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Abstract

With recent advances in wearable wireless sensor technology, the demand for smart
wristwatches is growing rapidly due to their widespread adoption in applications such as
smart health monitoring, security and fitness tracking. At the present time, the majority of
wristwatch devices use the 2.45 GHz band due to the widespread availability of Bluetooth
and Wi-Fi wireless technologies. Recently, the use of Sub-GHz frequencies for wearable
systems has also gained interest due to the emergence of wireless technologies such as
LoRaWAN and Sigfox that have the potential for long-range wireless communications.
However, the design of antennas for Sub-GHz wristwatch devices poses challenges due to
issues such as practical size constraints and the requirement for the use of electrically small
antennas. In addition, the presence of the human body in close proximity to the antenna

also poses design challenges due to its effect on the key antenna characteristics.

This thesis presents the development of four new Sub-GHz wristwatch antennas, with the
key focus on addressing the bandwidth limitation challenge associated with state-of-the-
art Sub-GHz wristwatch antennas. The research hypothesis for this work focuses on the use
of a dual-radiator approach to enhance antenna bandwidth performance. In the first
contribution, a novel 915 MHz wristwatch planar inverted-F antenna (PIFA) is designed
using a dual-radiator approach for impedance bandwidth enhancement. The approach of
using dual radiators has not been reported previously for Sub-GHz wristwatch antennas.
This antenna demonstrates the highest peak realized gain and the second highest radiation

efficiency for Sub-GHz wristwatch antennas reported in the literature.

In the second contribution, a new 915 MHz wristwatch PIFA design printed on a flexible
PCB substrate is reported, which also uses a dual-radiator design approach. This antenna
features one of the most compact Sub-GHz wristwatch antenna designs and the achieved
performance compares well to the literature in terms of impedance bandwidth, peak
realized gain and radiation efficiency. In addition, a second iteration of this antenna is also
designed for operation in the 868 MHz band. This 868 MHz antenna is directly printed on
the inside surface of a plastic enclosure using laser direct structuring (LDS) technology and
demonstrates a similar impedance and radiation performance as that of the 915 MHz

antenna.
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Finally, in the third contribution, a significant enhancement of the impedance bandwidth
is achieved using a modified feed structure to excite dual resonant responses that can be
independently tuned to maximize the impedance bandwidth by 107 % when compared to
the first generation 915 MHz antenna. The excitation of two adjacent resonant frequencies
has not been previously reported for Sub-GHz wristwatch antennas in the literature. An
equivalent circuit model for this antenna is also derived to explain the impedance
bandwidth enhancement mechanism. Another key contribution of this work includes the
development of a new equivalent transmission line model to accurately predict the
antenna impedance characteristics with greatly reduced computation time compared to
electromagnetic (EM) simulation. The outcomes of this thesis contribute to advancing the
state-of-the-art in bandwidth enhanced Sub-GHz wristwatch antennas for wireless body

sensor network applications.
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Chapter 1: Introduction

The last few decades have witnessed a significant advancement in wearable Internet-of-
Things (1oT) technology. The loT is a network of internet-connected physical objects that
typically contain embedded sensors, actuators and firmware to wirelessly communicate

and exchange data with other wireless devices and systems over the internet [1].

Figure 1.1 shows a typical wireless sensor network (WSN) system for health monitoring,
where a wristwatch-based wireless sensor node is shown. A wireless radio transceiver
with one or more integrated antennas is a key component of a wireless sensor node
because the radio transceiver enables sensor nodes to wirelessly communicate with
external devices such as smartphones [2]. Further, the sensor data stored in a
smartphone can be wirelessly forwarded to the data cloud repository via a wireless
network such as Wi-Fi [3] or cellular networks [3]. Once the measured data is available
on the data cloud repository, the measured information can be easily accessed at a

nurse station for further analysis of health records and planning treatments.

N

Smartphone Data Cloud
Repository
N

WII’E|ESS-
Sensor Device

CompLIter

Clinician

Figure 1.1: Overview of a typical WSN system for health monitoring.



When a WSN is specifically used for wireless networking of wearable and implantable
sensors, the WSN is referred to as a wireless body sensor network (WBSN) [4]. In recent
years, WBSN technology has gained much attention because of its widespread usage in
a growing range of applications such as smart health monitoring, security, sports, fitness
tracking, localization and proximity alerting [5, 6]. Furthermore, due to recent advances
in WBSN and wearable technologies, smart wearable devices have started to appear in
an ever-increasing number of applications, such as smartwatches [7], wristbands [8],
smart clothing [9] and smart glasses [10] to name but a few. However, of these different
groups of wearable devices, smartwatches are the most popular form factor for
wearables mainly because of their ability to be worn seamlessly and conveniently on the
human body and help the users to collect, analyze and wirelessly transfer real-time
personal data to external monitoring devices [6]. Nowadays, smartwatches play a
significant role in wireless tracking of human physiological activities and estimating
various health parameters, such as activity levels, sleep patterns, heart rate, blood
oxygen saturation (Sp0Oz) level and electrocardiogram (ECG) [11, 12]. Because of the
aforementioned reasons, currently, smartwatches with wireless sensing capabilities are
dominating the global wearables market and a similar trend is predicted for the near

future [13].

1.1 Motivation of this Work

At the present time, the majority of wristwatch devices use the 2.45 GHz license free
industrial, scientific and medical (ISM) band [14] due to the widespread availability of
Bluetooth and Wi-Fi wireless technologies. However, wireless technologies are
emerging such as long-range wide area network (LoRaWAN) [15] and SigFox [16]
operating in the Sub-GHz ISM bands such as 915 MHz (902-928 MHz) in North America
and 868 MHz (863-870 MHz) in Europe [17]. These technologies enable wireless
communication over long range at low power consumption compared to the 2.45 GHz

band [18].

Wireless communications at 2.45 GHz has reduced wireless communication range
compared to Sub-GHz frequencies because of increased free space path loss and poor

radio frequency (RF) penetration through walls and buildings [19].



Radio waves propagating at higher frequencies through walls and buildings have more
interaction with material molecules compared to lower frequencies and thus experience

greater RF attenuation compared to lower frequencies [20].

Power consumption is a key concern for wireless sensor devices because the sensor
nodes generally incorporate low capacity small batteries to power the sensor device
[21]. Because of the ubiquitous use of the license-free 2.45 GHz ISM band, wireless
communications at 2.45 GHz can lead to co-existence issues [22] that may degrade
wireless performance. Therefore, multiple re-transmissions of the same information
may be required, which leads to increased power consumption in the 2.45 GHz band
[22, 23]. Onthe other hand, Sub-GHz bands such as 868 and 915 MHz are less congested
mainly because of a restricted duty cycle (typically < 1 % [24]) and can circumvent the
co-existence issues of the 2.45 GHz band [18, 19] particularly when high data rates are
not required. In addition, because of the reduced RF attenuation through walls and
other obstacles at Sub-GHz frequencies, a radio transceiver operating at Sub-GHz bands

requires less power to achieve a similar communication range as at 2.45 GHz [25].

In recent times, many emerging wristwatch-based applications require long-range
wireless communications for increased coverage. For example, patient health
monitoring in a hospital building may require a wireless communication range to cover
the entire hospital building [26]. LoRaWAN wireless technology uses Sub-GHz
frequencies to meet the above-mentioned long-range wireless communications with

low power operation and extended battery life [18].

The wireless transmission and reception capabilities of wireless sensor devices such as
smartwatches are enabled by the integration of one or more antennas. There has
therefore been an upsurge of research interests in developing antennas for wrist-worn
devices [27-30]. However, the design of wristwatch antennas for the Sub-GHz bands is

challenging mainly because of the practical size constraints of wrist-worn devices [31].

Wristwatch antennas operating at Sub-GHz frequencies require a large form factor
compared to the antennas operating at 2.45 GHz. However, considering end user
convenience, wrist-worn devices are also required to have a compact size, which leads

to the requirements of designing electrically small antennas (ESAs).



ESAs have fundamental performance limitations in terms of impedance bandwidth,
antenna gain and radiation efficiency [31] and therefore it is challenging to design high-
performance antennas that can be accommodated within a small size device. Another
challenge in the design of wristwatch antennas concerns the presence of the human

body in the immediate vicinity of the antenna.

The electromagnetic (EM) coupling between an antenna and the human body can lead
to antenna impedance mismatch issues [32, 33]. This impedance mismatch results in
power loss at the input terminal and ultimately reduces the power radiated from the
antenna. In addition, human body tissues constitute a lossy RF medium and absorb EM
radiation and thus degrade the radiation efficiency and gain of the antenna [32]. These
antenna design issues lead to reduced wireless communication range, increased power
consumption and ultimately increased design cost when considering such electrically

small antennas operating in the Sub-GHz bands.

The challenges with current state-of-the-art Sub-GHz wristwatch antennas are

summarized below:

= Several Sub-GHz band wrist-worn antennas have been reported in the literature;
however, the majority of antennas have a limited -10 dB impedance bandwidth of
less than 20 MHz [30, 34-41] or achieve a wider impedance bandwidth of greater
than 20 MHz either by substantially increasing the antenna size [42-50] or at the cost
of compromised radiation performance [36, 42-45, 47, 48].

= The majority of wristwatch antennas developed by other researchers assume an
ideal environment close to the antenna element and do not take into account the
effects of nearby internal components within a practical wristwatch device, These
include printed circuit boards (PCBs), battery, sensor assemblies, connectors and
metal screws.

= Very few Sub-GHz wristwatch antennas [44, 46] designed previously by other
researchers report all the key antenna parameters, such as impedance bandwidth,

gain, efficiency and SAR figures.



The above issues signify the need for developing new Sub-GHz wristwatch-integrated
antenna solutions with improved impedance characteristics while at the same time
maximizing radiation performance which are designed with a system-level approach to

optimise antenna performance.

The Sub-GHz wristwatch-integrated antennas designed and demonstrated in this thesis
are described in [51-54] which report on the design, simulation and test of all the key
parameters associated with optimised antenna development and explain the wrist-worn

antenna characteristics.

In addition, the proposed antennas have been designed to take into account all internal
components and assemblies within a practical wristwatch sensor device to ensure

accurate EM modelling of the entire assembly.

The motivation of this work is to address the design challenges associated with Sub-GHz
operation in a highly constrained form factor and develop novel wristwatch antenna
designs with improved impedance and radiation performance for Sub-GHz band WBSN

applications when compared with the current state-of-the-art in this research domain.

1.2 Aim and Objectives

The aim is to address the aforementioned research challenges and develop novel Sub-
GHz wristwatch antennas with improved impedance characteristics while at the same
time maximizing radiation performance. The main objectives of this research work are

as follows:

* Uncover the main design challenges associated with the state-of the art Sub-GHz
wristwatch antennas.

= Present new antenna designs, develop accurate EM models and characterize the
performance of the proposed antennas through measurements and experiments.

= Develop novel equivalent circuit and transmission line models to enable accurate
and rapid intuition of the impedance characteristics of the antennas.

= Perform optimization and parametric analysis of the proposed antennas to achieve

desired performance when deployed on the body.



= Achieve minimum required impedance bandwidth of 26 MHz for 915 MHz band
operations as defined by the IEEE 802.15.4 standard [55] as well as maximizing
radiation performance compared to the literature. In addition, an associated
objective is to design antennas with reduced RF power absorbed by the human body.

= Explore the feasibility of designing wristwatch antennas using novel manufacturing
techniques such as laser direct structuring (LDS) technology to deposit the metal
antennas to the plastic housing of a wristwatch form factor device.

= Contribute tothe advances in the development of next generation antenna solutions

for wristwatch-based WBSN technology.

1.3 Organisation of the Thesis

The remainder of the thesis is organised as follows:

Chapter 2: In this chapter, the fundamentals of antenna theory and key performance
parameters used to explain the impedance and radiation characteristics of the proposed
novel antennas are described. The electromagnetic interaction between wearable

antennas and the lossy human body tissue is also outlined.

Chapter 3: A comprehensive overview of state-of-the-art wrist-worn antennas in the
literature is presented. This chapter investigates the design techniques and performance
of several wrist-worn antennas, with a particular focus given to Sub-GHz band antennas.
A number of limitations, design challenges and gaps in current state-of-the-art Sub-GHz
wristwatch antennas are identified and the research hypothesis is formulated. The need
for developing new wristwatch-integrated antenna designs with improved performance
in terms of impedance characteristics while at the same time maximizing radiation

performance is highlighted.

Chapter 4: A bandwidth enhanced novel 915 MHz planar inverted-F antenna (PIFA)
wristwatch antenna using a dual-radiator approach is presented. The use of dual-radiator
approach enables the impedance matching of the antenna over the required -10 dB
impedance bandwidth of greater than 26 MHz and thus improves the impedance
bandwidth of the antenna. The antenna element was integrated into a simplified
wristwatch model and the impedance and radiation performances were characterized

[51].



Chapter 5: The development of two new bandwidth enhanced wristwatch-integrated
compact PIFA antennas operating at 915 MHz and 868 MHz bands are presented. First,
a novel dual-radiator based 915 MHz antenna printed on a low-cost flexible polyimide

substrate is presented [52].

The dual-radiator topology is implemented to enhance the impedance bandwidth of the
antenna by enabling the impedance matching over a -10 dB impedance bandwidth of
greater than 26 MHz and to improve radiation performance of the antenna. In addition
to the above, a second iteration [53] of this antenna is designed for operation in the
868 MHz band. This 868 MHz antenna is directly printed on the inside surface of a plastic
wristwatch enclosure using laser direct structuring (LDS) technology and has been fully

integrated into a demonstrator wristwatch device.

Chapter 6: The feed structure of the flexible 915 MHz antenna presented in Chapter 5 is
further optimized to significantly increase the impedance bandwidth performance of
the antenna. With the optimized feed, the new antenna excites two closely located
resonant frequencies that can be independently tuned to maximize the impedance
bandwidth of the antenna. An equivalent circuit model for the proposed antenna is also
derived to explain the impedance bandwidth enhancement approach. In addition, a new
equivalent transmission line model for the proposed antenna is developed to accurately
predict the antenna impedance characteristics with greatly reduced computation time

compared to EM simulation [54].

Chapter 7: In this chapter, the key conclusions and findings of this thesis are presented

and suggestions for future research work are outlined.



Chapter 2: Background Theory

2.1 Background

This chapter presents an overview of the key performance parameters that are used to
describe the impedance and radiation characteristics of an antenna. The design
challenges associated with the continued trend for antenna miniaturization is discussed
with a key focus on antenna gain and impedance bandwidth performance. As the
performance of wearable antennas needs to be optimised to operate efficiently in the
presence of the human body, the electromagnetic (EM) interaction between the

antenna and the human body is also outlined.

2.2 Antenna Parameters

According to IEEE standard for definitions of terms for antennas (IEEE Std 145-2013), an
antenna is defined as “that part of a transmitting or receiving system that is designed to
radiate or to receive electromagnetic waves” [56]. In a wireless communication system,

an antenna serves as a transitional structure between a guided wave and free space.

In the following sub-sections, several key antenna performance parameters are

introduced which are used to analyze antenna performance throughout the thesis.

2.2.1 Antenna Impedance

Antenna input impedance (Za) is defined as “the impedance presented by an antenna at
its terminals” [56]. In other words, Za represents the ratio of voltage to current at a pair

of terminals where the antenna structure is excited [57].

The input impedance of an antenna is a complex quantity with both real and imaginary

components and can be expressed as follows
ZA(.Q) = RA +jXA' (21)

where, Ra denotes the resistive component of antenna impedance and Xa represents

the reactive component. The quantities Ra and Xa are frequency dependent.



The resistive component Ra consists of two terms, namely, undesired loss resistance R,

and desired radiation resistance Rr.
Thus, the input impedance of the antenna can be expressed as
Zp(Q) = (Ry + Rr) +jXa (2.2)

The imaginary part of the input impedance Xa determines the amount of power stored
in the near field of the antenna [58]. To ensure that maximum power is transferred from
the source or generator to the antenna or from the antenna to a load, the input
impedance of the antenna needs to be conjugately matched to the load or source

impedance [57].

2.2.2 Voltage Reflection Coefficient

The voltage reflection coefficient (I") of an antenna measures the amount of RF energy
reflection from the antenna. The antennas demonstrated in this thesis can be
represented by a 1-port network shown in Figure 2.1, where a transmission line of
characteristic impedance Zp is terminated in a load impedance Za, representing the
antenna impedance. The amplitude of the voltage wave incident on port-1 (P1) is
denoted by the quantity V "and the amplitude of the voltage wave reflected from Port-

1 is denoted as IV [59].

The ratio of the reflected voltage amplitude V™~ to the incident voltage amplitude V* is
defined as the voltage reflection coefficient, I' [59] and is expressed as follows
V_ ZA - ZO

= o1 5 (2.3)

r=— .
V* T Za + Z,

A key requirement of antenna design is to minimize I" so as to maximize the RF power

delivered to the antenna over the required band of the antenna operation.
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Figure 2.1: One-port network describing voltage reflection coefficient, I [59].



2.2.3 S-parameters

Scattering or S-parameters are used at radio frequencies to describe the input-output
relationship between the ports of an n-port network, where n is the number of ports
[60]. In Figure 2.2, a two-port network is shown, where the incident and reflected
voltage wave variables are represented as an and by, respectively. At lower frequencies,
terminating the ports in open or short circuit standards is conveniently used to
determine the impedance and admittance parameters [60]. However, at high
frequencies, it is difficult to provide ideal open or short circuit terminations due to the
presence of parasitics and it is convenient to use S-parameters to determine the input-
output relationship between the ports by terminating the required port in the

characteristic impedance of the system denoted Zo, which is typically 50 Q [60].

Py P,
,i‘ |y f\f\—’ -/\/Va, |
I e *
| |
I Two-Port l
Vs : Zy Network Zy : I:I Zo
| [
| [S] |
¢ ¢
[ [

;

NN b,

Figure 2.2: Two-port S-parameter network [60].

Consider the two-port network shown in Figure 2.2, the traveling voltage wave variables

a and b are related to the S-parameters as follows
bl = 511a1 + 512a2 (24)
bz = SZlal + Szzaz (25)

In equations (2.4) and (2.5), the variables a1 and a; represent the incident voltage waves
at ports P1 and P, respectively, while b1 and b, respectively represent the reflected
voltage waves from ports P1 and P.. Driving the input port P1 and terminating the output
port P, in Zo, there will be no reflected wave from port P; (i.e., a2 = 0) because of a perfect
impedance match at P2 and thus, the parameters Si1 (reflection coefficient, I') and S21

(transmission coefficient) can be expressed as

b,
S11 = — | where,a,—, (2.6)
a;

10



b,
S,1 = — | where, a,- (2.7)
a;

S-parameters of the antennas developed in this thesis were measured using Rohde &
Schwarz ZVRE [61] and Anritsu MS2038C [62] vector network analyzers (VNA). The
Anritsu MS2038C is a portable VNA, whereas the Rohde & Schwarz ZVRE VNA is

connected to an AMS-8050 [63] anechoic chamber measurement setup.

2.2.4 Impedance Bandwidth of an Antenna

According to the IEEE standard for definitions of terms for antennas (IEEE Std 145-2013),
the bandwidth of an antenna is defined as “the range of frequencies within which the
performance of the antenna conforms to a specified standard with respect to some
characteristic” [56]. In this thesis, a -10 dB impedance bandwidth definition is used
which signifies the frequency range over which less than 10 % of the incident power is
reflected from the antenna and greater than 90 % of the incident power is delivered to

the antenna input terminal.

In this thesis, Sub-GHz wristwatch antennas have been developed for 915 MHz (North
America) and 868 MHz (Europe) band operations. As summarized in Table 2.1, wireless
communications operating at 915 MHz require a -10 dB impedance bandwidth of 26
MHz [55], and for 868 MHz operations, the required impedance bandwidth is 7 MHz
[64].

Table 2.1: Sub-GHz band impedance bandwidth specifications.

Frequency band Frequency range -10 dB impedance bandwidth
(MHz) (MHz) (MHz)
915 902 -928 26
868 863 —-870 7

2.2.5 Antenna Directivity and Gain

The directivity (D) of an antenna is defined as “the ratio of the radiation intensity in a
given direction from the antenna to the radiation intensity of an isotropic source” [57]

and expressed as follows

11



D v 4 v
== 4T ) 2.8
UO Prad ( )

where, U is the radiation intensity in a given direction, Uo = Prag/41 is the radiation

intensity of an isotropic source [57] and Praq is the total power radiated by the antenna.

The radiation intensity (U, Watt/steradian) in a given direction is defined as the total
power radiated per unit solid angle. The directivity of the antenna is generally expressed

in dBi and describes only the directional properties of the antenna [57].

Antenna gain (G) is another key parameter describing the radiation performance of an
antenna. The gain is closely related to the directivity and takes into account both

directional performance and the radiation efficiency of the antenna [57].

The gain of an antenna is defined as “the ratio of the intensity, in a given direction, to
the radiation intensity that would be obtained if the power accepted by the antenna

were radiated isotropically” [57].

Radiation intensity, U U

= 47—
" total input (accepted) power & P, (2.9)

In practice, the gain (typically in dBi) of an antenna is expressed as realized gain (Gr),

which also takes into account the impedance mismatch loss factor of the antenna [56].

2.2.6 Radiation Efficiency

The radiation efficiency (nrad) is defined as the ratio of the total power radiated (Prq) by
the antenna to the total power accepted (Pin) by the antenna at its input terminals [57].
The radiation efficiency is related to the radiation resistance (Rg) and loss resistance (RL)
of the antenna and commonly given as follows [65]

_ Prad _ RR
Tad = p = B TR,

(2.10)

where, Rr (in Q) represents the amount of power radiated from the antenna and RL (in
Q) is the inherent conductor and dielectric losses of the antenna. The radiation efficiency

relates the gain and directivity of the antenna as follows
G = Npaqa XD, (2.11)

where, the gain and directivity are computed in the direction of maximum radiation [57].

12



2.3 The Hertzian Dipole

The Hertzian dipole is an antenna consisting of a short length of linear conductor that
carries a uniform alternating current along its length [65]. In order to ensure that the
current distribution is uniform, the antenna is assumed to be electrically short (Al << Ao),
where, Al represents the total length of the Hertzian dipole and Ao represents the free-
space wavelength at the nominal operating frequency fo. The concept of a Hertzian
dipole is useful in analysing linear wire antennas of finite length by treating the antenna

as a cascade of several Hertzian dipoles [65].

It is shown in equation (2.10) that the radiation efficiency of an antenna is defined by
the ohmic and radiation resistances of the antenna. In [65], the expression for the

radiation resistance (Rr) of the Hertzian dipole is defined as

2
Re(Q) = 802 (ﬁ—;) (2.12)

Therefore, to maximize radiation resistance Rg, it is necessary to maximize the ratio of
the dipole length to the free-space wavelength. This is especially challenging when

designing antennas of small size.

2.4 Electrically Small Antennas

An electrically small antenna (ESA) is defined as an antenna whose dimensions are a
small fraction of the free-space wavelength Ao at the operating frequency fo [66].
Wheeler described the ESA as an antenna whose maximum dimensions are less than a
radianlength, No/21t [67]. An ESA can also be described using a quantity referred to as
the wave number, k = 21t/Ao, which represents the phase change per wavelength and is
the inverse of the radianlength definition [68]. An ESA is an antenna having ka < 1, where
a (in m) is the radius of the smallest sphere (radiansphere) circumscribing the antenna
[57]. This situation isillustrated in Figure 2.3, where an ESA, in this case a dipole antenna,

is surrounded by a sphere of radius a [69, 70].

13



Radiansphere Radianlength = A,/2m

Figure 2.3: Electrically small antenna (ESA) and radian sphere [69, 70].

The performance characteristics of an ESA, such as impedance bandwidth, gain and
efficiency are fundamentally limited by the antenna size [31, 71]. This is primarily
because the radiation resistance (Rr), and hence the power radiated from the antenna,
decreases with decreasing antenna size [65, 72]. Thus, for an ESA, the ohmic losses of
the antenna need to be minimized in order to maximize antenna radiation efficiency, as

described in Section 2.2.6 [65].

For a linearly polarized ESA, the minimum quality factor, Quin [65, 73] can be expressed

as

1 1
Qmin = (kT)g, + ka (2.13)

This expression shows that as the quantity a decreases, the value of Quin increases,

resulting in greater RF energy storage with less power radiated from the antenna.

In addition, the impedance bandwidth (BW) of an antenna [60] is inversely proportional

to the quality factor (Q) and is given by

BW == (2.14)
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In equation (2.14), the term fc denotes the centre frequency of operation and the term
BW represents the -3 dB impedance bandwidth of the antenna [60]. Equation (2.14)
shows that antenna bandwidth and Q-factor are intimately linked and decreasing the

antenna size also leads to bandwidth reduction.

Furthermore, for an ESA, the maximum achievable gain, Gwax is also limited by the

quantities k and a and is expressed as [65]

GMAX = (ka)z + Z(ka) (215)

2.5 Radiation Efficiency Measurement

Many antenna radiation efficiency measurement techniques have been reported in the
literature. Some of the most commonly used methods include the Wheeler cap and

directivity/gain methods [74].

2.5.1 Wheeler Cap Method

In this method, proposed by Wheeler [70], a hollow conductive shield or “Wheeler cap’
is placed over the antenna under test as depicted in Figure 2.4(a). The radius of the cap
is chosen to be a radianlength (Ao/2) in extent. This dimension ensures that the near-
field of the antenna is not disturbed and at the same time, ensures that all radiated
power from the antennais reflected. S11 measurements are performed with and without
the cap in place to derive values for the radiation and loss resistances Rr + R. from which
the antenna efficiency can then be estimated [65]. The Wheeler cap method is one of
the most popular radiation efficiency measurement methods for small antennas due to

its simplicity, speed, repeatability, and accuracy [74].

Cap Antenna Antenna
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Figure 2.4: Antenna efficiency measurement: (a) in a Wheeler cap, and (b) in free-space.
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2.5.2 Directivity/Gain Method

The second method for radiation efficiency measurement of an antenna is based on
direct measurement of the gain and directivity characteristics of the antenna in an
anechoic chamber environment [74]. This method works by measuring the antenna
under test against a calibrated reference antenna, commonly a reference dipole
antenna with known gain, directivity and efficiency figures [74]. The radiation efficiency
of the antennas developed in this thesis was measured with the above approach using

an AMS-8050 compact anechoic chamber [63].

2.6 Link Budget

A link budget for a free-space wireless communication system, consisting of a radio
transmitter and receiver, describes the relationship between the received power, Pr and

the transmitted power, Pr and can be written as [75]

Px(dBm) = Pr(dBm) + G7(dBi) + Gg(dBi) + 20 log (4%) (2.16)
In equation (2.16), parameter Pgis the received power (dBm), Pris the power delivered
to the transmitting antenna (dBm), Gt is the transmitter antenna gain (dBi), Gr
represents the gain of the receiving antenna (dBi), Ao is the wavelength at the specified
operating frequency (m) and d denotes the distance between the transmitter and

receiver (m).

Table 2.2 summarizes the parameters required for the link budget calculation. In this
thesis work, an AT86RF212B radio transceiver from Microchip Technology has been
employed [76], with transmit power = 5 dBm and minimum receiver sensitivity = -110
dBm. Furthermore, the link budget calculation at fo = 915 MHz assumes the use of an
omni-directional antenna with a peak realized gain Gg = 0 dBi. The distance between the
transmitter and receiver is denoted d and is assumed to be 3 m for this calculation. The
difference between the minimum receiver sensitivity and the receiver power is denoted

as the link margin and is calculated in Table 2.2.
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Table 2.2: Parameters for link budget calculation at fo = 915 MHz.

Parameters Specification Value
Transmitter power, Pr (dBm) for AT86RF212B radio XCVR [76] 5
Transmitter antenna gain, Gt (dBi) For the antenna in chapter 5 -4.9
Receiver antenna gain, Gg (dBi) Assumed 0
Free-space path loss (dB) 20 log(Ay/4md),d =3 m -41.2
Minimum receiver sensitivity (dBm) AT86RF212B radio XCVR [76] 110
Calculated link margin (dBm) Pr - receiver sensitivity 68.9

In this case, the calculated link margin is approximately 68.9 dB which is almost 50 dB
larger than the minimum recommended link margin of 20 dB [77] for establishing

reliable wireless communications.

2.7 Antenna-Human Body Interaction

When an antenna is placed in close proximity to the human body, the electromagnetic
coupling between the antenna and the human body can alter the impedance and
radiation characteristics of the antenna [32, 33]. The relative permittivity of human body
tissue is large compared to the permittivity of free space, and therefore the dielectric
loading caused by the human body may lead to antenna detuning [32]. In addition,
human body tissues have a high water content that makes the body tissue moderately
conductive and causes RF losses at radio frequencies [32]. Therefore, due to the high
relative electrical permittivity and lossy nature of the human body tissue, the coupling
between an antenna and the human body leads to antenna impedance variation and

deterioration of antenna gain and radiation efficiency [32, 33].

The RF losses associated with the human body tissue and electromagnetic (EM) radiation
is represented by a standard parameter called specific absorption rate (SAR). The SAR
parameter is a measure of the rate at which power is absorbed by the human body when

exposed to electromagnetic (EM) radiation and is given as follows [78]
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SAR =

o |E?|
5 (W/kg), (2.17)

In equation (2.17), o represents the electrical conductivity of the tissue specified (S/m),
E is the RMS electric field strength (V/m) and p is the mass density of the tissue (kg/m3).
Defining o and p of the phantom arm is important as these parameters are essential for

evaluating the SAR figure of the antenna, as shown in equation (2.17).

According to IEEE Std C95.1 safety guidelines, the SAR limit for the human head region
must not be greater than 1.6 W/kg averaged over 1 g of human tissue [79]. However, if
the SAR is evaluated on the human wrist, a limit of 4.0 W/kg averaged over 10 g of wrist
tissue is applied according to IEEE Std C95.1 safety [79] and International Commission
on Non-lonizing Radiation Protection (ICNIRP) guidelines [80]. The SAR limit for the
human wrist is higher compared to the head region mainly because different body parts

respond differently to the RF-induced rise in the body temperature [80].

2.7.1 SAR measurement techniques

SAR measurement techniques are based on direct measurement of the electric field
strength produced by the antenna under test when immersed in a tissue equivalent

phantom.
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Figure 2.5: A dosimetric assessment system (DASY) SAR measurement setup [81].
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This technique uses an E-field probe that is immersed in a EM phantom containing a
tissue-equivalent fluid that mimics the RF dielectric properties of human tissue. The
probe position is varied in a controlled manner to yield a three dimensional
measurement of SAR in the desired region of the human body [82]. An example of a
commercial SAR measurement system is the Dosimetric Assessment System (DASY) from
SPEAG [81] is shown in Figure 2.5. The DASY system is a robot-based, high precision
electromagnetic (EM) near-field scanning platform that can be used for precise SAR

measurements in the frequency range of 3 kHz to 110 GHz [81].

The above commercial SAR measurement systems require expensive instrumentation
and the measurements are time-consuming to complete [83]. SAR analysis is therefore
more readily achieved using EM simulation methods. For the above reasons, simulated

SAR figures are reported in the literature.

2.8 Planar Inverted-F Antennas

In this thesis, variants of a planar inverted-F antenna (PIFA) topology have been used to
design the Sub-GHz wristwatch antennas developed in this work [84]. The PIFA antennas
are a commonly used solution for wearable wireless devices mainly because of their
potential to be realized in a compact form factor and their ability to reduce the backward
radiation towards the human wrist due to the use of a finite size ground plane between

the radiator and human tissue [40, 65].

In Figure 2.6, the evolution of a PIFA antenna is depicted, where the symbol S denotes
the source excitation and the symbol G denotes ground. A PIFA antenna has evolved
from a vertical wire quarter-wavelength monopole antenna, as illustrated in Figure
2.6(a) [84]. However, a conventional vertical wire monopole requires a monopole
element of quarter-wavelength placed orthogonal to the ground plane and is therefore
not suitable for the integration into compact wearable devices, such as a smartwatch.
An ILA enables integration of the antenna in a compact device, but the bending of the
wire parallel and close to the ground plane introduces additional capacitance to the
input impedance of the antenna, which leads to antenna impedance mismatch. The
additional capacitance associated with the ILA is compensated by adding a shorting pin

that contributes shunt inductance to the input impedance of the antenna.
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Figure 2.6: PIFA evolution: (a) Quarter-wavelength monopole, (b) Inverted-L antenna (c)

Inverted-F antenna (d) Planar inverted-F antenna.

As depicted in Figure 2.6(c), the modified version of ILA takes a shape of an inverted-F
and so this antenna topology is referred to as an Inverted-F antenna (IFA). The input
impedance matching of an IFA is achieved by adjusting the value of the shunt
inductance, which can be controlled by changing the position of the shorting pin and/or
varying the width of the feed and shorting pin [85]. Finally, as shown in Figure 2.6(d),
when the radiating wire of the IFA is replaced by a conducting plate, the antenna

configuration is referred to as a PIFA [84].

2.9 Dielectric Characterization Technique

In order to characterize the RF dielectric properties of materials, open-ended coaxial
probes are commonly used [86]. The open-end of the probe is placed in direct contact
with the sample to be measured. The fringing fields at the open-end of the probe
changes with varying material type as does the measured reflection coefficient at the
input of the probe. These effects enable the frequency dependant dielectric properties

of the material (¢r and tané) to be computed.

A block diagram for a commercial dielectric measurement system is shown in Figure 2.7
and the lab setup is shown in Figure 2.8. This system uses a dielectric assessment kit,

DAK-TL-3.5 from SPEAG [87].
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Figure 2.7: The DAK-TL-3.5 block diagram [87].
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Figure 2.8: Dielectric measurement setup using a DAK-TL-3.5 system.

This system is fully automated and is suitable for the measurement of dielectric
properties of materials with a thickness range of 0.1 to 10 mm over a frequency range

of 200 MHz to 20 GHz.

In order to measure the dielectric properties of the sample material, the system is first
calibrated by applying a short, open and load termination at the face of the coaxial
probe. The system performs an automatic calibration from 200 MHz to 2 GHz. The

dielectric material sample is then placed beneath the probe as shown.
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The system then measures the frequency dependant dielectric properties (&r and tand).
In this work, the measured dielectric properties for the ASA material were recorded as

gr=2.9and tané =0.033 at 915 MHz.

2.10 Conclusions

In this chapter, a brief introduction to the key antenna parameters that describe both
the impedance and radiation performance of an antenna was presented. The key
antenna parameters, such as reflection coefficient, antenna gain, impedance
bandwidth, radiation efficiency and specific absorption rate (SAR) described have been
used repeatedly in the remaining chapters of this thesis to characterize the performance
of the developed antennas. The concept of the Hertzian dipole and the fundamental
limitations of electrically small antennas (ESA) were also discussed. In addition, the
popular techniques for the measurement of radiation efficiency, SAR and dielectric
characterisation were also described. This chapter also described the effects of the
presence of the human body in the immediate vicinity of an antenna. In Chapters 4, 5
and 6 of this thesis, variants of a planar inverted-F antenna (PIFA) topology have been
realized for developing wristwatch antennas and in this chapter, the evolution of a PIFA

from a monopole antenna was also outlined.
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Chapter 3: Literature review

3.1 Background

This chapter presents a comprehensive review of the state-of-the-art in wrist-worn
antennas reported in the literature. To begin, a brief introduction to state-of-the-art
smartwatch devices is presented. A detailed review of the literature for wrist-worn
antennas operating at different frequencies (e.g., 868 MHz, 915 MHz, 1575 MHz, 2450
MHz and 5200 MHz) is discussed with a particular focus placed on Sub-GHz wrist-worn
antennas. A performance comparison of Sub-GHz wristwatch antennas is conducted to
help identify areas for improvement for new antenna designs. Key design challenges
associated with state-of-the-art Sub-GHz wristwatch antennas are also outlined and the
need for developing new Sub-GHz wristwatch-integrated antenna designs are

highlighted.
3.2 State-of-the-Art Smartwatch Devices

The Internet of Things (loT) is a network of internet-connected physical objects that can
contain embedded sensors, actuators and firmware to wirelessly communicate and
exchange data with other wireless devices and systems over the internet [1]. In recent
times, the demand for smart wearable devices is growing due to the increasing number
of loT applications in smart health monitoring, security, fitness tracking, localization and
proximity alerting [5, 6]. In recent years, a variety of wearable devices such as
smartwatches, wristbands, smart clothing and smart glasses are used as platforms to

realize these applications [5, 27].
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Figure 3.1: The market trend for global wearable devices from 2018 to 2022 [13].

In 2020, the market for smart wearable devices stood at 266.3 million units and is
projected to reach 776.23 million units by the year 2026, that will represent a compound

annual growth rate (CAGR) of 19.48 % during the period of 2021-2026 [88].

Figure 3.1 shows the global market trend for wearable devices from 2018 to 2022. It is
observed that among the various existing wearable devices (e.g., smartwatches,
wristbands, smart clothing and smart earwear), smartwatches are shown to have the
largest growth with a growth of greater than 48 million units between 2018 to 2022.
This is due to the fact that users are familiar with the concept of wearing wristwatches
that can be worn conveniently on the human body. Such devices can be used to help
users collect, analyze and wirelessly transfer personal data relating to health, navigation
and workout activities [6]. Figure 3.1, in this context, shows that at the present time,
smartwatches are the most preferred wearable loT device amongst users and it is
predicted that smartwatches will continue to dominate the global wearable market in

the near future, i.e., “the future global wearables market is all about the wrist” [13].

As illustrated in Figure 3.2, smartwatches play a significant role in human activity
monitoring for sleep and workout patterns as well as estimating health parameters such
as heart rate and blood oxygen saturation (SpO;) level and heart-related parameters
using electrocardiogram (ECG) techniques [11, 12, 89]. Smartwatches enabled with
sensing and wireless communication capabilities are becoming increasingly available as

commercial products in a variety of configurations in recent times.
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Figure 3.2: Application of smartwatches in everyday life [89]: (a) SpO. measurement, (b)

electrocardiogram (ECG) monitoring, (c) Workout and activity tracking [89].

For example, the Huawei GT 2 Pro Watch [90], Apple watch series 6 [89], Garmin
Vivoactive 4 [91], Fitbit sense [92], Samsung galaxy watch active [93] and Fossil Gen 5

[94] are some of the popular smartwatches available to users at the present time.

The wireless transmission and reception capabilities of smartwatches are made possible
by using integrated radio transceivers and antennas. Because of the limited real-estate
available within a typical wearable device, smartwatches generally incorporate a small
battery with finite capacity [95]. The communication range of a wireless device depends
on the antenna gain [53]. It was shown in Chapter 2 that a low efficiency antenna has
reduced gain [65] with limited wireless communications range [53]. Maximizing antenna
efficiency is therefore required to improve wireless communication range performance

and extend battery lifetime [74].

3.3 Wearable Antennas

A wearable antenna can be described as an antenna that is designed to be incorporated
in clothing or worn on the human body [27]. In recent years, wearable antennas have
gained attention in a growing range of application domains, such as defence, security,

healthcare, proximity alert, sports and fitness monitoring [5, 96].

Wearable antennas have key requirements to enable compact, flexible, conformal, low
cost, lightweight and seamless antenna integration into wearable devices. To ensure the
users’ convenience and comfort, it is desired to have a small, compact form factor for

such wearable devices.
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For instance, a point of reference would be the Apple Watch Series 6 [89] smartwatch,
a leader in the market in 2021. This watch device measures 44 mm x 38 mm x 10.7 mm.
Small form factors for these devices are very desirable features for users. Therefore,
high levels of integration are required to implement such devices, with decreasing space
available to integrate key components such as antennas. This creates a requirement to
integrate electrically small antennas. However, as discussed in Chapter 2, electrically
small antennas have fundamental performance limitations in terms of impedance

bandwidth, antenna gain and radiation efficiency [31].

It is challenging to design high-performance antennas that can be accommodated within
a small sized device, in particular at lower frequencies. In addition, as also discussed in
Chapter 2, the design of wearable antennas is further complicated by the presence of
the human body. The presence of the human body in close proximity to the antenna can
lead to EM energy absorption in the body tissues that can lead to a reduction in antenna

gain and radiation efficiency [32, 33].

3.4 Frequency of Operation for Wrist-Worn Antennas

In the literature, wrist-worn antennas are reported that operate in a range of
frequencies, and for the purposes of this review, these antennas have been categorised
under two categories, namely (a) wrist-worn antennas for Sub-GHz bands and (b) wrist-
worn antennas for frequencies above 1 GHz. The Sub-GHz bands category includes
wristwatch antennas for the following frequencies: 13.56 MHz (Industrial, Scientific and
Medical; ISM) [97], 402—-405 MHz (Medical Implant Communication System; MICS) [40],
433 MHz (ISM), 868 MHz (ISM in Europe) [41] and 915 MHz (ISM in North America) [28].
Wrist-worn antennas for frequencies above the 1 GHz category include antennas for the
following frequencies: 1.575 GHz (Global Positioning System; GPS) [98], 2.45 (ISM; IEEE
802.15.1, IEEE 802.15.4 and IEEE 802.11a/b/g) [99], 5.2 GHz (IEEE 802.11a/b/g) [100],
5.8 GHz (ISM; IEEE 802.11ac) [98] and 3.1-10.6 GHz (Ultra Wide Band; UWB) [101]. In
the following section, a review of the previous related research on the design of wrist-

worn antennas operating at frequencies above 1 GHz is presented.
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3.5 Wrist-Worn Antennas for Frequencies above 1 GHz

The majority of wrist-worn antennas reported in the literature are designed to operate
at frequencies above 1 GHz (e.g., 1.575 GHz, 2.45 GHz, 5.2 GHz and 5.8 GHz) because of
the widespread availability of GPS, Bluetooth and Wi-Fi wireless technologies. In recent
years, a variety of antenna topologies have been reported for use in wrist-worn devices.
These antenna topologies include dipoles [99, 102], monopoles [100], loops [103], slots
[29, 104], Inverted-L antennas (ILA) [98, 100], planar Inverted-F antennas (PIFA) [105,

106] and a combination of two or more antenna topologies [107].

Dipole antennas are popularly used in bracelet-based wireless devices [99], where the
radiating elements of a dipole can be incorporated into the strap and extended to meet
the half-wavelength requirement of a dipole at the operating frequency. For example,
as shown in Figure 3.3, a 3-D printed conformal diversity antenna is reported in [99].
This diversity antenna solution consists of three dipole-type antennas with two resonant
arms. Each dipole arm has two sections: the longer section of length L = 24 mm is
resonant at 2.4 GHz and the shorter section of length S =9 mm is resonant at 5.5 GHz.
The metallic layers of the diversity antennas are deposited on a polylactic acid (PLA)
bracelet of 70 mm diameter. The -10 dB impedance bandwidth of this antenna system
ranges from 2.24 GHz to 3.14 GHz for the lower band and from 4.6 GHz to 7 GHz for the
higher band. Furthermore, this diversity antenna achieves an on-phantom measured

peak realized gain of 2.0 dBi and 1.3 dBi at 2.4 GHz and 5.5 GHz, respectively [99].

Inverted-L antennas (ILA) in conjunction with parasitic elements have also been widely
used for smartwatch devices operating at 1.575 GHz, 2.4 GHz, 5.2 GHz and 5.8 GHz [98,
100].

Antenna 1
»
N\

“PLA substrate

Antenna 2 Antenna 3

< JLi

Figure 3.3: 2.4/5.5 GHz 3-D Printed diversity bracelet antenna [99].
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Figure 3.4: Dual-band, 2.4 and 5.2 GHz smartwatch antenna structure [100].

For example, as shown in Figure 3.4, a T-shaped dual-band planar smartwatch ILA with
a total size of 30 mm x 30 mm is reported in [100]. The antenna operates in the 2.4 and
5.2 GHz frequency bands and incorporates two parasitic elements on the top layer and
a slot on the bottom layer of an FR-4 substrate. The parasitic elements are excited via
mutual coupling with the driven element and create two adjacent resonant frequencies
to enhance the impedance bandwidth for both the 2.4 and 5.2 GHz bands. The enhanced
impedance bandwidth makes the wristwatch antenna more robust to variations arising
from different users and wrist-antenna spacing, which can affect the input impedance
of the antenna [33]. The two adjacent resonant frequencies in the 2.4 GHz band are
located respectively at 2.4 and 2.5 GHz, and in the 5.2 GHz band, the two resonant
frequencies are located at 5.2 and 5.35 GHz. The slot in the ground plane mainly controls
the S11 magnitude for both bands. This antenna achieves a -10 dB impedance bandwidth

of 160 MHz for the 2.4 GHz band and 230 MHz for the 5.2 GHz band.

As shown in Figure 3.5(a), a multi-band (1.575, 2.4, 5.2 and 5.8 GHz) smartwatch ILA is
reported in [98], which is printed on a 0.5 mm thick FR-4 substrate with a total size of
30 mm x 30 mm. This antenna incorporates a parasitic element on the back side of the
substrate that enhances the impedance bandwidth by exciting two adjacent resonant
frequencies at 1.6 and 2.45 GHz in the lower band, and 5.0 and 5.9 GHz in the upper
band. This ILA reports a -6 dB impedance bandwidth of 1.21 GHz for the lower band and
1.81 GHz for the upper band and achieves a peak realized gain of -3.9 dBi and a radiation

efficiency of 86.8 % at 1.575 GHz in free-space.
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Figure 3.5: Antennas structures: (a) Multiband (1.575, 2.4, 5.2 and 5.8 GHz) smartwatch

antenna [98], (b) 2.4 GHz metal frame wristwatch loop antenna [103].

Metal frame antennas are another commonly used solution for wristwatch devices
operating above 1 GHz (e.g., 1.575, 2.4 GHz) because the metallic frame itself can be
made resonant, with no additional space requirement for antenna integration [103,
104]. An example of a metal frame loop antenna is shown in Figure 3.5(b), where the
antenna has a total size of 50 mm x 40 mm x 5 mmand is designed for 2.4 GHz Bluetooth
operation [103]. The antenna is fed using a balanced feed and the loop structure is
shorted to the ground system at point S. Starting from the feed port, as depicted in
Figure 3.5(b), the shorting location is placed at a one-wavelength distance at 2.4 GHz,
clockwise or counter-clockwise from the feed point location. The location of the
shorting portion determines the one-wavelength current path required for resonance
and the resonant frequency of the antenna can be tuned by varying the position of the
shorting portion. This metal frame loop antenna achieves a -10 dB impedance
bandwidth of approximately 160 MHz, a peak realized gain of -0.89 dBi and a radiation
efficiency of 26 % at 2.442 GHz.

Slot antennas are also used for wristwatch applications [29, 104]. A slot antenna uses a
half-wavelength long slot cut on a conductive metal sheet and operates in an analogous
manner to a linear dipole antenna [72]. The main advantages of a slot antenna are that
it is simple to fabricate and has a low profile. A slot antenna inherently radiates equally
on both sides of the conductive metal sheet on which the slot is cut [72]. However, for
wristwatch applications, a loop antenna is desired not to radiate towards the human

wrist as it can lead to EM energy absorption in the wrist.
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Figure 3.6: Geometry of the 2.4 GHz cavity-backed annular slot antenna [29].

The radiation towards the human wrist is alleviated in the reported case by including a
metallic cavity or a reflective conductive sheet at the back of the slot to suppress
backward radiation and the resulting structure is called a cavity-backed slot antenna
[108]. A cavity-backed annular slot smartwatch antenna designed for 2.45 GHz
Bluetooth and Wi-Fi applications is reported in [29] and shown in Figure 3.6. This cavity-
backed annular slot antenna is cylindrical in shape and occupies a total volume of
1t x 212x 10 mm3. The top and bottom surfaces of the cavity are realized using a 0.8 mm
thick Rogers 4050B substrate [29]. Along the top surface of the metallic cavity, an
annular slot with a width Ws =1 mm is created and the inner portion of the slot is shorted
to the system ground using a shorting strip of width W1 = 1.7 mm. The slot antenna is
fed with a 50 Q unbalanced microstrip feed line that is printed on the opposite side of
the top substrate and the angle 6 between the microstrip feed line and shorting strip
mainly determines the resonant frequency of the antenna. This annular slot antenna
reported in [29] shows a-10 dB impedance bandwidth of approximately 80 MHz, a peak
realized gain of 2.6 dBi and a radiation efficiency of 66 % at 2.45 GHz.

It was described in Chapter 2 that the specific absorption rate (SAR) is a measure of the
rate at which RF power is absorbed by the human body when exposed to
electromagnetic (EM) radiation [78]. The RF power absorption is potentially harmful to
the human tissue and a maximum permissible limit of the SAR value is defined by the
Federal Communications Commission (FCC) [109] and the International Commission on
Non-lonizing Radiation Protection (ICNIRP) guidelines [80]. For example, for wrist-worn
wireless devices, the SAR level should not exceed a limit of 4.0 W/kg averaged over 10 g

of wrist tissue, as defined by FCC and ICNIRP guidelines [80, 109].
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Figure 3.7: Two element MIMO PIFA wristwatch antenna [106].

The annular slot antenna [29] shown in Figure 3.6 demonstrated a low 10 g SAR figure
of 0.0365 W/kg, for 15.8 dBm input power to the antenna, making the antenna a good

candidate for practical wearable applications.

Planer Inverted-F antennas (PIFA) are another commonly used solution for wristwatch
applications mainly because of their potential to be realized in a compact form factor
and their ability to reduce the backward radiation towards the human wrist due to the

use of a finite size ground plane between the radiator and human tissue [28, 110, 111].

An example of a circular-type PIFA wristwatch antenna is shown in Figure 3.7 where the
design in which a MIMO antenna system using two curved PIFAs is reported [106]. The
wristwatch device operates in the 2.45 GHz Wi-Fi band (2.4-2.483 GHz) and has a total
volume of 1t x 252 x 5 mm3. Each individual PIFA is fed by a 50 Q coaxial cable and is
connected to the ground plane by a shorted wall of width W + E. The second PIFA is
tilted by 100° relative to the first one so as to reduce the mutual coupling between the
radiating elements and the vertical curved ground plane is used to improve the isolation
between the two ports. The resonant frequency of the antenna can be tuned by
adjusting the length of the individual radiating elements, while the impedance matching
can be improved by varying the position of the feed point relative to the shorted wall.
This PIFA antenna achieves a -10 dB impedance bandwidth of approximately 160

MHz, a peak realized gain of -2.4 dBi and a radiation efficiency of 44 % at 2.45 GHz.
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Figure 3.8: Configuration of the internal shorted monopole (IFA) antenna [105].

Figure 3.8 shows a 2.4 GHz internal shorted monopole or inverted-F antenna (IFA)
embedded within a wristwatch plastic enclosure [105]. The antenna is printed on a
0.4 mm thick FR-4 substrate with overall dimensions of 43 mm x 33 mm x 10 mm,
including the enclosure. The antenna consists of two ground planes, with a 50 Q
microstrip feed line printed on the opposite side of the upper ground plane. This
antenna is fed at point A and a shorting section between points A and the upper ground
plane at point B is used for impedance matching. The resonant frequency of this antenna
can be tuned by adjusting the end lengths of the T-shaped monopole to obtain
resonance at 2.4 GHz. This IFA antenna achieves a -10 dB impedance bandwidth of

approximately 270 MHz and a radiation efficiency of 50 % at 2.442 GHz.

High impedance surfaces (HIS) have been employed for wristwatch antennas to improve
radiation performance by minimizing the power radiated towards the human wrist [112,
113]. A HIS structure is designed in such a way that the image current in the HIS flows
in-phase and parallel to the original current in the radiating antenna element and

thereby a HIS minimizes the radiation towards the human wrist [112].

An example of a 2.4 GHz wristwatch antenna designed using a miniature HIS is shown in
Figure 3.9, where the antenna, including the HIS structure occupies a total volume of
38 mm x 38 mm x 3 mm [112]. The antenna stackup in [112] consists of two structures,

both printed on FR-4 substrates and separated by a 0.6 mm thick foam insulator.
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Figure 3.9: A low profile 2.4 GHz smartwatch ILA antenna using a miniature high impedance

surfaces (HIS) structure [112].

The top structure of the antenna represents an Inverted-L antenna (ILA), while the
bottom structure represents a compact-size HIS comprising a grid of 2 x 2 unit-cells. The
ILA element does not have a conductor on the opposite side; however, the HIS structure
is backed by a conductive sheet. As explained above, the HIS structure ensures that the
antenna radiates away from the human wrist and makes the antenna robust against the
dielectric loading effect due to nearby human tissue [112]. This ILA achieves a -10 dB
impedance bandwidth of approximately 400 MHz, a peak realized gain of 2.2 dBi and a
radiation efficiency of 39 % at 2.4 GHz. The use of a HIS structure reduces the SAR level
from 13.5 W/kg (without HIS) to 0.29 W/kg, i.e., more than 90 % reduction in SAR.

To summarize, in the above section, several wrist-worn antennas operating at
frequencies above 1 GHz (e.g., 1.575 GHz, 2.4 GHz, 5.2 GHz and 5.8 GHz) are reviewed.
It is observed that the dipole topology is mostly used for wristband and bracelet
antennas because the radiating elements can be extended to the strap to meet the half-
wavelength requirement for a dipole [99]. Metal frame loop [103], slot [29] and ILA [98,
100] antennas have also been used for wristwatch applications. At 2.4 GHz, cavity-
backed annular slot [29] and metal frame loop antennas were developed; however,
these antennas required a perimeter of one-wavelength at the nominal operating
frequency, which is substantial for a practical size Sub-GHz wristwatch (e.g., 328 mm at
915 MHz). It is observed that PIFA and IFA are the most widely used antenna topologies
for wristwatch applications mainly because of their potential to be realized in a compact
form factor along with their capability to reduce backward radiation towards the human

wrist (i.e., reduced SAR) due to the use of a finite size ground plane [28, 110, 111].
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At higher frequencies greater than 1 GHz (e.g., 2.45 GHz, 5.2 GHz, 5.8 GHz), parasitic
elements have been used for wristwatch antennas to achieve enhanced impedance
bandwidth by exciting dual resonant modes [98, 100]. High impedance surface (HIS)
structures have also been employed at 2.45 GHz to improve the performance of a
wristwatch antenna by ensuring that the image current in the HIS flows in-phase and
parallel to the original current distribution in the radiating element thereby minimises
the power radiated towards the human wrist [112]. However, the HIS structure is
electrically large and is not practical for realization in a compact, practical-size

wristwatch device operating at Sub-GHz frequencies.

3.6 Wrist-Worn Antennas for Sub-GHz Bands

The use of Sub-GHz frequencies for wearable systems have received increased interest
due to the emergence of wireless technologies such as LoRaWAN [15] and SigFox [16]
that have the potential for long-range wireless communications with low power
operation and increased battery life [25, 28, 53]. Therefore, in this section a detailed

review of the state-of-the-art Sub-GHz wrist-worn antennas is presented.

Figure 3.10 depicts the number of research papers reporting the use of Sub-GHz wrist-
worn antennas over the last four decades in this very active research domain. To the
author’s knowledge, one of the first Sub-GHz wrist-worn antenna was reported in the
literature in 1984 [114]. This was a wristwatch radio device designed to operate in the
FM frequency band (88 — 108 MHz) [115]. This device implemented a loop antenna

topology and was embedded in the watch strap to receive the weather information.

It can be seen from Figure 3.10 that the last decade has witnessed a growing interest in
the development of Sub-GHz wrist-worn antennas. This is mainly because of emerging
wireless technologies, such as LoRaWAN and SigFox that operate at Sub-GHz band
frequencies (e.g., 868, 915 MHz) [17, 18]. In this section, a comprehensive review of
wrist-worn antennas operating at Sub-GHz band frequencies (e.g., fo= 403 MHz, 868
MHz and 915 MHz) is presented.
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Figure 3.10: Number of Sub-GHz wrist-worn antennas reported in the literature.

Different variants of dipole and monopole antennas have been used for wrist-worn
applications, as shown in Figure 3.11. For a wrist-worn dipole antenna, the radiating
element can be incorporated into the wristband of a watch/bracelet in order to take

advantage of the additional real-estate provided by this configuration [45].
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Figure 3.11: Geometry of the wristwatch antennas [45]: (a) Dipole antenna, (b) Monopole

antenna 1 and (c) Monopole antenna 2.
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For example, in [45], a dipole and two types of monopole smartwatch antennas using a
metallic strap operating in the frequency range 0.7 GHz to 2.7 GHz are presented. As
shown in Figure 3.11, all antenna designs are realized using a copper metallic strip that
is integrated into the rubber strap. The two dipole arms are formed using the metal
conductor integrated in the strap and also the PCB board ground-plane, as shown in
Figure 3.11(a). Monopole 1 and monopole 2 have a similar configuration, but are
realized at different locations on the rubber belt, as shown in Figure 3.11 (b and c). The
dipole antenna shows a -10 dB impedance bandwidth of approximately 160 MHz at a
frequency fo = 750 MHz, but the dipole has a radiation efficiency of less than 9 % at
750 MHz and less than 6.3 % at 900 MHz. The close proximity of the radiating elements
to the lossy human wrist tissue leads to an absorption of RF power in the human body

and therefore limits the radiation efficiency of the antenna.

As mentioned in Chapter 2, specific absorption rate (SAR) is a measure of the rate at
which RF power is absorbed by the human body when exposed to EM radiation [78]. For
24 dBm input power, the dipole antenna in [45] demonstrated a 10 g SAR value of
0.18 W/kg at 900 MHz, which is less than 5 % of the maximum limit of 4.0 W/kg [79, 80].
An example of a monopole wrist-worn conformal bracelet antenna designed to operate
at 850 MHz is shown in Figure 3.12 [44]. This antenna is printed on a 0.035 mm thin,
flexible Kapton substrate with & = 3.8 and is mounted on a 2 mm thick Acrylonitrile
Butadiene Styrene (ABS) plastic bracelet with & = 2.8. This monopole bracelet antenna
[44] achieves a -10 dB impedance bandwidth of approximately 160 MHz, with a peak
realized gain of -8.3 dBi and a radiation efficiency of 7 % at 850 MHz.

(a) (b)

Figure 3.12: (a) Configuration of the monopole antenna on a flexible substrate,

(b) Arrangement when the antenna is mounted on an ABS bracelet [44].
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In addition, for 23 dBm input power, the antenna in [44] exhibits a 10 g SAR value of
3.75 W/kg at fo = 850 MHz. This high SAR value is attributed to the closeness (2 mm) of

the antenna to the lossy human wrist tissue.

Loop antennas have also been employed for Sub-GHz wristwatch applications. For
instance, in [43], a cellular metal frame loop antenna is reported and is shown in Figure
3.13(a). The antenna operates in two frequency bands (880-960 MHz and
1500-2200 MHz) with a total dimension of 40 mm x 30 mm x 10 mm. As shown in Figure
3.13(a), the grounding points for low band grounding denoted LG and high band
grounding denoted HG are used to control the resonant frequencies of the antenna. The
low band mode (880—960 MHz) has a half-wavelength resonant length measuring from
feed to point LG through HG. In the low band, the antenna exhibits a -10 dB impedance
bandwidth of 180 MHz, but at the cost of low radiation efficiency of less than 6 % at
fo=920 MHz.

As shown in Figure 3.13(b), a variant of a loop antenna using an annular ring, in
conjunction with two rectangular patches for 915 MHz wristwatch applications is
reported in [47]. The annular ring is internally loaded with two rectangular patches to
lower the resonant frequency and to improve the impedance matching of the antenna
The antenna shown in Figure 3.13(b) is made from a copper sheet and is placed 3 mm
away from a simplified cylindrical human phantom model of a radius of 26 mm. This
antenna achieves a-10 dB impedance bandwidth of approximately 100 MHz, with a peak

realized gain of -8 dBi at the resonant frequency, fo = 915 MHz.

Ground Plane

(a)

Figure 3.13: (a) Metal frame loop antenna [43], (b) Configuration of the wristwatch antenna

reported in [47].
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Microstrip patch antennas have also been used for Sub-GHz wristwatch antennas. For
example, a low profile flexible 915 MHz RFID-tag slotted patch antenna is presented in
[34] and depicted in Figure 3.14. The geometry of the proposed antenna is shown in
Figure 3.14(a-b) and Figure 3.14(c) shows the arrangement when the antenna is
attached to a human wrist. The bottom conductive surface (ground plane) of the PVC
flexible substrate is metalized with adhesive copper tape that is shorted to the two
rectangular copper areas on the left and right sides of the top of the PVC substrate. The
copper shapes on the top surface of the PVC substrate are then soldered to the left and
right edges of the slotted patch, as shown in Figure 3.14(b). Two T-shaped slots have
been etched on a 0.4 mm FR-4 substrate that is placed on a 1.4 mm thick foam substrate.
Varying the physical parameters (S, Sw and Sg) of the T-shaped slots affects the input
impedance to provide conjugate matching for the tag chip and adjust the resonant

frequency of the antenna.

86
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Figure 3.14: (a) Geometry of the proposed 915 MHz RFID tag antenna, d = 26, 5= 24,Sw =6, S;

=3, Unit: mm, (b) Antenna attached to a human wrist [34].
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This RFID tag antenna achieves a -10 dB impedance bandwidth of 19 MHz, which does
not meet the required impedance bandwidth of 26 MHz for 915 band operation [55]. At
fo = 915 MHz, this antenna achieves a peak realized gain of -6.87 dBi. This antenna is
designed to work when integrated into a wristband and is not ideal for integration into
a practical size wristwatch device where the antenna is not envisaged to be part of the

strap.

Planar inverted-F antennas (PIFA) are the most widely used topology for Sub-GHz
wristwatch antennas because of their suitability for integration in low-profile, compact
size wristwatch devices. In addition, the ground plane of the PIFA acts as a shield for
backward radiation towards the human wrist and minimizes the losses associated with

human wrist tissue [40, 65].

A wrist-worn dual-band diversity PIFA antenna operating at 880 MHz and 1.8 GHz is
reported in [50]. As shown in Figure 3.15(a), the antenna comprises two PIFA-type
radiating patches (Radiating patch 1 and 2), where dual-resonant operation is achieved
by creating an L-shaped slot in the radiating patches. Both the radiating elements share
a common ground plane and a gap in the ground plane is used to improve the isolation
between the two radiating elements. This antenna has a -10 dB impedance bandwidth
of 28 MHz and achieves a radiation efficiency of 83.7 % at 880 MHz. However, the
antenna has a large size of 188 mm x 30 mm x 6 mm and is not an ideal solution for the

integration into a practical wristwatch device.
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Figure 3.15: (a) Diversity PIFA antenna [50], (b) Metal frame PIFA antenna [49].
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A watch frame PIFA antenna capable of operating in the 746-787 MHz and
1710-2170 MHz bands is reported in [49]. As shown in Figure 3.15(b), the wristwatch
frame of the antenna comprises a top metal and a bottom laser direct structure (LDS)
frame, together occupying a total volume of 44 mm x 44 mm x 6 mm. The antenna is
printed inside the LDS frame made of plastic with a relative electrical permittivity
€r=2.92 and a loss tangent tand = 0.007 and the metallic part of the frame is connected
to the PCB system ground. For this antenna, the lower frequency band (746—787 MHz)
operation is achieved by the LDS antenna in conjunction with the grounding flexible
printed circuit board, denoted FPCB (connected to the metal frame) and an impedance
matching capacitor. On the other hand, the higher frequency band operation
(1710-2170 MHz) was accomplished with the help of a position adjustable tuning
portion. This watch frame PIFA antenna achieves a -10 dB impedance bandwidth of
35 MHz by incorporating a lumped capacitor (3.9 pF) in series with the feedline to match
the input impedance of the antenna. This antenna has a peak realized gain of -5.4 dBi

and a radiation efficiency of 13 % at fo = 767 MHz.

As shown in Figure 3.16, a wrist wearable three-antenna system for long term evolution
(LTE) cellular and global positioning system (GPS) applications is reported [42]. The
antenna system is integrated within an ABS plastic enclosure with & = 2.7 and
tané = 0.005. The antenna geometry measures a total size of 93 mm x 37 mm x 5 mm.
The ground of the chassis is extended to the wristband of the watch device in order to
increase the electrical length of the antenna (ANT1) and incorporates a matching circuit

to achieve resonance for LTE low-band (699-862 MHz) operation.

CCE Antenna -~
(Portl: ANT 1)

Figure 3.16: Configuration of the three-antenna system [42].
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Figure 3.17: (a) Antenna structure, (b) Configuration of the casing watch [40].

The two Inverted-F antennas located on the top edge of the wristwatch case, denoted
ANT2 and ANT3 in Figure 3.16, are used for the LTE mid-band (1710-2155 MHz) and GPS
bands (1563-1605.7 MHz), respectively. The LTE low-band antenna (ANT1) has a
radiation efficiency of 7.9 % at 780 MHz and achieves a -10 dB impedance bandwidth of

105 MHz using an impedance matching network.

A spiral-shaped PIFA antenna for the MICS band (402-405 MHz) and Bluetooth
(2.4-2.483 GHz) applications is reported in [40]. As shown in Figure 3.17(a), the antenna
has a circular ground plane with a spiral resonator located 5 mm above the ground
plane. The total spiral length is approximately one quarter-wavelength at 402.5 MHz and
a quarter-wavelength slot on the surface of the radiator is added to excite a resonance
at 2.4 GHz. In Figure 3.17(b), the configuration of the wristwatch case is depicted, where
the holder of the antenna is made of Epoxy FR-4 substrate with &- = 4.4, tané = 0.01 and
the LCD is made of a silicon substrate with £,= 11.9. When placed on the user’s arm, the
proposed antenna shows a -6 dB impedance bandwidth of 5.2 MHz, a peak realized gain

of -12 dBi and a radiation efficiency of 3.6 % in the MICS band.

As shown in Figure 3.18, a grounded coplanar waveguide (GCPW) fed meandered 915
MHz PIFA antenna for wristwatch applications is reported in [28]. The antenna is realized
using a standard FR-4 substrate material and has a compact size of
44 mm x 28 mm x 1.6 mm. This antenna achieves a peak realized gain of -6.1 dBi at 915
MHz and with the help of a -type matching network, a -10 dB impedance bandwidth of
55 MHz is achieved.
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Figure 3.18: Geometry of the meandered 915 MHz PIFA [28].

Figure 3.19 shows an inverted-F type wristwatch antenna operating in the 810-960,
1370-1450 and 1710-2630 MHz bands [46]. The proposed antenna has multiple
radiating elements that are excited at different resonant frequencies, including 866
MHz, 1437 MHz, 1960 MHz and 2300 MHz. At 866 MHz, the antenna exhibits a -10 dB
impedance bandwidth of approximately 105 MHz, a peak realized gain of -4.4 dBi and a

radiation efficiency of 26 %.
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Figure 3.19: (a, b) Configuration of the wristwatch IFA, (c) Wristwatch model [46].
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Furthermore, for 22.96 dBm input power, this antenna exhibits a 10 g SAR value of
0.78 W/kg at 836.5 MHz. However, the radiating part of the antenna in [46] is extended
to the strap of the wristwatch device. Note that the width of the watch strap also has a
wide dimension of 50 mm, which is not ideal for a practical wristwatch device in terms

of comfort.

3.7 Performance Comparison of State-of-the-Art Sub-GHz Wrist-Worn

Antennas

Table 3.1 summarizes the key performance characteristics of the 23 state-of-the-art
Sub-GHz wrist-worn antennas discussed in detail in Section 3.6. Note that all the
antennas listed in Table 3.1 were characterised using a phantom arm; however, the
dielectric constant (&r) and electrical conductivity (o) of the phantom arms used are
different for different antennas. For instance, the phantom arm model used for the
antenna in [28] has & = 32.5, 6 = 0.5 S/m, and the phantom arm used in [34] has
&=41.3,0=0.87S/m at 915 MHz.

For the ease of reading, each reference is assigned a row number.

In Table 3.1, the columns denoted (A) to (I) respectively include, row number,
publication reference, antenna topology, antenna dimensions (L = length, W = width,
h = height in mm), fo = resonant frequency in MHz, BW = measured -10 dB impedance
bandwidth in MHz, Gain = measured peak realized gain in dBi at fo, 7 = measured

radiation efficiency in % at fo and SAR = simulated specific absorption rate in W/kg at fo.
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Table 3.1: On-phantom performance of state-of-the-art Sub-GHz wrist-worn antennas.

A B C D E F G H I
Dimensions fo -10dB = Gain h SAR
Row Ref. Antenna (mm) (MHz) BW (dBi) = (%)  (W/kg)
Topology L w h (MHz) @fo @fv @fo
1 [43] Loop 40 30 10 920 180 NA 6.4 NA
2 [44] Dipole 127 25 2 850 160 -8.3 7 3.75
3 [45] Dipole 145 40 NA 900 160 NA 6.3 0.18
4 [42] IFA4 93 37 5 780 1051 NA 7.9 NA
5 [46]  PIFA? 64.8 456 4.75 866 105 -4.4 26 0.78
6 [47] Loop 200 56 0.2 900 100 -85 NA NA
7 [28]  PIFA? 44 28 1.6 915 55! -6.09 NA NA
8 [48] Dipole® 220 10 0.25 9225 44 -11.2  NA NA
9 [49]  PIFA% 44 44 10 767 35! -5.4 13 NA
10 [50] PIFA® 188 30 6 880 28 NA  83.7 NA
11  [116] Helix 40 40 144 890 23 NA NA NA
12 [34] Patch 86 25 1.6 915 193  -6.87° NA NA
13  [36] Helical 110 29 155 868 17 2135 NA NA
14  [37] Monopole 100 15 0.6 911 14 535 NA NA
15 [38] Monopole 40 15 1.8 911 7.5 -5.86 NA NA
16  [39] IFA4 45 30 55 846 7~ NA  14.8 NA
17 [40]  PIFA% nx252x5 4025 5223 -12 3.6 NA
18  [30] PIFA mx252x5 4025 42223 92 6.9 NA
19  [41] Loop® 50 35 3 868 3.5 -1.44 NA  0.0002
20  [35] Sspiral® mx 162 915 33 -1.04 NA NA
21  [117] PIFA 76.1 13.6 9.5 866 NA 6.6 8.6 NA
22 [118] Patch® 120 29 0.64 867 NA -13 NA NA
23 [119] PIFA 90 20 3 923 NA -5 NA NA

This table is sorted in decreasing order of -10 dB bandwidth in column F

Important Notes:

1 Antenna requires the use of an impedance matching network

2 Only the -6 dB impedance bandwidth is reported

3 Antenna does not meet the -10 dB bandwidth requirements for the targeted band

4 Antenna was fully integrated in a wristwatch device

> Only simulated results are reported

NA = Information not reported

In the following sections, Table 3.1 is studied in detail to analyze the key performance
parameters of the state-of-the-art Sub-GHz wrist-worn antennas reported in the
literature and in the following chapters, the developed antennas in this thesis are

compared against Table 3.1 to determine their relative performance.
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3.7.1 Antenna Topology

As summarized in Column C of Table 3.1, different antenna topologies (e.g., dipole,
monopole, loop, helical, patch and PIFA) have been used for Sub-GHz wristwatch
applications. However, the majority of Sub-GHz wristwatch antennas are designed using
the PIFA topology, mainly because of its capability to be integrated into a low-profile,
compact size wristwatch device. In addition, the finite ground plane of the PIFA acts as
a shield for backward radiation towards the human wrist and minimizes the losses that

can be caused by human tissue [40, 65].

3.7.2 -10 dB Impedance Bandwidth

First, the impedance bandwidth of the antennas in Table 3.1 is investigated because the
main focus of this thesis is on bandwidth improvement. Note that the antennas listed in
Table 3.1 are sorted in the decreasing order of -10 dB impedance bandwidth, column F.
The -10 dB impedance requirements of the various Sub-GHz bands have been

summarized in Table 3.2.

Table 3.2: -10 dB impedance requirements for several Sub-GHz bands.

Frequency band Frequency range -10 dB impedance
Reference

(MHz) (MHz) bandwidth (MHz)
915 902 -928 26 [55]
868 863 —-870 7 [64]
920 920-928 8 [55]
402.5 402 - 405 3 [30]
866 865 —867 2 [120]
866 865 — 867 2 [120]
922.5 920 -925 5 [121]
864 864 — 870 6 [120]
923 915-928 13 [120]
433 433.05-434.79 1.74 [120]

It is observed from Table 3.1 that the four antennas in rows 1 to 4 achieve the best -10
dB impedance bandwidth performance. Those four antennas achieve a -10 dB

impedance bandwidth of more than 100 MHz, but at the cost of a radiation efficiency of
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less than 8 %. The PIFA antenna in row 5 has a -10 dB impedance bandwidth of 105 MHz.
However, this antenna uses a wrist strap that has a width of 50 mm which is considerably
wider than a standard wristwatch strap, for example an Apple smartwatch, whose strap

measures a total width of 24 mm [89].

The antennas in rows 4, 7 and 9 achieve a -10 dB impedance bandwidth of 55, 35 and
105 MHz, respectively, but these antennas use impedance matching networks for
impedance bandwidth enhancement. However a key disadvantage of introducing an
impedance matching network is the addition of RF losses in the matching components
as well as the increase in cost and design complexity [122]. The dipole antenna in row 8
has a -10 dB impedance bandwidth of 44 MHz, but this antenna has a peak realized gain
of less than -11 dBi at 922.5 MHz. The PIFA antenna in row 10 achieves a -10 dB
impedance bandwidth of 28 MHz, but this antenna occupies a size of 188 mm x 30 mm
x 6 mm, which is substantial for integration into a practical wristwatch device, such as

an Apple watch [89].

Table 3.1 shows that many of the antennas in the literature have a limited -10 dB
impedance bandwidth of less than 20 MHz, as for the antennas in rows 12 to 20. For
example, the 915 MHz wristwatch antennas in rows 12 and 20 respectively achieve a
-10 dB impedance bandwidth of 19 and 3 MHz, but do not meet the fundamental
minimum bandwidth requirements for use in the 915 MHz ISM band of 26 MHz (902-
928 MHz) as defined by IEEE 802.15.4 standard [55]. Furthermore, the antennas
reported in row 17 and 18 are designed for the MICS band, but they do not meet the
minimum required -10 dB impedance bandwidth of 3 MHz for the MICS band
(402 — 405 MHz) operation [30].

From the above impedance bandwidth analysis of the 23 published work, a gap in the
state-of-the-art relating to the limited impedance bandwidth was identified. It was
concluded that the majority of antennas have limited -10 dB impedance bandwidth of
less than 20 MHz (rows 12 to 20) or achieve a wider impedance bandwidth of greater
than 20 MHz either by designing the antenna using an impractical size (rows 1-6, 8-11)
wristwatch device or at the cost of impaired radiation performance (rows 1-4, 6, 8, 13).
Therefore, the need for developing new compact antenna designs with enhanced
impedance bandwidth while at the same time maximizing radiation performance was

identified.
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The research hypothesis for this work focuses on the use of a dual-radiator approach to
enhance the antenna characteristics when compared to the state-of-the-art Sub-GHz
wristwatch antenna. This research hypothesis is based on the fact that the impedance
bandwidth of an antenna can be enhanced by: (a) modifying the input impedance to
improve the impedance matching of the antenna over the required band [123, 124] and
(b) by enabling the excitation of two closely located resonant frequencies creating two
resonances that can be independently tuned to maximize the impedance bandwidth of

the antenna [125].

3.7.3 Peak Realized Gain at fo

Having studied the -10 dB impedance bandwidth performance for a total of 23 Sub-GHz
wristwatch antennas, the peak realized gain performance, as summarized in Column G
of Table 3.1 is now analyzed. The 915 MHz spiral antenna in row 20 has the highest peak
realized gain of -1.04 dBi. However, this antenna has a -10 dB impedance bandwidth of
only 3 MHz and does not meet the minimum 26 MHz requirement for 915 MHz band
operation. The 868 MHz loop antenna in row 19 demonstrates the second highest peak
realized gain of -1.44 dBi, but this antenna achieves a -10 dB impedance bandwidth of
only 3.5 MHz. The 868 MHz helical antenna in row 13 has a peak realized gain of -13 dBi

at 868 MHz, which is the lowest gain performance for the 23 papers reviewed.

It is observed that out of 23 antennas reviewed in Table 3.1, only 4 antennas as in rows
5, 19, 20 and 23 achieve a peak realized gain of greater than -5 dBi, and 6 antennas

reported in rows 1, 3, 4, 10, 11, 16 do not report the peak realized gain figures at all.

3.7.4 Radiation Efficiency at fo

Having studied the -10 dB impedance bandwidth and peak realized gain requirements,
in this section the radiation efficiency performance, as listed in Column H of Table 3.1,
is next investigated. It is observed that more than 50 % (12 out of 23) of the Sub-GHz
wristwatch antennas do not report radiation efficiency performance figures, either

measured or simulated.

The PIFA antenna in row 10 achieves the highest radiation efficiency of 83.7 % for all 23
antennas but this antenna occupies a considerable size of 188 mm x 30 mm x 6 mm,

which is not suitable for integration into a practical wristwatch device [89].
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The majority of Sub- antennas (rows 1-4, 17-18, 21) have a radiation efficiency of less
than 9 % and only 4 antennas (rows 5, 9, 10, 16) out of 23 antennas analyzed achieve a

radiation efficiency of greater than 10 %.

3.7.5 Specific Absorption Rate (SAR) at fo

Table 3.1 column (l) summarizes the SAR performance figures for the 23 antennas
analyzed. As described in Chapter 2, the SAR parameter is a measure of the rate at which
RF power is absorbed by the human body when exposed to EM radiation [78] and for
wrist-worn wireless devices, the SAR level should not exceed a limit of 4.0 W/kg
averaged over 10 g of wrist tissue [79, 80]. Therefore, the SAR figure is an important
parameter to consider when designing a wristwatch antenna. However, it is found that
the majority of Sub-GHz wrist-worn antennas described in the literature do not report
the SAR performance and out of 23 antennas reviewed, the SAR performance is only

reported for 4 antennas (rows 2, 3, 5 and 19).

3.7.6 Wristwatch Model

This analysis of the literature also has found that the majority of Sub-GHz wristwatch
antennas, with the exception of antennas in rows (4, 5, 7, 9, 16, 17) do not consider the
potential performance effects of internal wristwatch components in close proximity to
the antenna, something that is inevitable in a practical wristwatch device. The internal
components of a practical wristwatch device typically include printed circuit boards

(PCBs), battery, sensor assemblies, connectors and metal screws for example.

Based on the above literature review, the challenges and issues (relating to impedance
bandwidth, peak realized gain, radiation efficiency and SAR) with the state-of-the-art

Sub-GHz wrist-worn antennas are summarized in Table 3.3 on the next page.
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Bandwidth Related Challenges

Gain, Efficiency and SAR related challenges

Table 3.3: Challenges with reported state-of-the-art Sub-GHz wrist-worn antennas.

|

No. Challenges References Remark
4 out of 23 papers do not
-10 dB impedance bandwidth P p
1 . [30, 34, 35, 40] meet BW requirements
(BW) requirements not met
for targeted band
3 out of 23 papers do not
2 | BW figures not reported [117-119] report bandwidth or S1;
response
9 out of 23 papers have
3 | BW<20 MHz [30, 34-41]
BW < 20 MHz
. 9 out of 23 antennas have
BW > 20 MHz, but with . . .
4 ) ) [42-50] an impractical size for a
substantial antenna size ) ]
wristwatch device [89]
o ) 7 out of 23 antennas have
BW > 20 MHz, but with impaired [36, 42-45, 47, i .
5 o either efficiency < 8 % or
radiation performance 48] ) .
Gain < -8 dBi
Only 4 out of 23 papers
6 | Peakrealized gain less than -5 dBi [35, 41, 46, 119] y ] p P
have Gain > -5 dBi
o [39, 42, 43, 45, 6 out of 23 papers do not
7 | Antenna gain figure not reported .
50, 116] report antenna gain
Radiation efficienc less than Only 4 out of 23 papers
8 y (1) [39, 46, 49, 50] y pap
10% have >10%
Radiation efficiency (7)) not [28,34-38, 41, 47, More than 50 % papers
9 48,116, 118, 119]
reported do not report 7
[28, 30, 34-40, 42, I ;
Only 4 out of 23 papers
10 | SAR figures not reported 43, 47-50, 116- y _ pap
report SAR figures
119]
Enclosure and internal [30, 34-38, 41, Only 6 out of 23 papers
11 | components of a wristwatch 43-45, 47, 48, 50, | use a physical wristwatch
device are not considered 116-119] device
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3.8 Gaps in the State-of-the-Art and Research Hypothesis

From the above review of the 23 antennas, it was concluded that the majority of
antennas have limited -10 dB impedance bandwidth of less than 20 MHz [30, 34-41] or
achieve a wider impedance bandwidth of greater than 20 MHz either by designing the
antenna using an impractical sized wristwatch device [42-50] or at the cost of impaired

radiation performance [36, 42-45, 47, 48].

Several gaps in the state-of-the-art relating to the limited impedance bandwidth are
identified in Table 3.2 and the need for developing new compact antenna designs with
enhanced impedance bandwidth while at the same time maximizing radiation
performance is concluded. The work presented in this thesis aims at addressing the
above challenges identified in the literature by designing new, performance improved
wristwatch antennas. The research hypothesis for this work focuses on the use of a dual-
radiator approach to enhance the antenna performance characteristics when compared

to the state-of-the-art Sub-GHz wristwatch antennas.

3.9 Conclusions

This chapter has presented a comprehensive review of wrist-worn antennas reported in
the literature. First, the wrist-worn antennas operating at frequencies above 1 GHz was
discussed. Furthermore, a detailed review of Sub-GHz wrist-worn antennas was
conducted and the associated design challenges were outlined. In the literature, several
types of antenna topologies (e.g., dipole, monopole, ILA, metal frame loop, slot, helical,
patch and PIFA) have been used for wristwatch devices. However, it was observed that,
planar inverted-F antennas (PIFA) are the most widely used antenna topology for
wristwatch devices due to their compact and low profile characteristics and the ability
to minimize backward radiation towards the human wrist tissue [40, 65]. At higher
frequencies (e.g., 2.4, 5.2 and 5.8 GHz), dual-radiator approaches have been used to
enhance the impedance bandwidth of wristwatch antennas [98, 100]. However, this
literature review also concludes that a dual-radiator approach has not been used

previously for Sub-GHz wristwatch antennas.
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A performance comparison of Sub-GHz wristwatch antennas reported in the literature
was performed to highlight the characteristics and limitations of such antennas and a
number of design challenges were identified. In particular, a gap in the state-of-the-art
relating to the limited impedance bandwidth of Sub-GHz wristwatch antennas was
identified and the need for developing new antenna designs with improved
performance was identified. The aim of this thesis is to address the challenges identified
in this chapter. The performance characteristics of the developed Sub-GHz wristwatch
antennas in this thesis are later compared against the state-of-the-art wristwatch

antennas, as was summarized in Table 3.1.
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Chapter 4: A Bandwidth Enhanced 915 MHz Wristwatch

Antenna

4.1 Background

As has been discussed in the literature review in Chapter 3, the emergence of wrist-worn
wireless devices equipped with physiological sensors is part of a growing application
space for consumer electronic and Medtech devices. Such devices with wireless
capability can play a significant role in healthcare applications such as the bio-
physiological measurement of heart rate, temperature and arterial oxygen saturation
(Sp02) [28, 126, 127]. At the present time, the majority of wristwatch devices use the
2.4 GHz band due to the widespread availability of Bluetooth and Wi-Fi wireless
technology [28] and the ability to seamlessly interface these devices with smartphone
technology for data analytics and visualisation. However, in the last decade, Sub-GHz
band (915/868 MHz) frequencies have also shown potential for future loT wristwatch
applications. Sub-GHz frequencies are increasingly of interest for loT applications due to
emerging wireless technologies such as LoRaWAN [15] and SigFox [16] that have the
potential for long-range wireless communications with low power consumption and

increased battery life, when compared with the 2.45 GHz band [19, 128].

It was also concluded in the literature review, Chapter 3, that Sub-GHz wristwatch
antennas can have impedance bandwidth figures of less than 20 MHz [30, 34-41] and
limited radiation performance with less than 8 % efficiency [42-45]. The limited
impedance bandwidth and radiation performance of Sub-GHz wristwatch antennas are
mainly attributed to the practical size constraints of wrist-worn devices, resulting in
electrically small antenna designs with limited radiation performance [31, 67]. In this
work, a new bandwidth enhanced 915 MHz wristwatch antenna is developed, which
aims at achieving the minimum required -10 dB impedance bandwidth of 26 MHz for

the 915 MHz band operation [55].
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In addition, the proposed antenna design aims to improve on the peak realized gain and
radiation efficiency performance when compared to similar wristwatch antennas

reported in the literature.

4.2 Target Wristwatch Device for Antenna Integration

The antenna proposed in this work is designed for integration into an off-the-shelf
wristwatch assembly [129] shown in Figure 4.1. The wristwatch enclosure is made of an
acrylonitrile butadiene styrene (ABS) plastic material with a relative electrical
permittivity &r= 2.8 and a loss tangent tané = 0.004 at 1 GHz [130]. The overall dimension
of the wristwatch enclosure is 50 mm x 35 mm x 15 mm. Figure 4.1 also shows a
cylindrical homogeneous phantom arm (IXB-63) from IndexSAR [131] used during
electromagnetic (EM) simulation. The phantom arm has a length of 200 mm with 63 mm
diameter. The electrical properties are specified as & = 35.76 with an electrical
conductivity o = 0.58 S/m and mass density p = 1764 kg/m3 at 915 MHz [131]. The
wristwatch strap used in this work is made of silicone rubber with & =2.95 and tané =
0.001 at 1 GHz [132]. Figure 4.1 also shows the antenna structure integrated into the
wristwatch device, which is excited using an unbalanced coaxial feed at points S (source)
and G (ground). The next section describes the design and evolution of the antenna in

detail.

Antenna

Enclosure

Coaxial feed

Phantom Arm

Figure 4.1: Wristwatch enclosure device placed on a phantom arm [131].
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4.3 Antenna Design Concept

The proposed wristwatch antenna is a modified planar inverted-F antenna (PIFA)
topology. A PIFA topology was selected because it can be readily incorporated into a
compact wristwatch housing, compared to other antennas topologies, such as dipole,
conventional monopole, loop and patch antennas, which require a larger space
compared to a PIFA antenna [57]. In addition, the PIFA topology ensures reduced
backward radiation towards the user’s wrist due to the presence of the plane between
the radiator and human tissue, which minimizes the losses in human tissue [40, 65]. A
simplified view of a conventional quarter-wavelength single element (Radi) PIFA
antenna topology is illustrated in Figure 4.2(a) [133]. With the goal to enhance the
impedance bandwidth, this work proposes a dual-radiator (Rad1and Rad-) based PIFA
structure similar to the topology shown in Figure 4.2(b). For the proposed antenna,
element Rad: is connected to the feed point S, whereas element Rad. is connected to

ground G and is excited via mutual inductive coupling with Rad:.

The following sections outline the benefits of the proposed antenna design. The
inclusion of element Rad, improves the impedance bandwidth by enabling impedance
matching of the antenna over a wider bandwidth compared to the single element PIFA.
Furthermore, as both the elements Radi and Rad- are shown to be resonant at 915 MHz,
along with the impedance bandwidth enhancement, the proposed antenna structure
also demonstrates an improved peak realized gain and radiation efficiency when
compared to a single element PIFA. A conventional PIFA is a variant of a quarter-
wavelength monopole antenna that is resonant at odd multiples of the free-space

quarter-wavelength or Ao/4, 3\o/4, 5\o/4 etc [134, 135].

/ e 4 / / el
Rad; /
/GV ! / — / — /
G S
(a) (b)

Figure 4.2: (a) Conventional single-element PIFA topology [84], (b) Proposed dual-radiator PIFA

a

antenna design concept.
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For the proposed dual-radiator PIFA shown in Figure 4.2(b), element Rad, has a free-
space electrical length of approximately Ao/4 and is resonant at a fundamental frequency

of 915 MHz, similar to a conventional PIFA.

Element Radi has an electrical length of approximately 0.38 Ao with a fundamental
resonant frequency of fo= 510 MHz. This length is approximately 0.13 Ao greater than
the theoretical quarter-wavelength of Ao/4. This increase in electrical length can be
explained by the capacitive loading effect of the meandered structure. This capacitive
loading effect due to meandering is consistent with that of a similar PIFA antenna
structure operating at 2.45 GHz as reported in [136]. The antenna structure in [136] has
a second resonance at twice the fundamental frequency or approximately 5.5 GHz. For
the antenna reported in this work, a similar response is observed with the antenna being

resonant at a frequency of approximately 2fo = 915 MHz.

4.4 Antenna Design and Simulations

Having described the antenna design concept, the development of a variant of a dual-
radiator PIFA topology operating at 915 MHz is now presented. The proposed antenna
topology was achieved after three design iterations, denoted as Antenna-1, Antenna-2
and Antenna-3. This antenna design evolution aims at improving the impedance
bandwidth as well as the radiation performance of each antenna to arrive at the final
design. The performance characteristics of all three antennas were simulated and

analyzed using Ansys HFSS [137], as described below in detail.

4.4.1 Antenna-1

The starting point for the antenna design was a single element PIFA structure, as shown
in Figure 4.3. The total size (L x W x h) of the antenna including the finite ground plane
is 43.5 mm x 28.5 mm x 10.3 mm and is excited at point ‘S’ using a 50 Q unbalanced
coaxial feed. The antenna structure was realized using a 0.35 mm copper plate. Element
Radi extends from the feed point S to the end of the element at point A and has a total
length of 68.5 mm, which corresponds to a free-space electrical length of 0.21 Ap at 915
MHz. The separation L, between the feed point and the shorting plate determines the
magnitude of the shunt inductance that is used to balance the net capacitance of the
radiating element to the ground plane and thus controls the impedance matching of the

antenna.
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Figure 4.3: Antenna-1 topology and simulated S1; response for varying L.

It can be seen from Figure 4.3 that the impedance matching of the antenna improves
with reducing values of L, and the antenna is best matched for L, = 0.5 mm at the
resonant frequency fo = 915 MHz. The S11 response shows that Antenna-1 has a -10 dB
impedance bandwidth of 22 MHz, which did not meet the minimum required impedance
bandwidth of 26 MHz for 915 band operation [55]. Furthermore, Antenna-1 has a

simulated peak realized gain of -1.4 dBi and a radiation efficiency of 41.8 % at 915 MHz.

4.4.2 Antenna-2

With the aim to improve the impedance and radiation performance of the antenna, the
second antenna (Antenna-2) was designed. For Antenna-2, only the structure of the
radiating element Rad: was modified and all other design parameters were maintained
as described above for Antenna-1. The total length of element Rad: was increased to
excite a second resonance at 915 MHz. The structure of Antenna-2 isillustrated in Figure
4.4, where element Radi has a total length of 224 mm, which corresponds to a free-
space electrical length of 0.68 Ap at 915 MHz. For this total length (224 mm) of Rad:, the
antenna has a fundamental resonant frequency fo1 = 510 MHz and a second resonant

frequency fo, = 915 MHgz, as illustrated in Figure 4.4.
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Figure 4.4: Antenna-2 antenna topology and simulated Si1; response.

Furthermore, the distance L, was also optimized to 2 mm (L2 was 0.5 mm for Antenna-

1) to achieve the maximum impedance bandwidth for Antenna-2.

The S11 response shows that Antenna-2 achieved a -10 dB impedance bandwidth of 19
MHz, which is slightly (3 MHz) less than Antenna-1 and does not meet the minimum
required impedance bandwidth of 26 MHz for 915 band operation [55]. However, the
simulated results for Antenna-2 achieved a peak realized gain of -1.1 dBi and a radiation
efficiency of 42.5 % at 915 MHz, which are respectively, 0.3 dB and 0.7 % higher than
Antenna-1. Therefore, Antenna-2 was further optimized with the goal to enhance the

impedance bandwidth and the radiation performance of the antenna.

4.4.3 Antenna-3 (Proposed Antenna)

With the aim to enhance the impedance bandwidth to achieve the minimum required
-10 dB impedance bandwidth of 26 MHz for the 915 MHz band operation, Antenna-3

(the final proposed antenna) was designed.
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Figure 4.5: Antenna-3 (proposed) topology and simulated S1; response

The structure of the proposed antenna is illustrated in Figure 4.5, where a second
element (Rad:) has been incorporated in the design. Element Rad, was included in the
design with the aim to enhance the impedance bandwidth of the antenna by improving

the impedance matching over the required band of 26 MHz [123, 124].

The total length of element Rad1is 239 mm, which corresponds to a free-space electrical
length of approximately 0.73 Ap at 915 MHz. Element Rad. extends between points B to
C and has a total length of 96 mm, which corresponds to a free-space electrical length
of approximately 0.29 Ag at 915 MHz. Figure 4.5 also shows the simulated Si11 response
of the proposed antenna, where the impedance bandwidth enhancement with the
inclusion of element Rad: is highlighted. Without element Rad, (Antenna-2), the
antenna has a -10 dB impedance bandwidth of 19 MHz. However, with the inclusion of
element Rad; in the design, Antenna-3 (proposed antenna) achieved a -10 dB
impedance bandwidth of 32.7 MHz, which is 72 % higher than Antenna-2. Furthermore,
the simulated results for the proposed antenna achieved a peak realized gain of -0.78
dBi and a radiation efficiency of 46.8 % at 915 MHz, which are respectively 0.32 dB and
4.3 % higher than Antenna-2.
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4.4.4 Antenna Design Evolution Summary

The impedance and radiation performance of the three antennas described above are
summarized in Table 4.1. It can be seen from the table that the proposed antenna
(Antenna-3) has achieved a -10 dB impedance bandwidth of 32.7 MHz, which is
approximately 25 % higher than the required impedance bandwidth for 915 MHz band

operation [55].

Table 4.1: Performance comparison of the 3 iterations.

- 10 dB impedance Peak realized Radiation Efficiency
Antenna Design
Bandwidth Gain at 915 MHz at 915 MHz

Evolution

(MHz) (dBi) (%)
Antenna-1 22 -1.4 41.8
Antenna-2 19 -1.1 42.5
Antenna-3 32.7 -0.78 46.8

4.4.5 Parametric Analysis of the Proposed Antenna

A parametric analysis of the proposed antenna (Antenna-3) was conducted in order to
study the key antenna parameters that affect the impedance response and optimize the
antenna geometry for 915 MHz operation. For this purpose, the effect of key
parameters, such as the end length of element Rad: (L1), the width of element Rad: (W)
and the distance (L2) of the feed point from the shorting plate was investigated (see
Figure 4.6). In this section, the vertical shaded strip on the S11 response plots represents
the minimum required -10 dB impedance bandwidth of 26 MHz for 915 MHz band

operation.

The influence of the end length L; of element Rad: that determines the total length of
element Rad: was first studied. As shown in Figure 4.6, parameter L1 was varied between
5 mm to 20 mm while keeping all other parameters fixed as listed in Table 4.2 at the end
of this section. Figure 4.6 shows the resulting S11 response, where it can be seen that L1
mainly controls the resonant frequency of the antenna. The resonant frequency
continuously decreases with increasing L1 and the antenna is resonant at fo = 915 MHz
for L1=22.5 mm. This resonant behaviour is expected as the electrical length of element

Rad: increases with increasing the end length L.
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Figure 4.6: Simulated S1; response for varying element Rad: end length, L;.
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Figure 4.7: Simulated Si11 response for varying the width, W; of element Rad:.

Secondly, the influence of the width W1 of element Rad1 was investigated while keeping
parameter L1 = 22.5 mm and all previous parameters unchanged, with the results
presented in Figure 4.7. The resonant frequency increases continuously as Wi increases

from 3 mm to 4.5 mm and the antenna is resonant at 915 MHz for W1 =4 mm.
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It is observed that varying the width W1 has a large effect on the resonant frequency.
This large variation in resonant frequency is attributed to the fact that varying the width
Wi also increases the separation (S) between the consecutive arms of element Rads, as
the relation (2 x W1) + S has been equated to a constant, such that the total length of
Rad: remains constant. Therefore, the resonant response in Figure 4.7 varies by a large
amount as parameters W1 and S vary together and therefore have a more pronounced
effect. The impedance bandwidth of the antenna also increases with increasing the
width W; of element Radi. With increasing width Wi, the amount of electric fringing
fields radiated from element Rad: will increase and lead to a decreased quality factor or

improvement in the impedance bandwidth of the antenna, as explained in [138, 139].

Finally, the effect of parameter L, on the resonant response of the antenna was
investigated. Parameter L, is defined as the distance of the feed point (S) location from
the shorting plate. Parameter L, was varied from 2.5 mmto 5.5 mm in 1 mm increments
by moving the shorting plate towards right while keeping the other parameters
constant, as listed in Table 4.2. The resulting S11 response for varying L, is shown in
Figure 4.8. The resonant frequency increases continuously with increasing L, and the

antenna is resonant at 915 MHz for L, = 2.5 mm.
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Figure 4.8: Simulated Si1; response for varying distance L..
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The separation L, between the feed point and the shorting plate determines the
magnitude of the shunt inductance that is used to balance the capacitance of the
radiating element Rad: that is in close proximity to the ground plane and thus controls
the impedance matching of the antenna. For L, = 2.5 mm, the input impedance is best

matched to 50 Q and has the highest -10 dB impedance bandwidth of 32.7 MHz.

It is concluded from the above parametric analysis that the parameters L1, W1 and L
provide a sufficient degree of freedom to tune the resonant frequency of the antenna
at 915 MHz and control the -10 dB bandwidth and impedance matching of the antenna.
The final dimensions of the proposed antenna obtained after the above parametric

analysis are listed in Table 4.2.

The final configuration of the proposed 915 MHz PIFA wristwatch antenna, which was
developed after the parametric study is shown in Figure 4.9. The developed antenna
consists of dual-radiators, denoted Radi and Rad; and the antenna is excited at point ‘S’

using a 50 Q unbalanced coaxial feed.
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Figure 4.9: Final configuration of the developed 915 MHz wristwatch antenna.
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Table 4.2: Final design parameters of the proposed antenna.

Parameter Name Value (mm) Parameter Name Value (mm)
L 43.5 Ws 3
Ly 22.5 Ws 3
Ly 2.5 tcu 0.35
w 28.5 h 10.3
W1 4 h1 8.3
%} 1 S1 1

4.4.6 Simulated 3D Radiation Pattern of the Antenna

The simulated 3D realized gain pattern of the antenna is shown in Figure 4.10. It can be
observed that the radiation pattern is similar to a PIFA antenna [40]. The finite ground
plane of the antenna helps minimize the power radiation towards the human phantom
arm [40, 65]. The antenna has omnidirectional radiation characteristics in the XY-plane.
The antenna exhibits nulls in the YZ- and XZ-planes. These nulls are expected due to the
shielding effect of the PIFA ground plane in combination with the body absorption of
energy in the negative Z-axis normal to the PIFA ground plane. As shown in Figure 4.10,

the proposed antenna achieved a simulated peak realized gain of -0.78 dBi at 915 MHz.

915 MHz -

Realized Gain (dBi)

Max: -0.78

-0.00
I-2.22

-4.44

-6.67

-8.89
I -11.11
-13.33
I-20.00

Min: -18.79

-15.56
-17.78

Figure 4.10: Simulated 3D Realized Gain pattern of the antenna at 915 MHz.
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4.4.7 Surface Current Distribution

Figure 4.11 shows the surface current magnitude on elements Rad: and Rad: at

915 MHz. Large magnitude currents are observed on elements Rad1 and Rad,, indicating

that both the elements are resonant at fo= 915 MHz. The surface current in vector form

at 915 MHz is shown in Figure 4.12. As can be seen in Figure 4.12, from point S to P1 the

current path has an approximate electrical length of Ao/4 and from P; to A, the

approximate electrical length is Ao/2 at 915 MHz. Therefore, the total electrical length

of element Rad: from point S to point A is approximately 3Ao/4 at 915 MHz.
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Figure 4.11: Simulated surface magnitude current distribution at 915 MHz.
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Figure 4.12: Simulated surface vector current distribution at 915 MHz.
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Element Rad, is connected to ground and the current in element Rad- is excited through
the mutual inductive coupling with element Radi [140]. The direction of current flow
through element Rad., is opposite to element Radi, as shown at points P,, P3, P4 and Ps.
Element Rad: has an approximate free-space electrical length of Ao/4 at 915 MHz. The
current distribution on element Rad> has a maximum near point B and the surface
current is reduced to the minimum value at the end of element Rad, at point C, which

is expected for a PIFA structure [141, 142].

4.4.8 Specific Absorption Rate (SAR) Evaluation

The Specific Absorption Rate (SAR) [29, 80] parameter is a measure of the rate at which
power is absorbed by the human body when exposed to electromagnetic (EM) radiation
[78]. The simulated SAR for the developed antenna was evaluated using an IndexSAR
IXB-060 phantom arm [131] and simulated using Ansys HFSS [137]. According to the
Federal Communications Commission (FCC) [109] and the International Commission on
Non-lonizing Radiation Protection (ICNIRP) guidelines [80], for limbs, the standard SAR

exposure level should not exceed 4.0 W/kg, averaged over 10 g of tissue mass.

In Figure 4.13, the simulated SAR for the proposed antenna at 915 MHz is illustrated.
The obtained peak 10 g SAR for an input power of 1 mW was 0.004 W/kg. This SAR figure
is less than 0.1 % of the legal SAR limit of 4 W/kg for general public limb-wearable
applications, as defined in [80, 109].
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Figure 4.13: SAR distribution on the phantom arm at 915 MHz.
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The EM simulated performance characteristics of the proposed antenna for the final

design parameters listed in Table 4.2 are summarized in Table 4.3.

Table 4.3: The EM simulated performance summary of the proposed antenna.

-10 dB impedance | Peak realized gain
bandwidth (MHz) at 915 MHz (dBi)

Radiation Efficiency
at 915 MHz (%)

SAR at 915 MHz
at 1 mW (W/kg)

32.7 -0.78

46.8

0.004

4.5 Antenna Measurements

To validate the antenna design, the measured impedance and radiation characteristics

of the proposed antenna are now presented. The fabricated prototype of the proposed

antenna is shown in Figure 4.14. The copper radiator was fabricated using a Bridgeport

GX-480 milling machine [143]. The ground plane of the antenna makes a contact with

the shorting plate on closing the lid of the plastic enclosure.

The S11 measurements of the antenna were taken after placing the antenna under test

(AUT) on an IXB-63 phantom arm from IndexSAR [131]. The S11 response of the antennas

was measured using a Rohde & Schwarz ZVRE vector network analyzer (VNA) [61]. The

simulated and measured S11 responses of the antenna are shown in Figure 4.15.

Coaxial feed

Radiator

Enclosure

Figure 4.14: Photograph of the fabricated antenna prototype.
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\Figure 4.15: Simulated versus measured Si; response of the AUT.
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Figure 4.16: AUT measurement setup in the AMS-8050 anechoic chamber [63].

The proposed antenna has a measured -10 dB impedance bandwidth of 28.3 MHz and
meets the minimum bandwidth requirements for use in the 915 MHz ISM band of
26 MHz [55]. In Figure 4.15, a slight discrepancy between the simulated and measured
S11 responses is most likely attributed to the measurement setup and fabrication
tolerances. In addition, the possible difference between the relative electrical
permittivity (&) of the ABS plastic enclosure material used in simulation and & of the

off-the-shelf wristwatch enclosure [129] used in the measurement.
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The radiation pattern measurements of the AUT were performed in an AMS-8050
antenna measurement system [63]. The anechoic chamber measurement setup of the
AUT is illustrated in Figure 4.16. The AUT was placed on an IXB-63 phantom [131] and
the antenna was excited using an unbalanced 50 Q coaxial cable. Since the coaxial cable
can affect the antenna radiation properties, ferrite beads were incorporated in the
measurement setup to suppress the effects of coaxial cable currents on the measured

antenna radiation characteristics.

The measured and simulated radiation characteristics of the AUT at 915 MHz are shown
in Figure 4.17. For the co-polarized case, the XY-plane exhibits an omnidirectional
radiation pattern, as illustrated in Figure 4.17(a). The radiation characteristics in the YZ-
plane are shown Figure 4.17(b) and in the XZ-plane is shown in Figure 4.17(c). For the
co-polarized case, the antenna has a PIFA-like radiation characteristic in the YZ-plane

[40]. The antenna exhibits nulls in the YZ- and XZ-planes for the co-polarized radiations.
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Figure 4.17: Simulated and measured radiation characteristics of the proposed antenna at 915

MHz (a) XY- plane (b) YZ- plane and (c) XZ- plane.
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These radiation nulls are expected because of the shielding effect of the finite PIFA
ground plane in combination with body absorption of energy in the axis normal to the

PIFA ground plane.

The omnidirectional radiation pattern of the wristwatch antenna in the XY-plane is
beneficial to maximize the signal strength at the radio receiver. For the intended
application, the test protocol for clinical trials (described in Section 5.5.4 of Chapter 5)
specifies that the patient’s arm should remain horizontal during measurement as the
patient is typically seated or in a laying down position during trials. The radio receiver
used for clinical trials, was positioned at a distance of approximately 3 metres from the
wristwatch device. The receiver features a linearly polarized antenna that is co-polarized
in the above configuration. However, if patient’s arm is rotated to a vertical position for
example, the radiation nulls of the wristwatch antenna, along the Z-axis, can result in
cross-polarization effects with up to 25 dB reduction in signal delivered to the receiver,
as can be seen from Figure 4.17. However, during clinical trials, reliable wireless
communications was demonstrated for all configurations of the patient’s arm position

up to a distance of 5 m in an indoor clinical lab environment.

Furthermore, the slight discrepancy in the simulated and measured radiation
characteristics is attributed to the combined effects of the measurement setup, losses
in the ferrite-beaded cable that was not included in the simulation and the possible
difference between &r of the ABS plastic enclosure material used in simulation and & of

the off-the-shelf wristwatch enclosure [129] used in the measurement.

4.6 Performance Evaluation of the Developed Antenna

Table 4.4 summarizes the key performance characteristics of the newly developed
915 MHz wristwatch antenna described in this work (row 11) and the results are
compared with the current state-of-the-art Sub-GHz wrist-worn antennas to identify

performance improvements, compared with other works in the literature.
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Table 4.4: Comparing on-phantom performance of the developed antenna with the literature.

A B C D E F G H I

Dimensions fo -10dB = Gain h SAR

Row Ref. Antenna (mm) (MHz) BW (dBi) = (%) (W/kg)
Topology L w  h (MHz) @f0 @f @fo
1 [43] Loop 40 30 10 920 180 NA 6.4 NA
2 [44] Dipole 127 25 2 850 160 -8.3 7 3.75
3 [45] Dipole 145 40 NA 900 160 NA 6.3 0.18
4 [42] IFA% 93 37 5 780 105! NA 7.9 NA
5 [46]  PIFA? 64.8 456 4.75 866 105 -4.4 26 0.78
6 [47] Loop 200 56 0.2 900 100 -85 NA NA
7 [28]  PIFA? 44 28 1.6 915 55! -6.09 NA NA
8 [48]  Dipole? 220 10 0.25 9225 44 -11.2  NA NA
9 [49]  PIFA% 44 44 10 767 35! -5.4 13 NA
10 [50] PIFA® 188 30 6 880 28 NA  83.7 NA

11 szi:k PIFA 435 285 10.3 915 283  -0.57 46.8 0.0034
12 [116] Helix 40 40 144 890 23 NA NA NA
13 [34] Patch 86 25 1.6 915 19  -6.87° NA NA
14  [36] Helical 110 29 155 868 17 -135 NA NA
15 [37] Monopole 100 15 0.6 911 14 535 NA NA
16  [38] Monopole 40 15 1.8 911 7.5 -5.86 NA NA
17  [39] IFA* 45 30 55 846 75 NA 1438 NA
18 [40]  PIFA% nx25%x 5 402.5 5223 -12 3.6 NA
19 [30] PIFA mx252x5 4025 42223 92 6.9 NA

20 [41] Loop® 50 35 3 868 3.5 -1.44 NA  0.0002
21 [35] Spiral® nx 162 915 33 -1.04 NA NA
22 [117] PIFA 76.1 13.6 95 866 NA 6.6 8.6 NA
23 [118] Patch® 120 29 0.64 867 NA -13 NA NA
24  [119] PIFA 90 20 3 923 NA -5 NA NA

This table is sorted in decreasing order of -10 dB bandwidth in column F

Important Notes:

1

2

3

Antenna requires the use of an impedance matching network

Only the -6 dB impedance bandwidth is reported

Antenna does not meet the -10 dB bandwidth requirements for the targeted band

Antenna was fully integrated in a wristwatch device

Only simulated results are reported

NA = Information not reported
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It can be seen from Table 4.4 that the wristwatch antenna developed in this work
achieves the minimum required -10 dB impedance bandwidth of 26 MHz for 915 MHz
operation. In addition, the developed antenna demonstrates the highest peak realized
gain and the second highest radiation efficiency for Sub-GHz wristwatch antennas in the

literature.

4.7 Conclusions

A novel bandwidth enhanced wristwatch planar inverted-F antenna (PIFA) operating at
915 MHz has been designed and demonstrated. The developed antenna incorporates
two mutually coupled radiating elements denoted Rad: and Rad.. Element Rad, was
incorporated in the design to enhance the impedance bandwidth of the antenna. With
the incorporation of element Rad», an improvement of greater than 70 % in the -10 dB
impedance bandwidth was achieved when compared against a single element PIFA

antenna without element Rad..

The prototype antenna achieved a measured -10 dB impedance bandwidth of 28.3 MHz,
which meets the minimum bandwidth requirements for use in the 915 MHz ISM band
of 26 MHz (902-928 MHz) [55]. In addition, the developed antenna achieved an on-
phantom peak-realized gain of -0.57 dBi, which is the highest peak realized gain figure
for any Sub-GHz wristwatch antenna reported in the literature. Furthermore, the
developed antenna has a simulated radiation efficiency of 46.8 % at 915 MHz, which
represented the second highest radiation efficiency for any Sub-GHz wristwatch
antenna in the literature. In addition, for an input power of 1 mW, a low peak SAR figure
of less 0.1 % of the legal SAR limit of 4 W/kg averaged over 10 g of limb tissue mass was
demonstrated [80, 109].

The 915 MHz wristwatch antenna presented in this chapter has been published in [51].
The antenna developed and demonstrated in this work did not take into account the
internal components, such as the battery, radio printed circuit board (PCB), SD card and

sensor assemblies that are typically present in a practical wristwatch device.

In Chapter 5, a novel low-cost and compact bandwidth enhanced wristwatch antenna
design is presented, where all internal components that are present in a physical
wristwatch device are considered to ensure accurate EM modelling of the entire
wristwatch device assembly.
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Chapter 5: Development of Bandwidth Enhanced
915/868 MHz Wristwatch-Integrated Antennas

5.1 Background

In Chapter 4, the development of a first-generation bandwidth enhanced 915 MHz
wristwatch antenna was described. However, this antenna assumed an ideal
environment close to the antenna structure and did not take into account the effects of
nearby internal components and assemblies that exist within a practical wireless
wristwatch sensor. Such components include printed circuit board (PCBs) assemblies,

battery, sensor assembly and connectors for example.

In this chapter, two new wristwatch-integrated compact antennas operating in the
915 MHz band (North America) and the 868 MHz band (Europe) are proposed and
demonstrated. For the proposed antennas, key internal components associated with the
wristwatch assembly and functionality are included in the EM model for accuracy. The
developed compact antennas aim at achieving enhanced impedance bandwidth, while
at the same time maximizing peak realized gain and radiation efficiency performance
compared to the state-of-the-art in Sub-GHz wristwatch-integrated antennas. An
antenna is an integral component in a wireless communication system and low-cost
antennas are desired to minimize the overall cost of next-generation wireless sensor
devices. Therefore, the 915 MHz antenna was fabricated using a low-cost flexible
polyimide substrate PCB and the 868 MHz antenna was fabricated using a low cost laser
direct structuring (LDS) technology. This chapter outlines the design, simulation,
implementation and characterization of the proposed 915 and 868 MHz wristwatch

antennas, as are presented in the following sections.
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5.2 Target Wristwatch Device for Antenna Integration

The aim of this research work is to design compact Sub-GHz wristwatch antennas that
can be accommodated within a practical wristwatch wireless sensor system. For the
demonstrated prototype system, the wristwatch enclosure case shown in Figure 5.1 was
used, which is a modified, off-the-shelf wristwatch assembly [144] and has maximum
dimension of 53.9 mm x 44.8 mm x 17 mm. The wristwatch enclosure case uses an
acrylonitrile styrene acrylate (ASA) material with a measured relative electrical
permittivity - = 2.9 and loss tangent tand = 0.033 at 915 MHz. The wristwatch strap is
made of silicone rubber with a measured &r = 3 and tané = 0.0001 at 915 MHz. These
dielectric properties of ASA plastic and silicone rubber were derived from the
measurements taken using a dielectric assessment kit (DAK) from Speag [87]. Figure 5.1
alsoillustrates the key internal components that are present in a physical wireless sensor
device as derived from CAD import of the mechanical design. The sensor device casing
includes key internal components required for a functional wireless wristwatch device,
including the antenna structure, sensor assembly, radio PCB, motherboard PCB, battery
and SD card. The sensor assembly depicted in Figure 5.1 is responsible for the heart rate
(HR) and arterial oxygen saturation (SpO2) measurements required for the target device.
The motherboard (processor) PCB is used to process the measured HR and SpO; data
and transfer the processed data to a Sub-GHz radio transceiver (AT86RF212B) [76]
mounted on the radio PCB. The key research focus of this chapter is to develop Sub-GHz
antennas and the sensing and processing aspects of the wireless sensor device are not

discussed in detail in this thesis work.

Antenna Radio Polyimide Contact
Structure PCB Substrate Spring

N .

-

= .‘""‘_ = !
' ;L [T
= | .
- —
SECR ~ . Jj‘;* Sensor
Strap —4& 7\ Assembly
// . / ‘\\\ \\\
Battery SD Card Motherboard
PCB

Figure 5.1: Wristwatch sensor device showing various internal components.
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Figure 5.2: Exploded view of the wristwatch wireless sensor device.

In Figure 5.2, the exploded view of the wristwatch sensor device is illustrated to enable
better visualization of the assembly. The connectors J1 and J> have been used to join the
motherboard PCB to the sensor assembly and the radio PCB. The contact springs
denoted S (source) and G (ground) on the radio PCB are used to excite the antenna
structure designed specifically for this system. Furthermore, the wristwatch casing
contains an integrated rubber gasket to ensure a waterproof seal between the top and
bottom enclosure assemblies. All the above components were included in the design to
ensure accurate EM modelling of the entire wristwatch assembly and optimised RF
performance characteristics. Note that the antenna EM simulation model includes
electrical components such as printed circuit boards, connectors and battery. The
dimensions of these components are an appreciable fraction (10 % or greater) of a free-
space wavelength at 915 MHz and need to be modelled explicitly for accuracy. However,
individual SMD components, with maximum dimensions of less than 0.3 % of a free-
space wavelength at 915 MHz (e.g., inductors, capacitors, resistors, LEDs and
microcontroller) do not have an appreciable effect and are therefore not included in

simulation.

In terms of the phase response of the antenna to an incident plane wave, the effects of
curvature of the antenna elements are negligible. The antenna element has an
essentially flat configuration as the enclosure has a small change in height across its

length. Since the height variation of the elements is approximately 0.006 Ao at 915 MHz,
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this translates to a phase delay of 0.66 ps with negligible effects on the antenna

response.

A large portion of the wristwatch sensor device is occupied by various electronics
components such as the sensor assembly, battery, motherboard PCB and radio PCB, and
only limited space is available for the antenna integration. The aim of this work was to
design compact Sub-GHz antennas that can be accommodated within the size
constrained wristwatch device model shown in Figure 5.2. The design of high
performance Sub-GHz antennas that could fit into a small area contained within a
wristwatch device is challenging because the key performance parameters of an
antenna, such as gain, radiation efficiency and impedance bandwidth are fundamentally

limited by the antenna size, as described in Chapter 2.

5.3 915/868 MHz PIFA Antenna Design Concept

A simplified view of a conventional quarter-wavelength single element (Radi) planar
inverted-F antenna (PIFA) topology is illustrated in Figure 5.3(a) [84]. In order to enhance
the impedance bandwidth this work proposes a dual-radiator (Rad:1 and Rad>) based
PIFA structure, where both elements are excited from the same source at point S, as
shown in Figure 5.3(b). Element Rad, was included in the design with the aim to enhance
the impedance bandwidth of the antenna by improving the impedance matching over
the required band of 26 MHz [4, 5]. Furthermore, along with the impedance bandwidth
enhancement, the proposed antenna design concept also exhibits improved peak
realized gain and radiation efficiency when compared to a single element PIFA antenna.
In the following section, the advantages of the proposed antenna design in terms of

impedance and radiation performance improvements are described.

A Rad, L - d
e 2 — ;

Figure 5.3: (a) Conventional single-element PIFA topology [84], (b) Proposed dual-radiator PIFA

antenna design concept.
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5.4 Development of a 915 MHz Wristwatch-Integrated Antenna

In this section, the development of a novel, bandwidth enhanced 915 MHz wristwatch-
integrated antenna is presented. The new antenna design needs to meet the minimum
required -10 dB impedance bandwidth of 26 MHz for 915 MHz band operation as
defined by IEEE 802.15.4 standard [55], as well as achieve improved peak realized gain
and radiation efficiency when compared to the state-of-the-art Sub-GHz wristwatch-

integrated antennas reported in the literature.

5.4.1 915 MHz Antenna Design and Simulations

Having described the antenna design concept above, the implementation of the novel
variant of a dual-radiator PIFA topology operating at 915 MHz is now presented. The
electromagnetic (EM) simulation of the proposed antenna was performed using Ansys
HFSS [137]. Figure 5.4 shows the EM simulation model, where the proposed 915 MHz
antenna is integrated within a wristwatch device and placed on a commercial SPEAG
SHO-GFPC-V1 phantom arm model Speag [145]. The phantom arm model consists of an
outer silicone material with & = 30, electrical conductivity 0 = 0.7 S/m and a mass density
p = 1200 kg/m?3 at 915 MHz [145]. The inner skeleton of the phantom arm has & = 30
and 0=2.5S/m at 915 MHz.

Antenna

Outer silicone layer

Inner skeletal layer

Figure 5.4: Wristwatch model placed on a Speag SHO-GFPC-V1 phantom arm [145].
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In the following sections, the design of a 915 MHz wristwatch antenna is presented. The
proposed antenna topology was achieved after three design iterations, denoted
Antenna-1, Antenna-2 and Antenna-3. This antenna design evolution aimed at
enhancing the impedance bandwidth to meet the minimum required -10 dB impedance
bandwidth of 26 MHz for 915 MHz band operation, as well as improving the radiation

performance when compared to the literature.

5.4.1.1 Antenna-1

The starting point for the design was a single element (Rad1) planar inverted-F antenna
(PIFA) structure (Antenna-1), as shown in Figure 5.5. The total length of Rad: (measured
along the centre) from the feed point S to the end of the element at point A is 58.7 mm,

which corresponds to a free space electrical length of 0.18 Agat 915 MHz.

Contacts

Radio PCB

Motherboard PCB

Sensor Assembly

Figure 5.5: Configuration of Antenna-1 in system within a wristwatch device, where the ground

planes are highlighted in green for clarity.
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The antenna is printed on a low-cost, 0.11 mm thick flexible printed circuit polyimide
substrate with a maximum size of L (48 mm) x W (41 mm). The flexible polyimide
substrate uses 0.018 mm thick copper metallization and the polyimide dielectric has a
measured & = 3.1 and tané = 0.0245 at 915 MHz [87]. The dielectric properties of the
polyimide substrate material were measured using a dielectric assessment kit (DAK)
from Speag [87]. Figure 5.5 also illustrates the stack-up of various internal assemblies
and components inside the wristwatch device. Such internal assemblies and
components include a radio PCB, motherboard PCB, sensor assembly, connectors J1 and
J2, and two spring contacts to connect to and feed the antenna. As shown in Figure 5.5,
the Radio PCB feeds the antenna via spring contacts of height h1 = 2.3 mm. The spring
contacts that are mounted on the radio PCB excite the antenna by making contact at
points S and G on the antenna structure when the wristwatch device is closed. The
benefits of using spring contacts are that they eliminate the complexity of using a cable
to feed the antenna. As shown in Figure 5.5, via the spring contacts, the antenna is
excited at port P1 with a 50 Q unbalanced feed with a signal at point S and ground at
point G. The metal section bridging points S and G implements a shunt inductive element
that is used for impedance matching of the antenna by counteracting the capacitance

of element Radi that is in close proximity to the ground planes of the radio PCB beneath

[146].
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Figure 5.6: Antenna-1 topology and corresponding EM simulated S1; response.
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In Figure 5.6, the antenna structure and the simulated Si11 response for Antenna-1 is
shown. As highlighted, Antenna-1 is resonant at fo = 915 MHz but has a limited -10 dB
impedance bandwidth of 17.4 MHz that does not meet the minimum required
impedance bandwidth of 26 MHz for 915 band operation [55]. Furthermore,
Antennna-1 has a simulated peak realized gain of -5.4 dBi and a radiation efficiency of

14.2 % at 915 MHz.

5.4.1.2 Antenna-2

In order to improve the impedance bandwidth, the second antenna iteration
(Antenna-2) was designed, as shown in Figure 5.7. For Antenna-2, the second element
Rad, was incorporated in the design for the purpose of bandwidth enhancement. Both
the elements, Radi and Rad. were excited from the same source at point S. Elements
Rad: and Rad» are extended beyond the ground plane with the aim to minimize the

induction of image current on the ground planes.

As shown in Figure 5.7, Antenna-2 is resonant at fo= 915 MHz for an electical length of
approximately Ao/4 for both radiating elements Rad: and Rad,, measured along the
centre from the feed point S to the element ends A and B, respectively. Antenna-2 with
two radiating elements achieves a -10 dB impedance bandwidth of 21.7 MHz which is

4.3 MHz or 24.7 % enhanced compared to the Iteration-1 antenna.
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Figure 5.7: Antenna-2 topology and corresponding EM simulated Si1 response.
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Figure 5.8: EM Simulated complex S11 response of Antenna-1 and Antenna-2.

This impedance bandwidth enhancement is explained by comparing the simulated input
impedance response of Antenna-1 and Antenna-2 on the Smith chart from 0.84 to 0.98
GHz, as shown in Figure 5.8. At fo = 915 MHz, the input impedance for Antenna-1 is

denoted Za and for Antenna-2 the input impedance is denoted Zs.
A PIFA antenna can be represented as a series equivalent RLC circuit [147] with the

quality factor (Q) given as in equation (5.1) [60, 65]:

L
— (5.1)

| =
)

In equation (5.1), parameters R, L and C represent the lumped antenna resistance,

inductance and capacitance, respectively.

The impedance bandwidth of an antenna is inversely proportional to the quality factor,

as seen from equation (5.2) [59].

_f

Q= BW (5.2)

where, fc is the centre frequency of operation and BW represents the -3 dB impedance
bandwidth [60].
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When element Rad. is introduced, a net capacitive loading effect is observed that results
in lowering Q and enabling the input impedance of Antenna-2 to be matched over a
wide frequency range. Therefore, the -10 dB impedance bandwidth of Antenna-2 is
enhanced to 21.7 MHz compared to 17.4 MHz bandwidth for Antenna-1. However, the
achieved impedance bandwidth for Antenna-2 is still 4.3 MHz lower than the required
impedance bandwidth of 26 MHz for 915 MHz band operation [55]. In addition,
Antenna-2 has a simulated peak realized gain of -4.01 dBi and a radiation efficiency of

21.1 % at 915 MHz.

5.4.1.3 Antenna-3 (proposed antenna)

With the motivation to further enhance the bandwidth to meet the minimum required
-10 dB impedance bandwidth of 26 MHz, Antenna-2 was further optimized to result in
Antenna-3, as shown in Figure 5.9. The antenna structure shown in Figure 5.9 represents
the final design that led to the proposed antenna structure with a -10 dB impedance
bandwidth of 26.2 MHz. For the proposed antenna structure, an additional shunt
inductive section between points C and G was added to further control the input
impedance and thus enhance the impedance bandwidth of Antenna-3 compared to

Antenna-2, as explained below.
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Figure 5.9: Antenna-3 topology and corresponding EM simulated Si1; response.
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Figure 5.10: EM Simulated complex Si; response of Antenna-1 and Antenna-3.

This impedance bandwidth enhancement is explained by comparing the simulated input
impedance response for Antenna-2 and Antenna-3 on the Smith chart from 0.84 to 0.98

GHz, as shown in Figure 5.10.

At fo= 915 MHz, the input impedance for Antenna-2 is denoted as Zg and for Antenna-3
the input impedance is denoted as Zc. As shown in Figure 5.10, introducing the
conductive section between the points C and G increases the antenna resistance at 915

MHz, which leads to a reduced quality factor, as can be seen from equation (5.1).

Now from equation (5.2), it can be seen that the reduced quality factor results in
improving the impedance bandwidth of Antenna-3. As shown in Figure 5.9, Antenna-3
has achieved a -10 dB impedance bandwidth of 26.2 MHz compared to 21.7 MHz for
Antenna-2. In addition, the simulated results for the proposed antenna achieved a peak

realized gain of -4.14 dBi and a radiation efficiency of 19.8 % at 915 MHz.

5.4.1.4 Antenna Design Evolution Summary

The impedance and radiation performance of the three antennas described above are
summarized in Table 5.1 showing that Antenna-3 (proposed antenna) has achieved the

required impedance bandwidth of 26 MHz for 915 MHz operation [55].
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Table 5.1: Performance comparison of the 3 iterations.

- 10 dB impedance Peak realized Radiation Efficiency
Antenna Design
Bandwidth Gain at 915 MHz at 915 MHz

Evolution

(MHz) (dBi) (%)
Antenna-1 17.4 -5.4 14.2
Antenna-2 21.7 -4.01 21.1
Antenna-3 26.2 -4.14 19.8

> L

Polyimide

Flex PCB
Antenna

Rad;andRad, Enclosure :

Radio PCB

Motherboard PCB

Sensor

Figure 5.11: Configuration of the proposed antenna in system within a wristwatch device,
where the ground planes are highlighted in green for clarity.

The final configuration of the proposed dual-radiator 915 MHz PIFA wristwatch antenna

is shown in Figure

5.11.
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5.4.1.5 Parametric Analysis of the Proposed 915 MHz Antenna

In order to optimize the antenna for 915 MHz operation (Antenna-3), the effects of
several key parameters were investigated using EM simulations. Note that in the
parametric analysis, only one parameter was varied at a time while the other
parameters were kept constant, as listed in Table 5.2. In this section, the vertical shaded
strip on the Si1 response plots represents the minimum required -10 dB impedance

bandwidth of 26 MHz for 915 MHz band operation.

First, the influence of parameter L1 (end length of Rad1) that determines the total length
of Radi was studied and the resulting S11 responses are presented in Figure 5.12. The
results show that parameter L1 mainly controls the resonant frequency with little effect
on the impedance matching of the antenna. The resonant frequency decreases with
increasing value of L1 mainly because of the increase in the effective electrical length of

element Radi and the proposed antenna is resonant at 915 MHz for L1 = 0.3 mm.

Secondly, the influence of parameter L, (end length of Rad-) that determines the total
length of Rad, was investigated and the resulting S11 response is summarized in Figure
5.13. Increasing the value of parameter L, primarily affects the resonant frequency of

the antenna.
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Figure 5.12: EM Simulated S1; response showing effects of varying parameter L;.
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Figure 5.13: EM Simulated S1; response showing effects of varying parameter L;.

With an increase in L, the effective electrical length of element Rad; increases and thus
the resonant frequency decreases. The antenna is resonant at 915 MHz for L, = 6 mm.
In addition, varying length L, also has an influence on the input impedance and thus

affects the S11 magnitude (impedance matching) of the antenna.

Next, the effects of varying the width W3 of the shunt inductive section between the
feed point S and ground G were investigated and the resulting S11 response is illustrated
in Figure 5.14. The S11 results show that parameter W3 mainly controls the impedance
matching with a small influence on the resonant frequency of the antenna. The input
impedance is best matched to 50 Q for W3 =2 mm, where the antenna is resonant at

915 MHz.

Lastly, the effects of varying width (Wa) of the second shunt section between point C
and ground G were investigated and the Si1 results are summarized in Figure 5.15. The
resonant frequency increases with increasing Wabecause the effective inductance at the
input port of the antenna decreases with increasing the width W4, as shown on the Smith
chart Figure 5.16. Varying parameter W, affects the input impedance and thus controls
the impedance matching. As shown in Figure 5.16, the antenna is best matched to 50 Q

for Was=3 mm.

85



S (dB)

157 eeeee W, =0.5mm
] camsters W3=1mm
'20'_ —W3=2mm

o e W, =3mm
902 MHz 915 MHz 928 MHz

'25-'"'I""I""I"""I""I N W
0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98
Frequency (GHz)

Figure 5.14: EM Simulated S1; response showing effects of varying parameter Ws.
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Figure 5.15: EM Simulated S1; response showing effects of varying parameter W,.

This parametric study enabled the understanding of the methods to control the
resonant frequency and impedance matching to optimizing the antenna for 915 MHz

operation.
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Figure 5.16: EM Simulated complex Si; response for varying parameter Wa.

The final design parameters of the proposed antenna are listed in Table 5.2. Also note

that the width of the track between points S and Cis fixed at 4 mm.

Table 5.2 Final design parameters of the proposed 915 MHz antenna.

Parameter Name Value (mm) Parameter Name Value (mm)

L 48 w 41

LSA 53.3 W1 1

Les 58 W, 3

L1 0.3 W3 2

L, 6 Wa 3

L3 2 S 2

La 5 h1 2.3

Lsc 2.5 h» 7.5

5.4.2 Equivalent Circuit Model of the Proposed 915 MHz Antenna

To better understand the resonant behaviour of the proposed antenna (Antenna-3)

shown in Figure 5.17(a), an equivalent circuit model was developed using AWR

Microwave Office [148].
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Figure 5.17: (a) Proposed antenna topology, (b) 3-branch equivalent circuit model and

(c) Single-branch equivalent circuit model.
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‘Figure 5.18: Circuit Simulated and measured S;1 responses for the proposed antenna.

The proposed antenna can be represented by a 3-branch equivalent circuit model shown
in Figure 5.17(b), where the first series R1L1C1 branch represents element Rad: and the
second series R2L2C; branch represents element Rad,.

88



The third branch Lsy with resistance Rsy represents the effective shunt inductive section
between excitation points S and ground G. The inductive coupling between elements
Rad: and Rad> is modelled using a mutual inductance Lm. The red line connection in
Figure 5.17(b) shows that both elements Rad: and Rad. are excited from the same
source at point S. For the purpose of understanding the resonant behaviour, the 3-
branch equivalent circuit in Figure 5.17(b) can be reduced to a lumped series RsLsCs
circuit with a single resonant frequency, as shown in Figure 5.17(c). The resonant
frequency for the single branch circuit is calculated to be f, = 1/(271@) =914.6
MHz, which is close to 915 MHz.

Note that the equivalent circuit component values shown in Figure 5.17(b, c) were
derived from automatic parameter fitting or optimization against the S11 measured data
(measurements described in Section 5.4.7 of this chapter) in AWR circuit simulator
[148], and were not obtained from calculations based on the canonical form of the
circuit. A random optimization method was chosen to vary the circuit parameters shown
in Figure 5.17 in order to reduce the error between the measured and simulated Si1
magnitude responses to a value of less than 0.01 (absolute value) with a frequency range

from 0.84 GHz to 0.98 GHz.

Figure 5.18 compares the S11 response of the 3-branch and the single-branch equivalent
circuit models with the measured response, where both the circuit models are resonant
only at one frequency fo. This equivalent circuit model analysis suggests that when the
two radiating elements (Rad: and Rad) are excited from the same source point, the
antennais resonant at a single frequency and thus the 3-branch equivalent circuit model

can be reduced to a single-branch RsLsCs circuit.

5.4.3 Surface Current Distribution of the 915 MHz Antenna

In Figure 5.19(a), the simulated surface current distribution of the proposed antenna is
illustrated. At resonance, large magnitude currents are observed to flow on both
elements Radi and Rad: and reduce to zero at both open ends which is expected for a
PIFA antenna [141]. A large current flow is also observed at point a along the shunt
inductive tuning path between the signal (S) and ground (G) contacts. This is expected
due to the low impedance (small resistive and inductive components) along this short

inductive section.

89



Jsurf [A/m]

7.000
I 3.508
1.578

0.881
0.442
0.221

Figure 5.19: EM Simulated surface current distribution of the antenna at 915 MHz.
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Figure 5.20: EM Simulated surface current distribution on the ground planes at 915 MHz.

Figure 5.19(b) shows the simulated surface current distributions in vector form at
915 MHz. The direction of current flow on both elements Radi and Rad: are in the same
direction because both elements are excited from the same feed point S and have

approximately the same electrical length (quarter-wavelength).

In Figure 5.20, the simulated surface current distribution on the radio and motherboard
ground planes at 915 MHz is illustrated. The radio PCB is located closer (2.3 mm) to the
antenna as compared to the motherboard PCB (7.5 mm) and therefore large magnitude
currents are observed on the radio PCB. On the radio ground plane, large magnitude
currents are also observed along paths a to b and a to c. Electromagnetic coupling also
exists between the antenna and motherboard ground PCB and these current paths
(denoted a, b and c) represent the path of return current flow from the radio ground
plane to the ground plane of the motherboard via the ground pin connections in
connectors J1 and Ja.
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Figure 5.21: EM Simulated SAR distribution on the phantom arm at 915 MHz.

5.4.4 Specific Absorption Rate (SAR) Evaluation of the 915 MHz Antenna

The specific absorption rate (SAR) is a measure of the rate at which RF power is absorbed
by the human body when exposed to electromagnetic (EM) radiation [78]. The RF power
absorption is harmful to the human tissue and for wrist-worn wireless devices, a
maximum permissible limit of 4 W/kg is defined by Federal Communications
Commission (FCC) [109] and International Commission on Non-lonizing Radiation
Protection (ICNIRP) guidelines [80]. Figure 5.21 shows the simulated SAR distribution on
a Speag SHO-GFPC-V1 phantom arm [145] at 915 MHz.

For an input power of 1 mW, a low peak SAR figure of 0.0019 W/kg averaged over 10 g
of wrist tissue mass was obtained. This SAR figure is 3 orders of magnitude lower than
the maximum permissible SAR limit of 4 W/kg averaged over 10 g of wrist tissue, as
defined in [80, 109]. The radio and motherboard ground planes of the PIFA antenna
provide shielding to EM radiation towards the human arm and play a critical role in

achieving the low SAR figure.

5.4.5 Radiation Mechanism of the proposed 915 MHz antenna

In Figure 5.22, the E-field distribution at 915 MHz in the YZ-plane (passing through the
ends of elements Rad1 and Rad,) is illustrated to explain the radiation mechanism of the

proposed antenna.
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Figure 5.22: E-field distribution in the YZ-plane at 915 MHz

Fringing E-field originates from the end of the two radiating elements and terminates to
the system ground planes, namely radio and motherboard PCB. Therefore, as illustrated
in Figure 5.22, the fringing fields at the end of the elements are the main source of

radiation for the proposed antenna [149-152].

5.4.6 Simulated 3D Radiation Pattern of the Proposed 915 MHz Antenna

Figure 5.23 shows the simulated 3D realized gain radiation pattern of the proposed

antenna at 915 MHz.

Realized Gain (dBi) 915 MHz
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Min: -18.21

Figure 5.23: EM Simulated 3D Realized Gain radiation pattern at 915 MHz.
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The radiation pattern is similar to a PIFA antenna [40] and the finite ground planes (radio
and motherboard PCBs) of the PIFA minimize the power radiation towards the phantom
arm. The antenna has omnidirectional radiation characteristics in the XY-plane. The
antenna exhibits radiation nulls in the YZ- and XZ-planes. These nulls are expected due
to the shielding effect of the finite PIFA ground planes and energy absorption of the
wrist with the nulls in the axis normal to the PIFA ground planes (along the Z-axis). As
depicted in Figure 5.23, the proposed antenna achieves a simulated peak realized gain

of —4.14 dBi at 915 MHz.

The EM simulated performance characteristics of the proposed antenna for the final

design parameters listed in Table 5.2 are summarized in Table 5.3.

Table 5.3: The EM simulated performance summary of the proposed 915 MHz antenna.

SAR at 915 MHz

-10 dB impedance
bandwidth (MHz)

Peak realized gain
at 915 MHz (dBi)

Radiation Efficiency
at 915 MHz (%)

at 1 mW (W/kg)

26.2

-4.14

19.8

0.0019

5.4.7 Measurements of the 915 MHz Wristwatch Antenna

In order to validate the simulated results, a prototype of the proposed 915 MHz antenna
was fabricated and measured. A photograph of the fabricated antenna that is attached

to the wristwatch enclosure using cyanoacrylate adhesive is shown in Figure 5.24.

Figure 5.24: Photograph of the fabricated 915 MHz antenna.
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Figure 5.25: EM Simulated versus measured Si; response of the 915 MHz antenna.

For S-Parameter measurements, the fabricated antenna and all internal components
such as radio and motherboard PCBs and sensor assembly were integrated inside the
wristwatch device. The measurements of the device under test (DUT) were taken after

placing the wristwatch on the Speag phantom arm [145].

The S11 response of the proposed antenna was measured using a Rohde & Schwarz ZVRE
vector network analyzer [61]. Figure 5.25 shows the simulated and measured Si1
responses of the antenna. Both simulated and measured responses are shown to be
resonant at 915 MHz. The proposed antenna has a measured -10 dB impedance
bandwidth of 30 MHz, which is slightly (3.8 MHz) higher than the simulated impedance
bandwidth. The slight difference in the simulated and measured S11 responses is most
likely attributed to the measurement setup and the possible losses in the ferrite-beaded

cable used in measurement, which was not accounted for in simulation.
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Figure 5.26: Device under test (DUT) measurement setup in an AMS-8050 anechoic chamber.

The radiation characteristics of the device under test (DUT) were measured using an
AMS-8050 antenna measurement system [63]. Figure 5.26 illustrates the anechoic
chamber measurement setup of the DUT. The rotation of the DUT in the chamber is
controlled using the multi-axis positioning system (MAPS) or 3D antenna positioner. The
wristwatch device was placed on an SHO-GFPC-V1 phantom arm [145] and was excited
using an unbalanced 50 Q coaxial cable. Since the coaxial cable can affect the antenna
radiation properties, multiple ferrite beads have been incorporated in the measurement

setup to suppress radiation from coaxial cable ground currents.

Figure 5.27 shows the simulated and measured radiation patterns of the proposed
antenna at 915 MHz. For the co-polarized case, the antenna exhibits omnidirectional
radiation characteristics in the XY-plane, as shown in Figure 5.27(a). The simulated and
measured co-polarized radiation patterns correlate well in the XY-plane. In Figure
5.27(b), the radiation pattern in the YZ-plane is shown and Figure 5.27(c) depicts the
radiation pattern in the XZ-plane. The co-polarized radiations have nulls in the YZ and
XZ-planes. These nulls are expected due to the shielding effect of the PIFA ground plane
(radio and motherboard PCBs) in combination with body absorption of energy in the axis
normal to the PIFA ground plane. In the YZ- and XZ- planes, the discrepancy between

the simulated and measured radiation patterns is observed at some angles.
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Figure 5.27: Simulated and measured radiation characteristics of the antenna at 915 MHz in

(a) XY-plane, (b) YZ-plane and (c) XZ-plane.

The discrepancy between the simulated and measured radiation characteristics is
attributed to the combined effects of possible small changes in the position of the
internal components of the wristwatch assembly, measurement setup and losses in the
ferrite-beaded cable that was not included in simulation. The developed antenna has a
measured peak realized gain of -4.9 dBi and a radiation efficiency of 15.9 % at 915 MHz,
compared to -4.14 dBi and 19.8 %, respectively for the simulated case. The measured
peak realized gain is 0.76 dB and the radiation efficiency is 3.9 % less than the simulated
case, most likely because of the previously described non-ideal measurement

environment.

5.4.8 Performance Evaluation of the 915 MHz Antenna

Table 5.4 compares the key performance characteristics of the developed 915 MHz

wristwatch antenna (row 10) with the state-of-the-art literature.
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Table 5.4: Comparing on-phantom performance of the developed 915 MHz antenna
with the literature.

A B C D E F G H I

Dimensions fo -10dB = Gain h SAR

Row Ref. Antenna (mm) (MHz) BW (dBi) = (%) (W/kg)
Topology L w  h (MHz) @f0 @f @fo
1 [43] Loop 40 30 10 920 180 NA 6.4 NA
2 [44] Dipole 127 25 2 850 160 -8.3 7 3.75
3 [45] Dipole 145 40 NA 900 160 NA 6.3 0.8
4 [42]  |IFA% 93 37 5 780 105! NA 7.9 NA
5 [46]  PIFA* 64.8 45.6 4.75 866 105 -4.4 26 0.78
6 [47] Loop 200 56 0.2 900 100 -85 NA NA
7 [28]  PIFA? 44 28 1.6 915 55! -6.09 NA NA
8 [48]  Dipole® 220 10 0.25 9225 44 -11.2  NA NA
9 [49] PIFA% 44 44 10 767 351 -5.4 13 NA

10 V{,his PIFA 48 41 23 915 30 -49 159 0.0019

ork

11 [50] PIFAS 188 30 6 880 28 NA 837 NA
12 [116] Helix 40 40 144 890 23 NA NA NA
13 [34] Patch 86 25 1.6 915 193  -6.875 NA NA
14  [36] Helical 110 29 1.55 868 17 2135 NA NA
15 [37] Monopole 100 15 0.6 911 14 535 NA NA
16 [38] Monopole 40 15 1.8 911 7.5 -5.86 NA NA
17  [39] IFA4 45 30 55 846 7 NA  14.8 NA
18 [40]  PIFA% nx252x5 4025 5223 -12 3.6 NA
19 [30] PIFA nx25%x 5 402.5 4.22%3 9.2 6.9 NA

20 [41] Loop® 50 35 3 868 3.5 -1.44 NA  0.0002
21 [35] Spiral® mx 162 915 33 -1.04 NA NA
22 [117] PIFA 76.1 136 9.5 866 NA 6.6 86 NA
23 [118] Patch® 120 29 0.64 867 NA -13 NA NA
24 [119] PIFA 90 20 3 923 NA -5 NA NA

This table is sorted in decreasing order of -10 dB bandwidth in column F

Important Notes:

1

2

3

NA = Information not reported

Only simulated results are reported

Only the -6 dB impedance bandwidth is reported

Antenna was fully integrated in a wristwatch device

Antenna requires the use of an impedance matching network

Antenna does not meet the -10 dB bandwidth requirements for the targeted band
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From Table 5.4, it can be seen that the antenna developed in this work is realized in one
of the most compact form factors and well meets the minimum required -10 dB
impedance bandwidth of 26 MHz for 915 MHz band operation. The comparison table
show that the antennas in rows 1 to 9 have a -10 dB bandwidth more than 30 MHz, but
those antennas achieve a wider bandwidth at the cost of either reduced radiation
performance or using an impedance matching network or a large size antenna. On the
contrary, the compact antenna developed in this work has achieved a -10 dB bandwidth
of 30 MHz with simultaneously improved peak realized gain of -4.9 dBi and a radiation
efficiency of 15.7 % at 915 MHz compared to the literature. In addition, for 1 mW input
power, the developed antenna demonstrates one of the lowest SAR figures in the

literature.

5.5 Development of an 868 MHz Wristwatch-Integrated Antenna

In Europe, many emerging LoRaWAN wireless technologies such as LoRa and SigFox
operate in the 868 MHz (863-870 MHz) Industrial, Scientific and Medical (ISM) band [64].
To satisfy the Sub-GHz wireless communication requirements in Europe, in this section,
the development of an 868 MHz antenna and its integration into a wristwatch wireless
sensor device is presented. The developed 868 MHz antenna was integrated within a
similar wristwatch enclosure case, as described previously in this chapter for the 915
MHz antenna. For the proposed 868 MHz antenna, all design parameters were kept the
same as that of the 915 MHz antenna described earlier in this chapter, except for the
two changes: (a) The flexible polyimide substrate was removed and the antenna
structure was directly printed on the wristwatch enclosure using laser direct structuring
(LDS) technology and (b) The 915 MHz antenna was tuned for 868 MHz operation using

an impedance matching network, as described in [53].

5.5.1 Prototype Fabrication of the 868 MHz Antenna

The proposed 868 MHz antenna was fabricated using an LPKF laser direct structuring
(LDS) technology [153], available within the Tyndall Microsystems Packaging Laboratory
[154]. For antenna fabrication, the LDS technology was chosen because of its associated
advantages such as low fabrication cost, easy integration into the enclosure structure

and because it eliminated the need for additional flexible PCB [153].
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The fabrication of the proposed antenna prototype using the LDS technology was

completed in the following steps:

1. 3D part fabrication or selection: The 3D part/object on which the metal has to be
printed can be fabricated using standard 3D printers. The commercially available
thermoplastic parts, such as metals, plastics, glass, FR-4, can also be used. For the
proposed antenna, the antenna structure was printed on an acrylonitrile styrene
acrylate (ASA) thermoplastic wristwatch enclosure from OKW enclosures [144].

2. Part coating with ProtoPaint LDS epoxy: The wristwatch plastic enclosure was
covered with the LPKF ProtoPaint LDS epoxy layer. LPKF ProtoPaint LDS is an
adhesive spray paint that makes plastic surfaces suitable for laser direct structuring
[153, 155].

3. Laser direct structuring: The LPKF laser system creates an outline of the conductive
pattern of the design. In this step, the laser removes some of the epoxy material and
forms a rough surface to which the copper can firmly adhere during metallization.

4. Metallization: This step involves the electroless copper plating of the region exposed
by laser etching. The scanning electron microscope (SEM) photograph of the
antenna track (in cross-section view) deposited during the metallization process is
illustrated in Figure 5.28 and the photograph of the antenna printed in the

wristwatch enclosure is shown in Figure 5.29.

The LDS fabrication work was carried out by the Tyndall Microsystems Packaging
Laboratory group. Additional information available regarding the LDS process steps have
been published in [53], where more details regarding the metallization process are
provided. Unfortunately, the electrical characteristics of the electroplated LDS metal
layer were not measured during this work but would be a valuable addition for future

work.

With respect to the line thickness of the LDS metallization, the average thickness has
been calculated as 17.6 um. The skin depth at 915 MHz has also been calculated at
2.18 um, assuming that the electroplated metal layer has a conductivity close to that of
copper, 0 = 5.8 x 10”7 S/m. Therefore, the electroplated metal has a thickness of
approximately eight times the skin depth, that is sufficient to minimize skin effect losses

at 915 MHz.

99



tmin = 14.8 um

Figure 5.28: Cross section-view of the metallization of the antenna track.
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Figure 5.29: Photograph of the proposed laser direct structuring (LDS) printed antenna.

As shown in Figure 5.28, the minimum (tmin) and maximum (tmax) thickness of the
electroplated copper is 14.8 um and 20.4 um, respectively. As LDS printing involved a
manual coating of the plastic enclosure using an adhesive spray painting, this variation

in the metal thickness of the order of approximately 5 um is expected.

5.5.2 Measurements of the 868 MHz Antenna

In this section, the measured impedance and radiation characteristics of the proposed
868 MHz wristwatch-integrated antenna are described. Similar to the 915 MHz
wristwatch-integrated antenna, the measurements of the 868 MHz antenna were
performed after placing the wristwatch assembly on a commercial SHO-GFPC-V1
phantom arm [145]. First, the impedance characteristics of the antenna were measured
using a Rohde and Schwarz ZVRE vector network analyzer (VNA) [61]. In Figure 5.30, the

measured S11 response of the antenna is illustrated.
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Figure 5.30: Measured S1; response of the proposed 868 MHz antenna.
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Figure 5.31: (a) Measured antenna realized gain (3D) at 868 MHz, (b) Coordinate system of the

wristwatch device placed on a phantom arm.

The measured prototype antenna is resonant at 868 MHz with a —-10 dB impedance
bandwidth of 36 MHz. This impedance bandwidth figure is five times higher than the
minimum required impedance bandwidth specification of 7 MHz (863—870 MHz) at the
868 MHz band [64].

Secondly, the 3D radiation characteristics of the wristwatch device under test (DUT)
were measured in an AMS-8050 antenna measurement system [63]. In Figure 5.31(a),

the measured 3D realized gain pattern of the developed antenna at 868 MHz is shown.
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The coordinate system of the wristwatch device placed on a phantom arm is also shown
in Figure 5.31(b). In the XY-plane, the antenna is characterized as a PIFA-like radiation
characteristic with an omnidirectional radiation pattern [40]. The antenna exhibits nulls
along the z-axis in the YZ- and XZ-planes. These radiation nulls are expected due to the
shielding effect of the finite PIFA ground planes of the radio and motherboard PCBs and
the absorption of the radiated energy by the phantom arm along the Z-axis. The on-
phantom prototype antenna demonstrated a measured peak realized gain of -4.86 dBi

and a radiation efficiency of 14.53 % at 868 MHz.

5.5.3 Performance Evaluation of the 868 MHz Antenna

In Table 5.5, the key performance characteristics of the 868 MHz LDS printed antenna
(row 9) developed in this work is compared against the Sub-GHz wrist-worn antennas

reported in the literature.
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Table 5.5: Comparing on-phantom performance of the developed 868 MHz LDS printed
antenna with the literature.

A B C D E F G H I

Dimensions fo -10dB = Gain h SAR

Row Ref. Antenna (mm) (MHz) BW (dBi) = (%) (W/kg)
Topology L w  h (MHz) @f0 @f @fo
1 [43] Loop 40 30 10 920 180 NA 6.4 NA
2 [44] Dipole 127 25 2 850 160 -8.3 7 3.75
3 [45] Dipole 145 40 NA 900 160 NA 63 018
4 [42] IFA% 93 37 5 780 1051 NA 7.9 NA
5 [46]  PIFA* 64.8 456 475 866 1056 44 26 0.78
6 [47] Loop 201 56 0.2 900 100 -85 NA NA
7 [28]  PIFA? 44 28 1.6 915 55! -6.09 NA NA
8 [48]  Dipole* 220 10 0.25 9225 44 -11.2  NA NA

9 VU;':k PIFA 48 41 23 868  36' -4.86 145 0.0027
10  [49] PIFA* 44 44 10 767 3516 54 13 NA
11 [50] PIFA® 188 30 6 880 28 NA 837 NA
12 [116] Helix 40 40 144 890 23 NA NA NA
13 [34] Patch 86 25 1.6 915 193  -6.87° NA NA
14  [36] Helical 110 29 155 868 17 135 NA NA
15 [37] Monopole 100 15 0.6 911 14 -5.35 NA NA
16  [38] Monopole 40 15 1.8 911 7.5 -5.86 NA NA
17 [39] IFA? 45 30 55 846 75 NA 148 NA
18 [40] PIFA% nx25%x 5 402.5 5223 -12 3.6 NA
19 [30] PIFA mx252x5 4025 42223 92 6.9 NA

20 [41] Loop® 50 35 3 868 3.5 -1.44 NA  0.0002
21 [35] Spiral® nx 162 915 33 -1.04 NA NA
22 [117] PIFA 76.1 13.6 9.5 866 NA 66 8.6 NA
23 [118] Patch® 120 29 0.64 867 NA -13 NA NA
24 [119] PIFA 90 20 3 923 NA -5 NA NA

This table is sorted in decreasing order of -10 dB bandwidth in column F

Important Notes:

1

2

3

Antenna requires the use of an impedance matching network

Only the -6 dB impedance bandwidth is reported

Antenna does not meet the -10 dB bandwidth requirements for the targeted band

Antenna was fully integrated in a wristwatch device

Only simulated results are reported

Antenna fabricated using LDS technology

NA = Information not reported
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As shown in Table 5.5, the impedance and radiation performance characteristics of the
antenna [53] developed in this work compares well with the literature. As shown in the
table, two Sub-GHz wristwatch antennas [46, 49], which are fabricated using LDS
technology are found in the literature. It is observed that the antenna developed in this
work is the most compact antenna design, and achieves the second highest bandwidth,
peak realized gain and radiation efficiency for any LDS printed Sub-GHz wrist-worn

antennas in the literature.

5.5.4 System Implementation and Clinical Trials

The developed 868 MHz antenna was integrated into a prototype wristwatch wireless
sensor device and clinical trials were performed at Mercy University Hospital, Cork,
Ireland [156] after ethics approval had been obtained from the university authorities.
The details of the system implementation and clinical trials are described in [53]. The
clinical trials were successfully conducted on 24 patients over a period of four weeks,
and under the supervision of clinical staff. Each trial took approximately 3 minutes to
measure the SpO, and heart rate of a patient. In Figure 5.32, the devices used in the
clinical trials are shown, such as a gateway, an optical biosensor, a smartphone, and the

developed wristwatch sensor device are illustrated.

5V Power Supply

T—e e
(a) Gateway

(d) Wristwatch Device

Figure 5.32: Clinical trial test devices.
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Figure 5.33: Wristwatch sensor device worn by a patient in a clinical setting.

The gateway works as a communication link between the wristwatch sensor platform

and the smartphone app. The details of the architecture and the internal components

of the gateway is described in detail in [53]. The clinical trials also employ an existing

optical biosensor device, which can wirelessly connect to the smartphone application.

Figure 5.33 illustrates the SpO; and heart rate measurement setup on a patient’s arm

using the developed wristwatch sensor device as well as the existing optical biosensor

in a clinical setting. The test protocol used in the clinical trials specified that the arm

should be parallel to the ground, as the patient would usually be sitting or lying down.
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Figure 5.34: Smartphone application for SpO2 and heart rate measurements (a) smartphone

app in a user’s hand, (b) screenshot of the measured plots.
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This position is recommended because the accuracy of the SpO, and heart rate
measurement is heavily impacted by motion artefacts, which are likely to have a

significant influence on the quality of the measured data [157].

The sensor data measured by the wristwatch device were compared against the optical
biosensor data. Figure 5.34(a) shows the smartphone app in a user’s hand, showing that
both the sensor devices (wristwatch sensor and optical biosensor) are connected. The
plots of the measured SpO, and HR sensor data on the smartphone app are shown in
Figure 5.34(b). The green curves represent the SpO;- and HR-measured values by the
wristwatch device, and the yellow curves represent the optical biosensor-measured
data. It can be seen that the measurement results from the developed sensor
wristwatch device are in close agreement with the results from the optical biosensor

device.

5.6 Conclusions

In this chapter, the design and development of two Sub-GHz band PIFA-type wristwatch-
integrated antennas has been described. For both antennas, a dual-radiator approach
was implemented to enhance the impedance bandwidth and radiation performance. In
the first iteration, a novel design for a compact 915 MHz antenna integrated within a
wristwatch wireless sensor device was developed to meet the Sub-GHz band wireless
communication requirements in North America. The compact 915 MHz antenna was
fabricated using a low cost flexible polyimide substrate. In addition, an equivalent circuit
model of the proposed antenna was also developed to predict the impedance response
of the antenna. The developed 915 MHz antenna is published in [52] and represented
one of the most compact sized (48 mm x 41 mm x 2.3 mm) wristwatch-integrated
antennas that has achieved a -10 dB impedance bandwidth of at least 30 MHz, with
simultaneously improved peak realized gain of -4.9 dBi and a radiation efficiency of 15.9

% when compared to the Sub-GHz wrist-worn antennas in the literature.

In a second iteration, the above 915 MHz antenna was optimized for 868 MHz operation
to meet the Sub-GHz band wireless communication requirements in Europe [64]. The
868 MHz antenna structure was printed on the surface of a wristwatch enclosure using
laser direct structuring (LDS) technology and was fully integrated into a wristwatch

wireless sensor device.
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The developed 868 MHz wristwatch antenna is published in [53] and represents the
most compact antenna design fabricated using LDS technology and demonstrated the
second highest -10 dB impedance bandwidth (36 MHz), peak realized gain (-4.86 dBi)
and radiation efficiency (14.5 %) for any LDS printed Sub-GHz wrist-worn antennas in

the literature.

In addition, both 915 MHz and 868 MHz antennas demonstrated low SAR values of less
than 0.08 % of the maximum permissible SAR limit for wrist tissue [80, 109], making the
antenna suitable for a wide range of wrist-worn wireless applications. In the next
chapter, the feed structure of the 915 MHz antenna [52] has further been optimized to

significantly enhance the impedance bandwidth of the antenna.
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Chapter 6: A Bandwidth Enhanced 915 MHz Wristwatch

Antenna using an Optimized Feed Structure

6.1 Background

In Chapter 5, two new wristwatch-integrated compact antennas operating at 915 MHz
[52] and 868 MHz [53] bands were described. The 915 MHz antenna presented in
Chapter 5 has achieved a -10 dB impedance bandwidth of 30 MHz, which is slightly
greater than the required impedance bandwidth of 26 MHz (902-928 MHz) for 915 MHz
band operation [55]. The antenna presented in this chapter is based around a novel
design methodology, which aims at significantly enhancing the impedance bandwidth

when compared to the previous 915 MHz antenna described in Chapter 5.

Similar to the previous antenna [52], the antenna developed in this work incorporates
two radiating elements. However, to enhance the impedance bandwidth, the feed
structure for the two radiating elements is modified. With the optimized feed, the new
antenna excites two closely located resonant frequencies that can be independently
tuned to maximize the impedance bandwidth of the antenna. The excitation of two
adjacent resonant frequencies for impedance bandwidth enhancement has not been
previously reported for Sub-GHz wristwatch antennas in the literature, which is one of

the novel aspects of this work.

Furthermore, an equivalent circuit model for the proposed antenna design is derived to
explain the impedance bandwidth enhancement mechanism. Another contribution of
this work is the development of an equivalent transmission line model for the proposed
antenna to accurately predict the antenna impedance characteristics with greatly
reduced computation time compared to EM simulation. The key results presented in this

chapter have been published in [54].
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6.2 Antenna Design

The target wristwatch device for the antenna developed in this work is the same off-the-
shelf wristwatch enclosure [144] as has been described in Chapter 5, Section 5.2. The
geometry of the proposed antenna is shown in Figure 6.1(a). The antenna is a variant of
a planar inverted-F antenna (PIFA) topology and consists of two radiating elements,
denoted Radi and Rad». The antenna is printed on a low-cost 0.13 mm thick flexible
polyimide substrate with a copper thickness tcu = 0.018 mm. The polyimide substrate
has dimensions of L (48 mm) x W (41 mm) and has a measured &= 3.1 and tané = 0.0245

at 915 MHz [87].

o .-
A\ A

Polyimide
Substrate

Wristwatch
Enclosure

Figure 6.1: Geometry of the proposed wristwatch-integrated antenna placed on a

phantom arm.
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The antenna is integrated into a complete, integrated wristwatch assembly, where the
bottom surface of the plastic enclosure is placed on the top surface of a commercial
SPEAG SHO-GFPC-V1 phantom arm model from Speag [145]. The dielectric properties of
the phantom arm model are described in Chapter 5, Section 5.4.1. The antenna structure
is integrated within the wristwatch enclosure and placed above the ground planes. As
shown in Figure 6.1(b), the ground planes are implemented using two PCB assemblies,
denoted G1 and Ga. As shown in Figure 6.1, via contact springs, element Rad is excited
at port P1 using a 50 Q unbalanced feed coaxial cable with a signal at point S and element
Rad- is connected to ground at point G. The section between points S and G implements
a shunt inductive element that is used to balance the distributed capacitance of
elements Rad: that is in close proximity to ground planes (G1 and G2) of the PCBs

beneath [146].

6.3 Antenna Simulations

This section presents the simulated results of the proposed antenna using both circuit
and full-wave electromagnetic (EM) simulations. The circuit simulations of the proposed
antenna were carried out using AWR Microwave Office [148] and the EM simulations
were performed using ANSYS HFSS [137]. First, an equivalent circuit model is developed
to explain the impedance bandwidth enhancement methodology. The impedance and
radiation performance of the antenna obtained from EM simulations are then
presented. A new transmission line (TL) model of the proposed antenna is also
developed to study the impact of key antenna parameters on the resonant response

with greatly reduced computation time when compared to the EM model.

6.3.1 Optimization of Feed Structure for Bandwidth Enhancement

The proposed antenna design extends the previous work [52] described in Chapter 5,
with a key focus on significantly improving the impedance bandwidth of the antenna. As
shown in Figure 6.2(a), the 915 MHz wristwatch antenna previously presented in
Chapter 5 has two radiating elements, denoted Radiand Rad», where both the elements

are excited from the same feed point S.
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Figure 6.2: (a) Antenna topology presented in Chapter 5 [52], (b) Proposed antenna topology
with optimized feed developed in this work.

The key advance of the proposed new antenna described in this chapter over the
previous antenna in [52] is the optimization of the feed structure. The proposed antenna
topology with the optimised feed structure is shown in Figure 6.2(b), where element
Rad. is excited directly from the feed point S and element Rad: is connected directly to
ground G and is excited via mutual inductive coupling with element Radi. In addition,
for the proposed antenna the width Ws of the inductive shunt section between points S
and G is also reduced to improve the impedance matching of the antenna. With the
optimized feed structure, the new antenna achieves a significant improvement in the

impedance bandwidth, as described below.

6.3.1.1 Equivalent Circuit Model of the Proposed Antenna

The impedance bandwidth enhancement of the proposed antenna can be explained by

developing an equivalent circuit model of the antenna, as shown in Figure 6.3.

Rad, Rad,
P s ¢

50Q R, R,
8.7Q Ly 11.20Q

L é
7.8 nH @
Radl — > Ly % § L,
Rad, Ry § 435 nH 42.1 nH
G S 1.2Q

$' G == == G
Ky | ; 0.63 pF 0.7 pF
W5 . 4

(a) (b)

Figure 6.3: (a) Geometry of the proposed antenna, (b) Equivalent circuit model.
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The proposed antenna topology shown in Figure 6.3(a) can be represented by an
equivalent circuit model shown in Figure 6.3(b). The first series R1L1C1 branch represents
element Rad1 and the second series RzL,C; branch represents element Rad». The third
branch Lsy with resistance Rsy represents the shunt inductive section between excitation
points S and ground G. Element Rad- is grounded and inductively coupled to element
Rad1 via mutual inductance Lu. The equivalent circuit component values shown in Figure
6.3(b) were derived through optimization against measured Si11 data (measurements
described in Section 6.4 of this chapter) in AWR Microwave Office [148]. The equivalent
circuit model in Figure 6.3(b) is known to have two resonant frequencies, denoted f. and

fu [158].

Figure 6.4 compares the measured and circuit model simulated Si11 response of the
antenna proposed in this work as well as of the 915 MHz antenna previously described
in Chapter 5. The S11 response for the equivalent circuit models agrees well with the
respective measured responses. As shown in Figure 6.4, the antenna proposed in this
work is resonant at two frequencies, namely the lower resonant frequency, f. = 908 MHz
and the upper resonant frequency, fu= 938 MHz with a -10 dB impedance bandwidth of
62 MHz.

S11 (dB)

= = This work: Measured fi

®
“»
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eeeee Chapter 5: Measured
«= « « Chapter 5: Circuit model \'f0= 915 MHz
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Figure 6.4: Simulated Si; response showing the impedance bandwidth enhancement.
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Figure 6.5: Single-branch equivalent circuit model for the 915 MHz antenna in Chapter 5.

By comparison, the antenna described in Chapter 5 is modelled as a single-branch series
RsLsCs circuit, as shown in Figure 6.5, with only one resonant frequency
fo=1/(2n\/LsCs) = 914.6 MHz = 915 MHz. The detailed equivalent circuit model
analysis of the previous antenna is described in Chapter 5, Section 5.4.2. Figure 6.4 also
includes the Si1 response for the antenna described in Chapter 5 to illustrate the
impedance bandwidth enhancement achieved. As shown in Figure 6.4, the previous
antenna has achieved a -10 dB impedance bandwidth of 30 MHz. However, as shown in
Figure 6.4, with the optimized feed structure, the antenna proposed in this work is
resonant at two frequencies fi and fu and therefore enabled a -10 dB impedance
bandwidth enhancement of more than 107 % when compared to the previous 915 MHz

antenna [52].

6.3.2 Equivalent Transmission Line (TL) Model of the Proposed Antenna

To enable rapid computation of the impedance characteristics, a transmission line (TL)
model was developed using AWR Microwave Office [148]. The equivalent TL model is
illustrated in Figure 6.6(b). This TL model uses an inverted microstrip transmission line
topology whose physical characteristics are derived from the antenna geometry shown
in Figure 6.6(a). Element Rad: extends between points S and C via A and B, and is
modelled as a series combination of transmission lines T, T3 and T4. Similarly, element
Rad, extends between points G and D, and is modelled as a series combination of

transmission lines Ty, T2, Tz and Ts.

As shown in Figure 6.6(b), the antenna is fed at point S using a 50 Q coaxial cable of
length Lc = 50 mm, denoted Tcoax. The coaxial cable represents a lossy transmission line
(0.0833 dB/m) and the dielectric insulator between inner conductor and grounded
shield has a relative permittivity, & = 1.7 [148]. The shunt inductive section between
points S and G in Figure 6.6(a) is modelled as a lumped inductor denoted Lsy in the
equivalent TL model. Parameters S1 and S; represent the separation between elements

Radi and Rad>, as defined in the coupled transmission lines T; and Ts.
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Figure 6.6: (a) proposed antenna geometry, (b) Equivalent transmission line (TL) model.

Furthermore, two capacitances Cr1 and Cr are included to account for the end
capacitances of element Rad: and Rad, with respect to ground [159]. The radiation
resistance, ohmic losses and dielectric losses associated with elements Rad: and Rad>

are modelled using lumped elements Ra1 and Ra.

The antenna is modelled using a lossless inverted microstrip line, as shown in Figure 6.7.
In order to model the dielectric properties of the inverted microstrip line, an effective
relative electrical permittivity (ge) is defined. This is required to account for the fact that
the radiated fields from the antenna propagate both in the dielectric region of the

enclosure (er = 2.9) and in air [160].
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Figure 6.7: Inverted microstrip topology.

The eeff value of the inverted microstrip line for element Rad: is calculated using
equation (6.1) given in [160], where wi is defined as the width of Rad:, h is enclosure
thickness, hi is the height of Radi from ground Gi, and & is the relative electrical

permittivity of the plastic enclosure.

getr = [1+ (R/h) (A1 — ByIn(w; /hy)) (/2 — 1)]° (6.1)

where,
A, =[0.5173 — 0.1515 In(h/h)]?, (6.2)
B, = [0.3092 — 0.1047 In(h/hy)]%. (6.3)

Using equation (6.1), for & = 2.9 (measured), h = 1.5 mm, h1 = 2.3 mm, wis = 1 mm, the
€eff value for element Rad: was calculated to be 1.45. Note that the above calculation
holds true for calculating et for element Rad:; also. For element Rad», width w; =3 mm,
height from ground h, =7.5 mm, h=1.5 mm and & = 2.9, the &t value for element Rad-
was calculated to be 1.23. As the distance from elements Rad1 and Rad, to ground G is
much less (5.2 mm) than the distance to G, as depicted in Figure 6.7, the E-field density
is greater in this region and more fields pass through the enclosure material than in air.

Therefore, a value of geff = 1.45 has been chosen for the TL model simulations.

6.3.2.1 Parametric Analysis using Transmission Line (TL) Model

In this section, a parametric analysis is performed using the TL model described in the
previous section to study the key antenna parameters that affect the impedance

response with the goal of maximizing the impedance bandwidth.
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The starting values for the physical parameters of the TL model were determined from
the final design parameters obtained from the EM simulation of the previous 915 MHz
antenna [52] described in Chapter 5. The starting values for the lumped parameters
(Ra1, Ra2, Cr1 and Cr2) were derived experimentally by comparing the S11responses of the
TL model and measured data of the proposed antenna (measurements described in
Section 6.4 of this chapter). Note that for the parametric analysis, only one parameter
is varied at a time while the other parameters are kept constant, as tabulated in Table

6.1 at the end of this section.

Figure 6.8 shows the S11 response when the shunt inductance parameter, Lsy is varied.
The starting value of Lsy was derived from the EM simulation of the previous antenna
[52]. It can be seen that inductance Lsy primarily affects the upper resonant frequency
or fi response. This is expected because Lsy mainly affects the impedance matching of
element Rad as it is added in shunt with the feed to balance the capacitance of element
Radi that is in close proximity to ground. Also, as increasing Lsu increases the effective
inductance of element Rads, fu gradually decreases with increasing the value of Lsy [161].
Therefore, parameter Lsi enables the impedance matching and the bandwidth

adjustment of the antenna. The final value for Lsu is selected to be 5 nH.

S11 (dB)

0.85 0.90 0.95 1.00
Frequency (GHz)

Figure 6.8: Simulated TL model S11 response for varying Lsu.
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Figure 6.9: Simulated TL model S1; response for varying L.

Figure 6.9 shows the Si11 response of the antenna to varying the parameter Ls that
represents the end length of element Rad:. The resonance at fu is created by element
Radi, and the resonance at fi is created by element Rad,. Because, parameter L4 adjusts
the total length of element Rad:, it mainly controls the fu response. Increasing Ls leads
to a decrease in fu, because the electrical length of element Radi increases with
increasing length Ls, leading to a reduction in fu. In addition, varying length L4 also has
an influence on the input impedance of the antenna, and so affects the S11 magnitude.
Thus, length Ls enables matching of the input impedance and controls the impedance
bandwidth of the antenna. The final value for L4 is selected to be 9.5 mm because for
this value the S11 response has an optimal compromise for wider impedance bandwidth

along with impedance matching at both f. and f.

In Figure 6.10, the S11 response of the antenna for a varying parameter Ls or the end
length of element Rad- is shown. Parameter Ls determines the total electrical length of
element Rad; and mainly controls the resonant response at fi. Element Rad> has a total
electrical length longer than element Rads, and thus Rad- is resonant at fi. As expected,

increasing length Ls leads to a reduction in fi.
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Figure 6.10: Simulated TL model S11 response for varying Ls.

Increasing length Ls improves the impedance bandwidth of the antenna as it enables
adjustment of fi and the magnitude of Si1 at fi. The final value for Ls is selected to be
5 mm, because this provides a wider impedance bandwidth along with impedance

matching at both fi and fx.

Table 6.1: Final Optimized TL Parameters of the Proposed Antenna.

Parameter Name Value (mm) Parameter Name Value
Ly 11.6 h1 2.3 mm
Ly 6 h» 7.5 mm
L3 45 S1 3.2mm
Ly 9.5 S, 2mm
Ls 5 Ra1 120 Q
Ls 2.5 Ra2 54 Q)
Lc 50 2o 50 Q
W1 1 Cr1 0.23 pF
W» 3 Cr2 0.275 pF
h 15 Lsh 5nH
tcu 0.018
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The parametric study provided a better understanding of how to control impedance

matching and tune fi and fu to improve the impedance bandwidth response of the

antenna. The final optimized TL design parameters that maximize the impedance

bandwidth of the proposed antenna are listed in Table 6.1.

6.3.3 Electromagnetic (EM) Simulations of the Proposed Antenna

The EM simulations of the proposed antenna were performed using ANSYS HFSS [137].

The final optimized physical parameters of the proposed antenna are listed in Table 6.2.

Table 6.2: Final optimized EM model parameters of the proposed antenna.

Parameter Name Value (mm) Parameter Name Value (mm)

Ly 10.5 h 1.5

L> 5 h1 2.3

Ly 11 h> 7.5

Ls 5 S1 3.2

Ls 2.5 S, 2

W1 1 H 13.5
1%} 3 tcu 0.018

0
1 EM Simulated

S1 (dB)

fu = 936 MHz
-20 1 f.=912 MHz
T A T e B B I e S I e B B A S S B
0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98

Frequency (GHz)

Figure 6.11: EM Simulated S11 response of the proposed antenna.
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The simulated S11 response of the antenna obtained from the EM model is shown in
Figure 6.11. It can be seen that the proposed antenna is resonant at two frequencies,
denoted fi = 912 MHz and fu = 936 MHz. These resonant frequencies can be

independently tuned to maximize the impedance bandwidth of the antenna.

As summarized in Table 6.3, the EM model provides Si1 response of the antenna in 8:34
hours or 30840 seconds. However, the equivalent TL model described in the previous
section has enabled impedance response analysis in a greatly reduced computation time
of 0.03 seconds. Note that both EM and TL model simulations were performed using a
computer with a 64 GB RAM, 3.41 GHz 4 Cores i7 processor and a 64-bit operating

system.

Table 6.3: Comparing EM and TL models S;; computation time.

Antenna Modelling type Simulation time (in seconds)
EM model 30840
TL model 0.03

6.3.3.1 Surface Current Distribution

It was described earlier in EM simulation that the proposed antenna has a dual-resonant
response with fi = 912 MHz and fi = 936 MHz. In Figure 6.12(a) the simulated surface
current distribution at fy =912 MHz is illustrated. Large magnitude currents are observed
on element Rad, compared to Radi, which signifies that element Rad: is resonant at
912 MHz. The simulated surface current at fu = 936 MHz is illustrated in Figure 6.12(b),
and large magnitude currents on element Radi shows that element Rad: is resonant at
936 MHz. Furthermore, at both 912 MHz and 936 MHz, large current flow is observed
at point a along the shunt inductive tuning path across the antenna feed between the
signal (S) and ground (G) contacts. This is expected due to the low impedance path

between points S and G.
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Figure 6.13: E-field distribution in the YZ-plane at 915 MHz.

6.3.3.2 Radiation Mechanism of the proposed antenna

To explain the radiation mechanism of the proposed antenna, the E-field distribution in
the YZ-plane is investigated. In Figure 6.13, the E-field distributions in the YZ-plane
(passing through the ends of elements Rad: and Rad>) at 915 MHz are illustrated. Large
magnitude E-fields emerge from the open ends of both radiating elements and
terminate at the ground planes. This is due to fringing field close to the ends of both

elements that are the main source of radiation for the antenna [149-152].
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6.3.3.3 Simulated 3D Radiation Pattern of the Proposed Antenna

Figure 6.14 illustrates the simulated 3D realized gain radiation pattern of the proposed
antenna at 915 MHz. The radiation pattern is consistent with the pattern of a PIFA
antenna [40] and the finite ground planes Gi1 and G; of the PIFA minimizes the power
radiation towards the phantom arm. The antenna has omnidirectional radiation
characteristics in the XY-plane. In the YZ- and XZ-planes, the antenna has radiation nulls,
which are expected due to the shielding effect of the finite PIFA ground planes in
combination with body absorption along the Z-axis. As shown in Figure 6.14, the

proposed antenna has a simulated peak realized gain of -4.46 dBi at 915 MHz.

Z
Realized Gain (dBi) 915 MHz

Max: -4.6

-4.0
e
-6.0

-7.5
-9.0

. -10.5
-12.0
-13.5
-15.0

I -16.5
-18.0

Min: -17.9

Figure 6.14: Simulated 3D Realized Gain radiation pattern at 915 MHz.

6.3.3.4 Specific Absorption Rate (SAR) Evaluation

The Specific Absorption Rate (SAR) [29, 80] parameter is a measure of the rate at which
power is absorbed by the human body when exposed to electromagnetic (EM) radiation
[78]. The simulated SAR level for the proposed antenna was evaluated on a Speag SHO-
GFPC-V1 phantom arm [145]. According to the Federal Communications Commission
(FCC) [109] and International Commission on Non-lonizing Radiation Protection (ICNIRP)
guidelines [80], for limbs, the standard SAR exposure level should not exceed 4.0 W/kg,

averaged over 10 g of tissue mass.

122



SAR Field
[W/kg]

0.0017
I 0.0016
0.0014

0.0013
0.0011
0.0010
0.0008
0.0007
0.0005
0.0004
0.0002
0.0001

Figure 6.15: Simulated SAR distribution on the phantom arm at 915 MHz.

As shown in Figure 6.15, for an input power of 1 mW, an EM simulated peak SAR value
of 0.0017 W/kg at 915 MHz is obtained. This simulated SAR value is less than 0.05 % of
the SAR limit of 4 W/kg for general public limb-wearable applications [80, 109]. The finite
ground planes (G1 and G;) of the antenna reduce the backward radiation towards the
human wrist [40, 65]. Therefore, the shielding provided by the ground planes is critical

in achieving a low SAR figure.

The EM simulated performance characteristics of the proposed antenna for the final

design parameters listed in Table 6.2 are summarized in Table 6.4.

Table 6.4: The EM simulated performance summary of the proposed 915 MHz antenna.

-10 dB impedance
bandwidth (MHz)

Peak realized gain
at 915 MHz (dBi)

Radiation Efficiency
at 915 MHz (%)

SAR at 915 MHz
at 1 mw (W/kg)

57

-4.46

15.9

0.0017

6.4 Antenna Measurements

To validate the antenna design, the proposed antenna with the physical dimensions
obtained from the EM simulation was fabricated and its characteristics were measured.
A photograph of the fabricated antenna that is attached to a wristwatch enclosure is

shown in Figure 6.16.
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Furthermore, in Figure 6.17, a photograph of the internal components of the wristwatch
device such as sensor assembly, radio PCB (G1) with 50 Q coaxial cable, motherboard

PCB (Gz) with an attached battery, screws and the prototype antenna is illustrated.

For conducting the impedance and radiation measurements, the fabricated antenna and
all internal components were integrated inside the wristwatch device or device under
test (DUT). All the measurements of the DUT were performed after placing the
wristwatch device on a Speag SHO-GFPC-V1 phantom arm [145]. The S11 response of the

antenna was measured using an Anritsu MS2038C vector network analyzer [62].

Figure 6.16: Photograph of the fabricated antenna.

Wristwatch with
Sensor Assembly

T

Motherboard PCB Prototype Radio  50-Q Coaxial
Screws

and Batterv Antenna PCB Cable

Figure 6.17: Internal components of the wristwatch device.
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Figure 6.18: Simulated (TL and EM models) and measured S1; response of the antenna.

Figure 6.18 compares the measured and simulated S11 responses obtained from the TL
and EM models for the proposed antenna and the measured S11 response for the 915
MHz antenna presented in Chapter 5. For the proposed antenna, both simulated and
measured Si11 responses are shown to be resonant at two frequencies, fi and fy,
corresponding to elements Rad; and Rads, respectively. The proposed antenna achieves
a measured -10 dB impedance bandwidth of 62 MHz, which is approximately 2.4 times

the minimum required bandwidth of 26 MHz for 915 MHz operation.

For the 915 MHz antenna in Chapter 5, a measured -10 dB impedance bandwidth of 30
MHz was demonstrated. On the other hand, the proposed antenna exhibits a measured
-10 dB impedance bandwidth of 62 MHz, which is 107 % higher than the previous
antenna. A slight discrepancy in the simulated and measured responses is attributed to
the combined effects of small changes in the position of the internal components of the

wristwatch assembly, measurement setup and losses in the ferrite-beaded cable used

in the measurement.
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Ferrite beads Phantom arm

Figure 6.19: Device under test (DUT) measurement setup in an AMS-8050 anechoic chamber.

Figure 6.19 shows the anechoic chamber measurement setup of the DUT in an AMS-
8050 antenna measurement system [63]. The rotation of the DUT in the anechoic
chamber is controlled using the 3D positioner. The DUT was placed on an Speag
phantom arm [145] and was supported on a mounting fixture. The antenna is excited
using an unbalanced 50 Q coaxial cable. Since the coaxial cable can affect the antenna
radiation properties, multiple ferrite beads have been incorporated in the measurement
setup to suppress the effects of coaxial cable currents on the antenna radiation
characteristics. As shown in Figure 6.19, the coaxial cable runs along the 3D positioner
and an EM radiation absorbing material has been used to cover the coaxial cable to

minimize the effects of the cable on the radiation characteristics of the antenna.
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Figure 6.20: Simulated and measured radiation patterns of the antenna at 915 MHz: (a) XY-

plane, (b) YZ-plane and (c) XZ-plane.

In Figure 6.20, the simulated and measured radiation characteristics of the proposed
antenna in three principal planes XY, YZ and XZ at 915 MHz are illustrated. As shown in
Figure 6.20(a), for the co-polarized case the antenna has an omnidirectional radiation
pattern in the XY-plane, where the simulated and measured co-polarized radiation
patterns correlate well in the XY-plane. The radiation patterns in the YZ- and XZ-planes
are respectively illustrated in Figure 6.20(b) and (c). The co-polarized radiation patterns
exhibit nulls in the YZ- and XZ-planes. The presence of the radiation nulls can be
explained by taking into account the shielding effect of the antenna’s finite ground
planes and the energy absorption by the phantom arm. A slight discrepancy in the
simulated and measured radiation characteristics in the YZ- and XZ-planes is attributed
to the combined effects of possible small changes in the position of the internal
components of the wristwatch assembly, measurement setup and losses in the ferrite-

beaded cable that was not included in simulation.
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At 915 MHz, the on-phantom prototype antenna exhibits a measured peak realized gain

of -4.6 dBi and a simulated radiation efficiency of 15.9 %.

6.5 Performance Evaluation of the Proposed Antenna

Table 6.5 on the next page shows a performance comparison of the developed
wristwatch antenna (row 7) with previously reported wrist-worn antennas to identify
the performance improvements that the developed antenna has enabled compared

with other works in this research area.
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Table 6.5: Comparing on-phantom performance of the developed antenna with the literature.

A B C D E F G H I

Dimensions fo -10dB = Gain h SAR

Row Ref. Antenna (mm) (MHz) BW (dBi) = (%) (W/kg)
Topology L w  h (MHz) @f0 @f @fo
1 [43] Loop 40 30 10 920 180 NA 6.4 NA
2 [44] Dipole 127 25 2 850 160 -8.3 7 3.75
3 [45] Dipole 145 40 NA 900 160 NA 6.3 0.8
4 [42] IFA% 93 37 5 780 105! NA 7.9 NA
5 [46]  PIFA? 64.8 45.6 4.75 866 105 -4.4 26 0.78
6 [47] Loop 200 56 0.2 900 100 -85 NA NA

7 This  pjpa 48 41 23 915 62 -46 17.8 0.0017

Work

8 [28]  PIFA* 44 28 1.6 915 55! -6.09 NA NA
9 [48]  Dipole® 220 10 0.25 9225 44 -11.2  NA NA
10  [49] PIFA? 44 44 10 767 351 -5.4 13 NA
11 [50] PIFA® 188 30 6 880 28 NA  83.7 NA
12 [116] Helix 40 40 144 890 23 NA NA NA
13 [34] Patch 86 25 1.6 915 19  -6.87° NA NA
14  [36] Helical 110 29 1.55 868 17 135  NA NA
15 [37] Monopole 100 15 0.6 911 14 -5.35 NA NA
16 [38] Monopole 40 15 1.8 911 7.5 -5.86 NA NA
17  [39] IFA4 45 30 55 846 = NA  14.8 NA
18 [40]  PIFA% nx252x5 4025 5223 -12 3.6 NA
19 [30] PIFA mx252x5 4025 42223 92 69 NA

20 [41] Loop® 50 35 3 868 3.5 -1.44 NA  0.0002
21 [35] Spiral® mx 162 915 33 -1.04 NA NA
22 [117] PIFA 76.1 136 9.5 866 NA 6.6 8.6 NA
23 [118] Patch® 120 29 0.64 867 NA -13 NA NA
24 [119] PIFA 90 20 3 923 NA -5 NA NA

This table is sorted in decreasing order of -10 dB bandwidth in column F

Important Notes:

1

2

3

Antenna requires the use of an impedance matching network

Only the -6 dB impedance bandwidth is reported

Antenna does not meet the -10 dB bandwidth requirements for the targeted band

Antenna was fully integrated in a wristwatch device

Only simulated results are reported

NA = Information not reported
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In Table 6.5 (row 7), the impedance and radiation performance of the antenna
developed in this work is summarized. The developed antenna has achieved a -10 dB
impedance bandwidth of 62 MHz in the most compact sized wristwatch form factor in
the literature. At the same time, the developed antenna has demonstrated a

competitive high peak realized gain and radiation efficiency performance.

6.6 Conclusions

This chapter has presented the design and modelling of a new bandwidth enhanced
915 MHz wristwatch antenna developed to meet the system requirements associated
with a wristwatch sized wireless sensing system. The antenna design described in this
chapter incorporates two mutually coupled radiating elements and achieved a
measured 107 % improvement in the -10 dB impedance bandwidth when compared to
the previous antenna [52] described in Chapter 5. This bandwidth enhancement was
achieved by optimizing the feed structure of the previous antenna to enable the
excitation of two closely located resonant frequencies that can be independently tuned

to maximize the impedance bandwidth.

The measured on-phantom prototype antenna achieved a -10 dB impedance bandwidth
of 62 MHz which is more than double the minimum required impedance bandwidth of
26 MHz for the 915 MHz band operation [55]. Furthermore, the developed antenna is
published in [54] and represents the most compact wristwatch-integrated antenna that
achieves a -10 dB impedance bandwidth of more than 60 MHz, as well as with improved
peak realized gain (greater than -5 dBi) and radiation efficiency (greater than 17 %) when

compared to the state-of-the-art Sub-GHz wrist-worn antennas.

A conceptual equivalent circuit model for the proposed antenna was derived to explain
the impedance bandwidth enhancement achieved. Another key contribution of this
work is the development of a novel equivalent transmission line (TL) model to accurately
predict the impedance characteristics with greatly improved speed compared to EM
simulation (the simulation time was reduced from hours to seconds). In addition, for
1 mW input power, the simulated peak SAR value of less than 0.05 % of the maximum
permissible limit is demonstrated, making the proposed antenna suitable for wireless
wristwatch devices. The results of the antenna presented in this chapter have been

published in [54].
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Chapter 7: Conclusions and Future Work

This chapter summarizes the research work conducted and described in this thesis. The
key focus of this thesis was to design new Sub-GHz wristwatch antennas with improved
impedance bandwidth performance when compared to the state-of-the-art reported in
the literature. In the last decade, the Sub-GHz bands have received increased interest
for internet-of-things (loT) applications due to emerging wireless technologies such as
long-range wide-area network (LoRaWAN) [15] and SigFox [16]. Use of the Sub-GHz
bands has potential for increased wireless communication range with low power
consumption and increased battery life when compared with 2.45 GHz-based
technologies, such as Bluetooth and Wi-Fi. The identified advantages of wireless
communications at Sub-GHz bands were a key motivation for selecting Sub-GHz
frequencies for loT wristwatch applications. However, the design of antennas for
Sub-GHz bands is challenging due to the practical size constraints of wristwatch devices.
The high level of integration required for such wristwatch devices results in the need for
electrically small antenna designs that have limited impedance bandwidth and radiation
performance. Another key challenge is the presence of the human body in the
immediate vicinity of the antenna. The electromagnetic (EM) coupling between the
antenna and human body can lead to antenna impedance mismatch and losses of

radiated antenna power by absorption in human tissue [32, 33].

In Chapter 3 of this thesis, several gaps in current state-of-the-art relating to the limited
impedance bandwidth of Sub-GHz wristwatch antennas were identified. Based on the
literature review, a hypothesis was formulated that involved the use of a dual-radiator
approach to enhance impedance bandwidth performance for wristwatch antennas

compared to that reported in the literature.
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7.1 Contributions to the state-of-the-art

This thesis aimed at addressing the aforementioned impedance bandwidth related
challenges and developing novel Sub-GHz wristwatch-integrated antennas in a highly
constrained form factor. The major contributions of this thesis include the development
of four new Sub-GHz wristwatch-integrated antennas [51-54], with the impedance and

radiation characteristics of the developed antennas summarized in Table 7.1.

Table 7.1: Performance summary of the Sub-GHz wristwatch antennas developed in this thesis.

fo -10dB  Gg**  Efficiency SAR Key
Ref. (MHz) BW* (dBi) h (%) (W/kg) Contributions
(MHz) @ fo @ fo @ fo

Dual-radiator.
[51] 915 28.3 -0.57 46.8 0.0034  Highest Gg.
Second highest h.

Dual-radiator.

Compact size.
[52] 915 30 -4.9 15.9 0.0019  Simultaneously improved

BW, Ggr and h compared to

the literature.

Second highest BW, Gg and h
[53] 868 36 -4.86 14.5 0.0027  using LDS technology.
Most compact LDS printed.

Dual-resonant response.

107 % BW enhancement
[54] 915 62 -4.6 17.8 0.0017

compared to [52].

Transmission line model.
BW* =-10 dB impedance bandwidth, Gg** = Peak realized gain at fo.

In Chapter 4 [51], the design and development of a novel bandwidth enhanced 915 MHz
planar inverted-F antenna (PIFA) was presented. For this antenna, a dual-radiator
approach was used to improve the impedance bandwidth and radiation performance of
the antenna. The dual-radiator approach was not reported previously in the literature
for Sub-GHz wristwatch antennas. The developed antenna demonstrated the highest
peak realized gain and the second highest radiation efficiency for Sub-GHz wristwatch

antennas reported in the literature.
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Chapter 5 [52, 53] presented the development of two new bandwidth enhanced
wristwatch-integrated compact PIFA antennas operating in the 915 MHz and 868 MHz
bands. The 915 MHz antenna was fabricated using a low cost flexible polyimide
substrate and the 868 MHz antenna was directly printed on the surface of a wristwatch
enclosure using laser direct structuring (LDS) technology. The 915 MHz antenna featured
one of the most compact (48 mm x 41 mm x 2.3 mm) antenna designs when compared
to state-of-the-art Sub-GHz wrist-worn antennas with a -10 dB impedance bandwidth of
30 MHz, a peak realized gain of -4.9 dBi and a radiation efficiency of 15.7 % at 915 MHz.
The 868 MHz antenna is the most compact LDS printed Sub-GHz wristwatch antenna in
the literature. In addition, the measurements on the 868 MHz prototype antenna
demonstrated the second highest -10 dB impedance bandwidth, the second highest
peak realized gain as well as the second highest radiation efficiency for LDS printed

Sub-GHz wristwatch antennas reported in the literature.

For the antenna presented in Chapter 6 [54], the feed structure of the flexible 915 MHz
antenna described in Chapter 5 [52] was optimized to enable the excitation of two
closely located resonant frequencies that could be independently tuned to maximize the
impedance bandwidth by 107 % compared to the antenna described in [52]. With a
-10 dB impedance bandwidth greater than 60 MHz, the developed antenna is the most
compact sized design for Sub-GHz wristwatch-integrated antennas in the literature. The
radiation performance of the antenna in [54] is similar to that reported in [52]. The
excitation of two adjacent resonant frequencies is a novel bandwidth enhancement
approach, which is not reported previously for Sub-GHz wristwatch antennas in the
literature. Another key contribution of this work includes the development of a new
equivalent transmission line (TL) model of the antenna to rapidly predict the antenna
impedance characteristics. The TL model requires greatly reduced computation time

(0.03 seconds) when compared to EM simulation that requires 8:34 hours.

Furthermore, all the developed wristwatch antennas presented in this thesis have
obtained a low specific absorption rate (SAR) of less than 0.1 % of the maximum
permissible SAR limit of 4 W/kg averaged over 10 g of wrist tissue [80, 109], making the
developed antennas suitable for a wide range of wristwatch-based wireless applications.
The peer-reviewed journal and conference publications that have emanated from this

research work are listed at the end of this chapter.
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7.2 Future Work

The work presented in this thesis suggests several potential areas for further research

and investigation. The identified research areas that could be explored further in the

future include the following:

1)

2)

Another research direction that is worth considering for antenna research is the
development of improved equivalent circuit models for antennas such as those
presented in this thesis. In comparison to EM methods, equivalent circuit models
derived from the antenna physical parameters would be a valuable antenna design
tool and would help provide enhanced insight and intuition on how to improve the
impedance response of the antennas. The antennas developed in this thesis used
two radiating elements and with the derived equivalent circuit model, the mutual
coupling between the radiating elements could further be investigated with the aim
to further improve the antenna performance. Furthermore, similar to the equivalent
circuit-based characteristic mode analysis approach taken in [162], further circuit
model analysis could be performed to predict the radiation performance of the
antennas.

Depending on the regulations and geographical region, different Sub-GHz
frequencies have been allocated in different regions or countries, such as 915 MHz
in North America, 868 MHz in Europe and 433 MHz in Asia [163]. However, using a
separate antenna for each operating frequency within a compact wristwatch device
is not practical due to volume constraints [164]. A frequency reconfigurable or
tunable antenna could enable switching the operating frequency to the desired
frequency and the use of such a reconfigurable antenna could thus reduce the
required footprint and associated cost of a wireless wristwatch device. As an
example, PIN diode or varactor diodes could be used as RF switches to adjust the
effective length of an antenna [165] to achieve frequency reconfigurability for an
antenna. However, reconfigurable antennas have not been a key focus of research
for Sub-GHz wristwatch antennas and future research could include the design and
development of such reconfigurable antennas for future wireless wristwatch

devices.
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3)

4)

Future work could also focus on the design of multi-band wristwatch antennas with
the goal to cover several Sub-GHz frequency bands, such as 433 MHz, 868 MHz and
915 MHz using a single antenna. For example, the dual-radiator antenna
demonstrated in Chapter 6 can be further optimized to cover 868 MHz and 915 MHz
bands. In addition, a third radiating element could also be incorporated in the design
to simultaneously cover 433 MHz, 868 MHz and 915 MHz bands, similar to a
triple-band Sub-GHz antenna described in [166].

For the 868 MHz LDS printed antenna presented in Chapter 5, the electrical
characteristics of the electroplated LDS metal layer were not measured in this thesis

work but would be a valuable addition for future work.

The following are the peer-reviewed publications that have emanated from the research

work presented in this thesis:

Journal Publications:

[P1] S. Kumar, R. Newberry, T. Hannon, J. Barton, M. Rodencal, M. Pigeon, W. G.
Scanlon, B. O’Flynn, and J. L. Buckley, "A Bandwidth-Enhanced Sub-GHz
Wristwatch Antenna Using an Optimized Feed Structure," IEEE Antennas and
Wireless Propagation Letters, vol. 20, no. 8, pp. 1389-1393, 2021.

[P2] S. Kumar, J. L. Buckley, J. Barton, M. Pigeon, R. Newberry, M. Rodencal, A.
Hajzeraj, T. Hannon, K. Rogers, D. Casey, D. O’Sullivan, and B. O’Flynn, "A
Wristwatch-Based Wireless Sensor Platform for loT Health Monitoring
Applications," MDPI Sensors Journal, vol. 20, no. 6, p. 1675, 2020.

Conference Publications:

[P3] S. Kumar, J. L. Buckley, J. Barton, R. Newberry, G. Dunlop, M. Rodencal, C.
Webster, M. Pigeon, W. G. Scanlon, and B. O’Flynn, "A 915 MHz Wristwatch-
Integrated Antenna for Wireless Health Monitoring," in 2020 14th European
Conference on Antennas and Propagation (EuCAP), 2020, pp. 1-5.

[P4] S. Kumar, J. L. Buckley, J. Barton, R. Newberry, G. Dunlop, M. Rodencal, C.
Webster, and B. O’Flynn, "A Bandwidth Enhanced 915 MHz Antenna for loT
Wrist-Watch Applications," in 2019 13th European Conference on Antennas
and Propagation (EuCAP), 2019, pp. 1-5.
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