated (red curve) show a very good agreement, Figure
6.12 b).

The Specific Absorption Ratio has been simulated also for this configu-
ration. The corresponding value is 0.1 mW/K g with a stimulus power equal
to 2 dBm.

6.4.1 Characterization of the ISM Board

Figure 6.13 details the characterization of the new board in indoor and out-

door environments.
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Figure 6.13: Signal to noise ratio (SNR) at different conditions: variation of
angles between antennas a) outdoor and b) indoor; different heights between
antennas c¢) outdoor and d) indoor.

Figure 6.13 a) reports the SNR for different angles in outdoor conditions.

As it is possible to note the data are perfectly in accordance with expectations
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as there is a minimum at 180°. The indoor measurements are reported in
Figure 6.13 b). Although also in this case it is possible to observe a decreasing
behavior from 0° to 100° , while the signal level increases locally at 180°. This
effect is due to reflections occurring in indoor propagation. Figure 6.13 c)
and d) details on the SNR evaluated varying the position of the antennas
in height in case of outdoor and indoor, respectively. In these cases, the
trends indoors and outdoors are very similar and in line with theoretical
expectations, as the SNR decreases with the increase of the relative height

between the antennas.

6.4.2 Results in ISM band: from single to multiple sub-

jects

Figure 6.14 shows the results of the system in the ISM band. Figure 6.14 a)
reports the signal directly acquired with the new board, while in Figure 6.14
b) the corresponding Fast Fourier Transform (FFT) is represented. From the
FFT analysis, it is possible to extract important parameters like the heart
rate, and the durations of the phases of the cardiac cycle, and the ratio be-
tween them [103]. Systolic and diastolic phases are generally measured from
heart sound signals or echocardiograms [104, 105], while with this approach
they are extracted from a mechanical deformation of the piezoelectric sensor.
More in detail, as it can be noted in the spectrum of the signal there are three

different peaks. Each one is referring to a different parameter:

1. The first peak between 0.8 and 1.5Hz is correlated to the heart rate,
obtained by multiplying the frequency by 60, that at rest is in the range
of 48 to 90 bpm.

2. The second peak between 2 and 3 Hz regards the diastole or rest of the
heart, which at rest lasts about 0.4 seconds, and represents a phase of
the heart cycle that has a duration that does not change very much

with the duration of the heart cycle.

3. The third peak between 3 and 5 Hz regards the ventricular systole,

which lasts about 0.3 seconds, however, the duration of this phase is
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strictly correlated to the duration of the heart cycle.
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Figure 6.14: Heartbeat signal transmitted at the frequency of 5.8 GHz; a)
Demodulated signal; b) Fast Fourier Transform of the signal

With the new generation of the board, we explored also the possibility to

read multiple sensors from several subjects. Three different boards having



CHAPTER 6. WEARABLE SYSTEM FOR VITAL PARAMETERS MONITORING97

the VCOs tuned at different frequencies are used to transport the HR-signals,
exploiting a Frequency Division Multiplexing (FDM) approach and the same
reader gateway. Figure 6.15 reports three signals acquired on three different

subjects simultaneously.
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Figure 6.15: Heartbeats were extracted from three subjects

The signal of subject 1 (blue) is significantly higher concerning the others,
this behavior can be associated with higher blood pressure which corresponds
to a higher deformation of the artery. The blood pressure of the subjects has
been measured with a medically validated device to justify this observation.
As we were expecting subjects 2 and 3 have similar pressure, 109/73 mmHg
and 114/66 mmHg respectively, while subject 1 shows a blood pressure of
134/95 mmHg confirming the initial assumptions. It is underlined that the
maximum difference in frequency span observed in the signals is about 4
MHz; therefore considering a maximum amplitude of the signal of 7 MHz
and about 3 MHz of guard bands, as estimation is possible to monitor about

15 people simultaneously using a single reader.
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6.4.3 Summary of the sensor platform configurations

In conclusion, the main characteristics of the three wearable systems realized,
are summarized in following Table 6.1.

Three different generations of the sensing platform have been developed.
The first one works at 3.6 GHz and presents a high power consumption
(156 mW) that causes a low battery life, of around 6 hours. The second
generation has been improved regarding the previous two aspects; in fact,
the power consumption is 102 mW while the battery is improved until 8.5
hours. The first two platforms present a quite big dimension; to make it
suitable for wearable applications, the third generation has been realized

with a size reduction of 24%.

Table 6.1: Summary of the three-generation boards

First Generation | Second Generation | Thirth Generation

Working frequency [GHz] 3.6 4 5.8
Dimensions of the board [mm? 30X35 30X35 20X40
Dimensions of antenna [mm?| 30X25 17X14 16X14

Power Consumption [mW] 150 102 102

Battery Life [h] 6 8.5 8.5




Chapter 7
Conclusion

The integration of wearable and flexible antennas with low-invasive sensors
can pave the way for a new class of wireless and wearable platforms for health
monitoring. Such kinds of devices found applications in a huge variety of
scenarios that go beyond classical wearable technologies.

Although their interesting perspectives, several challenges have to be over-
come in the realization of high-performance flexible antennas. The geometry
of the antennas has to be properly designed to be as compact as possible and
characterized by optimal radiation properties combined with minimal risks
from the application on the human body. In this scenario, several examples
of antennas have been designed, fabricated, and characterized in this thesis.

They can be summarized below:

1. An evolved patch antenna loaded placed on an SRR which combines
a very compact footprint and low SAR has been developed. The an-
tenna has been realized with a fabrication protocol suitable for rapid
prototyping and mass production. The results show optimal radiation
properties and a lightweight profile ideal for wearable applications such

as smart tattoos or remote sensing platforms.

2. Flexible PIFAs on PEN and flexible glasses are reported. The obtained
antennas combine low-invasive profiles and optimal radiation proper-
ties. Moreover, the planar geometry allows a rapid printing process

and increases the fabrication yield.

99
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3. Two examples of plastic-free PIFA antennas are presented. The anten-
nas are based on the same dielectric substrate made of biocompatible
chitosan but the radiative part of the first is made of silver nanoparticle
conductive ink, while the second is based on a biodegradable material
as a conductive layer, the PEDOT: PSS. Both two generations show a
compact footprint and a minimal visive impact and are demonstrated

to be a valid choice for wireless sensor systems.

Concluding, all the proposed antennas represent an optimal choice in the
Internet of Healthcare Things (IoHT) scenarios and, in general, for health
remote monitoring.

Another extremely important factor to consider, especially in long term
is the impact factor of the devices. Plastics and toxic compounds represent
most of the materials utilized in the electronic industry; therefore, a strategy
to reduce their use becomes crucial to follow scientific progress giving an eye
on the health of our planet. In this regard, in the last part of this work,
the integration between a flexible highly sensitive wearable sensor with three
different wearable antennas is presented.

The first generation works at 3.6 GHz (in a licensed band of sub-6GHz
band of 5G) by means of a small electronic board of 30x35 mm?, characterized
by power consumption of 156 mW and a footprint of the antenna of about
25x25 mm?. With the second generation, the power consumption is strongly
reduced, and the antenna is more compact, 14x17 mm?. The third generation
works at 5.8 GHz in the ISM band. Despite the higher working frequency,
the power consumptions are the same as the second generation, but the
dimensions of the board are reduced to 31%. All three boards demonstrated
the capability to transmit with very high fidelity the heartrate signal even in
non-line of sight conditions, in indoor and in outdoor environments.

Future development can be the refining of the fabrication protocol of the
chitosan antennas and the integration of a final biodegradable prototype for
the monitoring of healthcare. The last can be a crucial step to open two
interesting scenarios. On one side, the realization of a low-invasive wear-
able sensing platform, or on the other side, the fabrication of edible sensors

exploiting the piezoelectric properties of the chitosan and the wireless com-
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munication of the antennas.

Another step forward for this work could be the integration of the system
composed of a flexible antenna, electronic board, and piezoelectric sensor in
a final compact prototype which allows the possibility to realize a body area
network able to monitor vital parameter on a different part of the human

body at the same time.
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