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ABSTRACT

The development of the personal body-centric communication system is an essential
part of the novel generation of wireless communication systems and one of the
communication technology challenges. The versatility of body-centric
communication revolutionizes healthcare by allowing continuous and in-all-
conditions human health monitoring and human-centered authentication. Recently,
with the extra-low power consumption and low-complexity backscatter
communications, the passive ultra-high-frequency (UHF) radio-frequency
identification (RFID) technology has been considered a promising approach for the
wireless body area network.

An inevitable part of this system is the wearable antenna, which plays a critical role
in ensuring the efficient wireless link of the signal in the presence of the wearer. The
wearable antenna should be fabricated with textile materials and equipped with
various radiation configurations to enhance robustness and the operation’s versatility
for long-term use. The difficulty of the wearable antenna development is to obtain
the property information of the unknown textile substrate and conductor. To
address the above-mentioned challenges, this thesis starts with the novel textile
material characterization method to single out the relative permittivity and loss
tangent of the substrate and bulk conductivity of the conductor. Unlike conventional
approaches, our method simply applied the testing structure of the microstrip line
composed of the textile material and simple data processing with the least square
estimation. Then, a variation of the textile wearable antenna development with a
low-profile planar in geometry is proposed in the next part of the thesis. The
headgear RFID tag and forearm RFID reader antennas were developed based on
quasi-Yagi configurations and periodic surface to obtain a directive pattern along the
body surface. Another type of antenna configuration developed in this thesis is the
circular polarization patch antenna for the wearable RFID tag. This type of antenna
significantly reduced the polarization mismatch between the reader and the tag;
hence, the detection capability and radiation efficiency are remarkably upgraded. The
promising performance of the antennas was rigorously analyzed in simulation and

verified with on-body measurement.
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17 INTRODUCTION

1.1 Wearable Antennas in WBANs

The technological advancement in wireless communication devices has progressed in
the modern healthcare system [1]—[4]. As a powerful tool for healthcare and medicine,
wireless body area networks (WBANSs) have been used in real-time medical applications
to improve the quality of life. By enabling wireless continuous biofeedback data [5][6],
WBANS allow the wireless monitoring of the physiological signals of a large number of
patients via embedded sensor networks. These body-centric systems offer a great deal
of potential through the medical treatment’s combination of time savings,
inconspicuous integration, and enhancement of the user’s experience while still being
comfortable for long-term use. In these systems, the wearable antennas have been
considered as an irreplaceable section in the reliable transmission and reception of the
radio signals within the wearable body area networks [7][8]. However, the
comprehensive everyday deployment of wearable antennas requires addressing several
design issues. These antennas operate close to the surface of the human body, which is
a harsh environment introducing, e.g., stretching, twisting, and bending [9][10].
Therefore, the antenna should be small, low-profile, lightweight, flexible, unobtrusive,
and compatible with textile manufacturing for wireless wearable devices. Additionally,
the wearable antennas should provide advanced functionalities such as multiple
radiations, coupling mechanisms, and reconfigurability to operate at various frequency
bands, such as MedRadio at 401-406 MHz, the wotldwide ISM bands centered at 2.45
GHz and 5.8 GHz, GPS at 1575.42 MHz, and UHF RFID bands at 866 MHz and 915
MHz.

Additionally, retaining low levels of specific absorption rate (SAR) and acceptable
antenna radiation characteristics is challenging. Furthermore, the impact of unexpected
interaction of the body, which is considered lossy tissue, on the radiation efficiency is
also critical. To deal with that issue, the multilayer antenna containing the ground plane
and the periodic surface between the antenna and the body surface have garnered a
tremendous amount of interest in both academia and industry.

1.2 Scope and Objective of the Thesis

One of the significant challenges in developing the wearable body area networks

is generating an efficient and reliable wireless communication link with the textile
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wearable antennas unobtrusively integrated into the clothing without disturbing the
wearer’s movement. The efficient antenna development requires precise information
on the electromagnetic properties of all materials the antenna composed of.
However, in contrast to the conventional antenna design with the high-frequency
laminates, the electromagnetic characteristics of the textile materials, such as relative
permittivity and loss tangent of textile substrates and conductivity of the conductor,
are not readily available, and their values are less homogeneous. Besides, the versatile
passive ultra-high frequency radio-frequency identification technology (UHF RFID)
has been optimized for wireless body area systems and utilized for the wireless health
application [11]—[21]. With extra-low power consumption and low-complexity
backscatter communications, the wearable RFID tags and readers with flexible and
lightweight antennas have been gaining more attention in recent years for
identification and sensing of the functionalities [22]—[25].

For the first objective of this thesis, we propose a reliable characterization method
for the textile substrate and conductor based on the model fitting of the transmission
line in the range of frequency from 0.2 GHz to 3 GHz [Publication I]. Our
methodology extracted the material RF properties from the best fit data based on
the least square estimation sense. Our approach also combines the simplification of
the testing structures and ease of the data processing; hence, it is applicable for

wearable antenna development with textile materials.

Another major target of this thesis is to develop versatile, robust, and efficient
antenna structures for wireless health with state-of-the-art RFID-based antenna
technologies. The far-field UHF RFID is chosen as the target system to develop
antennas for off-body applications since these balances the operating distance,
antenna footprint, and tissue impact on the antenna radiation. As an advancement,
we equip multifunction features with multilayer-based structures. All of the
proposed antennas are developed with planar geometry; hence, most of them can be

integrated into textile materials. There are three novel approaches for the antennas:

1. A dual-ID RFID tag based on wearable quasi-Yagi and dipole antenna
headgear is developed with the periodic surface to mitigate the coupling
of antenna and body tissue [Publication II] [Publication III]. With an end-
fire beam from the quasi-Yagi antenna configuration, the RFID tag can
transmit the identification data to the reader in front of the user’s head.
We also reuse the reflector as the dipole that provides a broadside pattern

of the wearet’s head.
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The far-field RFID reader antenna is optimized to attach to the forearm
with a directive radiation pattern with a high realized gain [Publication
IV]. Furthermore, thanks to the quasi-Yagi antenna configuration, the
reader antenna easily detects the tags by pointing the user’s hand toward
them.

The circular polarization tag antenna with a compact size and high read
range for wearable application is proposed in Publications [V] and [VI].
With the CP configuration, the antenna can upgrade the polarization
efficiency, and thereby, the peak detection range is improved.
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2 REVIEW OF THE LITERATURE

In the wireless communication system, the antenna is responsible for transmitting and
receiving the electromagnetic waves. The first experiment about the transmission of the
electromagnetic wave between two antennas was conducted by Heinrich Hertz in 1888
[27]. The form of the antenna has been dramatically developed to multiple
configurations from the conventional antenna, like monopoles, loop, and patch, to the
recent watch-type chip antenna [28]. Modern antennas are also equipped with unique
radiation properties, including multi-band and wideband, directive radiation pattern,
wearable, implantable circular polarization, reconfigurability, and omnidirectional
radiation pattern.

This section outlines the antenna fundamentals, wearable antenna, and operation
principle of the passive far-field UHF RFID system. First, in the antenna fundamentals,
we overview the basic antenna radiation properties, such as input impedance, antenna
radiation, and antenna polarization. Next, the multilayer wearable antennas, e-textile
antennas, metasurface-enabled antennas, and surface wave antennas are discussed in the
wearable antenna section. Then, some of the latest textile material characterization is
briefly introduced in the next section. The last section focuses on the fundamentals of
the RFID communication system.

2.1 Antenna Fundamentals
Impedance matching

The impedance of an antenna is defined as the voltage-to-current ratio the antenna
presents at its input terminal [29]. The structure and materials of the antenna and its
surroundings determine the input impedance. Its real part depends on the dissipation
of electromagnetic energy within the antenna, its near-field region, and the total amount
of energy leaving the antenna as radiation.

The imaginary part is determined by the reactive near-field interaction between the
antenna and its surroundings. Thus, the antenna impedance is a frequency-dependent
quantity that is also strongly influenced by the operating environment of the antenna.

In a wireless communications system, the antenna is always interfaced with other
modules. The impedances at both sides of the interface determine how efficient power
is transferred across it. According to the principle of complex conjugate impedance
matching, the power transfer is maximized when the two impedances are complex
conjugates of each other [29]. Considering the wireless communications system as the
source, with the impedance of Zg and the antenna with the impedance of Z, connected
to it as a load, the power transfer efficiency across the interfaces is given by [29]
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_ 4»Re(ZS)Re(ZA)
1Zs +Zal?

2.1)

The unique maximum of 7 is T = 1, which is achieved under the complex conjugate
matching condition: Re(Z,) = Re(Zs) and Im(Z,) = —Im(Zs). Because equation 2.1
is symmetric relative to Zg and Z,, it is also true when the antenna is considered a source
that delivers power to the wireless communications system, as expected from the circuit
analysis principles. Moreover, the equation applies to any circuit interface and not only
when it involves an antenna.

Antenna radiation

The antenna radiation regions can be divided into two main areas, namely near field and
far field. The near-field region is categorized as a reactive and radiating field region
according to the distance and operating frequency of the antenna, as shown in Figure
1. At the reactive near-field region, the electric and magnetic fields are out of phase by
900 which causes the domination of the reactive effect. The radius of the reactive region

is approximated as [29]
D3
Ry <0.62 |, 2.2)

where D is the maximum antenna dimension (m), and A is the wavelength (m).

v

Radiating field

el L
S
[ \J Reactive field|
< >
\ _| R1

Far field

Figure 1. Antenna field regions.

The radiated effect dominates the radiating field region between the reactive and far-
field regions. Lastly, the far-field area is far from the antenna, where the magnetic and
electric fields are in phase. The radius of the far-field region is approximated as

R, =2~ 2.3)
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The radiated fields are observed at a spherical coordinate system (0, @, p) and the
corresponding Cartesian coordinates (x, y, z). It is supposed that the antenna is set up
in the Cartesian coordinates (x, y, z) with volume V. The time-harmonic antenna current
density J is represented in another Cartesian coordinate system (X, y, z), and the time-
harmonic antenna current density J is expressed in the Cartesian coordinate system (u,
v, w). Then, the normalized antenna power pattern F (6, @) on a spherical shell around
the antenna is illustrated with [30]

__le.p)l?
FO.0) = e @4
27 f
where 106, 0| = [ J(w,v, w)el < ?@® gy dv dw, (2.5)
and -2+ -2+ @z-w)?=MX 2 +v2+wd). 26

The antenna directivity D(0, @) is defined as the power density ratio at one specific
direction to the radiated power density over the whole radiation pattern of an antenna.
The following equation is the well-known expression of directivity [30],

_ F(8,9)
D(®,¢) = L [T T F(0,9) sin A6’ 2.7

Another parameter to evaluate the functional performance of the antenna is the
radiation efficiency (€,44). This parameter shows the ratio of the accepted power by
antenna (P,..) and the radiated power by antenna (P,q4).

Pra 2 .
€rad = 3% Prag = =15 15 1Q(8, @)1? sin 6d6d . 2.8)

Itis noted that the e,.44 in equation (2.8) omitted the unexpected impacts of the possible
impedance mismatch between the antenna and the generator. The gain of antenna

G(6, @) is equal to the results of directivity D(B, @) multiplied by radiation efficiency

€rad-
G(6, ) = erqqD(O, @) 2.9)

The realized gain Gg is the gain of the antenna taking the loss due to an impedance
mismatch between the antenna and the source. The antenna’s realized gain is given by

Gr = G(1 —sy1|*), (2.10)

where G and s;, are the simulated gain and reflection coefficient of the antenna.
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The antenna’s polarization is defined as the polarization of the transmitted waves in
the direction of the radiated electric fields from the antenna.

Figure 2. Polarization ellipse.

The electric field propagating along the z-axis can be described as the vector sum of
two orthogonal components, vertical and horizontal and components expressed as

E=ERX+EJ 2.11)

We can rewrite them as

~ ~ A~ ~ E.
E=EQR+p9), =1 (2.12)

When the electric field is viewed along the propagation direction, as shown in Figure
2, the tip of the electric field vector traces out an ellipse with the electric field vector
rotating clockwise (CW) or counterclockwise (CCW). In Figure 2, t is the tilt of the
polarization ellipse measured from the x-axis to the maximum power of the E-field.
The axial ratio (AR) is the ratio of the major and minor semiaxes of the ellipse. The
circular polarization is the special case where the semiaxes are equal, ie. the
polarization ellipse reduces to a circle. In this case, CW rotation of the electric field
vector corresponds with the left-hand circular polarization (LHCP) and CCW with
right-hand circular polarization (RHCP) as indicated in Figure 3.
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Figure 3. Handedness of the circular polarization.

Finally, the antenna is linearly polarized when the polarization ellipse approaches a
line, i.e. when the major semiaxis is much larger than the minor semiaxis.

Analogous to equations (2.11) and (2.12), the electric field vector of the EM wave
can also be given as a combination of the left and right hand circularly polarized
components E; and Ey as

It can be rewritten as

E=E +YE y=25 (2.14)
L

where y is the circular polarization ratio. The relationship between the axial ratio and

polarization components can be expressed as

o 20y
— min LI—IER -
AR - Emax _ |ERI+|ELI _ ly|+1 RHCP (215)

Emin |ERI-|ELI lyl-1

AR (dB) = 20log =2 2.16)

In the ideal case of circular polarization, the AR = 0 due to Ep, gy = Eppin. In contrast,
linear polarization provides infinite AR. The antenna polarization is an essential factor
in antenna-to-antenna communication. The transmission power between receiver and
transmitter can be maximized when the polarization is matched. In contrast, whenever
there is a polarization mismatch in antennas, electromagnetic (EM) power is lost,
leading to faulty transmission and poor signal reception.
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2.2 Wearable Antennas

Recently, wearable antennas and electronic technology have undergone rapid growth
in various fields of modern applications, ranging from health monitoring, patient
tracking, smart houses, and battlefield survival, which facilitate and upgrade the
human’s life with a wide range of applications: medical, RFID, satellite, mobile home,
television, and Zigbee [31]—[32]. A slim, compact, and lightweight structure and low
production cost are crucial characteristics of a wearable antenna. In this section, we will
discuss the challenges related to developing wearable antennas. Next, some low-profile
and high-efficiency antenna structures such as metasurface-enabled antennas, textile,
electro-textile antennas, surface wave antenna (SWA), and antennas in far-field UHF
RFID systems will be introduced.

2.2.1  Wearable Development Challenging and Requirement

Unlike in the wireless portable devices, the antennas in the wearable devices are in
much closer contact with the human body, requiring unobtrusiveness and seamless
cloth integration. Therefore, there are several challenging factors that we need to
consider in wearable antenna development. Firstly, the wearable antennas have to
balance the minimization of the human body’s interaction and the robustness of the
radiation properties. Besides, the wearable antenna should obey the regulations of
healthcare, which will be discussed in detail below. On top of that, the primary
distinction of the wearable antenna is often made of textile materials to ease the cloth
integration and to make the wearer feel comfortable. Finally, the hardware of the
wearable antenna should be compact and low-profile so that it can be worn in various
locations on the human body.

Interaction of human tissue

The interaction of the human tissues with the EM wave propagation of the wearable
antenna modifies the radiating properties of the wearable antenna. It results in
several unwanted consequences, for instance, unwanted power absorption, the
unfortunate shifting of operating frequency, and the undesirable deformation of
radiation pattern compared to those measured in the air [33]-[35]. Secondly, the
body’s movement may significantly destruct the antenna structure, leading to
modification of the input impedance and decreasing radiation efficiency [36].

Safetv regulation

The electromagnetic wave transmitted and received by the antenna is absorbed by
the human body, which may cause side effects such as heating up. Hence, one of the
significant difficulties of developing a textile wearable antenna is achieving the
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radiating specification and adhering to the health and safety damage requirements.
The radiation power of the antenna should not be over the qualified specific
absorption rate (SAR) or the power absorbed per unit mass index. The SAR index
can be expressed as [37]

P  oE? J?

; = E = 2p7 (2.12)

where P is the power loss density (W/m?), E is the electric field strength (V/m), ] is
the current density (A/m?), p is the mass density (kg/m3), and o is the conductivity
(S/m). The measured SAR of the antenna should obey the SAR standard of IEEE
C95.1-2005 with a maximum value of 2 W/kg for the 10-g averaged, and the EEE
C95.1-1999 standard restricts the 1-g averaged SAR to be less than 1.6 W /kg.

This research developed a wearable RFID reader antenna with the quasi-Yagi
configuration shown in Publication III. We calculate the SAR index (SARmax) based
on the transmission power (Pgqy), the power fed to the RFID reader antenna,

which causes SARmax on the skin. The equation to calculate P 4y is [38]

p __1.6W/kg (1—|511|2 )Ptest
tmax SARmax

: 2.13)

where S;4 is the reflection coefficient of the antenna. Pipg is the power available
from the numerical test source that we set to 1 W.

Material selection

In the wearable antenna development, besides the design requirements of a typical
antenna, the needs of the textile wearable antennas should be small size, low profile,
lightweight, and easy to inconspicuously integrate and operate reliably for an extended
period without restricting the uset’s activity. More importantly, the antenna should
be made with a flexible, stretchable, and stable material that conforms to the human
body. Therefore, several textile and flexible materials have been used to develop the
wearable antenna, as in Table 1.

Ref Material (substrate/conductor) Characteristic
[39] cotton/conductive yarn Textile

[40] leather/conductive threads Textile

[41] jeans/flexible copper sheets Textile

[42] wood felt/nylon Textile

[43] commercial papers/copper sheet Flexible

[44] latex/silver nano-particle ink Flexible
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[45] polydimethylsiloxane (PDMS)/silver Flexible

nanowires

Size restriction

As the wearable antennas are developed to be worn on the body surface, the total size
of the antenna should be significantly miniaturized to fit some parts of the body, such as
the arms, hands, or head. The standard techniques to compact the overall geometry of
the antenna are folding and meandering the signal plane of the wearable antennas. In
research [40], the wearable antenna with a rectangular Planar Inverted-F Antenna (PIFA)
is developed on the flexible substrate. Also, the authors applied the folding and
meandering techniques at the signal plane of the antenna to increase the electrical length
and decrease the resonance frequency. Furthermore, the slots and stubs can be utilized
for the wearable patch antenna optimization and tuned on the signal plane to reduce the
antenna size [47]. In [72], the wearable antenna combines the non-conductive leather
materials for the substrate and the copper fabric for the conductor; meanwhile, the
miniaturization techniques are based on the rectangular slits and the short pins that
connect the signal and ground plane.

2.2.2  Textile and Electro-Textile Antennas

Nowadays, a broad diversification in wearable antenna development is conceivable
thanks to the intelligent utilization of the electro-textile materials that provide ease of
integration into garments. The electro-textile antenna comprises two main elements:
electrically conductive fabrics or electro-fabrics, applied for the radiating plane and the
grounding parts, and dielectric materials used for the insulating layer between the
radiating and ground planes. The most common type of electro-textile antenna is the
microstrip structure because of its low profile and low volume, which can be integrated
into the cloth without being visible. In addition, the design’s simplicity, stability,
miniaturization ability, and comfort can be an added advantage of the electro-textile
antennas. Furthermore, with an entire ground plane, the patch configuration can secure
the antenna performance in the worn body environment, such as radiation pattern,

efficiency, return loss, and low SAR index due to antenna-body isolation.

(a) (b) <)
Figure 4. An E-textile RFID tag (a), wearable SIW antenna (b), and ultra-wideband
antenna fabricated by the conductive E-thread (c).
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The patch antenna for the UHF RFID tag is fabricated by flexible materials,
conductive fabric conductors, and an Ethylene Propylene Diene Monomer (EPDM)
substrate, as shown in Figure 4. The potential point of this antenna development
project is the connection between the conducting plane and the RFID IC,
particularly when embroidered with lightweight and highly flexible conductive yarn
[47]. The conducting plane shape was cut by either scissors or a high-precision cutter
called Summa Cut D60R and then adhered to the substrate. It offers simplification
for integrating into the cloth and the comfort of several parts of the human body.

One of the novel antenna structures for off-body applications is a substrate-
integrated waveguide (SIW) antenna [48], as shown in Figure 4. b; the SIW is known
as the rectangular waveguide-like configuration in an integrated planar structure [49].
The main feature of the SIW construction structure is conducting vias embedded in
the substrate that is sandwiched between the signal and ground planes. The SIW
structure enables integration of the components, namely active and passive
components, and even antenna, in the same substrate. Research [50] introduced the
circularly polarized cavity-backed wearable antenna with SIW technology. The
benefits of this structure are a smaller footprint compared to the classical SIW cavity
and the rectangular antenna shape that allows manipulation of the resonance
frequency.

Furthermore, the on-body quarter-mode substrate—integrated waveguide antennas
with textile fabrication for WLAN/WBAN applications was presented in [51]. With
the quarter-mode typology and the coaxial feeding technique, the size of the
wearable antenna was reduced by 75%. Moreover, the antenna conserves the
moderate gain and efficiency during on-body testing since the ground plane of the
SIW antenna structure prevents an increase in permittivity and loss tangent due to
the human body.

Another example of the electro-material ultra-wideband antenna fabricated by the
conductive E-thread with conformality, flexibility, and robustness is illustrated in
Figure 4. (c) [52]. The conducting textile surface was formed by metal-coated
polymer E-fibers, 0.12 mm in diameter, which is automatically embroidered by the
embroider programmable machine. This layer of textile conducting is easily
integrated with cloth, and its behaviours and characteristics are identical to fabric
with low visibility. Hence, by employing the embroidered e-textile conductor, we can
maintain the RF performance of the antenna without changing the comfort and style
of the cloth.
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2.2.3  Metasurface-enabled Surface-wave Antennas

The surface wave antennas (SWA) are commonly used to provide the surface wave
that propagates across the corrugated metasurface. The metasurface structure is
commonly shaped by a regular texture of small unit cells printed on a grounded slab
with or without shorting vias [53]—[58]. The initial concept of the surface wave
antenna was also introduced in [59]. Some antenna configurations can produce the
surface wave that is horn, dipole array, or pillbox with high gain and fan radiation
patterns [60]. Compared to conventional surface wave antenna structure, the latest
development is more attractive with low-profile conformal geometry, which is
desirable in modern wireless communication systems [61]. The fundamental
advancement of SWA is achieved by guiding the EM waves along thin ground with
periodic patches. That structure is also called the artificial ground plane, which
includes, for example, frequency-selective surfaces (FSS), soft/hard surfaces,
electromagnetic bandgap (EBG) structures, and artificial magnetic conductors
(AMC).

2.2.3.1  Complex Artificial Ground Plane Characterization

The two-dimensional periodic structure of a complex artificial ground plane is
shown in Figure 5. This configuration is more straightforward than the mushroom-
like EBG structure, thanks to the removal of the vertical vias between the periodic
patches and the ground plane [61]. The operation frequency of the artificial ground
plane is directly determined by gap g, width W, dielectric permittivity, and the
thickness of the substrate /.
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Figure 5. Structure of the artificial ground plane (left side) and the wavenumber
versus frequency (right side) [61].

The finite-difference time-domain (FDTD) method is used to model the
electromagnetic properties of the structure. The phase reflection of the artificial
ground plane is consistent with those of the mushroom-like EBG structure for the
incident waves. It declines from 1800 to —180° as the increasing of the frequency.
Since the shorting pin is removed, there is no surface wave bandgap at the operating
frequency. However, the first surface wave mode has a wide range of frequencies.
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2.2.3.2 Dipole Fed Surface Wave Antenna

The combination of the low-profile dipole antenna and the artificial ground plane is
demonstrated in Figure 6. Since the dipole antenna operates as the transducer rather
than the radiator, it is not essential to have the length exactly half a wavelength, and
the total height of the antenna is 0.02A. According to [62], this antenna can exhibit
the monopole-like radiation pattern with a broadside radiation pattern and the
directivity of 5 dBi. The firm surface wave is excited when the dipole is positioned
to this artificial ground. The configuration of the periodic patches loaded on the
ground provides no bandgap for the surface waves. The bandwidth of S11<-10 dB

1s 6%.

Top View

Dipole

Z —
Lx || Artifical ground plane

Cross View
Figure 6. Horizontal dipole antenna on the artificial ground plane [62].
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2.24  Wearable Metasurface-enabled Surface-wave Antennas

A cross-sectional view of a typical wearable metasurface-enabled antenna is
illustrated in Figure 7. The first layer of the antenna is the radiating plane which is
isolated to the periodic surface by a substrate. The last layer of the antenna is the
ground plane made of high-conductivity materials, usually copper or silver inks.

Substrate

Substrate

Figure 7. Cross view of the wearable metasurface-enabled antenna.

The Artificial Magnetic Conductor (AMC) produces the in-phase reflection
characteristic while maintaining a low antenna profile and mitigating the coupling
between the antenna and the human body. In the previous study [63], the wearable
and flexible antenna was developed based on the combination of the monopole
antenna and the AMC surface, as in Figure 8. Recently, AMC surfaces have become
a popular method to upgrade the radiation behavior of wearable antennas [64][65],
whereas the electromagnetic bandgap (EBG) was developed to minimize the
detuning of the antenna operating frequency and to decline the specific absorption
rate (SAR) while wearable upgrading the antenna gain. In wearable applications, the
target of the EBG is to assist the launching waves for all incident angles on the
antenna plane and all polarization states to obtain radiation patterns with high
directivity on the antenna surface. Additionally, it remarkably upgrades the
performance of antenna radiation efficiency, gain, and directivity while maintaining

a small profile [66]—[71].

The flexible substrate is the flexible vinyl material, and the flexible polyimide Kapton
is used for the conductor. The configuration of the AMC is optimized based on the
Jerusalem cross, which enhances the antenna gain by 3.7 dB, reduces 64% of SAR
at 2.45 GHz, and maintains the total size of the antenna: 65.5 X 65.5 X 3.2 mm3 =
0.53% % 0.531 % 0.0206A.
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(@) (b)
Figure 8. Flexible monopole antenna on the AMC surface (a) [72] and circular ring
slot antenna on the periodic surface (b) [66].

The use of the periodic surface in textile materials for the wearable antenna is also
investigated in research [69]. The circular ring slot antenna was integrated with a grid
with 3 X 3 rectangular ring-shaped unit cells, as seen in Figure 8. The antenna is made
of the wood felt substrate and nylon conductive textile materials, and the total size is 81
X 81 X 4 mm?, with an operating frequency of 2.45 GHz. In the on-body measurement
condition, the antenna achieved a high gain of 7.3 dBi, and the bandwidth of the -10
dB reflection coefticient is 14.7%. Furthermore, by applying the AMC layer, the antenna
reduces the SAR index per 1 gram of tissue by 95% in comparison with the standalone
circular ring slot antenna. The performance validation was also conducted by attaching
the antenna in various human body positions, such as the legs, arms, and upper arm.

Yagi antenna w/o AMC Yagi antenna with AMC

il

(b)
Figure 9. Yagi—Uda antenna without (a) and with (b) the AMC surface on the
upper arm [44].

The combination of the Yagi—Uda antenna and the AMC surface to generate the end-
fire radiation pattern along the antenna plane is demonstrated in the research [44]. The
Yagi—Uda antenna is printed on the flexible latex substrate and installed under the AMC
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surface to reduce the human body’s interaction with the antenna’s properties. Besides,
this surface supports the launching wave for all angles; hence, it maintains the end-fire
radiation pattern with high directivity along the human chest. Although the oversize of
the antenna is only 50 X 50 X 9.5 mm? = 0.15% X 0.150X% 0.07\ as in Figure 9. , it
provided a gain of 0.1 dBi in the end-fire direction.

Overall, the periodic surface has been used to isolate the radiating plane of the antenna
with lossy materials as the body tissue, which significantly enhances the antenna’s
performance. Mainly, with the periodic surface, the wearable antennas aim for higher
gain, radiation efficiency, and directivity, and lower SAR index compared to the case of
a standalone antenna on the body surface. Besides, that surface also manipulates the
launching waves to propagate along the antenna surface. Hence, it can maintain the
radiation pattern of some antennas providing directive beams, namely quasi-Yagi
antennas. With those reasonable offers, the periodic surface has become a good
component for developing wearable antennas.

2.3 Methods of Material Characterization

As discussed in the above sections, the materials of the wearable antenna integrated into
garments possess the low profile, flexibility, light weight, and stretchable characteristics
to be comfortably worn by humans without preventing the movement of humans.
Hence, the high-conductivity electron materials, namely, copper foil, Nickel fabric, and
copper fabric, and low-conductivity materials, namely, EPDM and PDMS, are good
options for the conductor and substrate, respectively. However, one of the challenges
in antenna development is to require knowledge of the material electromagnetic
properties, namely, permittivity and loss tangent of the substrate and conductivity of
the conductor because most of the conventional characterization method does not
apply to the textile materials [73]-[78]. The material property measurement with the
cavity resonators and dielectric resonator methods provide high accuracy
characterization for low-loss material. However, the characterization inaccuracy of this
method is from many factors such as air gaps between a sample and metallic parts at
the connection, computational inaccuracies, and dimensional uncertainties of the
samples [72]. The research [76] also includes a simple method of dissipation factor
estimation for the dielectric materials based on the reflection coefficient of the printed
transmission lines. However, the characterization outcomes are susceptible to the
uncertainty of the measurement equipment (VNA) and the losses from the SMA
connectors.

A characterization method for high-density textile materials based on a new matrix-
pencil two-line way with a frequency range from 1 to 10 GHz was presented in [79].
This characterization method extracts frequency-dependent relative permittivity of the
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substrate by the matrix-pencil technique, which reduces the perturbations caused by
geometry uncertainties and inhomogeneities of the microstrip transmission line
structure. The outcome of the characterization estimation of the method is rigorously
assessed by comparing the measurement and simulation reflection coefficient of the
copper-based and Flectron-based patch antennas using the calculated parameters.
However, the characterization method shows the errors when applied to the textile
materials with a lower density due to the high degree of material inhomogeneities and
the air gap between the conductor and substrate of the microstrip line. Besides, for the
textile substrate for wearable antenna application, this characterization technique strictly
requires identical conductive materials for the test structure because the estimation
outcomes are sensitive to the conductivity of the conducting plane.

gj ?4 hY ? B :

& . tand

S4 Sr

&, tand

Figure 10. Two microstrip lines with different lengths 11 and 12 [44].

In this thesis, we introduced an applicable technique derived from the model fitting of
simulation and measurement data to single out the frequency-dependent relative
permittivity and loss tangent of the non-conductive line substrate and the bulk
conductivity of the strip conductor [Publication I]. The main idea of our material
characterization approach is to utilize the fitting data of the simulated numerical and
measured transducer gain of the transmission line being tested by least square
estimation. It provides approachability for users, ease of data analysis, and sufficient
accuracy for wearable electronic development. It is important to note that this method
is appropriate to estimate the electromagnetic properties of the unknown textile
substrates and conductive materials for developing wearable microwave devices. We
used the estimated data to construct the textile low-pass filters for further assessment,
and we found consistency between the numerical model and measurement results. The
validation results show that our proposed characterization method is appropriate to
optimize the textile antennas and microwave components.

33



2.4 Operation Principle of a Passive Far-Field UHF RFID System

Radio frequency identification (RFID) technology was originally developed to
wirelessly detect and automatically identify the items attached with the electronic
RFID tags. The identification mechanism is based on the electromagnetic interaction
between the tags and the dedicated reader. An RFID system can be classified as a
near-field and far-field system based on the operating mechanism. The near-field
system operates within a short range and relies on the EM near-field coupling
mechanism. In contrast, the far-field system is based on EM wave propagation and
therefore provides a substantially longer range. In practice, the far-field or long-range
RFID systems are more common because they can balance the energy efficiency,
low cost, and high detection range. Recently, by combining the small and low-cost
passive RFID tags and the use of propagating electromagnetic waves at ultra-high
frequencies (UHF) for activating and transferring the data of the tags, the RFID
systems can identify a large number of the objects with extended range. Thanks to
those advantages, the development of RFID-based sensors for biomedical
application have been drawing attraction, for example, batteryless wireless sensor
networks (WSN) and wearable and implantable sensors based on wireless body area
networks (WBAN). These systems can be employed to track people or body
movement monitoring and bio-medical sensing with wearable tags [80]-[87]. This
section will overview the operation principles and performance characteristics of a
far-field RFID system.

Reader - ) Tag
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Figure 11. Main elements and operating mechanism of a passive UHF RFID system.

The readers, tags, and a system for data management are the main elements of the
RFID system, and Figure 11. illustrates its main sections and operation principles.
The RFID reader wirelessly powered the RFID passive tags by transferring the
electromagnetic wave, and the tag-to-reader data link is rooted in modulated antenna
scattering. A host computer controls the reader with data storage software consisting
of a based band professor, a transmitter, and a receiver. The passive RFID tag
contains only two main components: an RFID microchip (RFID IC) and an antenna.
According to the EPC C1G2 standard, the RFID systems operate in a half-duplex
style where the reader triggers initial communication [161]. More specifically, the
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antenna is in charge of continuously capturing the energy from the reader. While
waiting for a response from the RFID tag, the reader maintains transmission of the
unmodulated carriers. Once the harvesting energy is sufficient to activate the
semiconductor on-chip rectifier, the rest of the logic circuit of the IC is powered.
However, the tags never send the data to the reader spontaneously; it only responds
by modulating the request information in scattering by the impedance switching
scheme when it receives the new requesting signal from the reader to record the data
of on-chip memory. When the reader receives the amplitude or phase-shifted
response from the tag, it can be decoded and stored in the data management system
for further processing.

Forward power transfer and backscatter

This section demonstrates the communication characteristics between the RFID
reader and the tags. The forward link, also called the reader-to-tag link, is defined as
the power transmission from the reader antenna to the tag, determining the
interrogation range between these components. In this section, we will discuss the
link budget and the strategy to maximize the interrogation.

Forward link

The RFID reader transmits the electromagnetic waves to its far-field area or an
interrogation region covering the tag position in the forward link. With the distance
T between the reader and the tag, the power density of the RFID reader can be
calculated by the result of the reader antenna gain (Gy,) and the power density of an

. . Peyx
isotropic antenna (-~
T

) as equation
_ PexGex
S = v, (2.13)
The power received by the RFID tag from the reader can be defined with the Friis’
equation as [162][161]

12
Ptag = StAeff,tagXpol = Pththtag W)(pol (2.14)
where ) is the wavelength of the operating frequency. Xpo; is the polarization loss
between the reader antenna and the tag antenna. Agsr rq4 is the effective aperture

in the direction of an incoming wave from the reader antenna.

According to the regulation for UHF RFID [88], the power output from the reader
P,, is restricted by the regional EIRP limit in Europe. Especially P, G, cannot be
over 3.25 W. Consequently, to maximize the operation of the forward link, the tag
antenna should be rigorously optimized to balance a decent gain G, a high power
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transfer efficiency 7, and proper impedance matching between the tag antenna and
RFID IC.

Read range

The read range of the tag antenna is influenced by several factors, namely,
surrounding environment, reader antenna, distance, and operation frequency. As
discussed previously, the interrogation distance is limited by the power delivered
from the reader to the tag IC. With high sensitivity (=80 dB), the reader can receive
and process the signal from the tag as the power absorbed by the IC that is higher
than the IC’s power-on threshold P.,. The maximum interrogation range can be
calculated from the Friis equation of the forward link budget by replacing the P,
with Py, as

A [ XpoiPtxGtxGtagT

T = —
forward an Pen

(2.16)

In some cases, the sensitivity of the reader is low, and the backscattering power from
the tag is dedicated to being detected by the reader. As a result, the interrogation
range is restricted in the reverse link. In this case, the power intensity of the
backscattered wave should be enhanced by modifying the tag modulation scheme.
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3  MATERIALS AND METHODS

3.1 Microstrip Transmission Line

The microstrip line is a microwave transmission line with planar configuration
formed by the strip conductors and a layer of isolating dielectric material commonly
referred to as the line substrate. This type of transmission line supports the quasi-
TEM (transverse electromagnetic) wave propagation toward the typical direction of
the cross-sectional plane.

W
<———> Strip conductor (o)
Substrate (g, ts) h
G

Ground conductor (0) | G >> Wand G >> h |

Figure 12. Cross-sectional view of a microstrip transmission line.

Due to the uncomplicated planar geometry, the microstrip line is widely used to form
transmission line components and interconnections in microwave circuits [89]. The
geometry of the microstrip line is specifically described in Figure 12. . The strip
conductor width (IF), the substrate thickness (), and the substrate relative
permittivity (&) are determinants for the characteristic impedance (Zy) of the line,
and the phase shift of the signal experience per unit length. The thickness () and
conductivity (o) of the signal plane conductor and the substrate loss tangent (tg) are
decisive to the signal attenuation per unit length.

As the electromagnetic field of the quasi-TEM wave carried by the line exists partly
in air and partly in the line substrate, there is no closed-form field solution for it.
Consequently, the design of the microstrip transmission line is based on approximate
numerical formulas that enable the finding of an appropriate width-to-height ratio
for a given line substrate to achieve the targeted characteristic impedance or vice
versa and the designing of a line section with a given length relative to the wavelength
of the signal in the line structure. To achieve this, the relative permittivity of the line
substrate must be known. Similarly, the estimation of the signal attenuation, which
is typically done with numerical simulators, requires all the material parameters as

inputs: &, tg, and o.

Typically, the dielectric materials that present a sufficiently low attenuation per unit
length to be considered as a substrate to a microstrip line are materials where the
dominant source of EM energy loss arises from the polarizability, i.e., the continuous

37



re-orientation of the dipolar molecules due to the electromagnetic field associated
with the wave propagation. With this assumption, using the notion of the complex
relative permittivity (&,) that stems from the analysis of the time-harmonic
electromagnetic fields using the complex phasor notion, we have [89]

144

g=c—je"=¢(1-j5) (3.1)

where j is the imaginary unit and € = &, is the real physical value of the relative
n

permittivity and tg = Eg—, Based on the dielectric relaxation phenomenon, the
frequency dependency of the complex relative permittivity can be established
through the Svensson/Djordjevic model [90]-[92] as

= futif
= In 222 2
&(f) = en +aln’ (3.2)

where f; and fy are defined as the low frequency and high frequency of the model.
Through this model, the information of the relative permittivity and loss tangent at
a given central frequency fj allows the estimation of their values at a range frequency
around it through the following steps. Firstly, by comparing equations (3.1) and (3.2),

we compute the constant a as

futifo )’ (3.3)

a = _groté‘olm (11’1 FLtifo

where €9 = &-(fp) and tgo= ts(fp). As a result, the constant &, can be computed
from equation (3.2), and the &.(f) and t5(f) can be solved from equation (3.2) as

&(f) = Re(&:(P)) and t5(f) = — = l) G4

3.1.1  Conductor Model

According to Maxwell’s model of electromagnetism, the current density decays
exponentially with the distance from the surface. This means that increasing the
thickness of a conductor beyond a certain value brings little difference to how the
current density is distributed across the cross-section, and thus, the energy loss can
be estimated based on the surface layer only. Considering a thin conductor that
carries the same total current, this means that current density remains high within
the whole layer and increases exponentially as the layer becomes thinner. This
current packing leads to increased energy loss due to the material’s finite
conductivity. To assess the layer thickness with respect to this phenomenon, the skin
depth (8) is defined as the distance over which the current density has declined by a
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factor of 1/exp(1) = 0.3679 from its value at the surface. For a good conductor, the
skin depth is approximated as [89][93]
2
6= o’ (3.5
where w is the angular frequency, i is the magnetic permeability, and o is the bulk
conductivity of the material.

In this research, we have employed the two-sided skin effect model that assumes
that the current is directed on the two planar conducting strip surfaces having a
width much larger than the thickness [90]. This assumption holds true, especially for
the strip and ground conductors of a microstrip line, as normally t K W < G, so
that the loss contribution from the vertical sides of the conductor is negligible.
Further, to consider the skin effect at two dominant faces of the conductor, it can
be divided into two equal layers, both having a thickness of t/2, each modelling thin
sheets in parallel. The surface impedance of each thin sheet is then given by [93]

Z, = Mcot((l i) ) (3.6)
This allows the efficient and accurate numerical estimation of the conductor loss
that considers the impact of the finite thickness of the conductor without resorting
to a full-wave EM field solver.

Considering the power loss factor of a (microstrip) transmission line of a given
length 4, defined as the ratio of the power available from the output terminal of the

—2ad \where a is the

line to the power delivered to its input terminal, given by e
attenuation constant (in units [1/m]) determined by the cross-sectional geometry and
the EM properties of the materials involved. In terms of the general theory of two-
port microwave networks, this power fraction is the maximum power gain (Gmax) of
the system that can be realized under the simultaneous complex conjugate
impedance matching at the input and output terminals of the system. It can be
computed directly from the two-port network parameters through the formula [89]

Gax = 22 (K = VK2 1), 3.7)

[S12]

where Kis given by

1-S141° =111 1> +|det(S)I?

K =
2|812524]

(3.8)

The scattering parameters or S-parameters are commonly used, as they are readily
extracted from the standard microwave measurements by the vector network

analyzer (VNA). Thus, considering the equality Gpay = €72

, we can directly
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compute the power loss factor of the whole line from the simulated and measured
S-parameters as Gmax.

Within the scope of this thesis, we use a microstrip transmission line as a test
structure to estimate the dielectric properties of the line substrate as well as the
conductivity of the strip and ground conductors through data fitting by using the
simulated Gmax as the model function dependent on the material properties to be
fitted to the measured result.

3.2 Modelling of The Properties of The Human Body

Nowadays, computational modelling has played an essential role in the research of
electromagnetics [94][95], medicine development [96], and injury biomechanics
[97][98]. In this research work, since the antennas operating on the body surface
have been developed for wearable application, the numerical model of the human
body needs equipment to illustrate the unexpected interaction of human tissue on
EM wave propagation on the antenna. In other words, the inhomogeneous body
model can provide crucial information about the human tissue on the antenna
radiation parameters [99][100]. In addition, the model is used to predict the absorbed
EM energy by the body tissue or the specific absorption rate (SAR). According to
the guideline of the IEEE (C95.1-1999 and IEEE C95.1-2005 standard, the SAR
cannot exceed 1.6 W/kg for 1 g of tissue and 2 W/kg for 10 g of tissue, respectively
[101]{102]. Based on this parameter, tissue safety can be evaluated when developing
an antenna for wearable or implantable applications.
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Figure 13. Relative permittivity of human tissue types.
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Figure 14. Conductivity of major tissue types.

In general, the dielectric properties are the intrinsic parameters that determine the
EM behavior of the electric field in that material. Thus, in this research, it is
important to obtain knowledge of human tissue’s relative permittivity and
conductivity. That procedure provides information to predict the interaction
between the biological tissues and EM waves. The relative permittivity of the human
tissue is impacted by various phenomena, namely, the penetration and propagation
characteristics of the EM waves into the living environment, the interaction between
human tissue and EM waves, and the effects of the interaction on the tissues (heating
or depolarization of cell membranes). Figure 13. and 14 demonstrate the relative
permittivity and loss tangent of the skin, fat, bone, and blood, which are tissues close
to the wearable antennas. The data of the electromagnetic properties were provided
by the I'T’IS tissue dielectric databases [103] based on Gabriel’s measurements and
the four-term Cole-Cole dielectric relaxation model [104].

At 900 MHz, the skin depth of the tissue is 1 cm, and the amplitude of the electric
field and magnetic field declines by 1/e. This means that if the wave propagates in
3 cm of the tissue, only 1% of the energy is left. Table I shows the electrical
properties of the skin and other parts of the human body [103]. Overall, the
conductivity and relative permittivity of human tissue are higher than common
electronics materials. The anatomical model of the human body consists of a
multilayer of several tissues, i.e., bone, fat, and skin with complex thickness. In
practice, it is difficult to precisely estimate the size and dimension of these tissues to
model in the simulation environment. Hence, we model the body as a simplification
body with cuboid and cylinder objects in this research scope. The skin is the primary
material since it is the nearest tissue to the wearable antenna and among the lossiest

of materials (o = 0.855 S/m and & = 41.85 at 915 MHz [103]).
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TABLE 1.

ELECTRICAL PROPERTIES OF INDIVIDUAL TISSUE LAYERS AT 915 MHZ

Tissue o (S/m) &r

Skin 0.8555 41.587
Fat 0.050242 5.4673
Muscle 0.93146 55.114
Bone 0.13926 12.486

3.3  Geometry of The Human Model

In HFESS simulation software, the modelling of the human body geometry is
constructed by the embedded CAD tools. The model of the human tissue can be
classified as the canonical or simplified and anatomical models. The anatomical
model extracts the adult human body in a high accuracy of 1 mm and a high
revolution of the medical data of the tissues with 300 muscles, organs, and bones.
The example of the anatomical model of the full body and the head is shown in
Figure 15. The human model is developed with two main methods: magnetic
resonance imaging (MRI) or cryosection. The anatomical model is developed from
the Virtual Population project based on the MRI scan of the whole body. Meanwhile,
data of the Visible Human Project were optimized by the high-accuracy scanning
figures of cryosections. The human anatomical model is commonly used in the
antenna simulation since this model accurately predicts the unexpected interaction
of the tissue to the EM wave propagation and radiation of the antenna. Hence, by
applying the anatomical model, the prediction results from the simulation of
wearable and implantable antennas can be matched to the measurement data, which
helps to optimize the antenna geometry to meet the specification. However, there
are some disadvantages to this modelling. Firstly, running a microwave device
simulation with this model usually requires a long time due to the high resolution of
the details. Furthermore, since the anatomical models contain the medical graphics
of a particular scanned individual, it is challenging to modify the single sections of
the model, making it difficult to study the anatomical variability.
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Figure 15. Anatomical models of body (left side) and head (right side) [105]-[106].

Another form of the human model is canonical, which simplifies human body
sections as geometry primitives such as cuboid, spherical or cylindrical. For example,
the cylinder is used for modelling the forearm [Publication IV], the cuboid model
can be used for the back in [Publication VI], and the spherical model is made for the
human head. In terms of material characteristics, the canonical model can be made
of single or multilayer tissue to approximate the human body better. The canonical
model can be made by a single layer of skin for wearable antenna development [107].
The advantage of the canonical model is the simplified structure that enhances the
speed of the simulation and reduces the consumption of the computational
resources. In addition, the canonical model offers adjustability in analysing the
influence of the tissue’s geometry variation on the microwave device performance.
However, because the canonical body model simplifies the human tissue by
modelling the main tissues close to the antennas, this may impact the accuracy of
simulation outcomes, radiation efficiency, directivity, and impedance matching [108].

In this thesis work, to obtain an optimal balance between the computational resource
and the accuracy of the antenna simulation outcomes, we first attached the wearable
antenna on the canonical human body model with the skin. This approach allows us
to study the influence of each element of antenna geometry on performance. For
example, we simultaneously run the sweeping of the L-slots and the truncated corner
for the circular polarization patch antenna on the cuboid model to the minimize axial
ratio and maximize the radiation efficiency [Publication V] [Publication VI]. Next,
once the antenna simulation has been done, we validated the final results of the
antenna properties with the anatomical model of the male. With this simulation
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strategy, the simulation period can be reduced, and the high accuracy of the antenna
performance prediction can be achieved.

3.4  Experimental Characterization of UHF RFID Tags

The measurement of the RFID tag is conducted in the anechoic chamber to avoid
the interruption of unexpected signals and the multipath propagation renderings.
The measurement is based on the ramping of transmitted power; hence, neither tag
nor reader antenna needs to be changed during measurement. This measurement
strategy improves repeatability and accuracy. The main idea of ramping power is to
adjust the transmission power by the reader to the tag. The smallest response power
of the tag to the reader is defined as the threshold power (P.y) of the tag. In terms
of RFID measurement instruments, we used the Voyantic Tagformance RFID
measurement system [109] that provides the measurement channel characterization
to compensate for the possible multipath effects. This measurement system also
considers the link loss factor (L;s,) from the transmit port of the reader to the input
port of a hypothetic isotropic antenna placed at the tag’s location. The equation
showing the relationship between the power delivery from the transmit port of the
reader to the IC (Py,4) and the link loss factor (L;g,) is given as

— _ Pico
Ptag - XpolGr,tagLisoPth = Gr,tag - L Ppr’ (3-15)
Xpolktisor'th

The measured read range of the tag with the multipath compensation and antenna
properties for wearable applications in particular.

A | PexGex

41 | LisoPtn

diag = (3.106)
The axial ratio of the UHF RFID tag antenna on the body surface is conducted in
the anechoic chamber, as shown in Figure 17. We rotated the RFID reader antenna
360° in the z-axis with a step of 10°. Compared to the conventional method that
captures the AR by rotating the tag [Publication V], our latest approach yields
improved accuracy while considering the antenna on the body as the whole antenna
platform [Publication VI]. Next, we used the maximum and minimum attainable
read range dugme AN diggmin from the radiation measurement to calculate the
corresponding maximum and minimum polarization efficiency I'+nin and I'-pnin
between the RFID tag and the linear polarization reader antenna given by

Tenin _ (dtag.maX>2 — (1+|Vtag|)2 (3.17)

I_pin dtag,min 1- |Vtag|
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where Y44 is the circular polatization ratio of the tag antenna [103]. The equation
to calculate the axial ratio is given by [103]

Vtagl"’l 1+|Ytag|
A - and A = 3.18
tagRH |Vtag|—1 tagLH 1_|ymg| ( )
where Augrrand Awgrn are the axial ratios of the right-hand and left-hand circular
polarization antenna. The corresponding polarization efficiency when the circular
polarization RFID reader antenna is given as

1

—and [ e = ——
’ ¢ 1+|Vtag|2

Ippc = (3.19)

1+|Vtagl

where I'Luc and I'ruc are the left- and right-hand circular polarization reader
antenna (LHCP and RHCP), respectively. With this information, we can estimate
the attainable read range of the tag when using an ideal RHCP reader antenna as

I'ryc I'rHC
; 4 —d,, [T 3.20
tag,RHC tagmax IyLIN tagmin rpn’ ( )

where '+ is computed from equation (3.19). While the attainable read range of
the RFID tag measured by the LHCP reader antenna can be estimated as

I'ibc I'LHC
d —d =d | LHC 3.21
tag,LHC tagmax TiLIN tagmin ryn’ ( )

RFID reader antenna

RFID tag
Figure 16. Measurement setup for the circular polarization patch UHF RFID tag.
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4 RESULTS AND DISCUSSION

4.1 Textile Material Characterization by Microstrip Transmission
Line Model Fitting

As discussed in Subsection 2.2.1, the major challenge in developing the antennas and
microwave circuits is to acquire the electronics information of the substrate and
conductor. In the wearable RF device development, the initial requirement is to
comprehend the relative permittivity and loss tangent of the flexible textile substrate
and the bulk conductivity of the conductor. Although much research reported the RF
characterization method based on resonators and waveguides [73]—[78], these strategies
do not apply to the unknown textile materials because the accuracy of the
characterization outcomes is relatively dependent on the manufactured validating
structures. This research proposed a high-efficiency characterization method for textile
materials that stem from the numerical model fitting. Our approach accurately estimates
the frequency-dependent relative permittivity and loss tangent of the substrate of the
non-conductive line and the bulk conductivity of the fabric conductor. Moreover, the
RF characterization’s results were stringently validated with testing RF passive circuit
optimization, such as passive microwave circuits. One example is the low-pass filters,
which are relatively sensitive to the properties of the substrate and conductor materials.
The excellent consistency of the modelling outcomes and measured data from the final
validation results confirmed the precise prediction of the proposed textile materials.
With the ease of applying and simplifying data processing, our proposed
characterization method is appropriate to flexible materials for progressing wearable
electronics.

411  The Method and Results

The main strategy of the textile material characterization is to extract the material
properties, namely, the relative permittivity &, loss tangent 7, and bulk conductivity ¢
based on the best-fit data of measured and simulated maximum transducer gain G of
the microstrip lines. The Guxis the chosen parameter to find the best-fit data because
it is sensitive to the material properties and the critical element to evaluate the
performance of an R device. The simulated maximum transducer gain is swept over a
given interval in the numerical model, and the extract G, corresponds to the simulated
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scattering matrices Sy, over the frequency range from 400 MHz to 3 GHz. The sum of
the squared residuals illustrates the sum of the relationship between the simulation and
measurement data (S,.,) as

2
E(€r0,t50,0) = EN-1 (Gmax(SSn) = Gmax (Shos)) (4.1)

where n is the number of frequency points. Our proposed method implementation
contains two steps. Firstly, we constructed the microstrip lines made by the copper foil
conductor and the unknown textile substrate material. Then we predict the relative
permittivity and loss tangent by G4, that provide minimum E(eq, %0). Secondly, with
the consistent approach, we approximate the bulk conductivity of the textile conductor
of the line constructed by the substate with estimated &9 and #y. Now, the conductivity
is extracted by the corresponding Gy, 4, Where the minimum F(0) exists.

In this research, we numerically estimated substrate properties of several substrates,
namely, textile cell-rubber foam ethylene-propylene-diene-monomer (EPDM) [110],
Arlon AR1000 high-permittivity laminate [111], and FR4 circuit board [112]. Next, we
estimate the bulk conductivity of two conductive fabrics: nickel- and copper-plated
tabric (LessEMF) [113] and copper-plated fabric (LessEMF) [114].

0 0 0
Measurement

0.3 [y, [ Simulation

Gmax (dB)

Gmax (dB)
N
w

Gmax (dB)
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04081216 2 2428 08 ——— 04 08 12 16 2 24 28
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Figure 17. Agreement between simulated and measured maximum transducer gain of
the lines generated by AR1000 (left), EPDM (centre) with copper foil, and
FR4 with NCPF (right) [Publication I].

Finally, we performed the least square estimation method as equation (4.1) to single out
the best-fit data by MATLAB in the frequency range of 400 MHz to 3 GHz. That
frequency range covered a wide range of wireless communication bands for the
wearable applications MedRadio at 401-406 MHz, the worldwide ISM band centered
at 2.45 GHz, GPS at 1575.42, and UHF RFID bands at 866 MHz and 915 MHz. Figure
17. shows the excellent agreement of the simulated maximum transducer gain from the
numerical model with those from the measurement in the whole range of the frequency,
thanks to the least-square estimation. There is a small fluctuation of the maximum
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transducer gain of the transmission lines with the FR4 substrate and NCPF conductor.
This issue may be from manufacturing errors, such as the air gap between the conductor
and substrate. Table II demonstrates the estimated RF characteristics of the textile
substrate and conductor materials with a center frequency of 1 GHz. Overall, findings
in relative permittivity and loss tangent of FR4 and AR1000 are parallel to those of the
manufacturing datasheet [110][111]. Due to the slight difference in the substrate
thickness of our circuits and those from the manufacture, our estimation for the
permittivity is slightly higher than the provided data. Our method also provides a good
estimation for the relative permittivity of textile substrate EPDM of 1.54 fitting in the
range of 1.24-1.78 reported in [115]. The obtained value for the bulk conductivity of
the conductor is 0.7%105 [S/m] and 2.6X105 [S/m] for the nickel- NCPF) and coppet-
plated fabric (CPF), respectively.

TABLE 1
Properties of the test lines [Publication I]
Step 1: Estimation of the dielectric properties.
Thickness | Conducto Copductor Co.n.duct Sfmp Strip
[mm] L thickness -vity width | length
[mm] [MS/m] | [mm] | [mm]
FR4 15845 | Plaed 35 58 6 65
copper
AR1000 | 0.127 Plated 35 58 6 65
copper
Adhered
EPDM 3 copper 40 58 6 65
foil
Step 2: Estimation of the conductivity.
Conductor Substrate Esridnat_ Stri lsetrr;pth
pau (FR4) | Estimated P &
thickness . substrat- | width | [mm]
thickness | ¢-at 1 GHz
[wm] (] efzatl | [mm]
GHz
NCPF 76 1.5848 4.43 0.017 3 05
CPF 73 1.5848 4.43 0.017 3 065
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TABLE 11

The estimated material parameters [Publication I]

Dielectric properties

Estimated values Reference values

&at1 GHz | #5at 1 GHz | ¢,at 1 GHz tzat 1 GHz
FR4 4.43 0.017 4.3...44 [119] 0.019 [110]
AR1000 | 12.99 0.003 10 [117] 0.0035 [118]
EPDM | 1.534 0.01 1.24 - 1.78 [115]
Conductivity [S/m]
NCPF 0.7x103 CPF 2.6X105

The variation of relative permittivity and loss tangent corresponding to the frequency
of 400 MHz to 3 GHz is illustrated in Figure 18. Although we usually use the
constant value for the substrate properties in microwave development, our
estimation method shows that the substrate properties gradually vary as the
frequency increment.

13.04
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12.98 1.53 44
12.96 435
0.5 1 15 2 25 3 W2 T 15 2 235 3 05 1 15 2 25 3
Frequency(GHz) Frequency(GHz) Frequency(GHz)
-3
3715 (A0 0.014 0.0176
.
0.0139 0.0174
3.705
7 0.0138 0.0172
3.695 0.0137 017
0.5 1 15 2 25 3 0.5 1 1.5 2 25 3 0.5 1 15 2 25 3
Frequency(GHz) Frequency(GHz) Frequency(GHz)

Figure 18. Relative permittivity and loss tangent of various substrate materials,

namely, AR1000 (left), EPDM (center), and FR4 (right) [Publication I].

4.2  Estimated Material Parameter Validation by a Textile Low-
Pass Filter

This section focuses on validating the characterization outcomes by applying the
estimated material properties to optimize the RF passive circuits, such as low-pass

stub filters (LPSF) and low-pass stepped impedance filters (LPSIF). The low-pass
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filter is chosen as the testing candidate due to its high sensitivity to the material
characteristics and the simplification of fabrication.

The low-pass stub filter with third-order topology is developed for the 50 €2 system
impedance system with a 1.5 GHz passband at a maximum of 1 dB signal
attenuation, and a stopband -10 dB at 2.2 GHz as Figure 19. The filters were
manufactured as 3 samples, namely, SF1, SF2, and SF3. The SF1 sample combines
the FR4 substrate and copper, and SF2 and SF3 are made of the EPDM with adhered
CPF and CNPF, respectively. Its PCB layout is demonstrated at the top right corner
of Figure 19. We also fabricated three different versions for low-pass stepped
impedance filters with the passband corner frequency with 3 dB attenuation at 1
GHz and stopband starting frequency with more than 15 dB attenuation at 2 GHz.
SIF1 combines the FR4 and Copper, and SIF2 and SIF3 are manufactured by the
EPDM substrate and the CPF and CNPF, respectively.

L7
I
L8
1

=~
B

SF1 SIF1
SF2 SIF2
SF3 SIF3

Figure 19. Layout and fabricated samples of the low-pass filter. Low-pass stub filter:
SF1, SF2, and SF3. Low-pass stepped impedance filter: SIF1, SIF2, and SIF3
[Publication IJ.
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Comparison of the simulated and measured S-parameters of the low-pass stub filters.
Top: SF1, bottom left: SF2, bottom right: SF3 [Publication IJ.

The low-pass filter layouts were optimized and tuned in Keysight ADS. The geometry
of the low-pass stub and stub impedance filters are reported in detail in TABLE III and
TABLE 1V, respectively.

TABLE IIT

LLOW-PASS STUB FILTER GEOMETRICAL

PARAMETERS

Dimension (mm)

Symbol
SF1 SEF2 SF3 TABLE IV

W1 7.8 9.2 9.2 LLOW-PASS STEPPED IMPEDANCE FILTER

GEOMETRICAL PARAMETERS
W2 7.7 13.8 13.8

Dimension (mm)

W3 5.67 4 4 Symbol
W4 138 37 37 SIF1 SIF2 SIF3
W5 0.8 1.2 1.2 W7 = 43 43
W6 3.71 10.3 10.3 w8 ! 2 2
2 1091 | 05 05 L7 15 21 21
1.3 0.7 1 1 L8 1 2 2
14 8.6 9.8 9.8
L5 7.8 3.8 3.9
L6 20.66 17.9 17.9
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Figure 21. Comparison of the simulated and measured S-parameters of the stepped
impedance filters. Top: SIF1, bottom left: SIF2, bottom right: SIF3
[Publication Ij.

By employing the estimated material parameters, the LPSF and LPSIF provided
excellent agreement between the simulated and measured S11 and S21, as shown in
Figure 20. and Figure 21. , respectively. Overall, both filters meet the operation
specification with a low reflection coefficient at the bandpass and high attenuation
at the stopband. Although a minor difference between modelled and fabricated
samples can be observed at the stopband, it is likely from the negligible variation of
the width of the lines and the effects of electrical transition between the calibration
phase reference plane of VNA and the point where the SMA connectors contact the
line. In conclusion, the good agreement between measurement and simulation data
of validating low-pass filters assure the efficiency and applicability of our proposed
material property estimation to the wearable microwave devices.

4.3  Dual-Mode Quasi-Yagi / Dipole Antenna for a RFID
Headgear

Wireless communication technology has been increasingly important to medicine,

healthcare, and body-area electrical systems. As part of the research, the passive

UHF RFID technology has been found compelling to both wearable and
implantable sensors [85][86][13][14][87]. Here, the integration of sensing
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functionalities to the RFID tags provides low-power backscattering communications
for the sensor readout. However, the RFID tags are most commonly single-layer
structures based on dipole or slot antennas that cannot decouple human tissue
interaction to the EM radiation. As discussed in Subsection 2.2.1, the major
challenge in developing antennas for wireless wearable devices that operate close to
the body is maintaining appropriate and stable electromagnetic performance. To
solve that challenge, the multilayer antenna structures that include a ground plane
have been proposed for wearable antenna development [120][163][164]. In addition,
the small patch antenna for headgear application as military berets was also reported
[152]. However, it is strenuous to direct the radiation pattern of the antenna along
the body’s surface with this approach since the antennas with ground planes typically
exhibit a broadside radiation pattern. They radiate most of their energy to a solid
angle that is approximately orthogonal to the antenna structure.

Nonetheless, from the perspective of applications, radiation along the body surface
is also essential. Previously, a monopole-like pattern antenna based on an ellipsis-
shaped center-fed microstrip patch antenna was introduced for headgear [120].
However, this antenna was optimized to operate at 5.8 GHz, which is not compatible
with the UHF RFID band with the center at 915 MHz. As a remedy, in this section,
we introduce a wearable dual-ID RFID tag based on a quasi-Yagi antenna. The novel
feature of the antenna is from the combination of the quasi-Yagi and dipole antenna
on a signal plane and the periodic surface. With the assistance of the periodic surface,
the surface wave can propagate along the antenna plane. This supports the end-fire
radiation pattern with high directivity on the body surface, and the tag can achieve a
high read range in front of the user head direction of the tag. Besides, thanks to the
folding technique, the antenna structure fits to the male head, which was 0.25A X
0.25)1 or 80 mm by 80 mm. In the simulation, the performance of the antenna was
validated by the simplified and anatomical body models. Furthermore, the radiation
properties of the fabricated antenna were verified on the anechoic chamber with the
on-body environment.

43.1  Body Model and Antenna Configurations

To obtain high accuracy estimation for the radiation properties of the wearable antenna
on the body surface, such as radiation pattern, directivity (D), radiation efficiency (e),
and read range for the tag (d,), we optimized the antenna with a simplified polygonal

cylinder. We verified the final antenna performance by the anatomical head model with

details of human tissues, as illustrated in Figure 22. The full-wave electromagnetic solver
ANSYS HFSS v.17 is used to process the estimation of the antenna properties.
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Although the human body has a highly intricate internal structure, the anatomical head
model [165] comprises 15 different tissue types and 58 separate tissue sections; we have
used a homogenous filling for both models. However, our previous results have shown
that the internal structures and tissue properties had an insignificant impact on the
simulated radiation properties of wearable antennas. In contrast, the external shape of
the model influenced the radiation properties more [89]. Thus, in this work, we have
used models with a homogenous filling. Because the skin is the closest tissue material
to the antenna, we assigned its EM properties (er = 41.6, 6 = 0.86 S/m at 915 MHz
[103]) to the filling. The simplified polygonal cylinder model with a dimension of
300 mm X 90 mm was used in initial parametric studies. Next, the optimization was
finalized using the ANSYS anatomical human head model of an adult male. In both
models, the antenna was bent along the curvature with a radius of 22 cm. This way, we
can save computational resources and time. Comparing the computational cost between
the two models, the simplified model reduces the simulation time and size of the
computation mesh by 33% and 30%, respectively.

‘:-‘"’\L._,_ i

Figure 22. Simplified polygonal cylinder and anatomical body model [Publication III].

The first step of the antenna development is to consider the printed quasi-Yagi
antenna [121], which is the planar version of the Yagi—-Uda antenna initially
developed in 1926 by H. Yagi and S. Uda [121]. The quasi-Yagi antenna is widely
used in telecommunication and radar applications due to its high directivity and
radiation efficiency, low profile, and simplification of fabrication. Because of these
enormous advantages, we proposed this antenna configuration to produce an end-
fire radiation pattern with high directivity along the top of the head surface. The
antenna with multilayer geometry is inspired by previous research, where the
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combination of the Yagi—Uda latex antenna and the AMC (artificial magnetic
conductor) is made to generate the near-end-fire radiation pattern [123][124]. This
research installed the printed quasi-Yagi antenna on the periodic surface which
included a grid of unit cells. The configuration and the analysis of the unit cells and
periodic surface will be discussed in the next section. The top view of the antenna,
the implemented prototype, and exploded view of the wearable quasi-Yagi antenna
are illustrated in Figure 23. According to the top peer-review prints on the quasi-
Yagi antenna, the antenna, which mainly contains director, driver, and reflector
elements, are folded to fit an adult’s head; simultaneously, the antenna’s operating
frequency is maintained at the UHF frequency band. Overall, the total size of the
antenna is 80 mm X 80 mm (or 0.250 X 0.25), where A is the wavelength at 915
MHz). As discussed in Subsection 2.1, unlike the typical 50 Q antenna design, we
connected the antenna with the RFID IC of NXP UCODE G2il. RFID microchip
with the equivalent circuit as the parallel connection of the resistor R = 2850 € and
the capacitor C = 0.91 pI as the model of frequency-dependent impedance. At 915
MHz, the estimated impedance of the RFID IC is approximately 12.8—/191 Q. There
is one interesting aspect in this research that we also attached the RFID IC to the
reflector to reuse this element as the second RFID tag with a dipole configuration.
Hence, the antenna can spontaneously generate the end-fire radiation pattern along
the body surface and the broadside directivity upward from the user’s head.

Radiated plane

Director%

Driver 9 2
Substrate 1
Periodic surface

Reflector %

Substrate 2

Ground

Figure 23. The top view (left side) and an implemented prototype (middle) and the
exploded view of the quasi-Yagi (right side) [Publication III].

TABLEV
SIMULATED ANTENNA PARAMETERS
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In terms of simulation setup, we excited the input power in two ports and considered
the antenna a two-port network. As shown in Figure 23. , Port 1 (red mark) is set up
for the quasi-Yagi antenna to achieve end-fire directivity, while Port 2 (blue mark) is
for the dipole with broadside directivity. Under perfect conjugate matching
conditions, the coupling between two ports is =10 dB, which is not significantly high
and non-negligible for the two-port antenna system. In the simulation, we used the
frequency-dependent port terminations to account for the loading effect of the ICs,
and the antenna array effects existed at general N-port RFID grids [125][89].

The fabricated signal plane of the antenna is shown in the middle of Figure 23. The
tag antenna was patterned from 18 um thickness copper printed on the 35 um
Polyethylene terephthalate (PET; e: = 3.2, 0 = 0.003 S/m [120]) flexible substrate.
The RFID IC was attached to the conductive proxy (Circuit Works CW2400). The
maximum power transfer between antenna and RFID IC is secured when both
components have the conjugate impedance matching at two ports. To deal with that
issue, we tuned the size of the inductive matching loops constructed around the
feeding points with parameters 7and s for the quasi-Yagi driver and x7 and ys for the
second dipole antenna.

The exploded view with the layer-by-layer of the quasi-Yagi antenna is demonstrated
in the right side of Figure 23. Overall, the proposed RFID tag antenna contains five
layers. The first layer is the radiating plane made by flexible materials and stacked on
the ethylene-propylene-diene-monomer (EPDM) rubber foam (¢, = 1.53, o = 0.01
S/m [Publication IJ). The periodic surface is also composed of bendable materials as
the conducting plane and sandwiched between two layers of EPDM. The last layer
is the ground plane, which plays a key role in minimizing the human body’s
interaction with the radiating properties of the antenna, and the material of this layer
is the flexible copper foils. Generally, all antenna elements are composed of
lightweight, flexible, and bendable materials to secure the wearer’s comfort.
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43.2 Periodic Surface Optimization

The main function of the periodic surface is to assist the launching of the surface
waves on the antenna plane within a specific frequency range. This improves the
end-fire radiation pattern of the quasi-Yagi antenna [127][128]. Secondly, the metal
layer that is part of the periodic surface helps to isolate the quasi-Yagi antenna (which
does not include a ground plane) from the body. Hence, the gain, radiation
efficiency, and radiation pattern of the antenna with the periodic surface are
improved compared to the stand-alone antenna on the body. Since the quasi-Yagi
antenna is formed by dipole-type elements, inserting a simple solid metal plate
behind it to isolate it from the body would not be feasible since the current image
phenomenon would deteriorate its efficiency [121].
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Figure 24. Floquet port simulation of the reflection phase of the periodic surface

[Publication II1].

The geometry of the periodic surface is illustrated in Figure 25. The periodic surface
is made from the 2-by-2 grid of the square loop unit cells and isolated to the ground
plane by the EPDM substrate. Like the signal plane, the material of the periodic
surface is copper printed on the thin, flexible, and lightweight Polyethylene
terephthalate. The unit cell is optimized by the Floquet port boundary condition
[128] to obtain 900 £ 450 reflection phase response at the desired UHF RFID
frequency region, centred at 915 MHz, as shown in Figure 24. Once the phase
reflection value is achieved as the target, the unit cell geometry is tuned to minimize
the total size of the periodic surface to fit the total size of the antenna and enhance
the stability of the reflection phase concerning the direction of the reflection of the
incident wave. As the unit cell geometry, we chose the square loop shape for
research, which is suitable for bending vertically and horizontally [129]. The original
design is optimized for a 9.5 GHz operating frequency; however, we tuned this unit
cell configuration to 915 MHz without enlarging the total size of the periodic surface
over the adult male head.
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36 mm-

Figure 25. Fabricated prototype of the periodic surface [Publication III].

4.3.3  Simulation and Measurement Results

The directivity of the quasi-Yagi and dipole antennas is shown in Figure 26. At 915
MHz, the highest quasi-Yagi antenna directivity is 6 dBi at ¢ = 1800 and 0 = 459, and
dipole-based reflector antenna directivity is 5.8 dBi at ¢ = 1800 and 6 = 00. At the
same time, the quasi-Yagi antenna can provide approximately 4 dBi of directivity at
the directive beam from the user’s head.
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Figure 26. Directivity of the quasi-Yagi antenna (left side) and the dipole antenna
(right side) [Publication III].

The impedance matching between the quasi-Yagi antenna and the dipole antenna
with the RFID IC is illustrated in Figure 27. At 915 MHz, both antennas have good
conjugated impedance matching with RFID IC, thanks to the cautious tuning of the
inductive matching loop. In particular, the input impedance of the dipole is 164,166
Q, and the quasi-Yagi antenna provided input impedance of 42+ ;192 €, which leads
to the corresponding power efficiency 7and reaches 75% for dipole and 74% for the
quasi-Yagi.
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Figure 27. The impedance of the dipole antenna (left) and the quasi-Yagi antenna
(right side) [Publication III].

As shown in Figure 28. , the quasi-Yagi antenna’s radiation beam covers the region
of 0= 0 = 90°, with the range of directivity being 4 dBi = D = 6.2 dBi. On the other
hand, the dipole-based reflector produces the directive beam upward from the
wearer’s head with the peak directivity of 7 dBi at ¢ = 1807, § = -15°.
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\\(\
450 |,

2180 -180
— Azimuth plane

Elevation plane

Figure 28. Directivity pattern of the quasi-Yagi antenna (left) and the dipole antenna
(right side) [Publication III].

Figure 29. demonstrates the simulated current distribution of the quasi-Yagi antenna
and dipole antenna at 915 MHz. The current flow is concentrated on the driven
element and director in the quasi-Yagi antenna. Meanwhile, the current density is
strong at the reflector in the dipole mode.
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Figure 29. Surface current amplitude is visualized on the signal plane of the quasi-Yagi
antenna when (a) the driven element (end-fire radiation mode) and (b) the
reflector is excited (dipole radiation mode) [Publication III].

Measurement setup and results

The wireless measurement of the RFID tag antenna was conducted using the
Voyantic Tagformance measurement system inside the anechoic chamber following
the threshold power measurement technique outlined in Subsection 3.4. All of the
measurement was implemented with the head-worn configuration. It is noted that
the RFID tag is carefully aligned on the wearer’s head to match the RFID reader and
avoid the polarization mismatch. As shown in Figure 32. , the RFID tag is directly
faced to the RFID reader to capture the read range of the quasi-Yagi antenna in the
user’s head direction. At the same time, the second measurement reader is positioned
above the wearer’s head to obtain the read range of the dipole antenna.
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Figure 30. Read range of the tag in quasi-Yagi radiation mode [Publication III].
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Figure 31. Read range of the tag in the dipole radiation mode [Publication III].

The comparison between the simulated and measured read range of the quasi-Yagi
antenna and dipole antenna is indicated in Figure 30. and Figure 31. , respectively.
To assess the accuracy of the simulation model, we compared the simulation read
range to those of the anatomical head model and simplified the cylinder head model.
At the UHF RFID frequency band, the simulated quasi-Yagi antenna with head
models reaches a peak of 3 meters at around 900 MHz. Meanwhile, the highest
measured read range is 6.8 meters in the line of sight of the user direction. The
maximum detection range of the dipole antenna tag is 5 meters at 902 MHz, which
was approximate to the simulation results. The movement of the body during
measurement in the chamber may cause the difference of the measured and
simulated peak read range of the RFID tag with dipole antenna configuration.
Besides, the presence of the hair in the measurement is also a main reason of shifting
the peak measured read range to 900 MHz.

RFID reader
antenna

RFID reader

Figuré=32. Read range masrement of the quasi-Yagi antenna (left) and the dipole
antenna (right side) [Publication III].
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Overall, the read range of both RFID tags is significant for identification
applications. One of the most interesting aspects is that we successfully built up a
dual-ID platform in one antenna structure that upgrades the versatility and spatial
coverage of the system without enlarging the dimension of the antenna.

44  Forearm RFID Reader Antenna based quasi-Yagi
Configuration

Recently, various research has been conducted to develop the efficient wearable
RFID reader antenna [130][131][134][135]. Previously, the wearable readers wrapped
around the wrist [135] and ankle [129] and attached to the gloved hand [131] have
been introduced. However, most of these wearable antennas possess a radiation
pattern that is orthogonal to the body surface. A wearable reader antenna with a
quasi-Yagi configuration for the smart glove with an end-fire radiation pattern was
reported [136]. This antenna operates at the near-field region, and the measured
attainable tag read range was found to be only 0.33 m. Another study demonstrated
a work gloves antenna with the slotted patch and a split ring resonator configuration
for the RFID reader [24]. The antenna contained the ground plane suppressing the
coupling of the antenna and the body. Hence, the radiation performance was
remarkably upgraded, and the tag detection range was 3 meters. Nevertheless, this
antenna pattern direction is outward from the body tissue. This section presents the
adaptation of the wearable quasi-Yagi antenna on a periodic surface to establish a
forearm UHF RFID reader that interrogates tags from the surrounding environment
at the pointing direction of the arm.

Compared with the dual-ID headgear UHF RFID tag presented in Subsection 4.3,
the reader antenna functions in a single-port configuration, which is matched to 50
Q impedance, the curvature of the forearm is much larger than that of the head, and
the form factor of the antenna is more limited by the width of the forearm than its
length. As a result, the forearm antenna cannot be derived from the headgear tag
antenna with minor modifications but requires completely new development. As a
reader antenna, it also requires a different testing procedure.

441  Antenna configuration and simulation model

The proposed quasi-Yagi antenna with a low-profile and planar structure can be
straightforwardly wrapped around the forearm. Besides, this form of antenna
configuration can provide a directive beam along the body surface and assists the
reader in detecting the UHF RFID tag toward the user’s forearm. Furthermore, since
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the antenna is set up on the body surface, that is, the lossy material that contains the
negative impacts on the radiation properties, we mounted the quasi-Yagi antenna on
the periodic surface to maintain the characteristics of the electromagnetic wave and
end-fire radiation pattern of the antenna.

The antenna includes the reflector, driver, and director as the typical configuration
of the quasi-Yagi antenna, as illustrated in Figure 33. The total size of the antenna is
minimized to fit the restricted space of the forearm and maintains a 0.5) electrical
length of the antenna elements, thanks to the meandering and folding techniques.
The length of the director and reflector are 243 mm (0.74)) and 263 mm (0.8}),
respectively. The driven element is transformed into two loops. The first, with a
radius 11, is utilized to tune the impedance matching with the source, and the function
of the second loop with 12 is to enlarge the electrical length to 253 mm (0.77)). As
discussed in section 4.3.2, the periodic surface inhibits the unpredicted reaction of
the body tissue on the antenna performance and assists the launching waves on the
antenna plane, which helps the quasi-Yagi antenna maintain the end-fire radiation
pattern. To provide comfort to the wearer and to ease the bending, we chose a
configuration without a shorting pin between the signal and ground plane for the
unit cells, which is suitable for generating surface-wave propagation on the antenna
plane. The aim of the unit cell optimization is to achieve a 90°£45° phase reflection
response at the UHF RFID frequency under Floquet port analysis[128]. This phase
reflection response target also supports the conjugate matching between the antenna
and 50 € input source. To consider the impacts of transformation of the unit cell
shape when attached to the forearm, we bend the unit cell with the radius of an adult
forearm of 46 mm, as in Figure 34.
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Figure 33. Antenna configuration with the geometrical parameters reported in
millimeters (left side) and the fabricated antenna (right side) [Publication IV].
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FIGURE 4. Floquet port simulation of the reflection phase of the

Figure 34. Reflection phase (left side), Floquet port simulation (middle), and periodic
surface (right side) [Publication IV].
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To obtain the operating frequency at 915 MHz, we folded the proposed unit cell
from the initial design [129] to increase the electrical length, leading to a decrease in
operating frequency, as shown in the right side of Figure 34. After that, to fit the
total size of the quasi-Yagi antenna, we organized the unit cell to be 2-by-3 elements
to shape the periodic surface. After optimizing the configuration of the quasi-Yagi
antenna and the periodic surface, we set up the antenna on the forearm model, as in
Figure 35. The homogenous forearm model is the simplification cylinder comprising
skin with a radius of 46 mm and a length of 250 mm which is the closest tissue to
the antenna and among the most EM power distortion materials (¢ = 0.855 S/m and
e = 41.85 at 915 MHz) [103]. The structure of the antenna with 5 layers is also
shown in Figure 35. with the exploded view. The first layer is the radiating plane
made by the flexible copper foil with 35 um thickness. The overall size of the antenna
is 0.22h X 0.33). The next layer is the proposed periodic surface isolated to the
radiating plane and ground plane by the EPDM substrate. The last layer is the ground
plane, which significantly minimizes the interaction of skin on the EM wave
propagation.

Radiating plane——>

EPDM substrate
Ground plane

Figure 35. Wearable quasi-Yagi antenna attached to the forearm model (left side) and
the exploded view of the antenna (right side) [Publication I'V].
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4.4.2  Evaluation of the Proposed Antenna Development Method

Simulation results

In this research, we co-optimize the radiating plane of the quasi-Yagi antenna and
the periodic surface geometry to obtain the end-fire radiation pattern with the peak
directivity toward the forearm and the impedance matching with 50 € input source
at 915 MHz. The stable reflection coefficient or Si1 of the quasi-Yagi antenna
mounted on different forearm radius, 37.5 mm, 46 mm, and 55 mm, is demonstrated
in Figure 36. Although the antenna geometry undergoes various transformations, the
S11 maintains lower =10 dB at around 915 MHz. Interestingly, when the antenna is
formed with 37.5 mm and 55 mm cylindrical radii, it shows a dual-band type of S11
response with a broader bandwidth compared with the nominal case of the 46 mm.
It therefore maintains good impedance matching at 915 MHz also with different
curvature radii.

= 46 mm bending (normal)
= 37.5 mm bending
= 55 mm bending

S, (dB)

880 890 900 910 920 930 940
Frequency (MHz)

Figure 36. Reflection coefficient of antenna with different levels of bending
[Publication IV].

The index Adir = Dam /Dpear is used to validate how close the antenna directivity in
the direction forward Dam from the forearm to the peak directivity of the antenna
Dpear. The values of Ay and Dy in XZ and XY plane are shown in Figure 37. (a)
and (b) with a comparison between the two cases, with and without the periodic
surface. We expect to achieve as high Dy as possible with Ay close to 1. It can be
seen that the peak of directivity and the Ay, reach the highest value at 915 MHz when
the antenna attached to the periodic surface. In contrast, without a periodic surface,
the peak of Dy and Ay are tending toward local minima near the targeted 915
MHz UHF RFID band. In Figure 37. (b), with the periodic surface, the gain of the
quasi-Yagi antenna can improve to -5.1 dBi in the forearm direction. In the
simulation results, we show the ratio of the gain A in front of the quasi-Yagi
antenna Gy (0= 90°, ¢ = 180°) and the backside G (0 = 90°, ¢ = 0°), as in Figure
37. (c). At 915 MHz, Ay obtains 5 dBi at 915 MHz.
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Figure 37. Peak directivity and delta (a), the antenna gain (b) and front-to-back ratio
of the main and back lobes (c) [Publication IV].

The quasi-Yagi antenna’s 3D directivity directive radiation pattern can be showed
along the forearm (=X direction) in Figure 38. (c) with the peak directivity of =5.4
dBi. The 2D directivity pattern of the forearm reader antenna in the X7 and XY
planes is shown in Figure 38. (a) and (b), respectively. We also consider the bending
of the antenna with different radii to validate the antenna performance stability with
different forearm sizes. Overall, the bending has insignificant impacts on the antenna
properties, either in peak directivity or the reflection phase. However, it improves
the end-fire radiation pattern by remarkably minimizing the back lope.
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Figure 38. Directivity pattern in X7 (a), in XY plane (b), and 3D directivity pattern of
the quasi-Yagi antenna [Publication IV].
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In the wearable antenna development, the specific absorption (SAR) level should
conform to the regulation of the US FCC, limiting the SAR to 1.6 W/kg averaged
over 1 g of tissues. Transmission power (P;..) for the quasi-Yagi antenna is
determined according to the maximum SAR as [137]

1.6 W/kg (1-1S111% )Prest
Pimax = SARmax =, 4.1)

where Py is the available power from the test source, which we set to 1 W. The
simulation results show that the maximum power that can transfer from the source
is 41.2 dBm with the maximum SAR of 0.9 W/kg along with the tissue close to the
antenna. In the RFID systems, the maximum power that we can transmit is 40.6
dBm with EIRP = 3.28 W, which is approximate to the limitation of SAR.
Nevertheless, this output power should be lower to be suitable for the RFID reader
components. In this research, we set the output power from the reader to 32 dBm.
When we feed 1 W to the source and apply the periodic surface, the current
distribution of the quasi-Yagi antenna concentrates at the director and reaches the
peak at 49 A/m, as shown in Figure 39. . On the other hand, the current density

permeates all antenna elements if we remove the periodic surface.
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Figure 39. Current distribution of the quasi-Yagi antenna with and without periodic
surface [Publication IV].

Measurement setup and results

In the beginning, since the measured impedance of the forearm reader antenna (8 +
97 Q) mismatches the 50 Q input port, as in the right side of Figure 40. , the power
efficiency between the input source and the antenna cannot maximize at 915 MHz.
To solve that issue, we applied the coaxial cable balun and impedance matching
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between the forearm antenna and the input source, as shown in the lower right
corner of Figure 42. (b). Firstly, the balun transforms the current mode of the driven
element (balanced) of the quasi-Yagi antenna to a typical dipole antenna
(unbalanced) [103]. Secondly, we constructed the impedance matching circuit with
an L-matching configuration consisting of a parallel capacitor (10 pF) and a series
capacitor (25 pF), as shown in Figure 40. That converts the original impedance of
the antenna to 50 €2, leading to a significant improvement in the antenna reflection
coefficient at 915 MHz, as in Figure 41.

25 pF
le I—O--BALUN»--.
Port1 10 pF Port 2 Antenna
¢ @ -=BALUN - -@

Figure 40. The impedance matching circuit and balun [Publication IV].

One of the most critical parameters of the forearm reader antenna is realized gain
Gr, whose measurement setup is shown in Figure 42. (b). Unlike typical antenna
measurement, we adopt the alternative approach for the wearable UHF RFID reader
antenna attached on the body surface by applying a classical far-field antenna
measurement with the analogous distance between the reference gain antenna and
test RFID tag. The test UHF RFID tag is designed as Figure 42. (a), and its target is
to reach the highest level of the realized gain (G tq4) at 915 MHz, as in Figure 41.
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Figure 41. Reflection coefficient and input impedance of the antenna [Publication
Iv].

Figure 42. (b) shows that the wearable quasi-Yagi antenna was directly attached to

the forearm of the wearer and pointed to the test RFID tag, consistent with the

simulation scenario. The distance S between the reader antenna and RFID tag of

1 meter is inside of the far-field region. The threshold power of the test RFID tag

(P,) was recorded by the RFID measurement Voyantic Tagformance system by the
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forearm reader. This procedure assists in obtaining the realized gain of the antenna
(Gr)

1 \2
B = Gg Gr,tachab (E) Py, (4.2)
where Lggp = -1.1 dB is the power loss factor of the cable connected from the

antenna to the Tagformance reader, and Py, is the transmission power from the
reader. We compute the simulated realized gain by equation (4.3) and compare it with
the measured realized gain.

G = G(1—|sy1]*), (+.3)

Reference

TagFormance

Quasi-Yagi
Reader
Antenna

Matching
w Circuit

(b)Reader antenna characterization and read range measurement setup

Figure 42. Measurement installation of the test tag and reader antenna gain

[Publication IV].
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Overall, the result in Figure 43. shows a good correlation of the increasing trend of
the measured and simulated read range of the RFID tag. The constant relative
difference of the read range level of 150 cm at 32 dBm because of realized gains of
the tag and reader antennas is lower than those in the simulation.
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Figure 43. Read range of the RFID test tag [Publication IV].

The acceptable compliance between the simulation and measurement realized gain
of the forearm reader antenna with the peak of —4.7 dBi at 910 MHz and -5.5 dBi
at 915 MHz, as in Figure 44. Next, we adjust the distance between the reader and
the RFID tag and continuously capture the response signal from the tag to measure
the detection range of the RFID tag versus the variation of the transmission power
of the reader.
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Figure 44. Realized gain of the forearm RFID reader antenna [Publication IV].
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Through mindful co-optimization for the antenna signal plane and the periodic
surface geometry, our proposed metasurface-enabled quasi-Yagi UHF RFID reader
antenna can provide the end-fire radiation pattern with a directivity of 5.5 dBi in the
pointing direction of the forearm. The antenna’s ground plane decouples the antenna
radiation and the human tissue and reduces the SAR wvalue. In the office
measurement environment, the forearm RFID reader antenna can detect the tag in
an acceptable range of 3.8 meters by setting up the output power of the reader of 32
dBm (EIRP = 0.56 W) at 915 MHz.

Table VI summarizes and compares the performance of the contemporary antennas
and the those of the proposed antenna. It is noted that we computed the detection
range of RFID reader antenna with 25 dBm input power. We classified the antennas
based on the pattern configurations as Type 1 and Type 2 which are a long body
surface and off body direction, respectively. Although the antennas from research
[131][132][133][152] provide high read range, our proposed antenna possesses
highest read range among antennas type 2. However, the antenna [132] was originally
developed to operate at 2.47 GHz which is not appropriate to RFID reader. Hence,
its hypothetical read range is impacted by shorter wavelength.
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TABLE VI

COMPARISON WITH THE CONTEMPORARY RESEARCH WORK

Ref Freq. Gain Size Thickness Relative size Read range RFID Pattern
o (GHz) | (dBi) (mm) (mm) (m)* reader type
[24]]129] 0.866 4 80x62 4 0.23x0.18 4, 1.5 Yes 1
[130] 0.866 2 80x70 1.52 0.23%0.20 4, 1.45 Yes 2
[134] 0.880 5 63%X65 -- 0.18%0.19 A, 2 Yes 1
[131] 0.866 1.31 140x100 4 0.40%x0.29 A, 2.3 Yes 1
[152] 0.915 10.9 360%360 5 1.19%1.1 A, 2.1 No 1
[44] 2.47 0.1 50%50 9.5 0.41x0.41 4, 1.29 No 2
132 . X 2 1
[132] 0.860 1 90x49 4 025%0.14 4, 4.23 No
[133] 0.868 26 8777 4 2.76 No 1
: 0.25%0.22 4,
Our work | 0.915 55 67%x108 4 2 Yes 2
: 0.20x0.33 4,

*Hstimated read ranoes (5....) based on the test tac used in our work (P.. = —18 dBm) and calculated bv eauation (5) assumine P.~. = 25 dBm.
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4.5  Wearable Passive UHF RFID Tag with Circular Polarization

Recently, the industrial RFID system was deployed for a wide range of applications,
such as access control, identification, item-level tracking, and wearable and
implantable devices [138][139][140]. In these RFID systems, the linear polarization
with single-layer dipole configuration is commonly used due to available
miniaturization methods and mass production cost saving [141]-[143]. To improve
the tag performance, much research has studied the circular polarization (CP) tag
antenna since it can avoid cross-polarization and enhance the polarization efficiency
[144]-[147]. However, the single-layer antenna configuration cannot avoid coupling
between the antenna radiation and body surface; hence, the antenna structure with
ground plane and the metallic coupling structures are preferred. This approach has
been utilized to develop the 50 € wearable CP antennas for the GPS, 2.4 GHz ISM
band applications, and UHF RFID [148]-[150]. Recently, the research related to the
optimization for the CP antenna has attracted attention [151].

This research introduces the development of the small passive UHF RFID tag with
the circular polarization based on the microstrip patch antenna configuration with
all corners truncated. That approach significantly improves the power transmission
efficiency and detection reliability between the RFID tag and reader. In terms of the
antenna structure, the antenna was tuned by the combination of truncated corners
and cross-and L-slots to maximize the read range and minimize the axial ratio at the
operating frequency. The antenna substrate and conductor were fabricated by
flexible and lightweight material to ensure comfort for the wearer. There are two
versions of the CP patch UHF RFID tag antennas. The first antenna version applied
the extra inducted loop to obtain the best impedance matching between the RFID
IC and the antenna. The second version of the CP patch tag antenna was optimized
for wearable applications without the matching loop. We directly tuned the input
impedance of the antenna by the truncated corners and the size of the signal plane.

451  Antenna configuration and body model

45.1.1  Circularly polarized corner-truncated and slotted microstrip patch antenna with
inductive matching loop

The CP patch antenna for the RFID tag was developed in the full-wave
electromagnetic field solver HFSS (ANSYS High-Frequency Structure Simulator)
based on the finite element method. The geometry of the proposed antenna is
inspired by the compact circularly polarized square microstrip antenna introduced in
[153], which comprises three layers: the radiating plane, substrate, and the ground
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plane, shown in Figure 46. To obtain the circular polarization, we applied the
truncated corners at the edges of the antenna signal plane as in Figure 45. [154], and
the variation of its size determines the handedness of the circularly polarization
[155][156]. In this research, the truncated corners are optimized to be symmetric and
assist the antenna in aiming toward right-hand circular polarization. The antenna
miniaturization is solely achieved thanks to the hexagonal slots and L-slots in the
signal plane [157]. The main idea of these slots is to alter the current density of the
radiating plane, leading to the modification of the effective capacitance and
inductance of the antenna.

The total size of the proposed patch RFID tag antenna is 50 mm by 50 mm by 4 mm
(0.1525 ko % 0.1525 Ao X 0.0091 Ao, where Ao is the wavelength at the center frequency
of 0.915 GHz); hence, it fits in various body areas, such as the back, upper arm, and
thigh.

a | blc d e|flg h|ilk]]

25 |46 6 9 2115 2 1 9|1 1
Figure 45. Antenna geometry and dimension of antenna reported in millimetres
[Publication V].
The complex conjugate impedance matching between the antenna and RFID IC was
obtained by combining the inductive feeding network technique motivated by the
previous study of the mountable metal tag [158] and the short pin connecting the
radiating and ground plane. Consistent with the quasi-Yagi antenna tag in Subsection
4.3, we mounted the (NXP UCODE G2iL; turn-on power =18 dBm) at the feeding
point. The frequency-dependent impedance for the RFID IC is modelled as the

equivalent parallel connection of the resistance R = 2850 Q and capacitance
C =091 pF.
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Ground plane
RFIDIC

Figure 46. Exploded view of the CP patch antenna and the simplified human model
[Publication V].

To evaluate the antenna performance on the body surface in the simulation, we

employed the simplified polygonal cylinder with the skin, which is the main material

(er = 41.6, o = 0.86 S/m). Then, the antenna is installed on the body model

demonstrated on the right side of Figure 46.

Impedance( 1)
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Figure 47. Input impedance and antenna-IC power transfer efficiency (left side) and
the current distribution of the antenna at various phases (a) Phase = 10°,
(b) Phase = 100°, (c) Phase =190°, (d) Phase = 280° at 932 MHz (right
side) [Publication V].

The comparison of the RFID tag antenna with RFID IC and the power transfer
efficiency is demonstrated in Figure 47. Thanks to the cautious tuning of the antenna
elements, such as the short pin position and the inductive feeding loop, the best
matching between IC and antenna can be obtained from 925 MHz to 932 MHz. This
good impedance matching leads to the high-efficiency power transmission between
the antenna and RFID IC at above 80%. Figure 47. also illustrates the current flow
on the antenna surface at the lowest axial ratio frequency 932 MHz at a different
phase, 10°, 100°, 190°, 280°. The handedness of the antenna polarization is right-
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hand, and the current confirms that statement in the middle of the circular

counterclockwise antenna rotation.
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Figure 48. Axial ratio (left side) and the read range (right side) of the CP patch RFID
tag [Publication V].

The measured axial ratio hits the lowest point of 0.7 dB at 932 MHz; meanwhile, the

lowest value simulated axial ratio is 2.8 dB at 933 MHz, as Figure 48. The bandwidths

of the simulated and measured AR are 5 MHz and 0.5 MHz, respectively. The

differences between both results likely originates from the movement of the body

during measurement.

45.1.2 A small circularly polarized microstrip patch antenna with truncated corners

This section introduces an upgraded version of the circularly polarized microstrip
patch antenna that includes the simplified antenna signal plane and the operating
frequency at the exact 915 MHz inner UHF RFID frequency band. We have used
the simplified cuboid-shaped and anatomical human body models to provide higher
accuracy antenna performance estimations in the simulation. We simplified the
antenna geometry by completely removing the inductive feeding loop and tuning the
impedance directly from the size of the truncated corner and short pin position.
Furthermore, the robustness of antenna performance is evaluated by measuring the
read range and AR at various body positions and different cloth thicknesses.

The cross- and the front views of the antenna with geometrical parameters reported
in millimetres are shown in Figure 49. For the antenna resonance frequency at 915
MHz, we tuned the L slots length; the longer the slots, the lower the resonance
frequency. This optimization technique was inspired by [159] for the 50 Q two-
corner truncated patch on the high relative permittivity laminate superstrate to
obtain the resonance frequency at a lower frequency band. However, the drawback
of this technique is that it significantly reduces the radiation efficiency, gain of the
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antenna, and read range of the tag. In terms of AR optimization, we transformed the
symmetrical corners to asymmetrical corners, balancing the low AR and high
radiation efficiency for the antenna.

_ Signal plane

Figure 49. Cross- and front views of the CP patch antenna with the dimension in
details [Publication VI]J.

The antenna performance is precisely evaluated by the anatomical and cuboid
models with dielectric properties of the skin, as illustrated in Figure 50. First, the
simplified cuboid shape is utilized to optimize the antenna’s radiating properties,
such as the read range, directivity, radiation efficiency, and axial ratio because it has
a lower time and computer resource consumption. Then, the anatomical model
verifies the outcome. Although the minor difference between the anatomical and
simplified models is shown in Figure 51. , both models provide the highest power
transmission efficiency of 98% between the antenna and RFID IC at 912 MHz, and
the good impedance matching is achieved from 908 to 924 MHz in the range of
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UHF RFID. The simulated current distribution of the CP patch antenna with the
cuboid model at different feeding phases of 0°, 90°, 180°, and 270° at 915 MHz is
depicted in Figure 52. The CP patch antenna maintains right-hand circularized
polarization with the counterclockwise rotation of the current vectors at the cross-
section in the z-direction [160]. According to the 2D directivity pattern, in the xz
plane, the peak directivity of 6.7 dBi occurs at § = 20° for the simplified cuboid
model, and 5.4 dBi occurs # = 15° for the anatomical model.

Figure 50. An antenna attached to the anatomical model (left) and simplified cuboid
model (right) [Publication VIJ.
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Figure 51. Complex impedance of antenna with anatomical and cuboid models (left
side) and the power transmission efficiency (right side) of the CP patch
RFID tag [Publication VIJ.
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Figure 53. 3D (upper side) and 2D (lower side) directivity radiation pattern of the CP
patch tag antenna [Publication VIJ.

The beam width of the directivity pattern of the antenna with the cuboid model is

76° and 118° in the xz and yz planes. The realistic anatomical model provides a

corresponding value of 78° and 81° xz and yz planes. Overall, the estimation
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difference of antenna impedance and radiation properties from both body models is
slight. The coverage of the proposed tag in Figure 54. shows that when a = 0.4, both
models provide a similar read range prediction at the considered observation angles.
For a = 0.5, with consistent read range coverage estimation, we can conclude that

the probability of obtaining a read range of longer than 2.3 meters is 50% with the
RHCP reader.

6 : :
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Figure 54. Read range coverage of the CP patch antenna tag at 915 MHz where 0 =
—=90°...90° and ¢ = 0°...180° [Publication VI].

As described above, the performance of the proposed tag was measured on various
parts of the body, such as the upper back, arm, leg, thigh, as well as on the winter coat.
The axial ratio of the proposed CP tag is presented in Figure 55. With the first sample
of the tag, the tag-operating frequency shifted downward compared to those of
simulation. We applied the post-manufacturing method to tune the minimum axial
ratio frequency to a closer expected frequency of 915 MHz to handle that issue. In
particular, we increased the length of the L-slots from 2.6 mm to 3 mm to adjust the
operating frequency from 897 MHz to 917 MHz with a minimum AR of 2.1 dB.

8‘ i

]
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Figure 55. Comparison of simulated and measured AR (left side) and measured AR at
various positions of the body [Publication VIJ.
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In other testing scenarios, although there is a variation in the 3 dB AR frequency, the
maximum frequency shift in the axial ratio was only 5 MHz. The read range of the tag
from the numerical model and measurement is shown in Figure 56. The simulated
read range at the z-axis direction varies from 4 m to 4.5 m, and the peak read range is
4.5 m and 5.2 m for anatomical and simplified models, respectively.

In the z-direction, the read range of the antenna is 5.8 m when attached to the back
with a T-shirt. The read range levels show a small fluctuation from 5.5 m to 6 m in
four different body-worn measurement configurations. It confirms that although the
antenna is rigorously optimized on the optimal position of the upper back, it
maintains the stability of the performance on other parts of the human body. That
is an important aspect of the wearable application.
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Figure 56. Comparison of the simulated and measured read range (left side) and the
measured read range of the tag at various positions of the body (right side)

[Publication VI].
/-\6 T T T
E
j=]
c
©4r
©
i
l
o5l ]
S 2
©
c
5
E O L L L 1
909 912 915 918 921 924

Frequency (MHz)
Figure 57. The measured read range of the tag when the reader antenna is a linear
polarization [Publication VIJ.

When the read antenna is a linear polarization configuration, the read antenna
fluctuates, corresponding to the polarization efficiency between the tag antenna and
the reader antenna. In this case, we defined the read range dj,, of the tag in the range
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from the minimum and maximum read range that correlates with the minimum (I'-1.1x)
and maximum (I'+1\) polarization efficiency. Thus, as illustrated in Figure 57. , even
the RFID system employs the linear polarization reader antenna, and the system can
detect the tag with a reasonable range from 3.8 m to 4.5 m at 917 MHz. The
measurement and simulation results validate the robustness and good detection
reliability of the proposed RFID CP tag. The antenna features a high read range and

TABLE VII

COMPARISON WITH THE CONTEMPORARY RESEARCH WORK

Antenna Gain Relative size Read range | Wearable
Ref. . o
type (dBi) (m) application
[144] Dipole N/A 0.1x0.1x0.001 2, 7 No
[167] Patch -7 0.25%0.25%0.004 A, 2.8 No
[166] Patch N/A 0.45%0.45%0.015 24, 8.4 Yes
[168] Split ring -9.6 0.15%x0.15%0.01 A, 2 Yes
[169] Dipole on 5 0.78%0.78%0.0183 15.7 Yes
Our work Patch -7 0.15%0.15%0.012 A, 5.8 Yes

low axial ratio in the body-worn configuration at 915 MHz. The simulation results
show that the antenna possesses broad beamwidth with a peak of 5 dBi, which allows
good detection when the tag is not perfectly aligned to the reader. Finally, the antenna
has a compact size of 5-by-5 cm on a low-permittivity textile substrate that enables
seamless cloth integration.

Table VII demonstrates the comparison between our proposed antenna and those
from previous research on the circularly polarized passive UHF RFID tags. The
antenna gain and read range of the antenna of research, [166]and[169] are notably
greater than our research work. Nevertheless, the size of those antennas is dramatically
large to attach on some part of body such as upper arm and thigh, hence, it is only
wearable at the front or back of the torso. Besides, the footprint of the presented
antenna in research [144] and [168] is compatible to our research. However, these
antennas were originally developed with single layer, hence, the performance of them
is highly sensitive to the human tissue when attached on body surface. Overall,
comparing previous research, our proposed antenna provides a favorable balance
between performance and the size which is compact enough to be worn at different
areas of body.
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5 CONCLUSIONS

The major challenge in the broad deployment of wireless body area networks in medical
practice is the difficulty of obtaining efficient and reliable body wireless links. To
address this challenge, we concentrate on developing the most important part of the

personal wireless communication system: the wearable antenna in this thesis.

Due to the absence of knowledge of textile material electrical properties for wearable
antenna development, we introduced a novel characterization method for the textile
method based on the fitting model with high accuracy and simplification of the data
processing [Publication I]. Our strategy extracted the relative permittivity and loss
tangent of the substrate and conductivity of the textile conductor from the best fit data
of the maximum transducer gain by the least square estimation sense. The validation
with the textile passive low-pass RF filters confirmed the applicability of our textile

characterization method to the wireless communication circuit development.

In the next phase of research, a variety of antenna optimization approaches were
proposed to fulfil the on-body wireless communication requirements based on the far-
field UHF RFID system [Publication II]—[Publication VI|. Firstly, a low-profile
headgear antenna on a periodic surface with high directivity and end-fire beam along
the head’s surface has been developed for the UHF RFID tag. According to the on-
body measurement of the antenna prototype, our proposed tag antenna with quasi-Yagi
configuration facilitates the high read range of 6 meters forward from the user’s head.
Interestingly, we utilized the reflector as another dipole with a broadside radiation
pattern and a good detection range of 5 meters above the user’s head. Hence, in one

antenna platform, we can achieve a dual-ID RFID tag.

The wearable forearm RFID reader antenna has been optimized for biomedical
application [Publication IV]. Thanks to folding and meandering techniques, the
proposed antenna maintained a small footprint of only 67 mm X 95 mm X 5 mm with
flexible and lightweight materials that provide comfort to the users. The unexpected
interaction of the human tissue on the antenna radiation and SAR level

was significantly reduced by the presence of the periodic surface made of a 2-by-3 grid
of unit cells with the ground plane. In the practical testing, we are able to detect the
passive UHF RFID tag in the range of 3.8 meters with the reader’s output power of 32
dBm (EIRP = 0.56 W) at 915 MHz.

At the final stage of the research, we introduced a circular polarization RFID tag
antenna with a small dimension of only 50 mm X 50 mm X 4 mm for wearable
applications [Publication V] and [Publication VI]. The signal plane of the antenna is
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shaped by the four truncated corners and the I.-and cross-slots, providing a low axial
ratio and a high read range of 915 MHz. In the wireless measurement with the on-body
condition, the proposed antenna provided a read range of above 5 meters and the axial
ratio of 2 dB at the UHF RFID frequency band. The antenna radiation pattern is
orthogonal to the body surface with a directivity of 6.7 dBi. According to the coverage
analysis, there is a 50% probability that the antenna tag can be detected by the reader
within the detection range of 2.3 meters.

To summarize, this research has provided novel approaches for improving the wearable
designs and added wvalue to further on-body wireless communication system
development. The simulation and experiments of the antenna in this thesis have proved
that there is a great possibility of employing the wearable textile antenna with multiple
features on the body to replace the conventional rigid antennas in several applications
in daily life.

5.1 Future Work and Perspectives

In the development of the textile material characterization, the improvement can be
considered by employing multiple transmission lines. This approach reduces the errors
from fabrication and increases the accuracy of the characterization outcomes. Besides,
the electrical line-to-connector transition between the connector and the beginning of
the transmission line should be considered to reduce the uncertainty. For the headgear
and forearm antenna, developing more compact structures for the modern on-body
system cannot be ignored. If the antenna’s periodic surface and the signal plane are
investigated further, the total size of the antenna is reduced. Besides, the antenna can
be possessed in the circular polarization configuration to reduce the polarization
mismatch. Although the CP patch antenna shows superiority in the antenna footprint
and good detection range, the antenna should be equipped with an omnidirectional
radiation pattern along the body surface, which would extend its use to on-body

communications.
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Abstract - Characterization of unconventional materials is essential in the field of
microwave engineering. In this study, we present a method for the microwave
characterization of conductive and non-conductive textile materials. Our approach is based
on fitting the material parameters of a numerical microstrip transmission line model so that
the simulated signal transmission properties match with the data we measure from
implemented test lines. Unlike many conventional test structures, such as cavity resonators
and waveguides, microstrip lines can be readily manufactured in textile technology with
rather relaxed tolerances in the fabrication process. In addition, our method provides
estimates for all three key material parameters; frequency-dependent relative permittivity
and loss tangent of the non-conductive line substrate and the bulk conductivity of the strip
conductor. For validation, we have characterized conventional microwave laminates and
compared the data with the datasheets and literature, and used our parameter estimates for
the textile materials to optimize fully textile-based low-pass filters. Overall, the results
confirm the applicability of our method for microwave engineering with textile materials.

I.  INTRODUCTION

Recently, the textile materials have been replacing circuit boards in wearable devices and body-
worn wireless applications because they enable seamless cloth-integration [1][2]. Nevertheless,
the high-frequency characterization of textiles and electro-textiles in terms of the relative
permittivity, loss tangent, and conductivity is challenging, because the conventional methods rely
on procedures that are not suitable for textile-based flexible and compressible materials. The two-
line method was introduced [3] for measuring the relative permittivity of circuit board materials,
however, it does not provide the loss tangent. The other conventional methods rely on the accurate
manufacturing of test structures, such as resonators and waveguides, and the direct inversion of
their closed-form design equations [4][S][6][7][8][9]. In contrast, our approach stems from the
numerical model fitting. According to our findings, this provides a more robust method that
provides a not only a frequency-continuous dielectric model but also an estimate for the bulk
conductivity. Overall, it balances the ease of use and data processing and sufficient accuracy for
microwave engineering applications. Importantly, it is appropriate to the novel textile or flexible
substrates and conductor materials that are required for building modern wearable electronics
devices.

To summarize our method, at first, we implement a transmission line on an unknown substrate
using copper foil as a conductor and estimate the relative permittivity and loss tangent of the
substrate by fitting the simulated maximum attainable transducer power gain of the line to the
measured one in the least-squares sense. Next, we apply the same approach for estimating the
conductivity of an electro-textile conductor on the known substrate. We have tested the method on



conventional circuit board materials and textiles. As a further validation, we used the obtained data
for optimizing textile low-pass filters and found very close agreement between their simulated and
measured properties. In the future, we will utilize the method for optimizing wearable textile
antennas and microwave components.

1I. BACKGROUND AND THE MATERIAL MODELS

A. Microstrip transmission line

Microstrip line is a planar microwave transmission line with the cross-sectional structure shown
in Fig. 1. It comprises a strip conductor and a ground plane separated by a dielectric substrate layer
and supports quasi-TEM (transverse electromagnetic) wave propagation towards the direction
normal to the cross-sectional plane. Due to its simple structure that is compatible with standard
circuit board manufacturing methods, the microstrip line is a widely used interconnection in
microwave circuits [10].

w
HStrip conductor (o)

Substrate (g, ts) h
G

Ground conductor (@) | G>> Wand G >> h |

Figure 1. Cross-sectional view of a microstrip transmission line.

Overall, the width of the strip conductor (#), thickness of the substrate (%) and the relative
permittivity (e-) of the substrate are determinant for the phase constant and characteristic
impedance (Zy) of the line, whereas the conductor thickness (7) and conductivity (¢) of the strip
and ground conductors, and the loss tangent of the substrate (z5) determine the signal attenuation.
Normally, circuit designers rely on ¢, as the key parameter to optimize the line width to achieve Zy
that equals their system impedance, which is very often 50 Q. This is done to minimize the signal
reflection at the beginning and end of the line that would be caused by impedance discontinuity.
In contrast, our method of estimating the material parameters of an unknown substrate and
conductor materials relies upon a reverse approach: we adapt the material parameters in our
numerical model of the line so that the simulated results match with the data that we measure from
a test line built using the materials of interest.

Since in our case the material parameters are unknown, we cannot compute Z of the test lines.
Therefore, we base the model fitting to the maximum attainable transducer power gain (Gua) of
the line, which we will refer to as ‘maximum gain’ from here onwards. By definition, it is the
power gain parameter that excludes the signal reflection loss due to impedance discontinuity at the
in/output of the line and is thus determined totally by its internal structure and materials. The
maximum gain is computed as [10]

|521| 2
Grnax = IS_HI(K - VK2 -1), (1)

where K is given by
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and Sj are the elements of the 2-by-2 scattering matrix S of the line. It should be noted that since
a transmission line is a passive two-port device, i.e. Gumax < 1, it is unconditionally stable with K >
1, which guarantees that equation (1) is well-defined.

B. Frequency-model of the relative permittivity and loss tangent of dielectric material

In the notion of complex relative permittivity (&), the real-valued physical relative permittivity
(&) of a material is given by &, = Re(&,) and its relation to loss tangent (¢5) is given by [10]

& =¢ —je" =¢€'(1—jts), 3)

where j is the imaginary unit. Considering the dielectric relaxation phenomenon, the
Svensson/Djordjevic model provides a frequency-dependent complex relative permittivity, which
is computed as [11][12][13]

fut+if
fi+if’

&(f) =éx +aln “

where f; and fy define the model’s low- and high-frequency trends, a is a constant and
f — 0 = & — &,. Now, the knowledge of the values ¢, and s at a given central frequency fo,
enables the modelling of their values at a range frequencies around it as follows. First, using
equation (3), the constant a can be computed from equation (4) as

fu +Jfo )’ 5)

fu+ifo

a = _Erotb‘olm (1[1

where &0 = efp) and ts0 = t5(fp). Consequently, the constant & can be solved from equation (4) and

then equation (3) implies that

_Im(&(H)
Re(&:()

As will be explained below, our model fitting method targets at estimating the central frequency

parameters & and t5 of a dielectric materials through comparison of data from numerical
simulations and measurements of a microstrip transmission line built on the material of interest.

&-(f) = Re(§(f)) and t5(f) = (6)

C. Conductor model

According to the laws of electromagnetism, the amplitude of the current density inside a conductor
decreases exponentially with the depth measured from the surface and the skin depth (9) is defined
as the distance where the amplitude has declined by the factor of 1/e from its value at the surface.
In general, J can be approximated as [10][14]

2
5= |—, (N
wpo



where x4 and o are the magnetic permeability and the bulk conductivity of the conductor,
respectively, and w is the angular frequency. Thus, it is natural to expect that the energy loss in a
conductor is, in addition to the parameters in equation (7), a function of the conductor thickness.

Because the analysis of finite thickness conductors can be computationally demanding,
numerical tools often model planar conductors as infinitely thin sheets with a surface impedance
that approximately accounts for the impact of the finite thickness. In our simulations, we have used
the double sided skin effect model that assumes the current is flowing on the two planar surfaces
of the conductor [15]. In this case, the conductor (thickness: 7) is divided into two equal layers of
thickness #/2 and each layer is modeled as two infinitely thin sheets in parallel, both having the
surface impedance given by [14]

a-5 t
Zs = tl(1-7)==]). 8
j = oot (1= g5 ®)
As will be explained below, our model fitting method targets at estimating the bulk conductivity
of electro-textile materials through comparison of data from numerical simulations adopting the
above described conductor model and measurements of a microstrip transmission line.

111 DATA PROCESSING AND THE ESTIMATED MATERIAL PARAMETERS

A. Model fitting based on the least-squares method

We used the least-squares method to estimate the best-fit values for the material parameters &,
ts0, and o. In this process, we varied them over a given interval in the numerical simulation of a
microstrip transmission line and extracted the corresponding scattering matrices Syn over the
frequency range of interest. For each set of material parameters, we then computed the sum of the
squared residuals with respected to measured data (Syes) as

N 2
E(€ro ts0,0) = Z (Gmax(sglr)n) - Gmax(sglgs)) ’ ©)

n=1

where the superscript (7) denotes the frequency index and looked for the one that minimized E.
Here we selected the Guax as the model function, because it is sensitive for the material parameters
and a key parameter in the optimization and performance evaluation of most microwave devices.

Overall, our model fitting strategy was two-fold. First, we implement a microstrip transmission
line on an unknown substrate using copper foil with known properties as the conductor. Then we
estimate & and zs5 in the least-squares sense by identifying the values that minimize E(&0, #50).
Next, we estimated o of an unknown conductor of a line built on the substrate with previously
estimated & and s, but this time minimizing E from equation (9) with respect to the single
parameter ¢. In the following sections, we will describe the numerical modelling and data
processing in more detail.

B. Experimental arrangement, simulations, and data processing
Firstly, we built the test lines with the properties listed in Table 1 for the estimation of the dielectric
properties of three substrate materials: FR4 circuit board (Bungard Elektronik) [16], Arlon
AR1000 high-permittivity microwave laminate [17], and textile cell-rubber foam ethylene-

propylene-diene-monomer (EPDM) from Johannes Birkenstock Gmbh [18]. Secondly, we used
the FR4 as a substrate for test lines (see Table 1) for estimating the conductivity of two conductive



fabrics: Nickel and Copper plated fabric (Shieldit Super from LessEMF) [19] and Copper plated
fabric (Pure Copper Taffeta from LessEMF) [19], which will be referred to as NCPF and CPF,
respectively, from here onwards. In this experiment, both the line and the groud plane were
implemented from the conductive fabric under test.

Our method of estimating the material parameters does not impose any specific requirements
for the widths and lengths of the test lines and we have chosen these dimensions considering the
ease of manufacturing and testing. The lengths of all the lines were 65 mm and to ensure quasi-
TEM wave propagation in the structures, the ground plane was extended 4 times the line width on
boths sides of the lines. We used regular SMA (SubMiniature version A) soldered to all the lines
to connect them to vector network analyser (Keysight ESO80A) for the measurement of the S-
parameters over the frequency range from 400 MHz to 3 GHz. This frequency range was
considered in the model fitting since it covers many of the relevant wireless communication bands
for wearable wireless systems, such as MedRadio at 401-406 MHz, the worldwide ISM band
centred at 2.45 GHz, GPS at 1575.42 MHz, and UHF RFID bands at 866 MHz and 915 MHz.

For numerical simulations, we used Keysight ADS, where we implemented the models of the
measured lines using the dielectric and conductor models described in Section II. From the
simulation, we extracted the S-parameters of the lines. Finally, we computed the maximum gains
of the lines from the simulated and measured data using Equations (1-2) and performed the two-
step least-squares model fitting, as described above, using Matlab.

TABLE I
Properties of the test lines.
Step 1: Estimation of the dielectric properties.
. Conductor .
Thickness Conductor thickness Conductivity Strip width [mm]
[mm)] [1im] [MS/m]
FR4 1.5848 Plated copper 35 58 6
AR1000 0.127 Plated copper 35 58 6
EPDM 3 Adhered 40 58 6
copper foil
Step 2: Estimation of the conductivity.
Conductor Substrate Estimated Estimated
. (FR4) substrate L
thickness : substrate #s at Strip width [mm]
[m] thickness grat 1 | GHz
K [mm] GHz
NCPF 76 1.5848 443 0.017 3
CPF 73 1.5848 4.43 0.017 3

Table II shows the estimated relative permittivity, loss tangent at our centre frequency of 1
GHz, and the bulk conductivity. As illustrated, the estimated relative permittivity and loss tangent
of FR4 agree closely with the values reported in [19]. Similarly, for AR1000, which is a high-
permittivity microwave circuit board, the estimate agrees with the manufacturer’s data although
our estimate for the permittivity is slightly higher. The reason may be the thickness of our material
sample, which according to the manufacturer affects the relative permittivity due to material
processing. Finally, the estimated relative permittivity of the EPDM textile material is 1.534,
which is close to the values used in [20][21] for practical antenna designs.



TABLE 11
The estimated material paramaters.

Dielectric properties
Estimated values Reference values
erat 1 GHz | tsat1 GHz erat 1 GHz tsat 1 GHz
FR4 4.43 0.017 4.6[13] &4.5[16] |0.018[13] & 0.015[16]
AR1000 12.99 0.003 10[17] 0.0025 [17]
EPDM 1.534 0.01 1.2120] & 1.23 [21] 0.02 [21]
Conductivity [S/m]
NCPF | 0.7x10° CPF | 2.6x10° |

After finding the best-fit data for the dielectric materials, the conductivity of the electro-textile
materials was varied in the numerical simulation to find a value that provided the best-fit between
the simulated and measured maximum gain of test lines listed in Table I. The obtained
conductivities for NCPF and CPF were 0.7x10° S/m and 2.6x10° S/m, respectively.
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Figure 3. Simulated and measured maximum gain of three tested lines. Left: AR1000,
center: EPDM with adhered copper foil, right: FR4 with NCPF.

As can be seen from Figure 2, the frequency model for the relative permittivity and loss tangent
which we implemented in the numerical simulation, gives only small frequency-variation over the
studied range from 400 MHz to 3 GHz. Thus, although the dielectric relaxation model in the



numerical simulation may have improved the model fitting, for most microwave engineering
applications, we could also model the studied materials using constant values as estimates for the
relative permittivity and loss tangent over this frequency band. However, for instance the dielectric
properties of FR4 have been shown to exhibit significant variation over decades of frequencies
[13]. Finally, Figure 3 presents the simulated and measured maximum gain of three of the studied
lines. The results agree closely, also in the case textile materials, demonstrating the effectiveness
and applicability of our method for wearable electronics applications.

V. SAMPLE DESIGNS AND MODEL VALIDATION

In this section, we present the implementation and testing of low-pass stub and stepped impedance
filters using the estimated material parameters from Section III. Filters were selected in this
validation, because they are examples of common microwave transmission line components which
are sensitive towards material parameters and exhibit strongly varying frequency responses. The
filters were fabricated on copper-plated FR4 and on EPDM with both electro-textiles we have
characterized.

A.  The microstrip line low-pass stub filter

The structural diagram of a microstrip line low-pass stub filter is shown in Figure 4. Here the filter
SF1 is built on FR4 with plated copper, and SF2 and SF3 are on EPDM with adhered CPF and

Figure 4. The structural diagram and manufactured prototypes of the low-pass stub
filters. Top: SF1, bottom left: SF2 and bottom right: SF3.

CNPF, respectively. The geometrical parameters of the filters are listed in Table III. The key-
parameters for optimizing the filter are the lengths, widths and separations of the three open
circuited stubs. This way, the reactive loading is added to the transmission line to tailor the desired
filtering frequency response for it [10]. We designed all the filters for 50 Q system impedance.
The targeted specifications were pass-band with the maximum of 1 dB signal attenuation up to 1.5
GHz, and input and output reflection coefficients better than —10 dB and the minimum stop-band



attenuation of —10 dB starting at 2.2 GHz. Here, we considered the third order filter topology
sufficient. Table III lists the dimension of each segment of the low-pass stub filter.

TABLE III
LOW-PASS STUB FILTER GEOMETRICAL PARAMETERS

Dimension (mm
Symbol SF1 SF2 SF3
W1 7.8 9.2 9.2
W2 7.7 13.8 13.8
W3 5.67 4 4
W4 4.88 3.7 3.7
W5 0.8 1.2 1.2
W6 3.71 10.3 10.3
L2 1.091 0.5 0.5
L3 0.7 1 1
L4 8.6 9.8 9.8
L5 7.8 3.8 39
L6 20.66 17.9 17.9
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Figure 5.

As shown in Figure 5, the simulated and measured results for the FR4 filter (SF1) are in excellent
agreement and the filter meets its specifications. The comparison between the numerical model
and the measured results for the textile filters (SF2 and SF3) show also good agreement although
a small difference can be observed in the stop-band attenuation. A possible source for this maybe



the slightly non-planar profile of the textile material which has affected the properties of the open-
circuited microstrip line stubs that are determinant for the response of the filters. However, the
agreement in the pass-band is excellent and the difference in the simulated and measured Sii
magnitude is less significant, because the discrepancies occur at very small values below —14 dB.

B. The microstrip line low-pass stepped impedance filters

Stepped impedance filter is another common class of microwave transmission line filters [10]. It
benefits from simpler structure and design compared with the stub filter, but does not provide as
sharp transition between the pass- and stop-bands. Unlike the stub filter, where the stubs are tuned
to achieve the reactive loading for engineering the desired pass- and stop-bands, in stepped
impedance filter this achieved by alternating line sections with maximally low and high
characteristic impedances. These correspond to wide and narrow line sections, respectively. The
structure and manufactured prototypes of three stepped impedance filters are shown in Figure 6
with their geometrical dimensions listed in Table IV. All the filters were designed for 50 Q system
impedance with the pass-band corner frequency with 3-dB attenuation at 1 GHz and stop-band
starting frequency with more than 15 dB attenuation at 2 GHz.

L

Figure 6. The layout and samples of stepped impedance low-pass filters. Top right: SIF-1,
bottom left: SIF-2 and bottom right:SIF-3

TABLE IV
Low-pass stepped impedance filter geometrical parameters.

No. Substrate Conductor L Wi L, W,
SIF-1 FR4 Copper 6 25 15 1
SIF-2 EPDM CPF 16 43 21 2
SIF-3 EPDM NCPF 16 43 21 2
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Figure 7. Simulated and measured S-parameters of the stepped impedance filters.
Top: SIF-1, bottom left: SIF-2 and bottom right: SIF-3

The simulated and measured S-parameters of the three stepped impedance filters are presented in
Figure 7. In all cases, the designed filters meet their specifications. The simulated and measured
Si11 parameters agree closely and the simulation predicts the pass-band attenuation well. Towards
higher frequencies, there are differences in between the simulated and measured S»1 parameters of
SIF-1 and SIF-3. The is likely due to manufacturing tolerances, such as the width of the narrow
line sections and the impact of the finite physical distance between the point where the SMA
connectors contacts the line and the calibration phase reference plane of the VNA, which is inside
the connector’s body. However, this is less critical, since the discrepancies occur in the stop-band
where the key-requirement for the filters’ performance is the sufficient attenuation and not the
signal transmission properties.

V.  CONCLUSION

The knowledge of the relative permittivity and loss tangent of dielectrics and the conductivity of
conductors is pertinent to the judicious optimization of microwave circuits and antennas. In
particular, it is important for wearable electronics applications, because unlike regular circuit
boards, the textile materials do not come with specified electromagnetic properties. To address,
this challenge, we presented a microstrip transmission line model fitting approach for the
estimation of these parameters for regular fabrics and electrically conductive textiles. The method
benefits from simple test structures, which are readily built from textile materials with relatively
relaxed manufacturing tolerances, and uncomplicated data processing. We have applied the
method on circuit boards with known properties and to different textile and electro-textile materials
within the frequency range from 400 MHz to 3 GHz. The obtained results are consistent with the
published literature and datasheets. Moreover, we optimized transmission line low-pass stub and
stepped impedance filters, using the estimated material parameters in numerical simulations. The
comparison of the simulated and measured responses of the filters provided further assurance for
the effectiveness and applicability of our method for wearable electronics applications.
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Abstract—We present a wearable quasi-Yagi antenna on a
periodic surface for a dual-ID passive UHF RFID tag embedded
in headgear. The antenna produces a near end-fire radiation
pattern directed towards the user’s line of sight with the directivity
of 4 dBi. Moreover, it integrates another tag by utilizing the Yagi
antenna’s reflector as a second dipole tag antenna with broadside
radiation directed upwards from the user. Hence, in one platform,
we obtain a dual-ID tag with near end-fire and broadside patterns
for the two tag IDs. The former is achieved by inserting a periodic
surface made up of a 2-by-2 grid of square loops in between the
antenna and the body. This enhances the launching of surface
waves for achieving the end-fire radiation and suppresses the
undesired electromagnetic antenna-body interaction.

Keywords—quasi-Yagi antenna; RFID tag; periodic surface;
wearable antenna

1. INTRODUCTION

The development of microwave and antenna technology
considering the human body as the operation environment is
pivotal to achieving versatile and reliable wireless body-centric
systems. Such technology is at demand in several application
areas including e.g. wireless health monitoring. The
employment of radio identification (RFID) and RFID-inspired
backscattering communications has been established an
advantageous solution for low-power body-centric systems.
Nowadays, several wearable antennas have been researched for
this application [1-3], but in terms of the radiation pattern, it is
challenging to aim the directional radiation beam in the antenna
plane, because when worn on the body, antennas such as
dipoles that are omnidirectional in the air become directive
towards the normal of the body surface [2]. Previously, an
ellipsis shaped center-fed microstrip patch antenna for headgear
was shown to produce a monopole-like pattern around the head
at 5.8 GHz [3]. However, the dimension of antenna is not
scalable to the UHF RFID bands centered at 915 MHz.

To advance upon these works, we prosed a quasi-Yagi
headgear RFID tag operating at 866 MHz that provided a
directive beam in the antenna plane towards the front of the user
[4]. However, despite the suitable end-fire pattern, the antenna
gain remained limited —14.2 dBi, which may limit applicability
in practice. In this work, we introduce an enhanced periodic
surface and further antenna optimization that enables more than
3-dB improvement in the end-fire gain within the same antenna

size. In addition, to enhance the versatility and spatial coverage
of the tag, we create a second dipole tag in the same platform
by reusing the Yagi antenna’s reflector as a second tag antenna.
With this approach, the antenna provides radiation pattern also
in the upward direction of the user’s head without increasing its
size. Another challenge in this research is that the total footprint
size of the antenna should be restricted to around 80 mm by 80
mm for fitting it in a headgear. At 915 MHz, this is
approximately 0.250 x 0.25A, whereas a conventional Yagi
antenna features a 0.5 reflector and other elements of
comparable size. Thus, we have employed folding of the
reflector, driven element, and the director for the purpose of
miniaturization.

II. ANTENNA STRUCTURE AND DESIGN CONSIDERATIONS

A. Concept and Requirements

The main idea is to develop the quasi-Yagi antenna and the
folded-dipole based reflector on top of the human head and
pertain the near end-fire radiation pattern and dipole-type
radiation. To achieve this target, we isolate the antenna section
to the body part by the periodic surface rather than the regular
ground plane, which degrades the antenna properties due to
image current. In general, the antenna development in this
research is motivated by previous research [5] and [6]
introducing on body Yagi antenna and for the on body dipole
antenna, [8] EBG-based RFID dipole tag for rugged on-body
and metal mounted applications and the periodic surface wave
analyze shown in [9]. In this research, the antenna modelling
and optimization was done by ANSYS High Frequency
Structure  Simulator (HFSS), which is a full-wave
electromagnetic field solver based on the finite element method.
The antenna modeling employs the simplified head and neck
model and antenna installation. The size of the polygonal
cylinder representing the head and neck is approximate to actual
adult male head size. The cylinder material is skin (& = 41.6, ¢
= 0.86 S/m), because it is the tissue type closest to the antenna.
The antenna placement on the head model is shown in Fig. 4.
Considering the wearable application, we used flexible EPDM
cell-rubber foam (g = 1.53, 6 = 0.01 S/m [11]) as the antenna
substrate. Moreover, the UHF RFID microchip (NXP UCODE
G2iL; turn-on power —18 dBm) is mounted at the dipole’s feed
point. The chip is modelled as a parallel connection of R = 2850



kQ and C = 0.91 pF [14], which is the impedance of 12.8-j191
Qat 915 MHz.

B. Periodic Surface

The load periodic patch facilitates the propagation of the
electromagnetic wave in all incident angles and polarization
phase at the operating frequency [9]. The dimension of these
square patches is simulated and optimized based on the Floquet
theory and the periodic boundary condition by using HFSS
software [13]. The main target of the load periodic patch is to
get 90° + 45° reflection phase response at desired frequency
region including 915 MHz [9]. Following the guidelines from
[9], we set the size of the square patches to W = 0.1\ at 915
MHz and their spacing to g = 1.5 mm. The simulation model of
unit cell and the phase reflection are shown in Fig. 1 and the
specific dimension is illustrated in Fig. 2. Next, the periodic
stirface is composed of a 2-by-2 grid of the unit cells.

reflection phase [deg]

(T RT™) o5 om  os  0sm om0

Frequency (GHz)

Fig.1. The Floquet port simulation and reflection phase outcome of the load
periodic patch.

C. Antenna Structure and Design Principles

The Uda-Yagi antenna consists of three crucial sections,
namely driven element, director and reflector and the reflector
in this research also plays as another dipole antenna which is a
commonly used antenna configuration in UHF RFID tags.
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Fig. 2. The geometry and dimension of the antenna in details.

As shown in Fig. 2, we have folded all the element of the
antenna to ensure it fits in 80 mm by 80 mm limited head
dimension as demonstrated. To maximize the tag’s readable
range and total gain, we optimized antenna impedance to equal
the complex conjugate of IC chip’s impedance by using

inductive loop matching defined by parameters » and s for the
driven element and y/ and y2 for the dipole based reflector.

Signal plane ™

= v
o / Load periodic patch

,/’/ Substrate 2

-
Ground

(=

f
Fig.3. Exploded view of the antenna.

The exploded view of the antenna in Fig. 3 illustrates the
number and the order of antenna layers. The first layer is the
signal plane of the Yagi and dipole-based reflector antenna.
This layer is printed on a polyester (PET) substrate with
mechanical flexibility and relative permittivity & = 3.2 and loss
tangent tand = 0.003 [12]. The thickness of the PET substrate
and copper conductor are 35 pm and 18 pm. Next, we set up
them on the first 3 mm thickness EPDM substrate that are the
second layer. The third layer is the load periodic patch also
printed on the flexible substrate, which is placed on the second
EPDM substrate. The last layer is the ground plane.

III. SIMULATION RESULT AND DISCUSSION

The 3D gain pattern of the antenna installed on the head and
neck model at 915 MHz is demonstrated in Fig. 4. It can be
observed that the radiation pattern direction of quasiYagi
antenna with the periodic surface is towards the negative x-axis
and those of the dipole-based reflector is upwards the positive
z-axis. The maximum gain of the Yagi antenna and the dipole
are -7.5 dB at ¢p=180° and § = 45" and -6.1 dB at ¢p=180° and 0
= 0" respectively. Fig. 5 illustrates directivity and an attainable
read range of two antennas from 860 MHz to 960 MHz.

N

Fig. 4. Simulated 3D gain pattern of the Quasi-Yagi antenna (left side) and
dipole based reflector (right side) at 915 MHz.



The maximum directivity of the Yagi antenna is 7 dBi at
=180° and & = 45’ and 4 dBi at ¢=180° and & = 90°. Those of
the dipole antenna is 6.6 dBi at p=180° and = 0".

The dimensional miniaturization to fit the antenna on the
human head comes at the cost of reduced gain, which is also
partly impacted by the dissipative biological background.
However, in terms of the attainable read range of the tag, the
highest value that Yagi antenna can provide is approximately 4
meters at ¢p=180° and 6 = 45" and 3 meters in the direction
where the user is facing.

Moreover, the attainable read range of the dipole antenna
reaches 5 meters at 920 MHz and approximately 5 meters at 915
MHz at upward direction. Towards user’s facing direction, the
read range of this antenna is only 1.5 meters, which is much

lower than that of the Yagi antenna is as expected.
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Fig. 5. Simulated directivity and an attainable read range of the Yagi antenna
(continuous line) and the dipole based reflector (dash line).

It is noted that the computed read range of both antennas by
the Friis’ model as described in [2] under the RFID emission
limit of 3.28 W EIRP is above 3.5 meters (Yagi antenna) and
5.5 meters (dipole antenna). In addition, it should be noted that
these distances could be increased by a factor 1.7 to 5.9 meters
and 9.3 meters, respectively, with the latest IC chip such NXP
UCODE 8 chip having lower turn-on power of —23 dBm. The
previous research [4] presented a Quasi —Yagi antenna with
single ID for a headgear. In this research, with the modification
of the antenna geometry and the feeding point position, the
antenna gain is doubly improved. Moreover, we have created a
second tag on the same platform by inserting by utilizing the
reflector element of the Yagi antenna as a dipole tag with a
second IC chip. It provides broadside pattern directed upwards
from the user, thus enhancing the versatility and spatial
coverage of the system without increasing its size.

IV. CONCLUSION

We introduced a novel two antenna system that provides a
dual-ID RFID tag for a headgear. It comprises quasi-Yagi
antenna where the reflector element is reused as an independent
dipole antenna and the two RFID ICs are mounted in the driven
element and reflector. The quasi-Yagi tag (IC in the driven
element) exhibits end-fire pattern in the antenna plane towards
the direction the user is facing and the dipole tag (IC in the
reflector) produces broadside pattern directed upwards from the
user. The end-fire pattern of the quasi-Yagi tag is enabled by a
periodic surface composed of a 2-by-2 grid of square loops
between the antenna and the head. The surface was optimized
to support the launching of surface waves thus enhancing the
end-fire radiation. Simultaneously, it helps decoupling the
antenna from the biological background for reducing the
undesired antenna-body interaction.
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Abstract—We present a dual-ID RFID headgear based on
quasi-Yagi antenna where we reuse the reflector element as
second dipole antenna that provides radiation pattern
upwards from the user’s head. Thus, we achieve
simultaneously the broadside and end-fire patterns without
increasing the size of the antenna platform. For avoiding the
unpredictable impact of the surface of the human body to
the electromagnetic properties of the antenna platform, we
inserted a periodic surface made up of a 2-by-2 grid of
square loops beneath it. It facilitates launching of surface
waves thereby enhancing the end-fire radiation for the
quasi-Yagi antenna and its back metal plate isolates the
antenna platform from the human body. We have fitted the
whole structure on the headgear by folding the quasi-Yagi
antenna elements and created the antenna on a low-
permittivity textile substrate. Moreover, we have modelled
the antenna in both simple and anatomical head models,
both including curvature, and measured the attainable read
ranges of 6.8 meters and 5 meters, for the quasi-Yagi and
dipole tags, respectively, in head-worn configuration.

Index Terms—quasi-Yagi antenna; RFID tag; periodic
surface; wearable antenna

I. INTRODUCTION

The advent of the wireless era in medicine and healthcare has
prompted a huge demand for the development of wireless body
area systems comprising implantable and wearable devices [1-
4]. With their energy-efficient and versatile characteristics,
radio frequency identification (RFID) and RFID-based
backscattering communication systems have been recognized
as compelling solution for low-power body-centric systems.
This cutting-edge approach offers marked benefits for wireless
health technology [5-7]. The operation of the RFID system is
based on the electromagnetic waves transmitted by the reader
and the backscattering of the modulated digital signal from the
passive RFID tag, in which an ultra-low-power integrated
circuit with an antenna provide identification and sensing
functionalities [8-12]. Very often, these tags also need to be

D. Le, L. Ukkonen and T. Bjérninen are with Faculty of Medicine and
Health Technology, Tampere University, Tampere, Finland.

seamlessly integrated into wearable items to be worn directly
on the body [13-14]. Recently, some efforts have been made to
develop antennas for the headgear configurations [15-18]. A
multi-layer antenna in the form of a microstrip patch antenna
has often been integrated into military berets. This device
benefits from antenna-body isolation by the ground plane [15].
Nevertheless, for planar antennas, it is challenging to get the
directive radiation pattern in the antenna plane, since in their
standard configurations, most antennas with ground plane, such
as microstrip patch antenna, provide directive broadside
patterns and when placed on body. Previously, an ellipsis
shaped center-fed microstrip patch antenna for headgear has
been shown to produce a monopole-like pattern around the head
at 5.8 GHz [16]. However, the dimensions of this antenna are
not scalable to the UHF RFID bands, which are centered at 866
MHz or 915 MHz worldwide.

In an earlier study [17], we presented our head-worn quasi-
Yagi antenna on a periodic surface made up of square patches.
Although end-fire radiation was achieved, the simulated
antenna gain remained limited to —14.2 dBi, which may limit
the applicability of this scheme in practice. After further
research [18], we optimized the antenna’s geometry and
changed the periodic surface into a 2-by-2 grid of square loops,
which doubled the antenna’s end-fire gain in the simulations.
Moreover, we reused the reflector as the second dipole antenna.
Hence, this antenna was also able to direct the radiation pattern
upwards from the user’s head without changing the total size of
the antenna footprint. To achieve the required level of
miniaturization, we utilized the folding technique for the
reflector, the driven element, and the director. This reduced the
size of the antenna by up to 50% compared to a conventional
dipole antenna. Consequently, the antenna was approximately
0.25% x 0.25X or 80 mm by 80 mm, which allows it to be fitted
into the headgear.

In order to advance the previous research further, in this
study we validate the modelling result using more realistic head
models (simplified and anatomical) both including curvature
and implement two-port modeling approach to more accurately
account for the mutual coupling between the two radiating
elements. Moreover, for the first time, we present measured
results of the headgear RFID tag. The tag’s performance is
characterized by measuring it in head-worn configurations both
from the front and above of the user.



II. THE ANTENNA STRUCTURE, EM OPTIMIZATION AND
EVALUATION OF THE TAG’S PERFORMANCE

The antenna development began by considering the quasi-Yagi
antenna structure shown in Fig. 3. The antenna structure
originates from [19-20], where the Yagi-Uda latex antenna
configuration on the AMC (artificial magnetic conductor) was
proposed to produce the end-fire radiation pattern, and it
advances and expands our initial studies [17-18]. For creating
the dual-ID RFID tag based on the developed antenna, we
interface it with NXP UCODE G2iL RFID microchip [21] with
the turn-on power of —18 dBm and its frequency-dependent
impedance was modelled as a parallel connection of a resistor
(R=2850 Q) and capacitor (C = 0.91 pF), where the equivalent
component values were measured in [21]. At 915 MHz, the IC
impedance is approximately 12.8—j191 Q. The metal layers of
the antenna were patterned from 18 pm thick copper on 35 um
polyester (PET; & = 3.2, ¢ = 0.003 S/m [22]) substrate. The
periodic surface was sandwiched between two textile layers of
flexible, ethylene-propylene-diene-monomer (EPDM) rubber
foam (&= 1.53, 6 =0.01 S/m [23]).

A. Periodic Surface

As discussed in our previous simulation studies [17-18], the
function of the periodic surface is two-fold. Firstly, its back
metal layer helps to suppress the unwanted electromagnetic
interaction between the antenna and the body and secondly the
periodic surface is optimized to facilitate the launching of the
surface waves in the antenna plane. Thus, it improves end-fire
radiation pattern of the quasi-Yagi antenna. After the process of
analyzing the periodic surface, the surface-wave antenna was
designed using a thin periodically loaded ground plane [24-25].
The unit cell of the periodic surface is optimized under Floquet
boundary conditions to get a 90°+ 45° reflection phase response
in the desired frequency region, which was centered at 915
MHz as shown in Fig. 1. Next, the symmetrical unit cell was
tuned in order to minimize the total size of the periodic surface
and to improve the stability of the reflection phase with respect
to the direction of the incident wave. Later, the periodic surface
dimensions were fine-tuned to fit with the total size of the
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Fig. 2. The periodic surface set-up on the EPDM substrate.

antenna. Finally, the periodic surface was developed by
periodically repeating unit cells along the x and y-axes’
dimensions, forming the units into a 2-by-2 grid as Fig. 2.

B. Numerical Model of the Quasi-Yagi Antenna

In this research, the RFID tag modeling and optimization
were conducted in an ANSYS High-Frequency Structure
Simulator (HFSS), which is a full-wave electromagnetic field
solver based on the finite element method. The major goal in
the optimization was to achieve bi-conjugate matching at the
two antenna ports with the impedance of the RFID IC
connected to them and achieving good end-fire directivity for
Port 1 (red marking in Fig. 3) and broadside directivity of Port
2 (blue marking in Fig. 3). In our modeling approach, we
consider the antenna as a two-port network.

In our initial assessment, the coupling between the ports was
found to be at maximum around —10 dB in under perfect bi-
conjugate impedance matching at the ports. This is not
significantly high, yet non-negligible in terms of the input
impedances of the two antenna ports. Thus, we have utilized the
two-port network theory in computing the input impedance of
both ports so that the loading effect of the ICs at connected to
them is accounted for and targeted to achieve bi-conjugate
impedance matching [26]. Moreover, we implemented the
frequency-dependent port terminations in the simulation model,
so that the full-wave modeling approach implicitly accounts for
the antenna array effects present at general N-port RFID grids,
which have been explicitly analyzed in [27].

Fig. 3. The top view of the quasi-Yagi antenna in the simulation (left side)
and an implemented prototype (right side).

TABLE 1
SIMULATED ANTENNA PARAMETERS
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Fig. 4. An exploded view of the antenna (a), the simple head model (b) the
anatomical head model (c).



The impedance matching at the two antenna ports is
controlled primarily by the geometrical parameters related to
the inductive matching loops built around the feed points. Since
the radiation efficiency and gain of the antenna are proportional
to its electrical size, the best solution is to make use of the
available space as efficiently as possible. Here the folding
applied on all the antenna elements helped to ensure that the
total size of the antenna would not exceed the size of an average
adult human head. For achieving the end-fire directivity for Port
1 and broadside directivity for Port 2, the geometrical
parameters related to the size and spacing of all antenna
elements were optimized within the footprint size of 80 mm by
80 mm, which we considered the maximum feasible size for the
considered application.

To account for the influence of the human body on the EM
properties of the antenna, we set up two head models illustrated
in Fig. 4(b) and Fig 4(c) for simulation of the antenna with the
exploded view illustrated in Fig. 4(a). The simplified head
human head and neck model in Fig. 4(b) is a polygonal cylinder
with a slight curvature on the top (curvature radius: 22 c¢cm) for
estimating the impact of bending of the antenna along the
human head. As our previous results have indicated that
including internal structures of the body in the simulation model
of wearable antennas for off-body communications had very
limited impact on the simulation results [14], we assigned the
cylinder to be homogenously filled and assigned it the dielectric
properties of the human skin (g = 41.6, 6 = 0.86 S/m at 915
MHz [28]). Here the skin was chosen as the filling material,
because it is the closest tissue material to the antenna. Overall,
the antenna was developed using the simplified model and final
results were verified using ANSYS anatomical human head
model of an adult male shown in Fig. 4(c). Similar with the
simplified model, this model has the same homogenous filling.
In terms of the computational cost, simple model reduced the
simulation time and mesh size by the factor of 0.77 and 0.70
compared with the anatomical model, respectively.

C. Simulation Results

The primary parameter for assessing the performance of the
RFID tag is the attainable read range. This is determined by the
efficiency of the wireless power transfer from the reader to the
tag IC and the sensitivity of the RFID’s integrated circuit. In
free space, the obtainable read range is given

A [{4ReGZRe(z;)) X G-EIRP
dmg o 2 ,
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where 4 is the wavelength of the reader’s signal, the factor in
the curly brackets is antenna-IC power transfer efficiency (0 <
T < 1) is determined by the matching the impedance of the tag
antenna, Z,, and the RFID IC, Z, respectively. G is the gain of
the tag antenna, E/RP = 3.28 W is the regulated isotropic
equivalent radiated power of the reader, P is the turn-on power
of the tag IC and  is the polarisation efficiency between the tag
antenna and the incident wave, 0 <y <1. The simulation results
in Fig. 9 predicted the attainable read range of both antennas at
different spatial observation angles, ¢ and 6, of a spherical
coordinate system centered at the tag. The angle 6 is zero at the

positive z-axis and is swept around the xz-plane, whereas ¢ =
0° at the positive x-axis and sweeps around the xy-plane.

At the UHF frequency band, the quasi-Yagi tag gave the read
range of 3 meters towards the end-fire direction (¢=180",
6=90°). The dipole-based reflector achieved around 5 meters in
the direction pointing upwards from the head (¢=180", 6=0").
The impedance and directivity of the quasi-Yagi and dipole-
based reflector antenna with the RFID IC are shown in Fig. 5
and Fig. 6. At 915 MHz, the input impedance of the dipole
antenna was 1617166 Q and quasi-Yagi antenna provided input
impedance of 42+ j192 Q. The directivity of the quasi-Yagi
antenna reaches peak at ¢ =180°, 0 = 45" with 6 dBi and covers
the most of the range from 0° < 0 < 90" with acceptable
directivity as shown in Fig. 6. The dipole-based reflector directs
radiation upwards from the human’s head and partly towards
the opposite side of the head as compared with the quasi-Yagi
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Fig. 5. Simulated (simple model) impedance of Yagi antenna (left side) and
dipole antenna (right side).
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antenna with the maximum directivity of 7 dBi at ¢ =180°, 6 =
-15". The simulated surface current distributions of the
proposed quasi-Yagi and dipole antenna at 915 MHz are shown
in Fig. 8. For the quasi-Yagi antenna, the current concentrates
on the meandered driven element and director, while reflector
has weaker surface current. In contrast, the current density is
strong at reflector in the dipole antenna simulation.

Table II summarized the simulated radiation properties of the
quasi-Yagi and dipole with two head models. In general, the
achievable gain and radiation efficiency of. The simple head
model illustrated 6% higher than those of the anatomical model.
Overall, although antenna performance was limited by the
presence of the dissipative biological background and the
miniaturization of the device, both Yagi and dipole antenna
provide the acceptable gain and directivity for the wearable
application.

TABLEII
SIMULATED ANTENNA PARAMETERS
Gain Directivi Radiation

Antenna [Model] [dBi] [dBi] v efficiency | ©
Quasi-Yagi [Simple] —1.6 6.7 15% 74%
Quasi-Yagi [Anatomical] -2 6.6 9% 72%
Dipole [Simple] =35 7 9% 75%
Dipole [Anatomical] -32 6.7 10% 70%

III. MEASUREMENT RESULTS AND DISCUSSION

A. Experimental Characterization

The authors experimented with the RFID tag wirelessly using
the Voyantic Tagformance measurement system inside an
anechoic chamber. A linearly polarized reader antenna was
connected to the Tagformance measurement devices and to a
computer to measure the tag performance. All the tag
measurements were conducted with head-worn configurations.
During the measurements we carefully aligned the tag antennas
to match the reader polarization in order to reduce any
polarization mismatch. We took two RFID tag measurements
with the reader in two different positions at the far field area of
the reader. These were in front of the head and above the head
to obtain the achievable read ranges of the tags at & = 90° and &
= 0’ of the antenna planes, respectively. The RFID reader had
an adjustable transmission frequency from 800 MHz to 1 GHz.
During the measurements the threshold power, (Ps), was
defined as the minimum transmitted power which enables the
tag to send a response. The path loss calibration from the reader
antenna to the location of the tag was done using the
measurement system’s reference tag. As detailed in [29], the
maximum read range (d,,) of the tag was estimated from its
measured threshold power, according to the equation [29]

A [EIRP Pep,
iy = = [FR0Pene 2
tag = um | A Py’ @

where, A is a known constant of the measurement system
describing the sensitivity of its calibration tag, and Py is the
measured threshold power of the reference tag.

B. Results and Discussion

Figures 9 and 10 show the measured attainable read range of
both tags and compares it with the simulations. In the direction
of the user’s line of sight, the frequency trend of the measured
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Fig. 9. Attainable read range of the quasi-Yagi tag (EIRP =3.28 W).
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read range of the quasi-Yagi antenna agrees with the simulation
results although the measured peak read range is higher. Both
results reached the peak at 900 MHz. The measured peak read
range quasi-Yagi antenna was 3 meters higher than the
simulated one and was attained around 12 MHz lower
frequency than predicted by the simulation. The read range of
the dipole-based reflector antenna reached 5 meters at 902 MHz
in the upward direction, which was 0.5 meter lower compared
with the simulated value. It should be noted that with the latest
IC chip, such as the NXP UCODE 8, which has a lower turn-on
power of —23 dBm, the detectable distance of the tags can be
enhanced by a factor of 1.7, i.e. to 11.5 meters for the quasi-
Yagi tag and 8.5 meters for the dipole tag. Finally, we reused
the reflector as a dipole antenna, which turns the whole platform
from a single ID to a dual-ID headgear UHF RFID tag. This
approach enhances the versatility and spatial coverage of the
system without increasing its size.

II.  CONCLUSION

Wearable antennas are core technology for modern wireless
body-area systems that enable important applications for
instance in the healthcare and medicine. We have presented
headgear antenna platform comprising quasi-Yagi and dipole
antennas that provide directive radiation patterns toward the
directions of the user’s line of sight and upward from the head,
respectively. This was achieved by reusing the reflector element
of the quasi-Yagi antenna as a dipole antenna and placing a
periodic surface underneath the antenna platform for enhancing
the end-fire directivity of the quasi-Yagi antenna. Moreover, we
impedance matched the two antennas to RFID microsystems
that exhibit low-resistance and capacitive impedance typical of
many RF energy harvesting systems, thus achieving a dual-ID
passive UHF RFID headgear tag. The measured attainable read
ranges of the two tag IDs in the head-worn configuration
reached 6.8 and 5 meters for the quasi-Yagi and dipole tags,
respectively. This verifies the operation mechanism of the
proposed antenna platform and demonstrating its applicability
to wearable power harvesting and backscattering
communications systems.
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ABSTRACT We present a quasi-Yagi antenna mounted on a periodic surface for a wearable UHF RFID
reader operating in the UHF RFID frequency band centered at 915 MHz. The periodic surface was co-
optimized with the antenna to enhance the launching of surface waves to enable the end-fire radiation along
the forearm so that a user can identify objects by pointing her/his hand towards them. In addition to the
radiation pattern modification, the ground plane of the periodic surface serves the second purpose of isolating
the antenna from the human body. We optimized the antenna in a full-wave EM simulator using a simplified
cylindrical model of the forearm and in the simulation, it achieved the end-fire directivity of 5.9 dBi along
the forearm. In the wireless testing, the quasi-Yagi antenna provided the read range of 3.8 m for a typical
UHF RFID tag having 0 dBi gain when the reader’s output power was 32 dBm that corresponds with
EIRP = 0.56 W and SAR = 0.191 W/kg in our simulations. Considering both, the RFID emission regulations
with EIRP = 3.28 W or 4 W and the SAR limit of 1.6 W/kg averaged over 1 gram of tissue, the read range
could be further enhanced for reader units with higher output power.

INDEX TERMS Wearable antenna, Yagi antenna, surface wave antenna, periodic surface, UHF RFID,

wireless body-area systems.

I. INTRODUCTION

During the past two decades, the versatile passive ultra-high
frequency radio-frequency identification technology (UHF
RFID) has been researched and developed for numerous
applications that extend beyond identification to applications
such as wireless sensing [1]-[5] and RFID based real-time
localization and tracking of assets [6]-[10]. Most recently,
RFID technology has been found a compelling approach to
wireless body area systems [11]-[15] where it can be uti-
lized, for instance, in wireless health applications [16]-[20].
Here either the tags, readers, or both, may be integrated into
clothing. In this regard, much research has been conducted
for achieving efficient and seamlessly cloth-integrable anten-
nas for UHF RFID tags [21]-[25]. However, antennas for

The associate editor coordinating the review of this manuscript and
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wearable RFID readers remain relatively less studied, yet
they have been gaining more attention in the recent years
[26]-[29].

The fundamental challenge in optimizing wearable anten-
nas is the mitigation of the negative impact arising from
the electromagnetic (EM) interaction between the antenna
and the dissipative biological tissue. In contrast to wearable
passive tags, which are not active transmitters but backscatter
the reader’s signal, the reader antenna transmits relatively
high-power levels up to 4 W EIRP depending on the govern-
ing RFID emission regulations. Thus, the EM optimization of
a reader antenna must also consider the specific absorption
rate (SAR) in conjunction with the regular antenna perfor-
mance parameters [30].

In the previous research, wearable reader antennas attached
to gloves [28], wrapped around the wrist [27] and ankle [26]
have been studied. They all read the tags from a direction
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TABLE 1. Dielectric properties of body tissue at 915 Mhz [34].

Tissue 6 (S/m) &r

Skin 0.8555 41.587
Fat 0.050242 5.4673
Muscle 0.93146 55.114
Bone 0.13926 12.486

orthogonal to the body surface where the reader antenna is
worn. However, few wearable antennas with end-fire radia-
tion along the body surface have been reported. A wearable
quasi-Yagi near-field UHF RFID reader antenna with end-fire
radiation properties integrated into a smart glove is reported
in [29], [31]. Through the analysis of the near electric and
magnetic fields, the authors confirmed the end-fire property,
and in experiments, the attainable tag read range was found
to be 0.33 m.

In our earlier work [32], we developed a head-worn
quasi-Yagi RFID tag, where the antenna included a periodic
surface made up of a 2-by-2 grid of square loops. By applying
the folding technique, we achieved the small antenna size
of 0.251 x 0.25X1 at 915 MHz or 80 mm x 80 mm, which
befits the human head. However, the antenna in this work was
developed for RFID tags. As a specific feature and inductive
loop was included in the driven element to achieve complex
conjugate impedance matching between the antenna and the
RFID IC. In another study [28], the authors developed a
slotted patch and a split ring resonator RFID reader antenna
integrated into work gloves. The antennas exhibit a broad-
side radiation pattern pointing in the direction approximately
orthogonal to the hand’s back. The ground plane in the slotted
patch antenna suppressed the antenna-body coupling and
thereby enabled better EM performance and the tag read
range of 3 m with a transmission power of 30 dBm.

In this paper, we present a wearable quasi-Yagi reader
antenna on a textile substrate conforming to the forearm. The
antenna’s radiation pattern is directive along the arm so that
a user can identify objects by pointing her/his hand towards
them. The novel feature of the end-fire radiation pattern along
the body surface is achieved by inserting a periodic surface
between the antenna and the arm and co-optimizing the two
for a maximally directive radiation pattern. This way the
end-fire directivity is enhanced by the periodic surface that
supports the launching of the surface waves at the operating
frequency of the antenna.

Il. HUMAN BODY MODEL AND ANTENNA MODELLING

The human body comprises various biological materials
exhibiting electrical conductivity and relative permittivity
tens of times higher than most conventional electronics mate-
rials [34]. The human forearm includes multiple tissue types,
such as skin, fat, muscle, and bone. Although the associ-
ated dielectric properties are available in the literature (see
Table 1), in practice, the thicknesses of these layers are dif-
ficult to measure and are subjective to the human anatomy.
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FIGURE 1. Wearable quasi-Yagi antenna mounted on the cylinder
modelling the forearm (left side), the front view (right side) and exploded
view of the model (top side).

Therefore, a simplistic approach is needed for modeling the
electromagnetic properties of the wearable antenna effec-
tively. To model the electromagnetic energy dissipation in
the biological tissues and the relative permittivity, we used
a homogenous forearm model comprising skin, which is
comparatively nearest to the antenna and among most energy
dissipative materials (o = 0.855 S/m and &, = 41.85 at
915 MHz) [34]. The radius of the human forearm model
estimates an average adult male. The radius and length of
the cylinder was set to 46 mm and 250 mm, respectively.
Figure 1 shows the forearm model, the antenna structure
mounted on it, and the coordinate system which we will use
throughout this work in the radiation pattern analysis.

The quasi-Yagi antenna is a planar, low-profile, structure
that provides a directive end-fire beam in free space environ-
ment [32]. As shown in our previous work on the headgear
RFID tag [32], in the wearable configuration, the end-fire
radiation property can be restored by mounting the quasi- Yagi
antenna on a periodic surface. Thus, we considered this con-
figuration viable also for the forearm reader antenna.

The initial step of developing the quasi-Yagi antenna is
considering the antenna geometry shown in Fig. 1 and Fig. 2.
The quasi-Yagi antenna includes the driven element, typically
a folded dipole, and parasitic elements operating as a reflec-
tor and directors. One of the most challenging tasks in this
antenna development is to fit the antenna in the forearm’s lim-
ited space and maintain the electrical length of 0.51 or 80 mm
of the antenna elements. To solve this, we applied the mean-
dering and folding technique for all the antenna elements
and reduced the element spacing as shown in Fig. 2. As a
result, the total size of the radiator is 67 mm x 95 mm and
the total lengths of the director and reflector is 243 mm
(0.74) and 263 mm (0.8%), respectively. The driven element
was folded as two loops. The first loop with radius ry is
optimized for impedance matching and the second loop with
radius rp increases the total length of the driven element
to 253 mm (0.771).
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FIGURE 2. Top view of the quasi-Yagi antenna and periodic surface and
the periodic surface with the geometrical parameters reported in
millimeters.

The next step of developing the antenna on forearm is
to optimize the periodic surface made up of a grid of
unit cells. Following the principle from [35], we selected
the non-grounded via-free configuration for the unit cells
that instead of generating stop band for the surface-waves,
enhances them and thereby is suitable for creating surface
wave antennas. Considering the reflection phase criteria of
90° + 45° that was found to support the 50-2 matching
of wire type antenna on the periodic surface [36], we took
this as the initial target. In addition to the surface-wave
property, in our application the ground plane of the periodic
surface helps to suppress the undesired antenna-body EM
coupling.

As the unit cell structure, we selected the square loop
configuration introduced in [46], because this unit cell type
balances the simplicity of fabrication and the ease of adapting
the geometry to obtain the targeted reflection phase. It was
originally designed for 9.5 GHz, but the structure permits us
to scale its dimensions to our target frequency of 915 MHz
without increasing the size beyond with is feasible consid-
ering the size available on the forearm. The optimization of
the unit cell geometry was done in ANSYS High-Frequency
Structure Simulator (HFSS) v19.1, which is a full-wave elec-
tromagnetic field solver based on the finite element method,
using the Floquet boundary condition (see Fig. 3). The tar-
get was obtaining the 90° £ 45° reflection phase response
in 915 MHz UHF RFID band. In the simulation, the impact of
bending on unit cell reflection phase was also considered. We
bent the unit cell with various radii of curvature realistic to our
application and found the reflection phase to remain stable.
The simulation model and the reflection phase are shown
in Fig. 3 and the final layout of the unit cell is shown in Fig. 4.
Next, considering the size of the forearm, we organized the
unit cells into a 2-by-3 grid as shown Fig. 2 to form the
periodic surface.
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FIGURE 4. The unit cell of periodic surface with the geometrical
parameters reported in millimeters.

Finally, we attached the radiating plane on top of the peri-
odic surface and installed the whole antenna structure on the
forearm model as shown in Fig. 1. From the cross-sectional
view, the whole structure of the antenna consists of 5 layers
(see Fig. 1). The first layer of the antenna is the radiating
plane. The periodic surface layer was sandwiched between
two textile layers of flexible, ethylene-propylene-diene-
monomer (EPDM) rubber foam with a thickness of 2 mm
(e&r = 153, 0 = 0.01 S/m [32]). The last layer is the
ground plane that can isolate the antenna on the skin to
prevent unexpected interaction between the human body and
electromagnetic fields. The overall dimensions of the antenna
are 0.22A4 x 0.331.

We co-optimized the quasi-Yagi antenna and the periodic
surface to achieve maximized realized gain and directivity
exhibiting end-fire radiation pattern at 915 MHz frequency.
To assess how close the directivity along the forearm (D)
comes to the peak value (D)eqk) considering all spatial direc-
tions, we define Ay = Dgpm/Dpeak. In terms of our design,
the target is to achieve A ;- = 1 with as high as possible value
of Dpeq. Figure 5(a) shows Ay and the quasi-Yagi antenna’s
peak directivity with and without the periodic surface. From
the results, it is evident that without the periodic surface both
Dpeqx and Ay, are tending toward local minima near the
targeted 915 MHz UHF RFID band and the insertion of the
periodic surface reverses this, so that the quantities attain
local maxima instead, as desired. With the periodic surface
we have Dy = 5.9 dBi and Dy, = 5.3 dBi.
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FIGURE 5. (a) Peak directivity, delta, and (b) gain of the quasi-Yagi reader
antenna with and without periodic surface (c) front to back lobe ratio for
simulated gain.

Correspondingly, Fig. 5(b) shows a comparison of the
simulated gain, with and without the periodic surface, where
the gain with the periodic surface is improved to a value of
—5.5 dBi in the forearm direction. We defined Ay, as the
ratio Grons / Gpack, where the Gfione and Gpgex is the gain in
@ = 90°, ¢ = 180°) and (0 = 90°, ¢ = (°) directions,
respectively. In Fig. 5(c), Again achieves a value of 5 dB at
915 MHz frequency indicating that maximum power is radi-
ated in the — x direction i.e. away from the person wearing
the antenna (Fig. 1).

As discussed earlier, the curvature of the forearm defines
the bending degree of the antenna and may vary with the body
anatomy, we have considered various radii of the human fore-
arm i.e. r varies between 37.5 mm and 55 mm. Fig. 6(a) and
Fig. 6(b) shows the 2D directivity pattern of the quasi-Yagi
antenna in XZ and XY planes, respectively. Figures also elab-
orates the impact of bending on the antenna’s peak directivity.
Although the bending does not significantly impact the peak
directivity or Ag;, of the antenna and the reflection phase
of the periodic surface, yet the end-fire radiation defined by
Again property is improved with various bending degrees i.e.
the back lobe reduces significantly. Fig. 6(c) shows the 3D
directivity pattern of the quasi-Yagi antenna exhibiting the
end-fire directivity pattern of the antenna along the direction
of the arm (0 = 270°, ¢ = 180°) with a peak directivity
of —5.9 dBi.

The reader quasi-Yagi antenna without the periodic sur-
face exhibits input impedance of 48 + 82 2, as shown
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FIGURE 6. Directivity pattern in (a) XZ and (b) XY planes. (c) simulated 3D
directivity pattern of quasi-Yagi antenna exhibiting end-fire radiation
properties in the forearm direction (46 mm bending).

in the Fig. 7(a). However, the periodic surface directs the
peak surface current of 49 A/m into driver of the quasi-Yagi
antenna, achieving the end-fire radiation characteristics for
the antenna. Figure 8 shows the surface with and with-
out the periodic surface when 1 W of power is fed to the
antenna. With the periodic surface, the antenna exhibits input
impedance of 4 + 25j 2, as shown in Fig. 7(a). As the
primary objective of our work is to achieve the end-fire radi-
ation properties, we have used a matching circuit designed
in Advanced Design System (ADS), shown in the Fig. 7(b),
to resonate the antenna at the 915 MHz frequency. We also
studied the impact of various curvature of the human forearm
on the resonance frequency of the antenna. Figure 9 shows
the simulated reflection coefficient of the antenna mounted
on various forearm sizes. The antenna resonates at 915 MHz
with a reflection coefficient of —25 dB at standard bending
of 46 mm. The simulation results also show that the antenna’s
frequency bandwidth splits into a dual band with the change
in the bending curvature. However, the targeted frequency
of 915 MHz remains inside the —10 dB S| bandwidth under
the various curvatures of the forearm.

For the antennas operation in the human body’s proximity,
the transmission power is limited by the specific absorption
rate and is regulated by the US FCC [37], limiting SAR
to 1.6 W/kg averaged over 1 g of tissues. Consequently,
to determine the maximum SAR complaint transmission
power (P; uqyx) for the quasi-Yagi reader antenna is expressed
as [38]

1.6W /kg (1 - ‘Sll|2) Prest
SAR '

1

t,max —
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FIGURE 8. Surface current distribution at the quasi-Yagi antenna with and
without the periodic surface (left to right).

where Py is the power available from the numerical test
source that we set to 1 W. In the simulation, the maximum
SAR that occurs in the tissue nearest to the radiating antenna
is 0.9 W/kg, and the maximum SAR compliant transmission
power is calculated as 41.2 dBm using (1). This is compara-
tively higher than reported in the previous works, indicating
our antenna exhibits lower SAR. Considering the emission
limits of EIRP = 3.28 W or EIRP = 4 W set for UHF RFID
systems, the antenna could transmit 40.6 dBm or 41.5 dBm,
respectively. Overall, we conclude the that the output power
is limited nearly equally by both, the SAR and emission
limits. However, this output power limit is notably high and
especially for mobile RFID reader units, the output power
is expected to be an order of lower magnitude. Thus, in the
wireless testing we present in Section IV, we have used the
output power of 32 dBm.

IIl. TEST TAG FOR THE READER ANTENNA
CHARACTERIZATION

One of the most significant parameters of a body-worn
antenna is its realized gain, which is determined by the
input reflection coefficient, directivity, and the radiation effi-
ciency of the antenna. However, the measurement of the
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FIGURE 9. Reflection coefficient of the quasi-Yagi antenna mounted on
various forearm sizes.

realized gain a wearable antenna in body-worn configuration
by using conventional techniques becomes significantly dif-
ficult. Therefore, in this work we have adopted an alternative
approach applicable specifically to RFID reader antennas by
utilizing an RFID tag analogous to the reference gain antenna
in the classical far field antenna measurement.

For this purpose, we have first designed and implemented
a dipole type test tag antenna shown in Fig. 10. The test tag
was designed based on the regular embedded inductive loop
matching method [39]. The main target of the design was to
achieve the antenna input impedance that equals the complex
conjugate impedance of the NXP UCODE G2iL series RFID
IC [40] having the turn on power of P;.o = —18 dBm. For
this purpose, the antenna geometry (primarily the parameters
Lg1, Wg1 and W) was adapted in ANSYS High-Frequency
Structure Simulator (HFSS) v19.1. The impedance of the
chip was estimated by using an equivalent circuit comprising
capacitance and resistance connected in parallel [28].

P L
w
L, A d
L w L W Ls Wsz
95 25 15.5 8.5 2 5.75

FIGURE 10. Structure of the test tag antenna and its dimensional
parameters given in millimeters.

The manufactured test tag was characterized using Voyan-
tic Tagformance Pro measurement system [27]. For the char-
acterization of fully assembled UHF RFID tags, the system
enables the recording of the lowest continuous-wave output
power (threshold power: Py,) of the reader for which the tag
under test backscatters a valid 16-bit random number as a
response to the reader’s query command in ISO 18000-6C
communication standard. It also provides the estimation of
the path loss factor L, from the device output to the location
of the tag under test. This is achieved through the threshold
power measurement performed on the manufacturer’s system
reference tag with accurately known properties that enable the
computation of L;s,. This enables us to compute the realized
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TABLE 2. Comparison with the contemporary research work.

Ref. Freq. (GHz) Gain (dBi) Size (mm) Thickness (mm) Relative size Read range (m)* RFID reader Pattern type
[28] 0.866 —4 80x62 4 0.23x0.18 4, 1.5 Yes 1
[26] 0.866 2 80x70 1.52 0.23x0.20 4, 1.45 Yes 2
[31] 0.880 =5 63%65 - 0.18x0.19 4, 2 Yes 1
[42] 0.866 -1.31 140x100 4 0.40%0.29 1, 2.3 Yes 1
[45] 0915 -10.9 360x360 5 1.19x1.1 4, 2.1 No 1
[47] 2.47 0.1 50x50 9.5 0.41x0.41 4, 1.29 No 2
[48] 0.860 1 90x49 4 0.25x0.14 4, 423 No 1
[49] 0.868 2.6 87x77 4 0.25%0.22 1, 2.76 No 1
Our work 0.915 =5.5 67x108 4 0.22x0.33 4, 2 Yes 2

*Estimated read ranges (S,..;) based on the test tag used in our work (P, = —18 dBm) and calculated by equation (5) assuming P, =25 dBm.

(dBi)

rtag

G

imulated| |

== Measured

800 825 850 875 900 925 950 975
Frequency (MHz)

FIGURE 11. Measured and simulated realized gain of the test tag antenna.

gain G, 14¢ Of the test tag antenna as detailed in [40]

Pico
LisoPrn

Gr,tag = (2)
where Py, is the threshold power of the test tag. Fig. 15(a)
shows the measurement setup for the characterization of the
test tag. First the Tagformance is calibrated using the refer-
ence tag and later, the test tag is measured. As seen from the
results in Fig. 11, the realized gain versus frequency peaks at
915 MHz, as desired, with the simulated and measured values
of 1 dBi and 0 dBi, respectively. Later, we will utilize the
measured realized gain of the test tag in the characterization
of the quasi-Yagi reader antenna and to demonstrate the
attainable read range of a common RFID tag.

IV. READER ANTENNA MEASUREMENT AND RESULTS

As the primary aim of our work is to demonstrate the
end-fire radiation property of the reader antenna achieved
by utilizing the periodic surface, the reader antenna is not
self-matched to 50 2. Thus, a matching circuit is used to
match the input impedance of the reader antenna to the
standard 50 2 impedance. To achieve this, we first mea-
sured the feed-point impedance of the antenna (8 + 9j Q
at 915 MHz) through a balun made-up of a coaxial cable.
The impedance of the antenna through a balun made-up of
coaxial cable (see Fig. 13), that suppresses the common mode
currents as the driven element of the quasi-Yagi antenna is a
dipole (differential antenna) [42]. After this we developed a
simple two-component L-matching circuit [43] that is shown
in Fig. 12 to transform the antenna’s feedpoint impedance
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Port 2 Antenna

FIGURE 12. Matching network, balun, and the antenna connection
configuration for the reflection coefficient measurement (left), and the
fabricated wearable quasi-Yagi reader antenna (right).
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FIGURE 13. Input impedance of the

before matching network.

of 8 + 95 € at 915 MHz to the input impedance of 50 2 seen
through the matching circuit. As seen from Fig. 13, both the
simulation and measurement show that the matching circuit
provides the desired impedance transformation at 915 MHz.

Next, we measured the realized gain (Gg) of the wearable
quasi-Yagi antenna using the test tag presented in Section III.
In the experimental arrangement shown in Fig. 15b, the reader
antenna was attached on the forearm which was pointed
towards the test tag that was placed at distance of 1 meter from
the reader antenna. In the experiment the reader antenna was
placed directly on the skin to achieve an identical scenario to
the simulation. We then connected the reader antenna to the
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FIGURE 14. Simulated and measured reflection coefficient of the
quasi-Yagi antenna in body worn condition.
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FIGURE 15. The measurement setup for (a) test tag antenna
characterization (b) reader antenna characterization and read range
measurement.

Voyantic Tagformance Pro measurement system introduced
in Section III and recorded the threshold power of the test
tag using the wearable reader. This enables us to solve the
realized gain of the wearable quasi-Yagi reader antenna (Gg)
from Friis’ transmission formula

A 2
Prx = GRGr,tachah <4_) Ptm (3)
TS

where L.,y = —1.1 dB is the power loss factor, we mea-
sured for the cable connecting the quasi-Yagi antenna to the
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FIGURE 16. Realized gain of the quasi-Yagi reader antenna in the
body-worn configuration.

RF output of the Tagformance device. For comparison,
the simulated realized gain of the reader antenna is given by

Gr =G (1-lsul?). @

where G and s1; are the simulated gain and reflection coef-
ficient of the quasi-Yagi antenna. In Fig. 16, the simulated
realized gain shows good agreement with the calculated real-
ized gain over the —10 dB S;;-bandwidth of the antenna at
the end-fire direction (see Fig. 14). The measured realized
gain of the quasi-Yagi antenna is —5.5 dBi at the operating
frequency of 915 MHz. To estimate the corresponding attain-
able tag read range versus transmission power, we varied
the transmission power Py, so that, the power delivered to
the quasi-Yagi antenna (P L.qp) Was between 5 dBm and
32 dBm. We then manually moved the test tag further away
from the reader antenna and measured the critical antenna
separation (s,,4y) that corresponds with the scenario that the
tag antenna captures barely enough power to turn on the RFID
IC; i.e. P, = Pj,0—18 dBm. This distance is the attainable
read range of the tag for a given transmission power. For the
comparison with the simulation, we have

Gr,tagGRLcabP x

Prx ' (5)

from equation (3) and we can compute s,,,, using the simu-
lated realized gains of the test tag and the quasi-Yagi reader
antenna. Fig. 17 shows the results. The measured and cal-
culated read range shows good agreement with an approxi-
mately constant relative difference that is 150 cm at 32 dBm
transmission power. Since both graphs show the same trend
versus the transmission power, we expect the difference to the
primarily due to the lower measured realized gains of the tag
and reader antennas as compared with the simulation and not
because of multipath propagation effects.

Table 2 summarizes some of the contemporary wearable
reader antennas with estimated attainable read ranges for
the test tag, introduced in the section III. We calculated
the attainable read ranges of the wearable antenna through
equation (5), when 25 dBm transmission power is fed to the
antenna. Moreover, we classified the antennas based on the
radiation pattern to Type 1 and Type 2, which denote radiation
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FIGURE 17. Attainable read range of the tag (G, tqg = 0 dBi) with the
quasi-Yagi reader antenna at 915 MHz.

to an off-body direction and along the body surface, respec-
tively. Even though the antennas from several other works,
especially [26], [47], and [48], provide notably high gain,
among the radiation pattern Type 2 antennas, our antenna
provides the highest read range. However, it should be noted
that the antenna [47] is not originally proposed as a reader
antenna, operates at 2.47 GHz and thus it’s hypothetical read
range is affected also by the shorter operating wavelength.

V. CONCLUSION

Wearable antennas are fundamental to smart clothing in wire-
less body-area systems. We have presented, a metasurface-
enabled quasi-Yagi UHF RFID reader antenna worn on the
forearm and optimized to detect RFID tags in the pointing
direction of the arm. The antenna that conforms on the fore-
arm, comprises two layers of low-permittivity textile mate-
rial, where the bottom layer is a periodic surface on a ground
plane. The top layer that carries the quasi- Yagi radiator, is sus-
pended on the periodic surface. Due to the body proximity,
the quasi-Yagi radiator alone does not provide end-fire radia-
tion along the body surface, but by co-optimizing the periodic
surface for the enhanced launching of the surface waves with
the quasi-Yagi radiator, we achieved the end-fire directivity
of 5.5 dBi. The ground plane of the periodic surface also
decouples the radiator from the body and reduces the SAR.
Our simulations showed that the maximum SAR-compliant
power of the antenna is 41 dBm, which is an order of mag-
nitude higher than a typical output power level of a mobile
RFID reader. In our practical testing, we were able to detect
aregular dipole type RFID tag at 3.8 meters with the reader’s
output power of 32 dBm (EIRP = 0.56 W) at 915 MHz.
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Abstract—We present a compact circularly polarized (CP)
antenna for wearable passive UHF RFID tags. The antenna is a
square-shaped microstrip patch antenna where we have applied
corner truncation and slotting techniques in the top layer
conductor for achieving the CP property and a shorting pin and
loop structure for impedance matching. Despite using a low-
permittivity textile as antenna substrate, the antenna’s footprint
size is only 5-by-5 cm, which is approximately 15% of the
operating wavelength. At the same time, the on-body
measurements, the antenna’s axial ratio is 0.9 dB and the
measured attainable read range (reader’s EIRP = 3.28 W) of the
tag reaches 4.2 meters with a CP reader antenna and ranges
from 2.9 meters to 3.4 meters for a linear reader antenna,
depending on the rotation angle between the antennas.

Index Terms—wearable antenna, circular polarization,
RFID tag, RFID tag, UHF.

I.  INTRODUCTION

Nowadays, the microwave and the antenna technology has
been recognized as a compelling approach to achieve the
versatile energy- and cost-efficient wireless platforms for
body-centric applications. Such technology is at demand in
several application areas including i.e. wireless health
monitoring. With the assistance of wearable radio frequency
identification (RFID) and RFID-inspired backscattering
communications, the identification, the access control and the
localization can be achieved unobtrusively.

Recently, due to great capabilities of textile-integrated
passive wireless platforms, the development and
manufacturing of the wearable antennas and interconnections
have been an active research [1-3]. It is noted, however, that
these wearable antennas are linearly polarized (LP), which
may cause unreliable wireless links due to possible
polarization mismatch caused by the constant human body
movement in realistic scenarios. Currently, most of the
passive RFID tags in the commercial domain are based on
dipole antennas having linear polarization (LP). In a system
with a CP reader, they can be detected with 50% polarization
efficiency. The maximum efficiency of 100% could be
achieved with LP reader, but there would also be a risk of
cross-polarization depending on the mutual antenna rotation
angle. For this reason, most RFID systems rely on CP readers
despite lower polarization efficiency. Thus, the development
of passive UHF RFID tags based on CP antennas has been
drawing attention in the RFID research community. There are

have been many research to develop this antenna form for
applying to on-body wearable applications for wireless body
area network (WBAN) [4-7], but overall footprint of these
antennas is rather large, it may unreasonably fit to some parts
of body such as head, forearm or wrist and it may suffer from
significant frequency shift or unpredicted radiation pattern
due to structural deformation. Previously, a small size dual-
layer split ring resonator was shown to produce circular
polarization [8]. However, the attainable read range of RFID
tag antenna is only around 2-3 meters.

To advance upon these works, we proposed a wearable
circularly polarized patch antenna for RFID tag. The novelty
of the proposed antenna lies in its simplistic structure,
enhanced miniaturization and higher read range (4.2 meters).
Besides, since all parts of this antenna is made by flexible and
bendable materials for substrate and conducting plane, this
antenna is appropriate to seamlessly integrate to wearable
identification and sensing applications. The motivation of
developing the antenna structure is based on the compact
circularly polarized square microstrip antenna introduced in
[9]. For achieving the circular polarization, the antenna
geometry consists mainly of two main parts, namely a corner-
truncated square patch and a fully ground plane. The
miniaturization is solely obtained by applying hexagonal slots
in the radiating patch [10]. Since we utilize this antenna for
RFID applications with inductive feeding network technique
based on our previous study to attain a high-performance
metal mountable tag [11].

II.  ATTAINABLE READ RANGE OF A TAG WITH
ARBITRARY POLARIZATION

The primary performance indicator of a passive UHF
RFID tag is the attainable read range (). It is determined by
the sensitivity of the RFID integrated circuit (IC) and the
efficiency of tag antenna to capture and transfer energy from
the reader’s carrier signal to the IC for turning it on. For a free
space communication link,

, Q)

1 [(4Re(z)Re(Z)) x-G-EIRP
dtug = 2
4t 1Za+Zicl Pic

where 1 is the wavelength of the reader’s signal, the factor in
the curly brackets is the antenna-IC power transmission
efficiency (r) determined by the impedance of the tag antenna
and the RFID-IC Z, and Z defined as Z;. = R;. + jX;. and



Z, = R, + jX,, respectively, y is the polarization efficiency
between the tag antenna and the incident wave. G is the gain
of the tag antenna, and EIRP is the equivalent isotropic
radiated power of the reader and P is the turn-on power of
the tag IC [12]. The polarization efficiency 0 <y < 11in (1) is
determined by the polarizations of the tag antenna and the
incident wave.

The complex electric field vector (E) of an
electromagnetic wave can be expressed as a sum of orthogonal
left and right hand circularly polarized components E;. and Eg,
respectively, by introducing a complex scalar (y) called
circular polarization ratio such that: E = E + Er = EL + YE
[13]. With this notion, the maximum (I'+) and minimum (I"-)
polarization efficiency is given by [13]

2
F_ — (1i|Vtz;g||ymc|) -, (2)
(1+|Vtag| )(1+|Vinc| )

where the complex scalars yug and yie are the circular
polarization ratios of the tag antenna and the incident wave,
respectively [10]. For a linearly polarized incident wave y;,=1
and thus (2) becomes
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For left and right hand circularly polarized incident wave,
7ine=0 and [yin|—o0, respectively. In these cases, (2) reduces to
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Here, the polarization efficiency is independent of the rotation
angle between the tag and the reader antennas due to the
perfect circular polarization of the incident wave, and thus the
minimum and maximum polarization efficiencies are equal.
Finally, the connection between the circular polarization ratio
and the axial ratio of the tag antenna is given by [13]

_ 1+|vtagl

[Ytagl+1
Atag = and Ay, = 5
tag 1-|vtagl tag [vtagl-1 )

for left- and right-handed antenna polarizations, respectively.
This enables alternative formulation of the above analysis
using the axial ratio value, instead of the circular polarization
ratio.

Overall, the formulation (1)-(5) provides the estimation of
attainable read range of a tag with arbitrary polarization
assuming the reader is transmitting either linearly or circularly
polarized wave. In case of the linear wave polarization, (1) and
(3) give the minimum and maximum read range under all
possible rotations of the tag antenna with-respect-to
polarization of the incident wave.

III. TAG ANTENNA STRUCTURE, OPTIMISATION AND
TAG’S PERFORMANCE EVALUATION

This section shows the optimized antenna model and
practical implementation structure. Additionally, the
description of the measurement setup and procedures are one

part of this section. Lastly, the comparison of measurement
and simulation outcomes will be presented.

A. Numerical Modeling

The modeling and the optimization of the CP patch RFID
tag antenna was conducted in ANSYS High Frequency
Structure Simulator (HFSS), which is a full-wave
electromagnetic field solver based on the finite element
method.

Fig. 1. The geometry and dimension of the antenna in details.

TABLE I
VALUE OF ANTENNA DIMENSION IN MILLIMETERS
a b c d e f g h i k 1
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Fig. 2. Exploded view of the antenna and Polygonal cylinder model of the
human body

As shown in Fig. 2, the optimized antenna dimension is
maintained at 50 mm by 50 mm with 4 mm thickness (0.1525
Ao % 0.1525 Ao x 0.0091 Lo, where Ao is the wavelength at the
center frequency of 0.915 GHz). With that size, this RFID tag
can fit in the limited dimension of almost of body parts such
as head, arm, chest or foot. Due to the conducting plane is
practically fabricated by flexible copper foil, some area of the
surface appears to be fragile. To maximize the readable range
and attainable gain of the tag, we antenna impedance is bi-
conjugately matched to the impedance of the RFID IC chip
(red point in Fig. 1). This is achieved by shorting the radiated
plane to the ground plane using a shorting pin. The UHF
RFID microchip (NXP UCODE G2iL; turn-on power —18
dBm [17]) is mounted at the feeding point. The distance
between the shorting pin and the middle of the antenna is
=9mm. One of the novelty elements of this antenna is the
four truncated corners for achieving the right-hand circularly
polarization and consumes less space of the total area of



antenna. The tuned side length of these corners is ¢ = 6 mm
for the left side and d= 9mm for the right side. Four cross
slots with the width ¢ = 1.5 mm combining to 4 L-type slots
(installed diagonally) for obtaining circular polarization and
miniaturize the antenna. The main idea behind these L- type
slots is to alter the current density on the radiated surface
because it changes the effective inductance and capacitance
of the antenna, hence, the size of antenna is minimized with
respect to the resonance frequency [10].

The exploded view of the antenna in Fig. 2 demonstrates
the number and the order of antenna layers. The first layer is
the radiating patch, the total size of this plane is 46 mm by 46
mm by 40 um. The second layer is the substrate that size is
50 mm by 50 mm by 4 mm. Considering on-body wearable
applications, the flexible ethylene-propylene-diene-monomer
(EPDM) rubber foam (e; = 1.53, 6 =0.01 S/m [14]) is used as
substrate. The last layer is the ground plane, which isolates
the human body to the antenna. Thus, the antenna
performance is less effected by the electromagnetic
properties of the human body. Furthermore, three narrow
grounding strips at the edge of the substrate directly
connected to the ground plane are the feeding network. In the
simulation environment, we applied the simple human body
as the polygonal cylinder. The cylinder material is assigned
as skin (& = 41.6, 6 = 0.86 S/m [15]), since it is the tissue
closest to the antenna and electromagnetically most lossy in
nature. The antenna placement on the head model is shown
in Fig. 2.

B. Experimental Characterization

All measurements were conducted with Voyantic
Tagformance measurement system in an anechoic chamber
with the tag under body worn conditions as indicated in Fig.
3. The measurement system contains an RFID reader with
adjustable transmission frequency and output power and
provides the measurement of the backscattered signal power
at the receiver.
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Fig. 3. The measurement setup in the anechoic chamber

In the measurement of the axial ratio of the tag, we
connected a linearly polarized antenna with the reader and
recorded the lowest continuous-wave transmission power

(threshold power: P;;) at which the tag remained responsive
at different rotation angles with-respect-to the reader antenna.
Here we defined Py, as the lowest power at which valid 16-
bit random number from the tag is received as a response to
the query command in ISO 18000-6C communication
standard. At each frequency, the ratio of the maximum and
minimum values of Py over all rotation angles, corresponds
with the ratio I'sun/I'-Liv obtained from (3). Therefore,

Pthmax _ T+LIN (1+|Vtag|) (6)

Pihmin  T-LIN (1- |y;ag|)

Because the polarization of our tag antenna is right-handed,
1<]piag| and (5)-(6) imply

Pthmax Atagtl

and |ytag| = (7)

A =
ta,
g Pth,min Atag_l

For estimating the read range of the tag we used a right hand
circularly polarized reader antenna. In this experiment, we
first characterized the wireless channel from the reader
antenna to the location of the tag under test using the
measurement system’s reference tag with known properties.
As detailed in [16], this enables the estimation of the
attainable read range of the tag under test as

A [EIRP Py,
drg = = |FREZene 8
N ®

where Py, is the measured threshold power of the tag, A is a
known constant describing the sensitivity of the system
reference tag, and P+ is the measured threshold power of the
reference tag. Given that the reference tag is linearly
polarized (dipole type antenna), we compensated the linear-
to-circular antenna polarization mismatch loss included in
Py by diving it with a factor of two.

In addition, we estimated the attainable read range for a
linearly polarized reader antenna. To achieve this, we first
computed I"szv and I'rye from (3) and (4) using the measured
[Vug] computed from (6). As presented in (1), dug is
proportional to the square root of the polarization efficiency.
Thus, first diving the measured di, from (8) with \/Tryc
compensates the polarization mismatch loss with the right
hand circularly polarized reader antenna used in the
experiment. Secondly, subsequent multiplication by /I'ypy
scales the result to the attainable read range for a linearly
polarized reader antenna.

C. Results and Discussion

For evaluating the performance of the CP RFID antenna,
this part focuses on the simulation and measurement
outcomes, namely the impedance, surface current density,
axial ratio and attainable read range.

Fig. 4 shows the input impedance of antenna and IC along
with the corresponding power transfer efficiency. The graph
shows how the tag antenna parameters are carefully
optimized to provide good bi-conjugate matching with the
RFID IC chip at 925-932 MHz. It leads to the power
transmission coefficient of the antenna that is above 80%



over the frequency band. The model of IC chip impedance
value is based on the previous research [17]. The chip is
modelled as a parallel connection of R = 2.85 KQ and C =
0.91 pF [18].
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Fig. 4. Simulated IC chip and antenna impedance and power transfer
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Fig. 5. Simulated surface current density at different phases of 930 MHz.
(a) Phase = 10°. (b) Phase = 100°. (¢) Phase =190°. (d) Phase = 280°

For the purpose of visualizing how the circular
polarization is generated, the simulated surface current
density on the patch at 930 MHz for four moments 0T, T/4,
T/2, and 3/4T are illustrated in Fig.5. It can be seen that the
current distributions at cross-section in the middle of the
antenna are orthogonal and 90° phase difference to each
other. With the increasement of time by a step of T/4, the
current rotate counter-clockwise confirming right-hand
circularly polarization (RHCP) in the boresight direction.
Based on the results presented in Fig. 6, the lowest axial ratio

of this antenna in simulation and measurement is at 930 MHz.
The axial ratio of practical measurement results is even lower
than 0.9 dB, which is nearly perfect circular polarization. The
bandwidth of the below 3dB axial ratio of simulation and
measured results is 0.5 MHz and 5 MHz. The different
between the measured and simulated outcomes because the
simulations were conducted in a simplified head model
whereas the measurements were conducted on an actual
person.
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Fig. 6. The axial ratio of te RFID tag antenna
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Fig. 7. The read range of CP tag when the reader antenna is circularly
polarized

In addition to the above-described antenna performance
parameters, an intuitive way to evaluate the performance of
the RFID tag is the read range. Fig. 7 shows the attainable
read range of the CP antenna tag when the reader antenna is
circular polarization. Overall, the read range measurement
result is approximate to those of simulation with varying from
2.5 meters to around 4 meters from 924 MHz to 940 MHz. It
can be observed that both measured, and simulation read
range reach the peak at 932 MHz with 4.3 meters and 3.2
meters respectively. When the reader antenna is linearly



polarization antenna, there are two results; maximum read
range and minimum read range corresponding to the
maximum (Iunv) and minimum (1)  polarization
efficiency as Fig. 8. As shown, the maximum read range of
the antenna is approximately 4 meters and 3 meters with
measured and simulation cases respectively. The attainable
read range corresponding minimum polarization efficiency
varies from 0.5 meter at 924 MHz and 940 MHz and reaches
ssthe peak at around 2.8 meters at 932 MHz.
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Fig. 8. The read range of the CP antenna
TABLE 1. SUMARY OF ANTENNA PERFORMANCE
Frequency Gain (dB) Directivity Radiation
(MHz) (dBi) efficiency (%)
900 -9.3 3 3.2
915 -9.5 4 32
925 -9 3 3.1
932 -9.2 3.15 4

Table I demonstrates the gain, directivity and radiation
efficiency of the antenna. The gain of the antenna is around -
9.1 dB. The maximum directivity of this antenna is D = 4 dBi
at 915 MHz and the radiation efficiency is e,= 4 % at 932
MHz.

IV. CONCLUSION

Wearable antennas are core technology for modern
wireless body-area systems that enable important applications
for instance in the healthcare and medicine. We have
presented a small-sized circularly polarized antenna that
maintains low axial ratio value in body-worn configuration.
Moreover, we have shown that the antenna can be self-
matched to an RFID integrated circuit that exhibits a low-
resistance and capacitive impedance, like typical energy
harvesting systems. The measured read range of the RFID tag
is 4.2 meters with a CP reader antenna and ranges from 2.9
meters to 3.4 meters for a linear reader antenna. Thus, the
antenna is suitable for RFID systems with either type of reader
antennas. Finally, as the antenna comprises a textile substrate,
it benefit the wearable applications.
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Abstract—We present a wearable passive UHF RFID tag based
on a circularly polarized (CP) patch antenna on a textile substrate.
The antenna miniaturization is based on applying a combination
of the cross- and L-shaped slots in the radiator. In conjunction, the
right-hand circular polarization is achieved by asymmetrically
truncating all four corners of the square-shaped radiator. Despite
using a regular low-permittivity textile as the antenna substrate,
we downsized the antenna to a S cm x 5 cm footprint with the
thickness of 4 mm, which is equal to 0.1525) x 0.1525A x 0.00912,
where A is the free space wavelength at 915 MHz. In the numerical
modeling and optimization of the antenna, we used a simplified
cuboid-shaped and anatomical human body models. In addition to
simulated conventional antenna performance indicators, we
introduce spatial coverage as a new parameter for assessing the
detection reliability of UHF RFID tags. Finally, we measured a
manufactured tag worn in four different configurations on the
body. The measured axial ratio value was approximately 2 dB in
all cases and the tag provided a high attainable read range of
around 5.8 meters for a right-hand CP reader emitting 3.28 W
EIRP.

Index Terms—Wearable antenna, circular polarization,
passive UHF RFID tag, wearable RFID tag, wireless body-area
systems.

1. INTRODUCTION

icrowave and antenna technology has become widely

applied in wireless body area systems [1-4]. Here the

versatile and energy- and cost-efficient passive ultra-high
frequency (UHF) radio-frequency identification (RFID)
technology and RFID-inspired backscattering communications
and sensing systems have been recognized as a compelling
approach. The relevant applications range from identification,
access control, and localization to wireless health, including
wearable and implantable devices [5-7]. The two fundamental
challenges related to wearable antennas are the mitigation of the
negative impact arising from the -electromagnetic (EM)
interaction between the antenna and the dissipative biological
tissue and applying textile materials and compatible
manufacturing methods to achieve practical cloth-integration of
antennas.

Manuscript received January 14, 2021; revised March 17, 2021; accepted
April 6, 2021. Date of publication April 24, 2021; date of current version April
24, 2021. The work of D. Le and T. Bjorninen was funded by Academy of
Finland (funding decisions 294616 and 327789). Additionally, Duc Le was
supported by Nokia Foundation.

In the most of the commercial domain UHF RFID systems
deployed for item-level tracking, tags comprise miniaturized
dipole antennas, which are inherently linearly polarized [8], but
single-layer CP tag antennas have also been studied
[9][10][11][12]. However, due to the well-known
miniaturization methods available for the dipole antennas and
the cost-efficient mass production of the single-layer label-type
dipole tags [13][14], they remain the most common type of
antennas for UHF RFID tags. Under this paradigm, the reader
antennas are normally CP for avoiding the chance of cross-
polarization [8] with linearly polarized tags. In contrast, in
wireless body area systems where the unavoidable antenna-
body EM coupling limits the performance and robustness of
single-layer antennas [15][16], structures including a ground
plane or other types of decoupling metallic structures are
preferred. This approach has been used to create well-
performing textile-based 50-Q-matched wearable CP antennas
at mid- and high-UHF frequencies, e.g. GPS and 2.4 GHz ISM
band applications [17][18][19]. Recently, also the development
of wearable CP antennas for UHF RFID tags operating in the
lower UHF band (866/915 MHz) has been gaining attention
[20][21]. This provides a new alternative for the wireless body-
area UHF RFID systems by improving the polarization
efficiency and thereby the tag’s peak read range and detection
reliability.

In our previous work [21], we studied a CP microstrip patch
antenna for a wearable passive UHF RFID tag attached to the
upper back of a person. In this article, we report a new wearable
CP patch antenna for wearable tags along with numerous other
advancements, including more accurate numerical models, a
more accurate measurement technique and a practical
evaluation of the robustness of the tag’s performance when
placed at various locations on body.

For the numerical modeling, we have used realistically sized
simplified cuboid-shaped and anatomical human body models.
Regarding the antenna structure, by truncating all four corners
of the radiating patch asymmetrically, in contrast to two in [21],
allowed us to completely remove the inductive matching loop

D.Le, S. Ahmed, L. Ukkonen and T. Bjérninen are with Faculty of Medicine
and Health Technology, Tampere University, Tampere, Finland. (e-mail:
toni.bjorninen@tuni.fi).



structure from the antenna and avoid the narrow traces included
in the radiating patch in [21]. This maximized the size of the
radiating patch without increasing the size of the antenna for
enhanced EM performance and improved the tag’s structural
durability. In the numerical analysis, we introduce spatial
coverage as a new parameter for assessing the detection
reliability of UHF RFID tags. For the wireless testing of the
fully assembled prototype tag, we have formulated and
implemented a new improved approach to measuring the tag
antenna’s axial ratio and the attainable read range of the tag for
a CP reader antenna. Finally, as a crucial practical aspect, we
studied the robustness of the tag by measuring it at various
locations on the body and with different clothing thickness to
prove its applicability for wearable systems.

II. TAG ANTENNA STRUCTURE, NUMERICAL MODELING, AND
PERFORMANCE EVALUATION

A. Numerical Modeling

We used ANSYS High-Frequency Structure Simulator
(HFSS) with a full-wave electromagnetic field solver based on
the finite element method in modeling and optimization of the
antenna. The optimization target was to obtain the frequency of
the minimum axial ratio and peak read range at 915 MHz by
tuning the L-slots’ length and the truncation of the four corners
of the radiating patch. Fig. 1 demonstrates the geometry of the
antenna in detail with side and front views. As shown in Fig. 1,
the UHF RFID microchip (NXP UCODE G2iL; turn-on power
—18 dBm) was attached on the vertical wall of the substrate. In
the numerical modeling, we used the parallel connection of the
resistance R = 2850 Q and capacitance C = 0.91 pF as an
equivalent circuit giving the frequency-dependent impedance
for the microchip [22]. At 915 MHz the impedance is 12.8—7191
Q. The total size of the antenna is 5 cm x 5 cm with the
thickness of 4 mm, which is equal to 0.1525% x 0.1525% x
0.0091, where A is the free space wavelength at 915 MHz.
With this small size, the antenna can be readily worn on various
parts of the body, for instance, arm, thigh, and back. As
compared with [20], in this work, we totally removed the
inductive matching loop from the antenna to increase space for
the signal plane and simplify the fabrication process. The four
truncated corners (parameters i, k, g and / in Fig. 1) and the
spacing between the L-shaped slots (parameter x in Fig. 1)
played the key role in optimizing the axial ratio at 915 MHz.

The miniaturization of the antenna was achieved by
combining the cross slots cutting the radiating patch diagonally
and the four L-shaped slots; a technique proposed in [23] for a
50-Q-matched two-corners truncated patch on a high-
permittivity microwave laminate as the substrate and
superstrate. The slots modify the distribution of the surface
current density on the radiating patch in a strategic way, such
that the resonance frequency of the antenna is considerably
lowered while the radiation efficiency is reduced proportionally
much less [23]. Our antenna does not include a superstrate and
the substrate material we used was low-permittivity ethylene
propylene diene monomer (EPDM) foam (&, = 1.53, tand = 0.02
at 915 MHz [24]), which was sandwiched between the ground

plane and radiating patch. The conductors are made of 40-um
copper foil (conductivity: 58 MS/m). Following the antenna
self-matching principle commonly applied in RFID tag
antennas to avoid lumped component matching circuits
between the antenna and the microchip, we adjusted the
distance between the middle of the antenna and the shorting pin
(parameter e in Fig. 1).

Signal plane

al| b c d e | f g h i k x

S0 2|21 2|7 25 | 11.8 | 158 | 5 | 89 | 2.6

Fig. 1. The side view of the tag (top) and the top view (bottom) with the
geometrical parameters revorted in millimeters.
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Fig. 2. The anatomical model (left side) and the cuboid model (right side).

To account for the impact of the person wearing the tag on
the electromagnetic properties of the antenna, we modelled the
antenna on two different body models in our numerical
simulations: a simplified cuboid-shape and an anatomical
model of an adult male as shown in Fig. 2. The simplified
model, originating from [16], has the dimensions of 480 mm x



59.5 mm x 44.5 mm and the dielectric properties of skin (g, =
41.6, 6 =0.86 S/m at 915 MHz [26]). The four-term Cole-Cole
dielectric relaxation model [25] with the model parameters
available from the IT’IS online library [26] was used to model
the frequency-dependent dielectric properties of the skin. The
skin was selected as the filling material of both models since it
is the closest human tissue type to the antenna and its dielectric
properties are representative to the whole body. As reported in
[16], the inclusion of the internal structures in the anatomical
model with their respective dielectric properties, yielded little
difference in comparison with a model having homogenous
skin filling when modeling a wearable antenna for off-body
communications operating at 915 MHz. The antenna
optimization was conducted using the cuboid model, because it
provided the reduction in the simulation time and mesh size by
the factors of 0.77 and 0.7, compared with the anatomical
model, respectively. The optimization outcome was finally
verified in the anatomical model.

The attainable read range (dig) of the tag is the primary
performance indicator for passive UHF RFID tags. It depends
on the properties of the tag and reader antennas, the RFID
microchip, and the governing emission regulations. For a free
space wireless link [8][13]

A [crcEirp
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where A is the wavelength of the reader’s signal, 7 is the
antenna-IC power transfer efficiency determined by the
impedance of the tag antenna (Z,) and the RFID microchip (Z),
I is the polarization efficiency between the tag antenna and the
incident wave, G is the gain of the tag antenna, E/RP is the
equivalent isotropic radiated power of the reader and P is the
turn-on power of the RFID microchip. The polarization
efficiency 0<I'<l in (1) is determined by the polarization
properties of the tag antenna and the incident wave sent by the
reader. The explicit relationship between I, axial ratio and the
circular polarization ratio are given in Section II.B.

For further assessment, we define the read range coverage C,
with 0<a<1, so that in a-100% of the spatial observation angles
Co<dug(0,¢). This means that when an incident wave from the
reader at an unspecified location impinges the tag, there is an
a-100% probability for detecting the tag at a distance longer
than C,. This parameter enables the assessment of the tag’s
detection reliability in addition to the conventional antenna
parameters and the attainable read range. Because we have
considered the upper back as the nominal location for the
wearable tag, in the further analysis of the spatial coverage, we
assume that the reader may be located anywhere behind the
person with an equal probability. Thus, we limit the analysis to
the spatial directions of a spherical coordinate system centered
at the origin in Fig. 2, where —-90°<6<90° (elevation angle; 6=0
at z-axis) and 0°<¢<180° (azimuth angle; ¢=0 at x-axis). For
computing C,, we used the step one degree in formation of the
angular grid over the given intervals for 6 and ¢.

B. Experimental Characterization

We patterned the metallic parts of the antenna from copper
foil using Summa Cut D60R vinyl plotter and adhered them on
the substrate. The RFID microchip was mounted by the

manufacturer on a 3 mm x 3 mm copper fixture patterned on
plastic film, which we soldered to the antenna. All the
measurements were conducted in an anechoic chamber using
Voyantic Tagformance Pro measurement system [28]. For the
characterization of fully assembled UHF RFID tags, the system
enables the recording of the lowest continuous-wave output
power (threshold power: P;) of the reader for which the tag
under test backscatters a valid 16-bit random number as a
response to the reader’s query command in ISO 18000-6C
communication standard. The attainable read range of the tag,
which includes the impact of polarization mismatch between
the tag under test and the reader antenna, is estimated from the
measured threshold power as

A [EIRP Py,
digg = — |[—-= 2
g = o @

where Py, is the measured threshold power of the tag, A is a
known constant describing the system reference tag’s
sensitivity, and P+ is the reference tag’s measured threshold
power [20]. All the read range results we report in Section IV
are measured from the direction z-axis in Fig. 2.

For the assessment of the circular polarization property of the
tag, we aligned a linear reader antenna on the z-axis of Fig. 2
with its main beam pointing towards the tag and rotated the
reader antenna 360° about the z-axis with a step of 10°.
Importantly, by rotating the reader antenna instead of the tag on
body during the testing, we capture accurately the axial ratio of
the tag while considering the whole body as the antenna
platform. In contrast, in [20] we rotated the tag, which may have
yielded less accurate results. From the rotation measurement,
we extracted the maximum and minimum attainable read ranges
agmax and diag min, respectively, over the all the rotation angles.
They corresponded with the maximum and minimum
polarization efficiencies I'+zv and T'-zv between the tag
antenna and the linear reader antenna, given by

2
_ (1i|}’tag|)z : 3)
2(1+|Vmg| )

where 7. is the circular polarization ratio of the tag antenna
[27]. Because di is proportional to the square root of the power
received by the tag, we have

TyLv _ (dtag,max)z _ (1+|}'tag|)2 @)

r—LIN - dtagmin - 1_|Ytag| ’
where the last equality follows from equation (3). Because the
polarization of our antenna is right-handed (reasoning for this
is provided in Section IV), we solve |y« from equation (4)
under the assumption [y > 1, and compute the axial ratio and
polarization efficiency between the tag and an RHCP reader as
_ [rtagl+1 _ 1
- [Ytagl-1 and Teye = 1+|ytag|_z' ©)
respectively [21][27]. With this information, we can estimate
the attainable read range of the tag referred to an ideal RHCP
reader antenna as

T'RHC TRHC
d =d =d i 6
tag,RHC tagmax TeLIN tag,min F—Luv' ( )

where I"s;;v are computed from equation (3).
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C. Results and Discussion

As shown in Fig. 3 the highest power transfer efficiency of 98%



between the antenna and the IC occurs at 912 MHz and good
complex conjugate matching (t > 90%) is achieved over the
frequency range of 908...924 MHz. In terms of the impedance
matching, there is little difference between the predictions from
the two different simulation models. From the cuboid model,
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Fig. 3. Simulated antenna impedance and the IC chip impedance (left) and
the antenna-IC power transfer efficiency (right).
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Fig. 4. Simulated surface current density from the cuboid model at
different phases of 915 MHz. (a) Phase = 0°. (b) Phase = 90°. (c) Phase
=180°. (d) Phase = 270°.
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Fig. 5. Simulated 3D RHCP directivity pattern of the antenna from the
cuboid model (left) and anatomical model (right) at 915 MHz.

the surface current density distribution of the antenna at the
feeding phases of 0°, 90°, 180°, and 270° at 915 MHz is
depicted in Fig. 4. The frequency coincides with the lowest
axial ratio value. As can be seen, the current vectors at the cross-
section in the middle of the antenna are orthogonal, rotating
counterclockwise, which indicates right-hand circular
polarization in the direction of z-axis [27]. Figure 5 shows the
3D RHCP directivity pattern of the antenna from the two
models at 915 MHz. The directivity is high in the direction of
z-axis, as desired, with the values of 5.5 dBi and 4.7 dBi from

the cuboid and anatomical models, respectively. However, the
peak directivity over all spatial angles occurs approximately at
6 =20° and 8= 15°in the xz-plane in the cuboid and anatomical
models, respectively with the corresponding peak values of 6.7
dBi and 5.4 dBi. The slight offset between the directivity in the
direction of z-axis (boresight directivity) and the peak
directivity originates from the asymmetrically truncated corners
of the radiating patch.

150 150

-180 .
— zxplane —— zy plane
Fig. 6. Simulated (simple model) 2D RHCP directivity with cuboid model
(left) and anatomical model (right) at 915 MHz. yz-plane where 0 = 0° is
at z-axis and swept around the yz-plane and xz-plane is plane where 0 =
0° at z-axis and swept around the xz-plane.
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Fig. 7. Spatial coverage of the tag at 915 MHz in the region where 6 =
—-90°...90° and ¢= 0°...180°.

Overall, the 3D RHCP directivity demonstrates wide angular
span. In terms of the 2D pattern cuts shown in Fig. 6, the
simulated 3 dB beam width of the antenna from the cuboid
model is approximately 76° and 118° in xz- and yz-plane,
respectively. In comparison, the anatomical model provides the
corresponding values of 78° and 81° xz- and yz-plane. The
simulated radiation efficiency of the antenna is approximately
4.2% from both models. Overall, the prediction difference
between the two models is small in terms of both impedance
matching and radiation characteristics.

As shown in Fig. 7, the read range coverage obtained from
both models is highly similar especially for a > 0.4. This
confirms that both models predict similar radiation properties at
the considered observation angles. However, the peak read
range which coincides with & = 0, is slightly higher from the
cuboid model. For a > 0.5, both models provide nearly equal
spatial coverage and from the value at & = 0.5, we conclude that
there is 50% probability that the tag can be detected from a



distance longer than 2.3 meters with an RHCP reader. This
demonstrates good reliability for tag detection in practical
scenarios where the alignment between the person and the
reader normally varies with the movement of a person wearing
the tag.

Finally, to provide further guidelines for tuning the antenna,
we conducted the parametric analysis for the shorting pin
position (parameter e in Fig. 1) and the spacing of the L-slots
(parameter x in Fig. 1). While sweeping a particular
dimensional parameter, we kept all the other ones fixed to the
nominal values listed in Fig. 1. The results are shown in Fig. 8
and Fig. 9. As seen from Fig. 8, as x increases by 0.4 mm, the
optimum axial ratio frequency increases by 37 MHz. At the
same time, the frequency of the maximum attainable read range
increases. In contrast, Fig. 9 shows that as the parameter e
varies, the axial ratio remains approximately constant whereas
notable level-shifts in the attainable read range emerge through
the modification of the antenna impedance. Thus, the
parameters x and e can be used as approximately independent
parameters in the post-manufacturing tuning of the antenna to
counter the impact of possible modeling uncertainty in the
antenna development. As discussed below, we utilized this
approach in our experiments.
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Fig. 9. Simulated (cuboid model) axial ratio and read range of the CP
patch tag with various values of the shorting pin position (parameter e in
Fig. 1).

In the experimental characterizations, we attached the tag at
various locations on the body on a T-shirt and at the nominal
location at the upper back also on a winter coat. As seen from
the results in Fig. 10, in the measurement of the initial sample
shows a downwards shift in frequency compared with the
simulations. We expect this to originate primarily from the
approximations involved in the simulation models. Therefore,
we applied the post-manufacturing tuning to bring the axial
ratio minimum frequency closer to the targeted 915 MHz. This
was achieved by changing the spacing of the L-slots from x =
2.6 mm to x = 3 mm. The tuned sample provided the axial ratio
value of 2.1 dB at 917 MHz when it was worn at the nominal
location in the upper back. Among all the tested locations, the

maximum frequency-shift in the axial ratio was only 5 MHz
and, in all cases, the minimum frequency remained within the
UHF RFID band (902...928 MHz). Moreover, in all cases the
minimum value of the axial ratio was approximately 2 dB.

The numerically predicted and measured attainable read
range of the tag is shown in Fig. 11. From the simulations, the
peak read range is between 4.5 m and 5.1 m and from the
direction z-axis (see Fig. 2) between 4 m and 4.5 m. The
measured value from the direction of z-axis was 5.8 meters
when the tag was attached to the upper back of a person ona T-
shirt and it ranged between 5.5 m and 6 meters in the four
different body-worn configurations. This verifies that even
though the upper back was considered the nominal location of
the tag when the antenna was optimized using the numerical
body models, in practice, it maintains stable performance at
various other locations on body. This is of major importance for
practical applications.

When the reader antenna is linearly polarized, the attainable
read range varies depending on the mutual rotation angle
between the reader and the tag antennas. In this case, we can
characterize the tag in terms of its minimum and maximum dg
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at each frequency, corresponding with the minimum (I'-1iv) and
maximum (I'+.v) polarization efficiency. As shown in Fig. 12,
in this case di, varies between 3.8 m and to 4.5 m at the axial
ratio minimum frequency, depending on the antennas’ mutual
rotation angle. This means that despite being circularly
polarized, the tag can yet be detected at reasonable distance in
an RFID system where linearly polarized reader antennas were
deployed.

Finally, our proposed tag is compared with previous works
on circularly polarized passive UHF RFID tags in Table I. As
can be seen, the tag antenna gain, and the tag read range from
research [30] and [32] is notably high in comparison with other
works. However, also the size of the tag in these works is large,
making it only wearable at the front or back of the torso. The
circular footprint of the tag from research [31] is comparable
with our proposed tag, but as a single-layered antenna without
a ground plane, its performance is limited by the antenna-body
coupling. Overall, compared with the previous works, our tag
strikes a favorable balance between the size and performance
and is small enough to be worn at various locations on body.

TABLE L.
COMPARISON WITH THE CONTEMPORARY RESEARCH WORK.

Ref. Antenna 3-dB AR rl:la(i Gain Antenna size
: type BW (MHz) (m% (dBi) (mm)
[29] Patch 6 2.8 =7 70 x 70 x 1.6

Dipole
[20] on AMC 40 15.7 5 215 x 215 %6
[31] Split ring 23 2 -9.6 nx222x3
[32] Patch 6 8.5 N/A 149.5 x 148 x 5
This  poten 3 58 <71 50 x 50 x 4.5
work

III. CONCLUSION

Wearable antennas are the core technology for modern
wireless body-area systems that enable important future
applications. We presented a circularly polarized antenna for
wearable passive UHF RFID tags. It features a low axial ratio
value in various body-worn configurations and has a small size
of 5-by-5 cm on a low-permittivity textile substrate that enables
seamless cloth-integration. Simultaneously with the CP
radiation, the antenna geometry provides good complex
conjugate impedance matching between the antenna and an
RFID integrated circuit that exhibits low-resistance and
capacitive impedance similar with many RF energy harvesting
systems. Numerical simulations showed that the wearable tag
antenna provides a broad radiation beam with the peak
directivity of over 5 dBi which enables good detection
reliability of the tag also when the user is not perfectly aligned
with the reader. The peak of measured attainable read range of
the implemented tag was 5.8 meters with an RHCP reader
antenna and ranged between 3.8 m and 4.5 m for a linearly
polarized reader antenna.
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