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The primary objective of this investigation was the development of a design procedure for a
compact wearable antenna operating at 433 MHz that can be used for finding lost miners in
underground mines in emergency situations. To accomplish this objective the antenna was
to have a relatively high gain of 5 dBi, and a compact size at less than 0.5 Ao by 0.5 Ao, where
\o is the wavelength of 433 MHz in a vacuum. The chosen solution was to use a basic antenna
with a reactive impedance surface (RIS) reflector. As it was known beforehand that the final
product would be large, and therefore expensive, it was decided to use a low-cost material
to manufacture the antenna. FR-4 was selected as the antenna’s dielectric material because

it is inexpensive and readily available, at the cost of having high dielectric losses.

Various RIS designs were investigated, and the square patch RIS was found to be most
suitable for this application. The final RIS design was a 2 by 2 square patch RIS. It was
deemed unnecessary to use a complex antenna design, due to the fact that the RIS was
already rather large. It was decided to use a basic planar monopole antenna, because

integrating even a basic antenna with an RIS would result in a very complex model.

The final antenna was developed by first designing an RIS unit cell to have a zero-degree
reflection coefficient phase at the design frequency, then the antenna was designed to
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resonate at the design frequency. Both the RIS unit cell and antenna were first optimised for
the design frequency before being combined to form the integrated antenna. The integrated

antenna was then optimised according to the design goals.

Two antennas were designed, one for optimal performance, and the other to be as compact
as possible. The first of the two antennas, the standard planar monopole antenna, had a wide
practical -10 dB impedance bandwidth of 25.1 %, with more than 5 dBi boresight gain over
the same frequency band. The second of the two antennas, the loaded planar monopole
antenna, used the standard planar monopole antenna as a starting point before optimising for
as compact a size as possible, whilst maintaining practical performance. The loaded planar
monopole antenna achieved a practical impedance bandwidth of 5.28 %, with at least 5 dBi
boresight gain over the same frequency band. The final size of the standard planar monopole
antennawas 0.4 Ao long, 0.4 Ao wide, and 0.069 Ao high, and the final loaded planar monopole
antenna was 0.346 Ao long, 0. 346 Ao wide, and 0.107 Ao high.

Concerning wearability, human loading did not detune either of the antennas in such a way
as to render the design frequency of 433 MHz outside the respective impedance bandwidths.
The front to back power ratio, i.e. the ratio between the average power radiated into the front
hemisphere and the average power radiated into the rear hemisphere, was larger than 10 dB
in the two antennas’ respective -10 dB reflection coefficient bands. This means that if a
human were to wear one of these antennas, the antenna’s performance would not degrade,

and the majority of the radiated power will be radiated away from the human.

In summary, a design procedure was developed, two antennas were designed through said
procedure, and the final designs were manufactured. The manufactured antennas verified the
design procedures and proved that they are practical. The final designs achieved the goals

for this investigation by being compact, wearable, and relatively inexpensive.
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CHAPTER1 INTRODUCTION

1.1 PROBLEM STATEMENT

1.1.1 Context of the problem

In underground mines radiofrequency identification (RFID) systems operating at 433 MHz
are common as they are used to keep track of personnel, equipment, and supplies. The miners
in underground mines typically have low-powered RFID systems on their person that
communicate with other tracking systems. This tracking system lets the user know how
many miners are underground, where they have been working, and where they are currently
located. In an emergency situation where miners get trapped or lost underground, these
tracking systems help by giving rescuers the last known location of the miners, but it cannot
assist after searching has commenced. To that end rescuers can employ a system that can
actively communicate with the RFID systems on the lost or trapped miners, thereby allowing
the rescuer to ascertain where the miners are relative to their own position. A possible
solution would include a directional antenna that can be worn by the rescuer while they are

looking for miners [1, 2, 3].

As research into antenna miniaturisation has allowed for the realisation of antennas small
enough to be considered wearable at increasingly lower frequencies, the possible
applications for body area networks (BANSs) have increased. BANs, which can allow for
wireless communication between different subsystems located on a single human, as well as
allowing wireless intrapersonal links between a BAN and remote systems, can now be
implemented over an ever increasing range of frequencies [4, 5, 6]. This has led to the

development of more and more antennas that can be used whilst being worn by a human.

Some advancements have been made in the use of BANs in consumer products, such as
adaptive routing techniques and telecommunication systems [4, 7, 8]. A considerable amount
of research has also gone into the development of BANSs, and by extension antennas, for use
in medical applications [5, 9, 10]. It has however been shown that human loading, due to the

close proximity between an antenna worn by a human and the human in question, can have
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an adverse effect on antenna performance — effectively detuning the antenna’s input
characteristics [7, 10, 11].

The antenna in [5] managed to solve the human loading issues in the 2.4 GHz medical band.
This antenna made use of an artificial magnetic conductor (AMC), which has been known
to enable antenna miniaturisation as well as bandwidth improvements [12, 13, 14]. A
reactive impedance surface (RIS) was used in [15] to decrease the size, and increase the
bandwidth, of a patch antenna in the frequency range of 420 MHz to 450 MHz. This antenna
was designed to have a directional radiation pattern, and to be insensitive to platform effects
when mounted on a vehicle. The RIS was designed on what is described as a low loss ceramic
with a dielectric constant of 10.2, a description that best fits the SMAT-10 ceramic that has
a loss tangent of smaller than 0.00015 and a density of 3.46 g/cm?® [16]. As this antenna was
operational at 433 MHz it has paved the way for directional wearable antennas operating in
the radio-frequency identification (RFID) frequency band. The drawbacks of this antenna
include the high manufacturing costs due to expensive materials, and the challenges to

customisability due to the complex RIS implementation used.

1.1.2 Research contribution

The contribution provided by this study is the design of antennas that can be used for finding
lost miners in underground mines. The antennas were designed for 433 MHz, and each used
an RIS to improve the wearability of the antennas by increasing the percentage of energy
radiated away from the wearer, whilst maintaining a compact size. The antennas were
realised on a low-cost lossy substrate with very basic antenna and RIS designs. The main
research contribution of this study was to improve upon the results that have previously been

achieved by reducing design complexity and cost.

1.2 RESEARCH OBJECTIVES

This study will focus on the design of a low-cost, RIS backed, directional, wearable antenna.
The research objectives for this study are summarised below:
e The primary objective of this study is the development of a design procedure for a

low-cost, RIS backed, directional, wearable antenna. Care will be taken to ensure

Department of Electrical, Electronic and Computer Engineering 2
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that the design is as simple as possible by removing unnecessary features and using
only basic shapes.

e A secondary objective of this study is to investigate the effect of the loss tangent of
materials used on the antenna’s performance.

e Acursory investigation will be done on the trade-offs for making the antenna as small
as possible. This investigation will be facilitated by comparing the performance of
an antenna that was optimised for size against an antenna that was optimised for

performance.

1.3 APPROACH

The operating principles for RIS backed antennas will be thoroughly investigated before
choosing RIS configurations with an acceptable trade-off between performance and
complexity. The different RISs will be designed for use at 433 MHz and compared in terms
of performance and complexity. After choosing the optimal RIS it will be combined with a
planar monopole antenna and the RIS and antenna will then be optimised in simulation for
performance and size. Based on the aforementioned steps a design procedure will be
compiled to aid future designers.

An investigation will also be done in simulation on the effect of the loss tangent of the
dielectric medium used to design the RIS and the antenna. This investigation will be done as

a parametric study of the dielectric medium’s loss tangent.

Finally, one prototype of each of the antennas will be manufactured — one prototype of the
antenna optimised for a compact size, and one prototype optimised for performance. These
prototypes will then be evaluated through measurement to validate the simulated results.

1.4 OVERVIEW OF STUDY

Chapter 1 provided context for this study. The problem statement was defined, the research

contributions were identified, and the research objectives were specified.

Department of Electrical, Electronic and Computer Engineering 3
University of Pretoria
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Chapter 2 is an investigation into the literature relevant to this study. The literature study
contains research on wearable antennas, antenna miniaturisation, and reactive impedance
surfaces (RIS). The designs for a planar monopole antenna, as well as the material properties
of Flame Retardant 4 (FR-4) are also investigated.

Chapter 3 is an investigation into the designs for the RIS that is to be used in this study. Two
RIS designs are investigated, the square patch RIS and the I-shape RIS, and the best RIS
design will be selected. Appropriate design parameters for both RISs will be identified and
listed.

Chapter 4 presented the design for a planar monopole antenna, which will be integrated with
the RIS designed in Chapter 3. The integrated antenna will be optimised for performance,
where the final design will be used as a starting point for a new antenna that will be optimised
for compact size. Investigations will also be done into the effects of the loss tangent of the

dielectric material, and the effects of human loading on antenna performance.

Chapter 5 shows the results of manufacturing and testing the two antennas designed in
Chapter 4. The impedance characteristics will be measured, including the impedance
bandwidth and the effect that human loading has on the antennas’ impedance bandwidth.
Various radiation characteristics will also be measured and compared with simulated results.
Through testing the manufactured antennas, the accuracy of the simulation models will be

investigated, and in doing so the design procedures will be verified.

Chapter 6 is the conclusion of this dissertation which summarises the results of the study,

discusses the findings, and presents recommendations for future work.

Department of Electrical, Electronic and Computer Engineering 4
University of Pretoria
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CHAPTER 2 LITERATURE STUDY

2.1 INTRODUCTION

RFID systems are commonly used in underground mines to keep track of moving supplies,
equipment and personnel. As RFID systems that communicate in the 433 MHz band are
already worn by most miners, these systems were identified as an ideal tool for locating lost
or trapped miners in emergency situations. One of the most promising methods for locating
lost or trapped miners is for a rescuer to wear a directional antenna, which can be used to
locate the low power RFID tag worn by the miner [1, 2, 3]. To that end, this study
investigates the design of a directional antenna that can be worn by a rescuer in emergency

situations in underground mines.

This chapter investigates the challenges involved in designing wearable antennas, as well as
presenting some of the most common and effective techniques for improving antenna
wearability. Common antenna miniaturisation techniques are discussed, and reactive
impedance surfaces (RISs) are investigated in more detail as an antenna miniaturisation
technique, for directional planar antennas, as well as for improving antenna wearability.
Finally, an investigation is done into Flame Retardant 4, commonly known as FR-4, as a
low-cost antenna substrate with the goal of designing a cost effective wearable antenna
operating at 433 MHz [17, 18].

2.2 WEARABLE ANTENNAS

The most important considerations in the design of wearable antennas are the size and mass
of the antenna, the effects of human loading on antenna performance, and the
electromagnetic (EM) energy absorbed by human tissue. The size of an antenna can be
modified through the use of antenna miniaturisation techniques, and the mass of an antenna
can be modified through the use of materials with different densities. The problem of human
loading negatively impacting antenna performance is not easily solved, but an effective
method for minimising these effects is to use antenna designs that minimise the near field
interactions between antenna and human tissue. To limit the amount of EM energy absorbed

by human tissue the output power of the antenna needs to be limited. If higher power is
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required, an antenna’s radiation characteristics should be modified so as to radiate most of
its power away from the human wearing the antenna in question, as well as decreasing the

amount of reactive energy in the antenna’s near field [17, 18].

2.2.1 Improving antenna wearability through miniaturisation

When improving the wearability of an antenna the first step is typically to decrease the size
of the antenna. Through miniaturisation an antenna becomes easier to handle, and less
obtrusive when worn. If an antenna is miniaturised to improve the wearability of the antenna,
be it through introducing meanders, fractals, or meta-materials into the antenna design, care
should be taken to not decrease wearability by making the antenna uncomfortable to wear or

handle due to the antenna’s shape or mass.

According to the Clausius-Mossotti law, provided in Equation (2.1), the dielectric constant
(er) of a dielectric material is proportional to the product of the molecular polarizability of
the material (o), and the number of molecules per unit volume (n) [19]. As n is directly
related to the density of the material, Equation (2.1) shows that, for a given a value, the
dielectric constant of a dielectric material will increase as its density increases. Due to the
relationship between density and dielectric constant care should be taken when choosing a
dielectric material, because using a highly dense material can cause the antenna to be too
heavy to be comfortably worn.

&—1 4m 2.1)
e +2 3¢ '

2.2.2 Decreasing the negative effects of human loading on antenna performance

As the negative effects of human loading on antenna performance are caused by near field
interactions between an antenna and human tissue, these interactions must be decreased if
human loading is to be reduced. One method that has had a measure of success is dielectric
loaded matching. The method of dielectrically loading antennas in lossy media has been used
to improve the performance of both submerged and subterranean antenna systems. This

method entails encasing an antenna in a dielectric shell with a similar dielectric constant as

Department of Electrical, Electronic and Computer Engineering 6
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the surrounding medium, and thereby insulating the antenna and decreasing the effects of

the surrounding medium on the antenna’s surface currents [17, 18].

Although dielectric loading is very effective for reducing human loading on implanted
antennas, it is not necessarily the most effective method for externally worn antennas. A very
effective method for reducing human loading is to design an antenna to have low near field
energy. As one of the operating principles for RIS backed antennas is that the RIS reduces
reactive near field energy, an RIS can reduce the negative effects on antenna performance
due to human loading considerably [5, 14, 20].

Another solution that should be mentioned is the addition of a tuning circuit to the wearable
communication system. These tuning circuits can be implemented to always search for the
optimal impedance match between the antenna and the rest of the system. Such a tuning
circuit typically consists of modifiable capacitive elements, a directional coupler, power
detection circuit, and a tuning controller circuit. This solution assumes that human loading
will create a mismatch between the antenna and the rest of the system and aims to adapt to
this mismatch, rather than prevent it [21, 22].

2.2.3 Limit EM energy absorbed by human tissue

The amount of power absorbed per unit mass — i.e. the absorbed power per unit volume
divided by material density — is called the specific absorption rate (SAR), which is used as a
measure of the heating rate of tissue. The permissible exposure to EM power for humans is
regulated by various agencies who specify the exposure limits as an electric field
strength (V/m), magnetic field strength (A/m), or power density (mW/cm?) for a specified
period of time. An efficient way to minimise SAR for wearable antennas is to maximise the

component of radiated power that does not contribute to the wearer’s exposure [17].

One of the most common indicators of the ratio of transmitted power to power absorbed by
human tissue is the front to back ratio of an antenna. The front to back ratio of an antenna is
the ratio of the boresight far field magnitude (at 6 = 0°, and ¢ = 0° in Figure 2.1) to the far

Department of Electrical, Electronic and Computer Engineering 7
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field magnitude in the opposite direction (at 6 = 180°, and ¢ = 0° in Figure 2.1) [5, 17, 23].
This direct front to back ratio does not however conclusively give the ratio of transmitted to
absorbed power. Assuming an antenna is worn in such a way that the front hemisphere
radiates away from the human, and the rear hemisphere radiates towards the human, the ratio
of transmitted to absorbed power is better approximated by calculating the ratio of the
average of the radiated power in the front hemisphere and the average of the radiated power

in the rear hemisphere.

Theta

Figure 2.1. Far field spherical angles.

2.2.4 Integrating antennas into clothing

An effective implementation of wearable antenna techniques is to integrate antennas into
clothing in such a way as to be unobtrusive for the wearer. This has been achieved by
designing antennas that function both as an antenna and as a button, using typical clothing
textiles as the antenna substrate, or using specialised textiles that have been designed for use
in clothing-based circuits [24, 25, 26]. Another alternative that is being explored is

integrating antennas into jewellery items such as rings or earrings [27, 28].

Department of Electrical, Electronic and Computer Engineering 8
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2.2.5 Wearable antennas at 433 MHz

433 MHz falls in the RFID frequency band, and the RFID antennas that are typically
designed to be worn are used as receiving antennas, or in short range communication
systems. These antennas typically have omnidirectional patterns, low gain (lower than 0
dBi), high losses, or a combination thereof [29, 30, 31, 32]. Directional antennas operating
at 433 MHz are typically physically large, such as the antenna from [33] that has dimensions
of 250 mm by 250 mm by 8 mm, while achieving a gain of 4.36 dBi and an impedance
bandwidth of 5.2 %.

2.3 ANTENNA MINIATURISATION

Antenna miniaturisation is the process of decreasing the size of an antenna by modifying the
base design through the use of various methods. This is typically done by altering the form
of the antenna, introducing foreign elements into the design, and using different materials
for construction [23]. After choosing a substrate with the optimal trade-off between &
(relative permittivity), cost, and losses for a specific project, further minimisation can be

achieved by modifying the antenna design.

2.3.1 Meandering antennas

One of the most common size reduction strategies currently employed is the use of
meandered paths for originally straight antennas such as monopoles or dipoles, which are
then also known as meander-line antennas [34, 35, 36, 37]. To create a meander-line antenna
the original straight antenna design is modified by folding the radiating part of the antenna
SO as to decrease its size in one dimension, and increasing its size in another dimension. An
example of a meander-line antenna can be seen in Figure 2.2 where a microstrip monopole

antenna (shown on the left) is miniaturised as a meander-line antenna (on the right).
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(a) (b)

Figure 2.2. Examples of meander-line antennas where the conductor is indicated in black and the
substrate is in grey. (a) Standard monopole. (b) Meandered monopole.

Meanders can also be introduced into slot antenna designs in much the same way as for
monopoles and dipoles, except that in this case it is the slot (non-conducting area) that is
folded [38, 39, 40, 41]. The main drawback of meandered antennas is that the reduction in
size due to meandering also decreases the antenna’s impedance bandwidth and gain [37]. In
the 1 GHz or higher frequency range the typical gain for a meandered half-wave dipole is
around 1 dBi, and the gain for a meandered quarter-wave monopole is about 2.5 dBi [34,
37], compared to 2.2 dBi for a straight half-wave dipole, and 5.2 dBi for a straight quarter-

wave monopole [17, 23].

2.3.2 Inverted-F antennas

The Inverted-F Antenna (IFA) is a miniaturised monopole antenna that is formed by folding
a part of the monopole wire parallel to the ground plane, to form an inverted L structure. The
design is then augmented with a conductor that connects the monopole directly to the ground

plane, which forms the iconic inverted F structure. The bandwidth of the IFA can be
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improved by replacing the antenna wire with conductor strips, which is then referred to as a
Planar Inverted-F Antenna (PIFA) [37, 42, 43, 44]. The IFA can also be placed in the same
plane as the ground plane to decrease its height — this configuration is called a coplanar IFA
[37].

2.3.3 Fractal antennas

The use of fractal geometries as a means for antenna miniaturisation is proposed in [45].
This technique is implemented by introducing fractal folds into the otherwise straight lines
of an antenna structure [45, 46, 47]. Typically, the introduction of fractals into an antenna
structure decreases the antenna’s size, at the cost of decreasing the antenna bandwidth or
gain [45, 46, 47, 48].

A Sierpinski fractal structure was shown in [49] to operate in the GSM900, GSM1800, and
2 GHz UMTS frequency bands whilst achieving a size reduction of 40 % compared to a
GSM900 monopole antenna. A fractal antenna based on a Durer Pentagon was proposed in
[50] and achieved a size reduction of 15 % compared to a pentagon patch antenna operating
at the same frequency. Koch curves were used to reduce the size of microstrip patch antennas
by as much as 39 % in [51] at the cost of reducing the impedance bandwidth by 27.57 %.

2.3.4 Meta-materials

Meta-materials, also known as meta-substrates or meta-surfaces, are created by introducing
either conductive or magnetic materials, or both, into dielectric media. Through the
application of carefully engineered meta-materials the properties of the substrate can be
modified with the rest of the antenna to achieve superior performance compared to using a
standard dielectric substrate. By modifying the relative permittivity and permeability (er and
ur) of the substrate it is possible to reduce the required size of an antenna, whilst increasing
its radiation efficiency. The three most common types of meta-materials are magneto-

dielectric, embedded circuit, and reactive impedance surface (RIS) structures [20, 47, 52].

Magneto-dielectric materials are constructed by introducing elements with a p that is larger

than 1 into a dielectric medium with an &, that is also larger than 1. One of the drawbacks of
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using a high & material for antenna miniaturisation is that the electromagnetic field is
concentrated in the high & areas. This field confinement reduces antenna efficiency. A
solution to the field confinement problem is to reduce the &r of the substrate, whilst increasing
the substrate’s pr. An antenna can typically be miniaturised by a miniaturisation factor (n)
that is equal to the square root of the product of the & and pr of the antenna substrate, as
indicated in Equation (2.2) below [20, 52].

n=.&Ur (2.2)

From Equation (2.2) it can be derived that, for a given miniaturisation factor, if the & is
reduced by a factor, the pr has to be increased by the same factor. In this way a magneto-
dielectric material substrate allows a miniaturised antenna to have a higher efficiency than
if a standard dielectric substrate were used.

Although magneto-dielectric materials can be very effective, they are typically expensive to
manufacture. Two solutions to this problem are embedded-circuit meta-materials and
reactive impedance surfaces. Embedded-circuit meta-materials are constructed by
introducing multiple resonant loops into a dielectric with low permittivity so as to oppose
the magnetic flux of the antenna, and thereby produce an effective permeability. A coupling
capacitance is also formed between the loops and the antenna, which produces an effective
permittivity. In this way an embedded-circuit meta-material can be modified so as to have

ideal permittivity and permeability over the required frequency band [20].

An RIS creates a surface that presents a reactive impedance to an antenna that is somewhere
between a perfect electric conductor (PEC) and a perfect magnetic conductor (PMC). An
RIS decreases the required size of an antenna, when used instead of a ground plane, by
interacting with the antenna and compensating for its capacitive or inductive properties. An

RIS consists of a periodic structure over a PEC plane.
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2.4 REACTIVE IMPEDANCE SURFACES

An RIS was presented in [14] as a means to increase bandwidth, improve front to back ratio,
and reduce the size of an antenna, when used instead of a PEC or AMC reflector. It was
therefore decided that an RIS will be used as a part of the wearable antenna design in this
study. This warrants deeper investigation into the fundamental operating principles of RISs,

as well as an investigation into different types of RISs.

2.4.1 The fundamental operating principles of reactive impedance surfaces [14]

When an antenna is placed in close proximity to a PEC plane, the EM field radiated by the
antenna forms an image of the antenna’s electric current. This image current will, in turn,
also radiate an EM field that interferes with, and possibly cancels out, the radiated EM field
from the physical antenna. For the typically narrow bandwidth where constructive
interference occurs the PEC plane will almost double the antenna’s directivity, but the
antenna’s performance will decay rapidly as the frequency moves away from its centre

frequency.

As an alternative, an artificially magnetic conductor (AMC), which is designed to act as a
PMC, can be used instead of a PEC ground plane. The surface currents induced on a PMC
plane by an antenna will be in phase and parallel to that of the antenna itself. This means
that if the antenna is against the PMC plane the radiated EM fields will add up in phase,
aiding impedance matching and increasing bandwidth when compared to using a PEC
ground plane. Unfortunately using a PMC plane also increases the reactive near field energy,
as was the case when a PEC plane was used. Due to the fact that PMCs are approximated by
AMCs, which consist of resonant structures with finite conductor and dielectric losses, this
means that the lossy AMC dissipates some of the reactive near field energy, which decreases

the antenna’s efficiency.

A PEC presents a plane wave reflection coefficient that causes a phase shift of 180° to the
incoming EM field, and an AMC endeavours to present a plane wave reflection coefficient
that does not cause a phase shift in the reflected EM plane wave. An RIS on the other hand
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presents a plane wave reflection coefficient with a phase that varies between -180° and 180°.
Because of the variable phase of the RIS plane, the RIS could be designed to compensate for
the reactive near field energy of the antenna. This means that if the antenna presents a certain
reactive impedance component the RIS can be designed in such a way that the induced
antenna image has the opposite reactance, thereby cancelling out the reactive component of
the antenna impedance. This allows the antenna to resonate at a much lower frequency than

otherwise possible.

In [14] it was shown that the mutual coupling between an ideal dipole is minimised at a
normalised reactance of 0.33. This gave rise to a rule of thumb of designing an RIS to present
a plane wave reflection coefficient with a phase of 90° as a starting point, and then modifying

the RIS to optimise antenna performance (as was done in [5]).

2.4.2 Periodic square patch RIS

The most basic RIS is a periodic array of square patches on a dielectric substrate backed by
a PEC plane, as can be seen in Figure 2.3. The equivalent inductor-capacitor circuit is
realised by the capacitance that forms between the square patches, and a parallel inductance
formed by the PEC plane [14].
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b — PEC .
ﬁ - |
d
(a) (b)

Figure 2.3. (a) Square patch RIS unit cell. (b) Periodic structure on the right [14].

The impedance (1) of the RIS can be calculated from Equations (2.3) to (2.7) below, where
X is inductive reactance, Xc is capacitive inductance, j is the imaginary number, and o is

the radian frequency [14].

XcXp,

No
/.=
X, =Z;tankd (2.5)
k = koyf%r (2.6)
1
=— 2.7
Xo=— @7

The capacitance in Equation (2.7) can be approximated through the use of Equation (2.8)
and Equation (2.9), where Z; is half the distance between the parallel conductors, Z> is the

width of the conductors plus Z;, and K(z) is the complete elliptic integral, [14]. The
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capacitance calculated here is only an approximation due to edge effects changing the

effective length of the patches in question.

C~ 7 28)
(2 de
K = jo V(1 —z2sin2 ¢)

m 1_|_ZZ-12_I_Z4-12-32_l_z6-12-32-52_|_
_2 22 22.42 22 .42 .62

(2.9)

Although the use of Equations (2.3) to (2.9) will aid greatly in the design of an RIS, it should
be noted that these equations assume an infinitely large array of square patches, and a
practical error will occur for an RIS that consists of only a few patches. If the RIS can be
kept sufficiently large, the practical results will differ from the ideal by a negligible amount.
On the other hand, if a 2 by 2 or 2 by 1 patch array is used, the error may be considerable,

which will result in the need for some modification.

2.4.3 Jerusalem Cross RIS

Another RIS that has been used with success is the Jerusalem Cross Frequency Selective
Surface (JC-FSS). The JC-FSS based RIS was proved effective in applications where the
antenna was illuminated obliquely due to its inherently high angular stability [53, 54]. Due
to the complex nature of the interactions between the components of a JC-FSS, an effort has
been made to improve the equivalent circuit model, and thereby improve the starting point

for numerical optimisation [55].

The JC-FSS equivalent circuit discussed in [55] consists of an equivalent capacitance
between neighbouring unit cells, and an equivalent series inductance that forms due to the
length of a cross. Another inductance forms in parallel to the aforementioned series

capacitance and inductance due to coupling between a cross and the PEC at the back of the
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RIS. Multiple JC unit cells are required to form an RIS — at least two cells are required to
create the capacitive interaction. In a typical case, more than two cells are used to ensure that
the differences between the ideal and realised RISs are as small as possible [55, 56]. An
example of a 2 by 2 JC-FSS is shown in Figure 2.4 below.

g ols o
v v

Figure 2.4. Example of a JC-FSS RIS.

2.4.4 Dog bone RIS (I-shape)

The structure of a dog bone (sometimes referred to as an I-shape) RIS unit cell is a simplified
version of the Jerusalem Cross unit cell, as can be seen in Figure 2.5 [57]. This simplification
can allow for a reduction in the width of the RIS, and decreases the antenna’s linear cross
polarization. Due to the effect on linear polarization the dog bone RIS is typically used with
linearly polarised antennas that are placed above the RIS, parallel to the length of the dog
bone shape. Because of the resemblance in form between a JC unit cell and a dog bone unit

cell the equivalent circuit for the dog bone RIS is the same as that of a JC RIS [5, 55].
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(a) (b)
Figure 2.5. (a) A JC unit cell, (b) A dogbone unit cell.

2.4.5 Crossed dipole with interdigitated capacitors RIS

A more uncommon RIS is the crossed dipole with interdigitated capacitors used in [15]. This
RIS is similar to the JC-FSS based RIS, but with increased capacitance due to the
configuration of the interdigitated capacitors on the ends of the traditional JC structure. The
advantage of this structure is that the unit cells are smaller than in the case of the JC based
RIS, which means that the total size of the RIS can be modified in smaller increments than
for a JC RIS [15].

2.4.6 Dual-layer mushroom RIS

The dual-layer mushroom RIS consists of 2 layers of overlapping octagons, each of which
is connected to the backing PEC plane through a via in the middle of the octagon. The vias
improve the angular stability when the size of a unit cell is decreased, while the overlap
between mushrooms allows the size of the RIS to be decreased more than if only one layer
were to be used. The dual-layer mushroom RIS allows for a direct trade-off between the
bandwidth and size of the RIS [58].

2.4.7 RIS applications

An RIS can be used instead of a PEC plane to increase an antenna’s operating bandwidth
[14, 15, 54, 59], radiation efficiency [14, 56, 57, 59], angular stability [54, 58], and front to

back ratio [5, 14, 56, 60]. An RIS can also be used to decrease an antenna’s size when used
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instead of a PEC plane [5, 14, 15, 54, 56, 57, 58, 60] and it has been shown that an RIS can

decrease the effect of human loading on an antenna’s performance [5].

The ability of an RIS to reduce an antenna’s size, when used instead of a PEC plane, is
typically used in applications where available size is limited, such as an integrated system,
or where the antenna in question would be impractically large due to the antenna’s radiating
mechanism or operating frequency [5, 15, 56, 58, 59]. The improvement to radiation
efficiency provided by an RIS is especially useful in applications that use dielectric materials
with high dielectric constants, or with high dielectric losses [14, 20, 59].

As the use of an RIS can improve an antenna’s front to back ratio it is very useful in wearable
antennas, as it decreases the amount of radiated energy that is transferred to the human
wearing the antenna. Additionally, the property of some RISs to reduce an antenna’s
sensitivity to human loading makes the use of an RIS favourable in wearable antennas and

antennas that are to be handled by humans during operation [5, 60].

2.5 PLANAR MONOPOLE ANTENNA

A planar monopole antenna was chosen for this study as it has been shown to function well
when integrated with an RIS [5]. A planar monopole antenna is a very basic antenna that is
easy to modify and manufacture. The planar monopole antenna, as proposed in [61], uses a
truncated ground plane to achieve a 2:1 VSWR impedance bandwidth of 60 %, as well as an
omnidirectional radiation pattern. For this antenna, an RIS will be used as a planar reflector

that will give the antenna a directional radiation pattern.

The design equations proposed in [61] can be seen below. In Equation (2.10) and
Equation (2.11) A4 is the wavelength in the dielectric, Ao is the wavelength in free space, &
is the dielectric constant of the dielectric medium, c is the speed of light, and f. is the design
centre frequency. Lm from Equation (2.12) is the length of the monopole strip. In Equations
(2.13) and (2.14) Lgq and Wy are respectively the length and width of the ground.
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pY— (2.10)
0 f'c .
PI— (2.11)
¢ Ve '
L, = 01541, + 0.15 1, (2.12)
L, = 0.154 1 (2.13)
W, = 0.34 1, (2.14)

26 MATERIAL SELECTION

As it was expected that the antenna designed in this study would be large, and therefore
expensive to manufacture, it was decided to use a low-cost material that is readily available

to keep costs as low as possible.

2.6.1 Flame Retardant 4 (FR-4)

Flame Retardant 4 (FR-4) is a low-cost composite material, consisting of glass fibres
embedded in an epoxy resin, with a density of 1.87 g/cm?® [62, 63]. The complex relative
permittivity of FR-4 in the frequency domain (&) is separated into a real part (&) and an

imaginary part (¢'') as shown in Equation (2.15) [64].

e= ¢ — je" =¢'(1—jtand) = gye,.(1 — jtan ) (2.15)
The & of FR-4 typically ranges between 4.2 and 5.5, depending on frequency, although it
can vary between manufacturers [65]. According to the empirical data provided by [65] the
&, of FR-4 can be approximated as 4.6 in the region of 433 MHz. While the & of FR-4
typically decreases with frequency, the tan & of FR-4 is largely independent of frequency
[65]. Based on the measured tan & of FR-4, provided by [65], a worst-case tan ¢ of 0.02 was

used for design purposes to account for possible material quality variation.
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2.7 SUMMARY

In this chapter, a review was done on wearable antennas, i.e. what affects antenna
wearability, and what are some common techniques to improve antenna wearability. The
best techniques for improving antenna wearability include:

e to reduce near field interactions between the human wearing the antenna and the
antenna itself,

e to optimise the antenna’s radiation pattern so as to minimise the amount of energy
transferred to the human wearing it and thereby maximising the amount of energy
radiated away from the human,

e to design the antenna to have a form that can be comfortably worn,

e to minimise the antenna’s size so as to be as light as possible and,

an investigation was also done into prevalent antenna miniaturisation techniques. This
investigation was done to provide background knowledge of antenna miniaturisation
techniques as an entry point for an investigation into reactive impedance surfaces (RISs),
which were also investigated in greater detail. The fundamental operating principles of RISs
were examined and the basic periodic square patch RIS was evaluated. A quick look was

also taken into some other common RIS configurations.

Finally flame retardant 4 (FR-4) was investigated as the dielectric medium that will be used
in this study. It was found that FR-4 has a density of 1.87 g/cm?®, and at 433 MHz it has a
dielectric constant of 4.6 and a loss tangent of less than 0.02. It was also found that the
material properties of FR-4 can vary between manufacturers, which needs to be
accommodated during the design procedure.
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3.1 INTRODUCTION

In this chapter, the design procedures for a square patch RIS and an I-shape RIS are
developed. Design equations will be derived for the two RISs, and these design equations
will then be used to design a unit cell for each of the two RISs with a centre frequency of
433 MHz, and using the dielectric constant of 4.6 for FR-4. The designed unit cells will then
be investigated through the use of parametric studies, where each of the parameters of the
unit cells will be modified in turn to observe the effects that these modifications have on the

reflection coefficient of the unit cells.

3.2 RISUNIT CELL DESIGN

As design equations are not readily available for either the square patch RIS or the 1-Shape
RIS, the goal of this section was to derive such design equations. The design equations were
found theoretically through the simulation of a single unit cell of each of the different RISs.
The design parameters for the unit cells were expressed as functions of wavelength and
dielectric constant and then adjusted until the resulting design gave results that were
independent of dielectric constant and scaled well with frequency. The unit cells are then
optimised to give a reflection coefficient phase of 0°, which is used as a starting point when
the unit cell is used to form an RIS. When the resulting RIS is used as a reflector for an
antenna the reflection coefficient phase of the RIS will be modified to optimise the

performance of the integrated antenna.

3.2.1 Square patch RIS

The square patch RIS from [14] was recreated in CST Microwave Studio 2014, the 3D EM
simulation software suite. The unit cell, shown in Figure 3.1, was simulated as an infinitely
repeating structure by implementing perfect infinite magnetic boundaries in the YZ-plane,

and perfect infinite electric boundaries in the XZ-plane. The unit cell’s response was
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measured by illuminating the unit cell with a plane wave in the negative Z direction and

measuring the reflected wave to find the reflection coefficient.

A

Figure 3.1. Square patch RIS unit cell.

The unit cell was then modified in such a way as to make it easily scalable for different
frequencies and different dielectric constants. This was done by altering the design
parameters until they can be defined as a fraction of the wavelength in the appropriate
medium. Below Equation (3.1) is used to find the wavelength in free space (Ao) and
Equation (3.2) is used to find the wavelength in a medium (X) [64]. Equations (3.3) to (3.6)

below were derived through simulated investigation.

Ay = — 3.1
0 ﬁ: ( )
PR (3.2)
Ver '
A
= = 3.3
L= 3.3)
A
= — 3.4
=11 (34
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y)
=z 3.5
h c (3.5)
Ao
d= 22 3.6
=0 (3.6)

Equation (3.3) is used to calculate the length (L) of sides of the square patches. Equation
(3.4) is used to calculate the spacing (g) between square patches. Equation (3.5) is used to
calculate the height (h) of the RIS. Equation (3.6) is used to calculate the distance (d)
between the top of the RIS and the bottom of the reference plane, which is where the antenna
will be placed later. The variables used in the equations above are indicated in Figure 3.2

below.

_— PEC
&»
+— RIS
Reference
Plane

—:r h
(@) (b)
Figure 3.2. Square patch RIS with design parameters indicated. (a) RIS alone. (b) Side view
indicating the reference plane.
The model defined by Equations (3.1) to (3.6) was tested with a parametric sweep of the
dielectric constant at a constant centre frequency of 2 GHz, based on the designs presented

in [14], and the results are displayed in Figure 3.3. It can clearly be observed in Figure 3.3

that the centre frequency of the model remains constant when the dielectric constant changes,
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because even if the magnitude of the reflection coefficient changes, the centre of the dip in
the reflection coefficient remains constant.

Retlection Coefficient vs Frequency
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:*]
E -0.04 — =]
EP -0.06 & =3
= -0.08 £ =5
=
2 .01 & =7
=
L‘g -0.12 —_—r =10
© 014 —— &y =20
O — =
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=

-0.18
~
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Frequency (GHz)
Figure 3.3. Dielectric constant parametric sweep.

The model was also tested against variations in the design centre frequency (fc), this time
with a constant dielectric constant of 50. A dielectric constant of 50 was chosen to ensure
that the change in reflection coefficient magnitude can be seen for all of the plot lines. The
results displayed in Figure 3.4 below, demonstrates clearly that the model can be accurately

adjusted for different design frequencies within 5 % of the intended centre frequency.
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Figure 3.4. Centre frequency parametric sweep.
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Finally, Equations (3.1) to (3.6) were used to design a square patch RIS model for 433 MHz

with a dielectric constant of 4.6. The model was then optimised to have a reflection

coefficient phase of 0° at 433 MHz, as shown in Figure 3.5 below. The optimised parameters

are presented in Table 3.1.
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Figure 3.5. Reflection coefficient phase.
Table 3.1. Square patch RIS design parameter values at 433 MHz.
Parameter Value Electrical length
Centre frequency (fc) 433 MHz
Speed of light (¢) 299792458 m/s
Dielectric constant (&r) 4.6
Wavelength in free space (lo) 692.36 mm
Wavelength in dielectric (1) 322.82 mm
Square side length (L) 80.7 mm 0.250 A
Space between squares (g) 41 mm 0.127 A
Height of dielectric (h) 53.8 mm 0.167 A
Distance to antenna (d) 13.85 mm 0.020 1o
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3.2.2 l-shape RIS

The I-shape RIS, also known as the dog bone RIS, from [5] was recreated in CST Microwave
Studio, the 3D EM simulation software suite. The unit cell, which is shown in Figure 3.6,
was simulated as an infinitely repeating structure by implementing perfect infinite magnetic
boundaries in the YZ-plane, and perfect infinite electric boundaries in the XZ-plane. The
unit cell’s response was measured by illuminating the unit cell with a plane wave in the

negative Z direction and measuring the reflected wave to find the reflection coefficient.

Figure 3.6. I-shape RIS unit cell.

The unit cell was then modified to make it easily scalable for different frequencies and
different dielectric constants. This was done by altering the design parameters until they can
be defined as a fraction of the wavelength in the appropriate medium. Below Equation (3.1)
and Equation (3.2), which are given again for convenience, are used to find the wavelength
in free space (ho) and the wavelength in a medium (A) respectively [64]. Equation (3.7) to
Equation (3.14) below were derived through simulated investigation, and the parameters
used in these equations are indicated in Figure 3.7.
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Reference
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+=— RIS
-lir
PEC
—:fh
(@) (b)

Figure 3.7. I-shape RIS with design parameters indicated. (a) RIS alone. (b) Side view indicating

the reference plane.

The model defined by Equations (3.7) to (3.14) was tested with a parametric sweep of the
dielectric constant, at a constant centre frequency of 433 MHz, and the results are displayed
in Figure 3.8. It is clearly demonstrated in Figure 3.8 that although the centre frequency of
the model increases as the dielectric constant increases, the centre frequency does not vary
as much as the dielectric constant. This means that the design equations given above can be

used to establish a starting point for optimisation.
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Reflection Coefficient Magnitude (dB)

300 350 400 450 500
Frequency (GHz)

Figure 3.8. Dielectric constant parametric sweep.

The model was also tested against variations in the design centre frequency (fc), this time
with a constant dielectric constant of 50. A dielectric constant of 50 was chosen to ensure
that the change in reflection coefficient magnitude can be seen for all of the plot lines. The
results displayed in Figure 3.9 below, clearly demonstrate that the model can be accurately

adjusted for different design frequencies within 5 % of the intended centre frequency.

0.00

)
Z -1.00
3
2 22.00 fc=0.5GHz
& fo=1GHz
S -3.00
i fc= 1.5 GHz
§ -4.00 fo=2 GHz
b= _
5 -5.00 fc=2.5GHz
© fc=3 GHz
g -6.00
b= fc=3.5GHz
= -7.00
L
o

-8.00

0 05 1 1.5 2 25 3 35 4
Frequency (GHz)
Figure 3.9. Centre frequency parametric sweep.
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Finally, Equations (3.7) to (3.14) were used to design an I-shape RIS model with a dielectric
constant of 4.6 and a centre frequency of 433 MHz. The optimised parameters are listed in
Table 3.2. The model was then optimised to have a reflection coefficient phase of 0° at
433 MHz, as shown in Figure 3.10 below.

Table 3.2. I-shape RIS design parameter values at 433 MHz.

Parameter Value Electrical length
Centre frequency (fc) 433 MHz
Speed of light (¢) 299792458 m/s
Dielectric constant (gr) 4.6
Wavelength in free space (Ao) 692.36 mm
Wavelength in dielectric (A) 322.82 mm
Middle length (L1) 79.5 mm 0.246 L
Top and bottom length (L2) 23.06 mm 0.0714 A
Middle width (W1) 46.12 mm 0.143 )
Top and bottom width (W2) 80.7 mm 0.250 A
Side by side spacing (gl) 11.53 mm 0.0357 A
Lengthwise spacing (g2) 10.09 mm 0.0313 A
Height of dielectric (h) 9.22 mm 0.0286 A
Distance to antenna (d) 2.88 mm 0.00416 Ao

___________________________________________________________

Phase in Degrees

400 410 420 4 440 450 460
Frequency (MHz)

Figure 3.10. Reflection coefficient phase.
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3.3 PARAMETRIC STUDY

The parametric studies done on each of the different RISs in this section was done by
changing the different design parameters of the simulated unit cells and measuring the
reflection coefficient. During the parametric studies the parameters that were not under
investigation were kept at the values provided in Table 3.1 and Table 3.2 for the
corresponding RIS. For both of the RISs the effect of modifications to the design parameters
manifests as a change in the frequency where the phase of the reflection coefficient is 0°,
and as a change in the fractional £90° bandwidth (FBW-xg0?). The FBW.ag° is calculated
according to Equation (3.15), where f.go is the frequencies where the phase of the reflection
coefficient is negative 90°, and f.o0 is the frequency where the phase of the reflection
coefficient is positive 90°. The FBW.go- is used as a performance indicator for RISs as it can
be used to gauge the useful bandwidth of an RIS [5].

2(f_gpe — o
FBW, g0 = (f-90° = fr90°) (3.15)

f-a0° + fro0°

3.3.1 Square patch RIS

The square patch RIS unit cell is very basic as it only has four design parameters that can be
used to optimise its performance, which are indicated in Figure 3.2. For a given design
frequency, dielectric constant, and loss tangent the only parameters that can be modified are
the length (L) of the sides of the squares, the size of the spacing (g) between squares, the
height (h) of the dielectric, and the distance (d) between the top of the unit cell and the

reference plane where the antenna will be placed.

The results of modifications to the size of the squares are presented in Table 3.3 and the
phase of the reflection coefficients for the parameter sweep are displayed in Figure 3.11.
From the results below it can be gathered that the centre frequency increases as the size of
the square decreases, and that the fractional bandwidth increases with the centre frequency.
It should also be noted that the square size should not be modified in isolation, as a 10 %

variation in L causes less than a 5 % change in centre frequency.
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Table 3.3. Effect of changes in square side length (L).

Decremented Start Point Incremented
L (mm) 70.83 78.7 86.57
Changein L -10 % +10%
f+90 (MH2z) 348.9 3375 326.4
f-00 (MH2z) 559.5 530.1 502.5
FBW=z90° (MHZ) 46.4 % 44.4 % 42 5%
Change in FBWxg0° +4.4 % -4.3%
fo (MH2z) 459 438 418.2
fo shift +4.8% -4.5%
150
— L =70.83 mm
—L=7870mm
" — L =86.57 mm
o
e
)
.g
i
8-
]
-100
150 i . i i i
300 350 400 450 500 550 600

Frequency (MHz)
Figure 3.11. Square side length (L) parameter sweep in 10 % increments.

The results of changes in the distance between squares are presented in Table 3.4 and the
phase of the reflection coefficients for the parameter sweep are displayed in Figure 3.12.
From the results below it can be determined that the centre frequency increases with the
distance between squares. In this case the fractional bandwidth also increases with the centre
frequency. The distance between squares is not very effective in modifying the centre

frequency as a 20 % variation in distance only causes a frequency shift of 4 % or less.
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Table 3.4. Effect of changes in distance between squares (9).

Decremented Start Point Incremented

g (mm) 33.6 42 50.4
Changeing -20 % +20%
f+90 (MH2z) 325.2 335.7 344.4
f-00 (MH2z) 503.4 525 542.4
FBW=z90° (MHZ) 43.0 % 44.0 % 44.7 %
Change in FBWxg0° -2.2% +1.5%
fo (MH2z) 417.3 434.7 448.8
fo shift -4.0 % +3.2 %

150
—g=336mm

——g =42.0 mm
—z=504mm

Phase in Degrees

550

300 350 400 450 500 600

Frequency (MHz)
Figure 3.12. Distance (g) between squares parameter sweep in 20 % increments.

The effects of changes to the height of the RIS are presented in Table 3.5 and the phase of
the reflection coefficients for the parameter sweep are displayed in Figure 3.13. From the
results below it can be seen that increasing the height of the RIS increases the fractional
bandwidth, but decreases the centre frequency. For a 10 % variation in height the centre
frequency of the RIS shifts by more than 6 %, but the bandwidth only changes by less than
4 %.
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Table 3.5. Effect of changes in distance between squares (h).

Decremented Start Point Incremented
h (mm) 48.42 53.8 59.18
Change in h -10 % +10%
f+90 (MH2z) 360.9 334.8 312
f-00 (MH2z) 553.8 522.9 494.4
FBW=z90° (MHZ) 42.2 % 43.9 % 45.2 %
Change in FBWxg0° -3.8% +3.1%
fo (MH2z) 462.9 432.9 405.9
fo shift +6.9 % -6.2 %
150
—h=4842 mm
—— h=5380 mm
— h=5918 mm

Phase in Degrees

-150 i i i i i
300 350 400 450 00 350 600
Frequency (MHz)

Figure 3.13. RIS height (h) parameter sweep in 10 % increments.

The effects of changes in the distance between the RIS and the reference plane are presented
in Table 3.6 and the phase of the reflection coefficients for the parameter sweep are displayed
in Figure 3.14. The distance to the reference plane is the distance that the reflected wave
travels from the face of the RIS before being measured, which means that the reference plane
is at the same distance from the RIS as an antenna would be when used with the RIS. From
the results below it can be seen that the distance to the reference plane has a very small effect
on the performance of the RIS —a 50 % change had to be made just to cause a noticeable
difference. Table 3.6 does however show that increasing the distance to the reference plane

does cause an increase in bandwidth, and decreases the centre frequency.
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Table 3.6. Effect of changes in distance to the reference plane (d).
Decremented Start Point Incremented
d (mm) 6.9 13.8 20.7
Changeind -50 % +50%
f+90 (MH2z) 346.5 334.8 324.3
f-00 (MH2z) 540.9 522.9 508.8
FBW=z90° (MHZ) 43.8 % 43.9 % 44.3 %
Change in FBWxg0° -0.1% +0.4 %
fo (MH2z) 443.4 432.9 424.5
fo shift +2.4% -1.9%
150 . ;
5 . | . 5 — d= 69mm
100 ' : —— d=138mm

Lh
[}

— d =207 min

Phase in Degrees
1
= L]

-100

430

LA
uh 4--
L]

300

400
Frequency (MHz)

600

Figure 3.14. Distance to the reference plane (d) parameter sweep in 50 % increments.

The effects of changes in the dielectric constant of the RIS are given in Table 3.7 and the
phase of the reflection coefficients for the parameter sweep are displayed in Figure 3.15. The
results below show that varying the dielectric constant inversely shifts the centre frequency
by almost the same percentage, i.e. a 5 % increase in dielectric constant causes the centre
frequency to shift 4.4 % lower. Table 3.7 shows that varying the dielectric constant does not
have a pronounced effect on bandwidth, although a 1 % increase in bandwidth could be

expected with a 5 % decrease in dielectric constant, and vice versa.
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Table 3.7. Effect of changes in dielectric constant (e).

Decremented Start Point Incremented
&r 4.37 4.6 4.83
Change in &r -5% +5%
f+90 (MHZz) 348.5 334.8 323.1
f-90 (MHz) 550.8 522.9 499.6
FBW.:90° (MH2z) 45.0 % 43.9 % 42.9 %
Change in FBWxg0° +1.1% -1.0 %
fo (MH2z) 451.9 432.9 413.1
fo shift +4.4 % -4.6 %
150
! ! : : ! — =437
100 - SRR Feneneee ISTTEILIES AESICETRE oo —— ==46
' ' ' ' —  ==483

Phase in Degrees
=

300 350 400 450 500 550 600
Frequency (MHz)

Figure 3.15. Dielectric constant (g;) parameter sweep in 50 % increments.

Finally, and most importantly, the effect of losses on the performance of the square patch
RIS was investigated. In Figure 3.16 below it is shown that increasing the loss tangent (tan &
in Figure 3.16) decreases the bandwidth of the RIS until a loss tangent of 0.5 is reached, then
the RIS becomes unusable. This is desirable because the material that the final antenna will
be manufactured from is FR-4, which has a rather high loss tangent. Fortunately, the loss
tangent of FR-4 will typically be less than 0.02 over the intended frequency band, which

falls into the safe region for the square patch RIS.
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Figure 3.16. Loss tangent (tan 8) parameter sweep.
3.3.2 I-shape RIS

The I-shape RIS is more complex than the square patch RIS inasmuch as it has eight design

parameters as opposed to the four design parameters of the square patch RIS. This can

complicate the process of tuning the I-shape RIS because modifications in some of the

parameters could affect the effectiveness of prior modifications to other parameters. The

design parameters of the I-shaped RIS are presented in Figure 3.7.

The most noteworthy of the I-shape RISs design parameters is h, the height of the RIS. The

effect of a 10 % modification in height is displayed in Figure 3.17 below. This 10 %

modification did not have a large impact on the centre frequency; it caused less than 1 %

shift, but it did have a significant impact on the bandwidth which would increase or decrease

by more than 13 % if the height of the RIS increased or decreased.
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Figure 3.17. RIS height (h) parametric sweep in 10 % increments.

The distance (d) between the I-shape RIS and the reference plane did not have as large an
effect as the height of the RIS. The reference plane is where the magnitude and phase of the
reflected plane wave is measured with the ultimate goal of placing an antenna at the same
distance from the RIS. As shown in Figure 3.18 the effects, resulting from modifications to
the height, will decrease as the height increases, up to the point where the reflection

coefficient remains relatively constant as the height increases above 6 mm.

150
—d=1mm
1[}[} B N T —_— d = 2 faananl
i
% L N S S N —d=3mm
[ d=4 mm
Aol
§= ——d=5mm
ﬁ 14 B S SN TN OO S s N A ——d=6mm
-
~ ——d=T7mm
R 1 1 e S SRR
-150 . .
400 410 420 430 440 450 460
Frequency (MHz)
Figure 3.18. Distance to reference plane (d) parameter sweep.
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The vertical (g1) and horizontal distance (g2) between the I-shapes also did not have a
significant impact on the performance of the RIS. Figure 3.19 shows the effects of a 20 %
change in g1. Figure 3.20 shows the effects of a 50 % change in g2. Although a change in
performance can be observed, the size of the increments causes it to border on impractical.

150
——gl= 92 mm

1004 —— gl=115mm
[¥]
U g ' —— gl =138 mm
% 1
A I
§= }
u 1
£ '5 "
_'_I_:: 1
=W '

-100 .

150 f

400 410 420 430 440 430 460
Frequency (MHz)

Figure 3.19. Vertical distance between I-shapes (g1) parameter sweep in 20 % increments.
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Figure 3.20. Horizontal distance between I-shapes (g2) parameter sweep in 50 % increments.

The width of the I-shape, on the other hand, had a significant impact on the performance of
the RIS. A 5 % alteration in either W1 and W2 caused more than a 6 % change in bandwidth,
and a change of roughly 2 % in centre frequency. It should be noted that the bandwidth and
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centre frequency increased as W1 and decreased as W1 decreased. Conversely, the
bandwidth and centre frequency decreased as W2 increased, and increased as W2 decreased.
The resultant curves from incrementing W1 and W2 are shown below in Figure 3.21 and
Figure 3.22 respectively.
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Figure 3.21. W1 parameter sweep in 5 % increments.
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Figure 3.22. W2 parameter sweep in 5 % increments.

Modifications to the length of the I-shape also had a notable effect on the performance of
the RIS, but less so than modifications to the width of the I-shape. Increases in either L1 or

L2 produced decreases in both bandwidth and centre frequency, as can be seen in Figure
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3.23 and Figure 3.24 below. It can also be observed in Figure 3.23 and Figure 3.24 that
alterations to L1 have a larger effect than alterations to L2, which is due to the fact that both
L1 and L2 contribute to the total length of the I-shape, but as L1 is more than twice as large

as L2 this is to be expected.

150
— L1=75525 mm
. 100 - — L1 =79.500 mm
g 50 - —— L1=183475 mm
A
H 01
i
o -50
=]
=]
-100 - : i
150 : : : : :
400 410 420 430 440 450 460
Frequency (MHz)
Figure 3.23. L1 parameter sweep in 5 % increments.
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Figure 3.24. L2 parameter sweep in 5 % increments.

Dielectric constant (er) had a pronounced effect on the centre frequency of the I-shape RIS,
with a 5 % increase in dielectric constant causing a 2.5 % decrease in centre frequency, and

vice versa. Changes in dielectric constant however, effected the I-shape RIS to a lesser extent
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that the square patch RIS. A 5 % change in dielectric constant caused less than 1 % change
in the bandwidth of the I-shape RIS. The dielectric constant parametric sweep for the I-shape

RIS is shown in Figure 3.25.
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Figure 3.25. Distance to reference plane (&) parameter sweep

Finally, the effect of losses on the performance of the I-shape RIS was investigated. In Figure
3.26 below it is shown that increasing the loss tangent (“tan 8” in Figure 3.26) decreases the
bandwidth of the RIS until a loss tangent of 0.004 is reached, then the RIS becomes unusable.
This is troubling because the material that the final antenna will be manufactured from is

FR-4, which has a loss tangent that is larger than 0.01 at the design frequency.
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Reflection coefficient (parameter sweep)
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Figure 3.26. Loss tangent (tan 8) parameter sweep.

3.4 RISUNIT CELL COMPARISON

The fundamental difference between the square patch RIS and the I-shape RIS is that the
latter has a slightly more complex design, with more degrees of freedom, than the former. In
and of itself the increase in degrees of freedom that the I-shape RIS supplies does not make
a significant difference in this application. The more basic design of the square patch RIS
has the benefit of being easier to work with. It would be easier to customise the square patch
RIS than the I-shape RIS, as it has fewer variables that need to be varied to optimize a design.

The big difference between that was found between the square patch RIS and the I-shape
RIS was that the former was less sensitive than the latter to the loss tangent of the dielectric
medium that was used. There could be various reasons for this, and it could be possible to
optimise the I-shape RIS to perform better in lossy materials, but the square patch RIS was
found to have sufficient performance for this application as is. The acceptable performance
and low complexity lead to the square patch RIS being chosen above the I-shape RIS for this

application.
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3.5 SUMMARY

An investigation was done into the design of the square patch RIS and I-shape RIS unit cells.
Design equations were derived and used to design unit cells that operate at 433 MHz using
a dielectric medium with a dielectric constant of 4.6. The two unit cells were optimised to
have a 0° reflection coefficient phase at 433 MHz. The optimised unit cells were then
investigated through parametric studies to find the degree to which each of the RISs are

customisable.

The square patch RIS is less complex than the I-shape RIS with only four design parameters
as opposed to the eight design parameters of the I-shape RIS. It was found that even though
the I-shape RIS has more degrees of freedom than the square patch RIS, the square patch
RIS was sufficiently customisable for the intended application. The added complexity of the
I-shape RIS did not provide the required increase in performance for it to be chosen above
the square patch RIS. The I-shape RIS also proved to be more sensitive to changes in material
loss tangent than the square patch RIS. In the end the square patch RIS was chosen as the
RIS that was used in this study due to its lower sensitivity to changes in material loss tangent,
acceptable performance, and low complexity.
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CHAPTER 4 INTEGRATED ANTENNA AND
RIS

4.1 INTRODUCTION

In this chapter, a planar monopole antenna was designed and integrated with a 2 by 2 RIS
based on the square patch RIS unit cell developed in Chapter 3. The antenna was then first
optimised to be as compact as possible, whilst maintaining passable performance, and then
it was optimised for performance. Investigation was also done into the effects of the material

loss tangent, and human loading on antenna performance.

4.2 PLANAR MONOPOLE ANTENNA DESIGN

The planar monopole antenna was designed according to Equations (4.1) to (4.3) from [61],
where Wg is the width of the ground, Lg is the length of the ground, and La is the length of

the antenna, as can be seen in Figure 4.1. A and Ao were defined in Equations (3.1) and (3.2).

W, = 0.344 (4.1)
Ly = 0.1541 (4.2)
Lo = 0.151 + L (4.3)

The antenna was then optimised to resonate at 433 MHz on FR-4, using a dielectric constant
of 4.6 and a loss tangent of 0.02 as found in [65]. The optimised design values are listed in
Table 4.1, and the optimised antenna is shown in Figure 4.1.

Table 4.1. Planar monopole design parameter values at 433 MHz.

Parameter Value
Centre frequency (fc) 433 MHz
Loss tangent (tan ) 0.02
Dielectric constant (er) 4.6
Wavelength in free space (lo) 692.36 mm
Wavelength in dielectric (1) 322.82 mm
Antenna length (La) 212.9 mm
Antenna width (Wa) 3 mm
Ground length (Lg) 45 mm
Ground width / Substrate width (WQ) 109.76 mm
Substrate length (Ls) 250 mm
Substrate thickness 1.6 mm
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(@) (b)

Figure 4.1. Planar monopole antenna. (a) Top view. (b) Bottom view.

The impedance bandwidth of the optimised planar monopole antenna was 9.2 %, based on

the reflection coefficient shown in Figure 4.2.

Y 5 UL

300 350 40014330 500 550 600
Frequency (MHz)

Figure 4.2. Optimised planar monopole reflection coefficient.
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The E- and H-plane co-polarization far field patterns of the optimised planar monopole
antenna are shown in Figure 4.3 below, where it can be seen that the H-plane far field pattern
Is omnidirectional, and the E-plane far field pattern bidirectional. The maximum realised
gain for this antenna is 1.8 dBi, the H-plane pattern has a ripple that is smaller than 0.2 dB,
and in the E-plane the 3 dB beamwidth in both the 0° and 180° directions is in excess of 80°.

180
—— H-plane

—— E-plane

Figure 4.3. Planar monopole antenna normalised E- and H-plane farfield patterns.

4.3 INTEGRATED ANTENNA DESIGN

The planar monopole antenna was integrated with a 2 by 2 square patch RIS with the
parameters developed in chapter 3. The integrated antenna is displayed in Figure 4.4 below.
The change to the radiation pattern due to the addition of the RIS is shown in Figure 4.5,
where it can be observed that the addition of the RIS has transformed the farfield pattern
from bidirectional to directional. Due to the addition of the RIS the gain of the antenna has
increased from 1.8 dBi to 3.9 dBi.
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Figure 4.4. Initial simulation model for the integrated planar monopole and RIS.

— H-plane
-150 E ol
180 - bplane 180

(@ (b)

Figure 4.5. Normalised E- and H-plane far field radiation patterns of (a) the planar monopole

antenna, and (b) the integrated planar monopole and RIS.

Various performance indicators for the integrated antenna are presented in Figure 4.6 below.
Figure 4.6 (a) shows that the reflection coefficient is above -10 dB in the operating band, but
can be improved through optimisation. Figure 4.6 (b) shows a wide band where more than
3.5 dBi gain is achieved, and Figure 4.6 (c) and Figure 4.6(d) show that the antenna’s

radiation pattern is directional over a relatively wide band.
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Figure 4.6. Integrated antenna performance. (a) Reflection coefficient. (b) Realised gain. (c) Front

to back ratio. (d) Front hemisphere to rear hemisphere radiated power ratio.

44 OPTIMISE FOR PERFORMANCE

The antenna was first optimised for optimal performance. For this stage of the investigation,
very lenient width and length goals were specified. In this section the design goals are given

for an antenna with optimal performance, and the final design is discussed.

4.4.1 Design goals

For this stage of the investigation the optimal performance for a planar monopole with a 2
by 2 square RIS reflector was found. The design goals that were used are listed in Table 4.2.
Due to the fact that the antenna design process was part of an investigation into what is
achievable with inexpensive high loss materials, a set of design goals were followed instead
of design specifications. An RIS thickness of 38.4 mm, and an antenna substrate thickness

of 1.6 mm was used to minimise costs.
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Table 4.2. Design goals for the standard planar monopole antenna.

Goal Title Goal Description
Integrated antenna width and length Smaller than 0.5 A
Integrated antenna height Smaller than 0.25 A
Integrated antenna substrate FR-4
Antenna substrate height 1.6 mm
RIS height 38.4 mm
Input impedance 50Q
Centre frequency 433 MHz

A reflection coefficient of -10 dB over a
bandwidth of least 20 %.

At least 5 dBi over at least 75 % of the
impedance bandwidth

20 dB over at least 50 % of the impedance

Impedance bandwidth

Gain

Front to back ratio

bandwidth
Ratio between power radiated in the At least 6 dB over the 90 % of the
front and rear hemispheres impedance bandwidth.
5 —
Radiation efficiency At least 80 % over th_e entire impedance
bandwidth.

4.4.2 Design procedure

The simulation model of the standard planar monopole antenna is shown in Figure 4.7. The
design procedure for the standard planar monopole antenna was developed based on the
parametric studies done in Chapter 3, and during the process of designing the standard planar
monopole antenna for 433 MHz. The design procedure that was developed for maximum

performance is as follows:
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e Design the RIS unit cell according to Equations (3.3) to (3.6).

e Design a planar monopole antenna according to Equations (4.1) to (4.3).

e Integrate the planar monopole and a two by two unit cell RIS, by placing the
monopole at the RIS reference plane calculated with Equation (3.6).

e Reduce the thickness of the RIS by 30 %.

e Reduce the distance between square RIS patches by 50 %.

e Increase the size of the square RIS patches by 50 %

e Change the length of the antenna ground plane to be 25 % of length of the RIS.

e Optimise to further improve the reflection coefficient, gain, and front to back ratio

as needed.

The design parameter values for the standard planar monopole antenna, according to the
design procedure, are listed in Table 4.3, and design parameters are indicated in Figure 4.8.
This design should be used as a starting point before optimising the antenna to fine tune

performance.

(@) (b)

(©

Figure 4.7. Standard planar monopole simulation model. (a) Isometric view. (b) Transparent

isometric view. (c) Transparent top view.

Department of Electrical, Electronic and Computer Engineering 52
University of Pretoria

© University of Pretoria



poad
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

CHAPTER 4 INTEGRATED ANTENNA AND RIS

PEC & &
(@) (b)
Figure 4.8. Standard planar monopole design parameters.

Table 4.3. Design parameters for the standard planar monopole antenna.

Parameter Value
Centre frequency (f.) 433 MHz
Wavelength in free space (\o) 692.36 mm
Wavelength in dielectric (L) 322.82 mm
Loss tangent (tan ) 0.02
Er 4.6
Ha 1.6 mm
La 212.9 mm
W 3 mm
Gnd 70.8 mm
G 20.5 mm
Ls 121.1 mm
Hr 38.4 mm
Distance between antenna and RIS 13.85 mm
Total length and width 283.2 mm
Total height 53.85 mm
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Figure 4.9 shows that by only modifying the length of the antenna ground, the size of the
RIS squares, and the distance between RIS squares, the SMP antenna’s performance is
greatly improved over that of the initially integrated antenna. Although the performance of
the standard planar monopole antenna is already very good, with a wide -10 dB reflection

coefficient bandwidth and high gain, it can be improved. The improved design is given in

4.4.3 below.
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Figure 4.9. (a) Reflection coefficient. (b) Realised gain. (c) Front to back ratio. (d) Ratio of the

radiated power in the forward hemisphere to that of the rear hemisphere.

4.4.3 Final design

The optimised design parameter values for the standard planar monopole antenna are listed
in Table 4.4, with the total size of the antenna given as 277.29 mm by 277.29 mm by 48 mm,
or 0.4 Lo by 0.4 Ao by 0.069 Ao where Ao is the wavelength in free space at 433 MHz.
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Table 4.4. Design parameters for the standard planar monopole antenna.

Parameter Value Expression
Centre frequency (fc) 433 MHz
Wavelength in free space (Ao) 692.36 mm
Wavelength in dielectric (1) 322.82 mm
Loss tangent (tan d) 0.02
&r 4.6
Ha 1.6 mm 0.005 A
La 205.65 mm 0.637 A
w 3mm 0.009 A
Gnd 69.33 mm 0.215 A
G 19.45 mm 0.060 A
Ls 119.2 mm 0.369 A
Hr 38.4 mm 0.119 1
Distance between antenna and RIS 8 mm 0.012 ho
Total length and width 277.29 mm 0.400 Ao
Total height 48 mm 0.069 ho

The simulated radiation patterns for the standard planar monopole antenna can be seen in

Figure 4.10 below. In simulation, the H-plane 3 dB beam width was found to be 98.9° wide,

and the E-plane 3 dB beam width was found to be 91.2° wide. The maximum gain was found

to be 5.63 dBi, and the cross polarization rejection was 20 dB or more in the aforementioned

3 dB main beam.

Farfield magnitude [dB]

Horizontal co-polarization

Horizontal cross-polarization
1 —— Vertical co-polarization

Vertical cross-polarization

-180 -120 -60 0
Angle (degrees)

Figure 4.10. Normalised radiation patterns of the standard planar monopole.
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Figure 4.11 gives the simulated reflection coefficient magnitude, boresight gain, and front
to back ratio as a function of frequency, with the bandwidths indicated where the
optimisation goals were achieved. The ratio of the average power radiated in the front
hemisphere to the average power radiated in the rear hemisphere is given in Figure 4.11 (d),
which is a better indication of how much the wearer is radiated than the front to back ratio.
The simulated impedance bandwidth, indicated in Figure 4.11 (a), for the standard planar
monopole antenna was 24.2 %. The bandwidth where the boresight gain was at least 5 dBi
was slightly lower than the impedance bandwidth at 23.4 %, as indicated in Figure 4.11 (b).
The front to back ratio in Figure 4.11 (c) was much smaller than the impedance and gain
bandwidths, but as shown in Figure 4.11 (d) the vast majority of the radiated power is

radiated away from the wearer over almost the entire -10 dB impedance bandwidth.
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Figure 4.11. (a) Reflection coefficient. (b) Realised gain. (c) Front to back ratio. (d) Ratio of the

radiated power in the forward hemisphere to that of the rear hemisphere.
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As shown in Figure 4.12 the maximum radiation efficiency is not achieved at the same
frequency as the maximum ratio between forward and backward radiated power. This
indicates a trade-off between directivity and efficiency. It should be noted that the radiation
efficiency is in excess of 80 % over the entire impedance bandwidth.

o} 1 SN S S —

360 380 400 420 440 460 480 500 360 380 400 420 440 460 480 500
Frequency (MHz) Frequency (MHz)
(a) (b)

Figure 4.12. (a) Antenna radiation efficiency. (b) Ratio of the power radiated in the front
hemisphere to the power radiated in the rear hemisphere.

45 OPTIMISE FOR COMPACT SIZE

The final design of the standard planar monopole antenna was taken as a starting point to
design an antenna that is as compact as possible. While optimising for compact size the width
and length of the antenna were also considered in addition to the variables considered thus
far, thereby making it a loaded planar monopole antenna. In this section the design goals are

given for an antenna that is as compact as possible, and the final design is discussed.

45.1 Design goals

The design goals that were used are listed in Table 4.5. The RIS and antenna substrate heights
were specified as 38.4 mm and 1.6 mm, as was the case for the standard planar monopole
antenna, and an impedance bandwidth of at least 5 % was chosen to allow for manufacturing
tolerances. With the aforementioned limitations the antenna was optimised to be as compact

as possible.
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Table 4.5. Design goals for the loaded planar monopole antenna.

Goal Title Goal Description
Integrated antenna width and length As small as possible
Integrated antenna height Smaller than 0.25 A
Integrated antenna substrate FR-4
Antenna substrate height 1.6 mm
RIS height 38.4mm
Input impedance 50 Q
Centre frequency 433 MHz

A reflection coefficient of -10 dB over a
bandwidth of least 5 %.

At least 5 dBi over at least 50 % of the
impedance bandwidth

20 dB over at least 50 % of the impedance

Impedance bandwidth

Gain

Front to back ratio

bandwidth
Ratio between power radiated in the At least 6 dB over the entire impedance
front and rear hemispheres bandwidth.
5 —
Radiation efficiency At least 80 % over th_e entire impedance
bandwidth.

4.5.2 Design procedure

The simulation model of the loaded planar monopole antenna is shown in Figure 4.13. Figure
4.13 shows that the antenna component of the loaded planar monopole antenna consists of
two parts: a feed line and a square radiating element. A design procedure was developed
based on the parametric studies conducted in Chapter 3, as well as the information gleaned
through the design of the final antenna. The design procedure for the antenna that was

designed to be as compact as possible is as follows:
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e Design the RIS unit cell according to Equations (3.3) to (3.6).

e Design a planar monopole antenna according to Equations (4.1) to (4.3).

e Integrate the planar monopole and a two by two unit cell RIS, by placing the
monopole at the RIS reference plane calculated with Equation (3.6).

e Reduce the thickness of the RIS by 30 %.

e Reduce the distance between square RIS patches by 80 %.

¢ Reduce the length of the antenna ground plane by 20 %.

¢ Increase the distance between the RIS and the antenna by 100 %.

e Increase the size of the square RIS patches by 40 %.

e Split the monopole into two parts, a square radiating element and a feed.

e Set the length and width of the square radiating element to 50 % of the original
antenna length.

e Set the length of the antenna feed to 30 % of the original antenna length.

e Optimise to further reduce size while keeping the reflection coefficient, gain, and

front to back ratio of the antenna at acceptable levels.

The design parameter values for the standard planar monopole antenna that are indicated in

Figure 4.14, are listed in Table 4.6. This design can be optimised to further reduce the size

of the integrated antenna, as well as to fine tune performance.

(@) (b)
Figure 4.13. Loaded planar monopole antenna. (a) Isometric view. (b) Transparent top view.
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(@) (b)

Figure 4.14. Loaded planar monopole antenna model with design parameters indicated.

Table 4.6. Design parameters for the loaded planar monopole antenna.

Parameter Value
Centre frequency (fc) 433 MHz
Wavelength in free space (o) 692.36 mm
Wavelength in dielectric (1) 322.82 mm
Loss tangent (tan §) 0.02
&r 4.6
Ha 1.6 mm
La 106.45 mm
Wa 106.45 mm
Lf 70.97 mm
Wt 3mm
gnd 6 mm
g 8.2 mm
Ls 112.98 mm
Hr 38.4 mm
Distance between antenna and RIS 27.7 mm
Total length and width 242.36 mm
Total height 67.7 mm
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When comparing the loaded planar monopole design parameters to that of the standard
planar monopole antenna, it can be observed that the loaded planar monopole antenna is
more than 10 % more compact in both width and length than the standard planar monopole
antenna. Figure 4.15 shows that through the aforementioned modifications the loaded planar
monopole antenna’s performance has improved over that of the initially integrated antenna.
Although the performance of the loaded planar monopole antenna is not as good as that of
the standard planar monopole antenna, it still has an acceptable -10 dB reflection coefficient
bandwidth and an acceptably high gain. Both the performance, and the compact size, of the

loaded planar monopole antenna can be further improved. The improved design is given in
4.5.3 below.
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Figure 4.15. (a) Reflection coefficient. (b) Realised gain. (c) Front to back ratio. (d) Ratio of the

radiated power in the forward hemisphere to that of the rear hemisphere.
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4.5.3 Final design

The optimised design parameter values for the loaded planar monopole antenna are listed in
Table 4.7 based on which the total size of the antenna can be found as 239.385 mm by
239.385 mm by 74 mm, or 0.346 Ao by 0.346 Lo by 0.107 Ao where Ao is the wavelength in
free space at 433 MHz.

Table 4.7. Design parameters for the loaded planar monopole antenna.

Parameter Value Expression
Centre frequency (fc) 433 MHz
Wavelength in free space (lo) 692.36 mm
Wavelength in dielectric (1) 322.82 mm
Loss tangent (tan 6) 0.02
&r 4.6
Ha 1.6 mm 0.005 A
La 106.83 mm 0.331 A
Wa 106.83 mm 0.331 A
Lf 68.95 mm 0.214 A
Wt 3mm 0.009 A
gnd 37.77 mm 0.117 A
g 8.8 mm 0.027 A
Ls 110.89 mm 0.343 A
Hr 38.4 mm 0.119 A
Distance between antenna and RIS 34 mm 0.049 o
Total length and width 239.39 mm 0.346 ho
Total height 74 mm 0.107 ho

The simulated radiation patterns at 433 MHz for the antenna can be seen in Figure 4.16. The
3 dB beam width was 94.4° in the E-plane, and 109.8° in the H-plane, and the maximum
gain was 5.2 dBi. Both the E- and H-plane cross polarization rejection was in excess of 30

dB at an angle smaller than 30° from boresight.
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Figure 4.16. Radiation patterns: E- and H-plane co- and cross-polarization.

Figure 4.17 shows the reflection coefficient, boresight gain, and front to back ratio of the
antenna, with the bandwidth where the design goal achieved was indicated in each graph. In
a 50 Q system the antenna achieved an impedance bandwidth of 6.29 %, which provides
some tolerance for manufacturing errors. The 5 dBi gain bandwidth is 4.88 %, and the 20 dB
front to back ratio bandwidth is 5.16 %. Combining the three performance indicators in
Figure 4.17 the bandwidth can be found where the antenna performs optimally, i.e. where
the antenna has a reflection coefficient of less than -10 dB, a gain of more than 5 dBi, and a
front to back ratio of more than 20 dB. This optimal bandwidth is 3.81 % and ranges from
423.5 MHz to 441 MHz, with the design centre frequency of 433 MHz very nearly in the
middle of the band.
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Figure 4.17. (a) Reflection coefficient. (b) Realised gain. (c) Front to back ratio.

The total efficiency of the antenna is shown in Figure 4.18 (a), where it is clear that less than
15 % of the power fed into the antenna input is not radiated over the operating band, due to
reflections and power dissipated in the antenna. Figure 4.18 (b) gives the ratio of the average
power radiated in the front hemisphere to the average power radiated in the rear hemisphere.
In Figure 4.18 (b) it can be seen that, for at least 5 MHz around the centre frequency of
433 MHz, 9 dB more power is radiated into the front hemisphere than into the rear
hemisphere. It is worth noting that the form of Figure 4.18 (b) does not follow Figure 4.17 (c)
closely, and therefore the front to back ratio can only be used as an indicator of wearability,
whereas the ratio between the power radiated into the forward hemisphere and the power

radiated into the rear hemisphere is a much more definitive measure of wearability.
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Figure 4.18. (a) Antenna radiation efficiency. (b) Ratio of the power radiated in the front

hemisphere to the power radiated in the rear hemisphere.

4.6 LOSS TANGENT PARAMETRIC SWEEP

The effects of changes to the loss tangent of the antenna and RIS materials on the antenna’s
performance were also investigated. This was necessary due to the fact that the loss tangent
of FR-4 can vary between manufacturers, and by investigating the effects of changes in loss
tangent manufacturing discrepancies can be anticipated and prevented if necessary. This
investigation also shows the trade-offs between antenna performance and the material’s loss

tangent, which could allow for future designs to use even cheaper materials.

4.6.1 Standard planar monopole antenna

Figure 4.19 shows that increasing the loss tangent actually increases the standard planar
monopole antenna’s impedance bandwidth, but this increase comes at the cost of decreasing
the antenna’s radiation efficiency, which in turn decreases the maximum realised gain.
Figure 4.19 (b) shows that changes to the loss tangent of the material does not have a
significant effect on the ratio between the power radiated in the front and rear hemispheres,

which means that the loss tangent of the material does not have an effect on wearability.
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Figure 4.19. Loss tangent (tan 8) parameter sweep. (a) Reflection coefficient. (b) Front

hemisphere to rear hemisphere radiated power ratio. (c) Realised boresight gain.

4.6.2 Loaded planar monopole antenna

Figure 4.20 (a) shows that increasing the loss tangent decreased the antenna’s impedance
bandwidth, which is the opposite of what happened for the standard planar monopole
antenna. This is most likely due to the fact that the bandwidth of the RIS decreases as the
loss tangent of the RIS increases. Figure 4.20 (b) shows that the ratio between the power
radiated in the front and rear hemispheres also decreases as the loss tangent increases. This
was not the case for the standard planar monopole antenna. Finally, Figure 4.20 (c) shows
that the maximum boresight gain of the antenna also decreases as the loss tangent is

increased, due to the fact that the radiation efficiency of the antenna is decreased.
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Figure 4.20. Loss tangent (tan &) parameter sweep. (a) Reflection coefficient. (b) Front

hemisphere to rear hemisphere radiated power ratio. (c) Realised boresight gain.

4.7 THE EFFECTS OF HUMAN LOADING

The effects of human loading on antenna performance were investigated through simulation,
based on the model in [5]. The model for human tissue was simulated with the properties
listed in Table 4.8, and in the configuration shown in Figure 4.21. Simulations were done
with a distance of 0.1 mm and 20 mm between the antenna and the human tissue. The width

and length of the human tissue model was kept at double the width and length of the antenna.
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Table 4.8. Human tissue model properties.

. . L . Layer
Layer Dielectric Conductivity Den5|t3y thickness
constant (S/m) (kg/m?)

(mm)
Skin 37.95 1.49 1001 2
Fat 5.27 0.11 900 10
Muscle layer 1 52.67 1.77 1006 30
Bone 18.49 0.82 1008 20
Muscle layer 2 52.67 1.77 1006 60

B
¥

| =(b)
(c)
(d)

()

Figure 4.21. Human loading simulation model (the image is not to scale), based on the model
from [5]. The antenna is at the top and the simulated human is at the bottom. The width and length
of the human tissue model was kept at double that of the antenna. (a) Skin. (b) Fat. (c) Muscle layer

1. (d) Bone. (e) Muscle layer 2.

4.7.1 Standard planar monopole antenna

The effects of human loading on the standard planar monopole antenna’s boresight gain and
reflection coefficient is shown in Figure 4.22 below, where the simulated results without
human tissue present was compared with the simulated results with human tissue at 0.1 mm,
20 mm and 40 mm away from the back of the antenna. From the simulated results it can be
observed that both the 5 dBi gain bandwidth and the -10 dB impedance bandwidth decreased
slightly, and that the 5 dBi gain bandwidth shifted to a slightly higher frequency range. For
both the gain and the reflection coefficient however, the presence of the human tissue did

not cause the performance to decay enough to render it less useful. On the contrary the
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bandwidths achieved in the design without the human tissue allowed the antenna to retain

acceptable performance even though the performance did decrease slightly.

360 380 400 420 440 460 480 500
Frequency (MHz)
(@)

360 380 400 420 440 460 480 500
Frequency (WHz)
(b)
—— human distance = 0.1 mm
—— human distance = 20.0 mm

—— human distance = 40.0 mm
no human tissue

(©)
Figure 4.22. The effects of human loading on the standard planar monopole antenna. (a) Boresight
gain. (b) Reflection coefficient. (c) Legend for the graph in (a) and the graph in (b).
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4.7.2 Loaded planar monopole antenna

Figure 4.23 shows the effects of human loading on the boresight gain and reflection
coefficient of the loaded planar monopole antenna. As was the case for the standard planar
monopole antenna, the 5 dBi gain bandwidth decreased, and shifted to a slightly higher
frequency range. For the loaded planar monopole antenna these changes were slightly more
troublesome, as this antenna had less tolerance than the standard planar monopole antenna,
but the 5 dBi gain bandwidth remained large enough to be practical. On the other hand, the
reflection coefficient in Figure 4.23 (b) for the most part increased in bandwidth. When the
human tissue was simulated 20 mm away from the antenna, the -10 dB impedance bandwidth
did shift slightly higher, but not high enough to cause a problem, as the 433 MHz centre

frequency remained comfortably in the -10 dB impedance bandwidth.,
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Figure 4.23. The effects of human loading on the loaded planar monopole antenna. (a) Boresight

gain. (b) Reflection coefficient. (c) Legend for the graph in (a) and the graph in (b).
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48 SUMMARY

In this chapter a planar monopole antenna was designed, based on the design equations
from [61], to resonate at 433 MHz. On its own the antenna had a bidirectional radiation
pattern with a maximum gain of 1.8 dBi, and an impedance bandwidth of 9.2 %. The square
patch RIS unit cell was modified to have a 0° phase reflection, and four of these unit cells
were used in a 2 by 2 configuration as the final RIS. The planar monopole antenna and the
RIS were then integrated and simulated. Initially the integration of the planar monopole and
the RIS was not completely successful. As intended the antenna’s radiation pattern became
much more directional, and because of this the antenna’s maximum gain increased by 1.2
dBi to 4 dBi, but the antenna’s reflection coefficient was degraded so as to be larger than -
10 dB at 433 MHz.

After identifying the physical limitations of using a 38.4 mm thick RIS the planar monopole
antenna, backed by a 2 by 2 square patch RIS, was optimised for performance. This
integrated antenna is referred to here as the standard planar monopole antenna. In this case
it was possible to improve both the impedance bandwidth as well as the maximum gain over
the original planar monopole antenna without an RIS. The impedance bandwidth was
improved from 9.2 % to 24.2 %, which is more than double the original bandwidth, and the

maximum gain was improved by 3.83 dB, from 1.8 dBi to 5.63 dBi.

The standard planar monopole antenna was then used as a starting point before being
optimised to be as small as possible. This antenna is referred to here as the loaded planar
monopole antenna. The loaded planar monopole antenna had a maximum gain of 5.2 dBi,
which is an improvement of 3.4 dB over the original planar monopole antenna without an
RIS. The impedance bandwidth of the integrated loaded planar monopole antenna was
6.29 %, which is slightly narrower than the 9.2 % impedance bandwidth of the original
planar monopole antenna without an RIS. This impedance bandwidth does, however, comply
with the requirement of designing for an impedance bandwidth that is larger than 5 %, which

will allow for manufacturing tolerances.
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It was also found that even though the standard planar monopole antenna was slightly more
impervious to increases in material loss tangent, both antennas maintained acceptable
performance as the loss tangent increased. With regards to antenna gain, both antennas
provided an acceptable trade-off between achieving relatively high gain and using a material
with a relatively high loss tangent. This could allow for these antennas to be redesigned for

cheaper, and more lossy materials in the future.

While investigating the effects of human loading on the antennas’ performance, it was found
that although both antennas were affected by the presence of human tissue, the negative
effects were not enough to degrade the antennas’ performance to below acceptable levels. In
simulation both antennas proved resistive to the effects of human loading, which means that

both antennas should remain effective whilst being worn.
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5.1 INTRODUCTION

In this chapter, the measurement results for both the standard planar monopole antenna, as
well as the loaded planar monopole antenna, are presented and compared with simulated
results. For both antennas, the impedance characteristics were measured at the compact
antenna measurement range at the University of Pretoria, and the radiation characteristics
were measured at the premises of SAAB Grintek Defence in Centurion, South Africa (typical
setup shown in Figure 5.1), and verified at the Paardefontein National Antenna Measurement
Range in Pretoria, South Africa.

Due to high ambient noise in the RFID frequency bands between 400 MHz and 500 MHz,
the radiation patterns measured at SAAB Grintek Defence were preferred over the same
measurements at Paardefontein. The magnitude of gain measurements on the other hand, had
great uncertainty at SAAB Grintek Defence, mainly due to the size of their measurement
facilities, and therefore the gain magnitude measurements at Paardefontein would take
precedence. All measurements from Paardefontein and SAAB Grintek defence were
compared and filtered before being presented here.

Figure 5.1. Antenna measurement setup at SAAB Grintek Defence.
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5.2 STANDARD PLANAR MONOPOLE ANTENNA

The standard planar monopole antenna was designed for optimal performance, and therefore
was allowed to be as large as needed. The manufactured prototype, shown in Figure 5.2, was
constructed by fixing twelve layers of 3.2 mm thick FR-4 together with nylon screws to
create the RIS, and suspending the 1.6 mm antenna layer above the RIS with the same

SCrews.

Figure 5.2. Manufactured standard planar monopole antenna.

5.2.1 Impedance characteristics

The impedance characteristics were measured over a 300 MHz frequency range, from
300 MHz to 600 MHz, with a Hewlett Packard 8753C vector network analyser. The
reflection coefficient was first measured with the antenna isolated from interference and
compared with the simulated results. Then, to measure the effects of human loading, a human
held the antenna, initially without any separation between the antenna and said human, and
finally with 20 mm separation between the antenna and the human. The effects of human

loading were also compared with simulation.
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5.2.1.1 Reflection coefficient

The measured and simulated reflection coefficients were compared in Figure 5.3. Due to
differences between the simulated model and the manufactured prototype, caused by
manufacturing tolerances or otherwise, the -10 dB impedance bandwidth of the
manufactured antenna shifted to a slightly higher frequency range than in simulation. The
bandwidth did not change all that much, increasing from 24.2 % to 25.1 %, the centre
frequency however, did shift up by about 20 MHz to roughly 450 MHz. This difference is
most likely due to variations between dielectric constants and loss tangents of the simulated
and measured antennas. The design frequency of 433 MHz fell comfortably into the

measured -10 dB impedance bandwidth.

|:I 1 1 1 1 1 1 » "
! : ! : ! : — Similation
< : ] i ] i ] ——  Measurement
L e e R A
o | | i | ;
% ! ! ! ! !
15 F—--- RO M P Fommmmm PR R S
M 13 | | i | i
= | | i | i
20 f------ e ! A e et

5 1 1 1 1
360 380 400 420 440 460 480 500
Frequency [MHz]

Figure 5.3. Measured (blue) and simulated (red) reflection coefficient for the standard planar

monopole antenna.

5.2.1.2 Effect of human loading

The effect of human loading on the standard planar monopole antenna’s reflection
coefficient can be seen in Figure 5.4, where the simulated results in (a) are compared with
the measured results in (b). In Figure 5.4 (b) it is clear that human loading caused the
standard planar monopole antenna’s impedance bandwidth to increase. Although the

standard planar monopole antenna’s -10 dB impedance bandwidth was increased through
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human loading, it should be noted that in the centre of the bandwidth the reflection
coefficient decreased, although it was still below -10 dB. While comparing Figure 5.4 (a)
and (b) it can be observed that even though the simulated and measured results are very
similar, there were still some differences. These differences were most likely due to

inaccuracies in the simulated model of human tissue.

—— human distance = 0.1 mm
—— human distance = 20.0 mm
—— human distance = 40.0 mm
no human tissue

5 . . . . . .
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Figure 5.4. The effect of human loading on the standard planar monopole antenna’s reflection

coefficient. (a) Simulated results. (b) Measured results.
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5.2.2 Radiation characteristics

Radiation pattern measurements were conducted in the large tapered chamber at SAAB
Grintek Defence South Africa. Measurement were recorded with an Anritsu 37269D vector
network analyser and calibrated based on measurements of the CBL6143A bilog antenna

from Teseq. Results were processed and graphed using the MATLAB software package.

5.2.2.1 Gain

The boresight gain was measured from 400 MHz to 500 MHz, where the standard planar
monopole antenna has a reflection coefficient of -10 dB or less. In Figure 5.5 it can be
observed that for the most part the measured results were slightly lower than the simulated
results. Nevertheless, the simulated results were very close to the measured results, with less
than 1 dB difference between the two up to 480 MHz. The measured gain was higher than
the simulated gain between 480 MHz and 500 MHz due to the frequency shift that occurred

in the standard planar monopole antenna’s reflection coefficient from simulation to practice.

— Simulation
— W easurement

Gain [dBi]

0 I i I
400 420 440 460 480 500
Frequency [MHz]

Figure 5.5. Simulated and measured gain as a function of frequency for the standard planar

monopole antenna.
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5.2.2.2 Radiation patterns

A comparison between simulated and measured radiation patterns is given in Figure 5.6,
where it can be observed that the simulated and measured co-polarization patterns are very
similar. The measured H-plane 3 dB beam width was 87.97°, compared to a simulated beam
width of 98.9°, and the measured E-plane 3 dB beam width was 80.58°, compared to the
91.2° achieved in simulation. Both the E- and H-plane 3 dB beam widths were narrower in
practice than in simulation, though still wide as both were wider than 80°. The measured
cross-polarization was not as good as was achieved in simulation, although it is still

acceptable with a cross-polarization rejection level of 19 dB at boresight.

0° 0°
AT N . _ I W | . 90°

20N\ 120°

-150° ; 1500

— Simulated co-polarization
(a) Simulated cross-po_lan_zatlon (b)
Measured co-polarization
Measured cross-polarization

Figure 5.6. The standard planar monopole antenna’s normalised simulated and measured far field

radiation patterns. (a) H-plane co- and cross-polarization. (b) E-plane co- and cross-polarization.

Department of Electrical, Electronic and Computer Engineering 79
University of Pretoria

© University of Pretoria



poad
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

CHAPTER 5 PERFORMANCE EVALUATION

The H-plane co-polarization far field magnitude is given in Figure 5.7 below as a function
of both horizontal (azimuth) angle, and frequency. In Figure 5.7 it can be seen that the H-
plane 3 dB beam width, as well as the maximum gain direction, remains largely constant. It
can also be observed that the majority of the radiated power is being radiated into the front

hemisphere.
500
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Figure 5.7. Colour plot of the manufactured standard planar monopole antenna’s normalised H-
plane co-polarization, with the horizontal (azimuth) angle on the x-axis, the frequency on the y-
axis, and the far field magnitude indicated with a colour scale.

The E-plane co-polarization far field magnitude is shown in Figure 5.8 below as a function
of both vertical (elevation) angle, and frequency. In Figure 5.8 it can be observed that the
majority of energy is being radiated in the front hemisphere, and that the front hemisphere

in general remains largely constant over the entire measured frequency range.
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Figure 5.8. Colour plot of the manufactured standard planar monopole antenna’s E-plane co-
polarization, with the horizontal (azimuth) angle on the x-axis, the frequency on the y-axis, and the

far field magnitude indicated with a colour scale.

Figure 5.9, Figure 5.10, and Figure 5.11 show the measured radiation patterns, i.e. both E-
and H-plane co- and cross-polarization, in 20 MHz increments, from 400 MHz to 500 MHz.
Figure 5.9, Figure 5.10, and Figure 5.11 give an indication of how the standard planar

monopole antenna’s radiation patterns change over frequency.
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Figure 5.9. Normalised measured radiation patterns. (a) 400 MHz. (b) 420 MHz.
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Figure 5.10. Normalised measured radiation patterns. (a) 440 MHz. (b) 460 MHz..
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Figure 5.11. Normalised measured radiation patterns. (a) 480 MHz. (b) 500 MHz.

5.2.2.3 Power radiated forward

The power radiated forward is indicated by the ratio between the average power radiated in
the front hemisphere to the average power radiated in the rear hemisphere, referred to below
as the front to back power ratio. Figure 5.12 shows that the measured front to back power
ratio was slightly worse than the simulated result at 433 MHz, with a rather large ripple in
the measured plot line. The differences here are, for the most part, due to differences between
the measured and simulated radiation patterns. The differences in the patterns can be due to
inaccuracies in present in simulation, such as the fact that ambient noise is not present in
simulation. The differences can also be due to manufacturing variance and measurement
tolerances. The most important observation that can be made based on this result is that at
least 6 dB more power radiates forwards than backwards, which means that most of the

power is radiated away from the wearer.
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Figure 5.12. Simulated and measured front to back power ratio for the standard planar monopole
antenna. The front to back power ratio is the ratio between the average power radiated in the front
hemisphere to the average power radiated in the rear hemisphere.

5.3 LOADED PLANAR MONOPOLE ANTENNA

The loaded planar monopole antenna was optimised for compact and therefore it was much
smaller than the standard planar monopole antenna. The manufactured prototype that can be
seen in Figure 5.13, was constructed by fixing twelve layers of 3.2 mm thick FR-4 together
with nylon screws to create the RIS, and suspending the 1.6 mm antenna layer above the RIS
with the same screws — in other words, in the same manner as was the case for the standard

planar monopole antenna.
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Figure 5.13. Manufactured loaded planar monopole antenna.

5.3.1 Impedance characteristics

The impedance characteristics were measured over a 300 MHz frequency range, from
300 MHz to 600 MHz, with a Hewlett Packard 8753C vector network analyser. The
reflection coefficient was first measured with the antenna isolated from interference and
compared with the simulated results. Then, to measure the effects of human loading, a human
held the antenna, initially without any separation between the antenna and said human, and
finally with 20 mm separation between the antenna and the human. The effects of human

loading were also compared with simulation.

5.3.1.1 Reflection coefficient

The measured and simulated reflection coefficients were compared in Figure 5.14. Due to
manufacturing tolerances or otherwise, the -10 dB impedance bandwidth of the
manufactured loaded planar monopole antenna was slightly smaller than was achieved in
simulation, although the centre frequency remained constant. This difference in bandwidth
is not large enough to cause a problem, as the simulated antenna was designed to have a wide
enough impedance bandwidth to allow for irregularities due to manufacturing. The
manufactured antenna had a -10 dB impedance bandwidth of 5.28 %, compared to the

simulated 6.29 % bandwidth, which is higher than the required design minimum of 5 %.
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Figure 5.14. Measured (blue) and simulated (red) reflection coefficient for the loaded planar
monopole Antenna.

5.3.1.2 Effect of human loading

The effect of human loading on the loaded planar monopole antenna’s reflection coefficient
is displayed in Figure 5.15, where the simulated results in (a) are compared with the
measured results in (b). As was the case for the standard planar monopole antenna, human
loading caused the loaded planar monopole antenna’s reflection coefficient to increase in
bandwidth, especially towards the lower frequencies. Although the maximum frequency of
the loaded planar monopole antenna’s impedance bandwidth was shifted slightly lower in
frequency, it should be noted that the design centre frequency of 433 MHz was still well
within the -10 dB reflection coefficient band. While comparing Figure 5.15 (a) and (b) it can
be observed that even though the simulated and measured results are very similar, there were
still some differences. As was the case for the standard planar monopole antenna, these
differences are most likely due to inaccuracies in the simulated model of human tissue,

although they did give a fair indication of what would happen in practice.
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Figure 5.15. The effect of human loading on the loaded planar monopole antenna’s reflection

coefficient. (a) Simulated results. (b) Measured results.

5.3.2 Radiation characteristics

The radiation pattern measurements for the loaded planar monopole antenna were conducted
on the same day as for the standard planar monopole antenna, in the large tapered chamber
at SAAB Grintek Defence South Africa. Measurement were recorded with an Anritsu
37269D vector network analyser and calibrated based on measurements of the CBL6143A
bilog antenna from Teseq. Results were processed and graphed using the MATLAB software

package.
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5.3.2.1 Gain

The boresight gain was measured from 400 MHz to 460 MHz, where the loaded planar
monopole antenna had a reflection coefficient of -10 dB or less from 428 MHz to 446 MHz.
In Figure 5.16 it can be observed that the measured results were not as smooth as in
simulation. Due to the differences between measured and simulated radiation patterns, and
to a lesser extent the narrower measured impedance bandwidth, the boresight gain of the
loaded planar monopole antenna increases more with frequency than in simulation.
Furthermore, due to the lower reflection coefficient, and the narrower 3 dB beam width, the
manufactured antenna had a higher maximum gain. As was the case for the standard planar
monopole antenna, the loaded planar monopole antenna also underwent a slight frequency
shift in terms of gain but, due to the tolerances that were incorporated in the design, the gain

at 433 MHz is still comfortably larger than the design goal of 5 dBi.

10 | : : : : —— Sitmulation

— Measurement

Gain [dBi]

0 I i i i i
400 410 420 430 440 450 460
Frequency [MHz]

Figure 5.16. Simulated and measured gain as a function of frequency for the loaded planar

monopole antenna.

5.3.2.2 Radiation patterns

A comparison between simulated and measured radiation patterns is given in Figure 5.17,

where it can be observed that the simulated and measured co-polarization patterns are very
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similar in form. The measured H-plane 3 dB beam width was 88.64°, compared to a
simulated beam width of 109.8°, and the measured E-plane 3 dB beam width was 79.47°,
compared to the 94.4° achieved in simulation. Both the E- and H-plane 3 dB beam width
was narrower in practice than in simulation, though still wide as both were wider than 70°.
The measured cross-polarization was not as good as was achieved in simulation, in fact the
simulated cross-polarization in Figure 5.6 (b) is almost unobservable. The measured E-plane
cross-polarization was slightly worse than was the case for the standard planar monopole
antenna, but the loaded planar monopole antenna still has a boresight cross-polarization in
excess of 18 dB.

Horizontal Radiation Patterns Vertical Radiation Patterns
Q° 0°
-30° ~30° -30° : 3¢°

_60° 4 .._.Q. Be ._FH*H. 60° -60° ...5{: ...E | IIF, . 60°

-90° 90° -90° 90°

SENEEE i 120° -120° 5 = 120°

-150° ; 150°

-150° 150°
+ o] + Lal
+180 — Simulated co-polarization =180
@) Simulated cross-polarization (b)

Measured co-polarization
Measured cross-polarization

Figure 5.17. Normalised simulated and measured far field radiation patterns for the loaded planar

monopole antenna. (a) H-plane co- and cross-polarization. (b) E-plane co- and cross-polarization.

The H-plane co-polarization far field magnitude is given in Figure 5.18 below as a function
of both horizontal (azimuth) angle, and frequency. In Figure 5.18 it can be seen that the H-

plane 3 dB beam width remains largely constant, although a slight increase in beam width
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with frequency is observable. It should also be noted that the majority of the radiated power

is being radiated into the front hemisphere.
460

450
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- =
S &
e .
g 430 =
L [¢)]
& =
& o
F =

420

410

E

400
-180 -135 -90 -45 0 45 90 135 180
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Figure 5.18. Colour plot of the manufactured loaded planar monopole antenna’s normalised E-
plane co-polarization, with the horizontal (azimuth) angle on the x-axis, the frequency on the y-
axis, and the far field magnitude indicated with a colour scale.

The E-plane co-polarization far field magnitude is shown in Figure 5.19 below as a function
of both vertical (elevation) angle, and frequency. In Figure 5.19 it can be observed that the
majority of energy is being radiated in the front hemisphere and that, although the front
hemisphere in general remains largely constant, a slight shift in maximum gain can be
observed with a change in frequency. It should also be noted that the E-plane far field pattern
is slightly unsymmetrical, which is mostly due to the manner in which the antenna is fed.

The slight lack of symmetry is not a problem however, as the differences are not unduly
large.
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Figure 5.19. Colour plot of the manufactured loaded planar monopole antenna’s E-plane co-
polarization, with the horizontal (azimuth) angle on the x-axis, the frequency on the y-axis, and the

far field magnitude indicated with a colour scale.

Figure 5.20, Figure 5.21, and Figure 5.22 show the measured radiation patterns, i.e. both E-
plane and H-plane co- and cross-polarization, in 4 MHz increments, from 425 MHz to 445

MHz. Figure 5.20, Figure 5.21, and Figure 5.22 give an indication of how the loaded planar

monopole antenna’s radiation patterns change over frequency.
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Figure 5.20. Normalised measured radiation patterns. (a) 425 MHz. (b) 429 MHz.

0° 0
30° -30°

-30° 30°

-90° 90°  -90° 20°

1200 . Sy : - o0 _1200. =/ 120

-150° : 150°
1800 +180°

-150° 5 150°

Horizontal co-polanization Vertical co-polarization
Horizontal cross-polarization Vertical cross-polarizatior

Figure 5.21. Normalised measured radiation patterns. (a) 433 MHz. (b) 437 MHz.
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Figure 5.22. Normalised measured radiation patterns. (a) 441 MHz. (b) 445 MHz.

5.3.2.3 Power radiated forward

The power radiated forward is indicated by the ratio between the average power radiated in
the front hemisphere to the average power radiated in the rear hemisphere, referred to below
as the front to back power ratio. In Figure 5.23 it can be seen that the measured front to back
power ratio was much better than the simulated result at 433 MHz, although it decreased
rather sharply further away from 433 MHz. In practice 10 dB or more power is radiated
forwards than backwards between 424 MHz and 438 MHz, and the band where at least 6 dB
more power is radiated forward is even larger. This means that the loaded planar monopole

antenna can confidently be used as a wearable antenna.
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Figure 5.23. Simulated and measured front to back power ratio for the loaded planar monopole
antenna. The front to back power ratio is the ratio between the average power radiated in the front
hemisphere to the average power radiated in the rear hemisphere

54 SUMMARY

The performance of both the standard planar monopole and loaded planar monopole
antennas were evaluated through practical measurement. The measured results were
compared with the simulated results to validate the accuracy of the simulation models. The
simulated results were generally very similar to the practical measurements, which means
that the simulation models, and by extension the design procedure, can be taken as accurate
and practical.

The reflection coefficients for both the standard planar monopole and loaded planar
monopole antennas were measured at the University of Pretoria. The standard planar
monopole antenna displayed a shift to a higher frequency compared to simulation, whereas
the measured reflection coefficient of the loaded planar monopole antenna corresponded
very well with the simulated results. The standard planar monopole antenna had a practical
impedance bandwidth of 25.1 %, and the loaded planar monopole antenna had a practical
impedance bandwidth of 5.28 %, compared to the simulated 24.2 % and 6.29 % respectively.

Department of Electrical, Electronic and Computer Engineering 94
University of Pretoria

© University of Pretoria



P ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

CHAPTER 5 PERFORMANCE EVALUATION

For both the standard planar monopole and loaded planar monopole antenna, the measured
effects of human loading on reflection coefficient were very similar to that of the simulated
models, although both antennas underwent an increase in bandwidth due to a close proximity

of human tissue.

The radiation characteristics for both antennas were measured at both the Paardefontein
National Antenna Measurement Range in Pretoria, South Africa, and the SAAB Grintek
Defence facilities in Centurion, South Africa. Both antennas had slightly narrower 3 dB
beam widths at 433 MHz in practice than in simulation, decreasing from the 90° to 100°
range to the 80° to 90° range. Both antennas had acceptable front to back power ratios, and
both of their boresight gains were acceptably similar in practice and simulation. The
simulated and measured co-polarization patterns were very similar for both antennas, but

their cross-polarization rejection was not as good in practice as in simulation.

Both antennas were found to be suitable for wearable applications, and the low-cost material
that the antennas were manufactured from did not cause them to be impractical or
excessively inefficient. Both antennas complied with the design objectives set forth in this

investigation.
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The primary objective for this investigation was to develop a design procedure for a compact
wearable antenna to be used in rescue operations in underground mines. As most miners
already wear RFID systems, operating at 433 MHz, a wearable directional antenna can be
used by rescuers to find the general direction towards the lost miners. To be able to solve
this problem the designed antenna was to have a relatively high gain of 5 dBi, and a compact
size at less than 0.5 20 by 0.5 Ao, Where Ao is the wavelength of 433 MHz in a vacuum. The
chosen solution was to use a basic antenna with a reactive impedance surface (RIS) reflector
to focus the radiate fields away from the wearer. As it was known beforehand that the final
product would be large, and therefore expensive, it was decided to use a low-cost material
to manufacture the antenna. FR-4 was selected as the antenna material because it is

inexpensive and readily available, at the cost of having high dielectric losses.

Various RIS designs were investigated, and the square patch RIS was found to be most
suitable for this investigation. The final RIS design was a 2 by 2 square patch RIS. It was
deemed unnecessary to use a complex antenna design, due to the fact that the RIS was
already rather large. It was decided to use a basic planar monopole antenna, because
integrating even a basic antenna with an RIS would result in a very complex model.
Simulations were mainly done in CST Microwave Studio (2014). The final antenna was
designed by first designing an RIS unit cell to have a zero-degree reflection coefficient at
the design frequency, then the antenna was designed to resonate at the design frequency.
Both the RIS unit cell and antenna were first optimised for the design frequency before being
combined to form the integrated antenna. The integrated antenna was then optimised

according to the design goals.

The aforementioned design goals were to design two antennas: one was designed for the
optimal performance achievable with a planar monopole antenna and a 2 by 2 square patch
RIS, and the other was designed to be as compact as possible. Section 4.4.2 gives the design

procedure that was developed for the standard planar monopole antenna.
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In simulation, the standard planar monopole antenna achieved a wide impedance bandwidth
of 24.2 %, with a 5 dBi boresight gain bandwidth of 23.4 %. The final size of the standard
planar monopole antenna was 0.4 Ao long, 0.4 Ao wide, and 0.069 Ao high. The measured
performance of the manufactured standard planar monopole antenna agreed with the
expected performance based on the simulation model. The measured -10 dB reflection
coefficient bandwidth of the antenna shifted to a marginally higher frequency range than was
found in simulation, but the shift was not large enough to cause alarm as the design frequency
of 433 MHz still comfortably lay within the measured impedance bandwidth. The antenna’s
impedance bandwidth also increased moderately to 25.1 %, from the 24.2 % achieved in
simulation. The measured far field radiation patterns were very similar to the simulated
fields, although the 3 dB beam width decreased from 98.9° to 87.97° in the H-plane, and
from 91.2° to 80.58° in the E-plane. There was a ripple on the measured boresight gain that
was not present in simulation, however the design goal of 5 dBi at, and around, 433 MHz,
with the entire 400 MHz to 500 MHz range falling within 1 dB of 5 dBi. Finally, from 400
MHz to 500 MHz, the ratio of the average power radiated forwards to the average power
radiated backwards was consistently larger than 6 dB, which means that more than 80 % of
the power would be radiated away from the wearer.

A design procedure was developed for the loaded planar monopole antenna and provided in
4.4.2. In simulation, the loaded planar monopole antenna achieved a wide impedance
bandwidth of 6.29 %, which was more than the 5 % required, and a 5 dBi boresight gain
bandwidth of 4.88 %. The final size of the standard planar monopole antenna was 0.346 Ao
long, 0.346 Lo wide, and 0.107 Ao high. The measured performance of the manufactured
loaded planar monopole antenna agreed with the expected performance based on the
simulation model. The measured -10 dB reflection coefficient bandwidth of the loaded
planar monopole antenna remained largely constant, only decreasing slightly from 6.29 %
in simulation to the measured bandwidth of 5.28 %. The measured and simulated far field
radiation patterns were very much alike, although the 3 dB beam width decreased from
109.8° to 88.64° in the H-plane, and from 94.4° to 79.47° in the E-plane. As was the case

for the standard planar monopole antenna there was a ripple on the measured boresight gain
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of the loaded planar monopole antenna that was not present in simulation. The frequency
where the loaded planar monopole achieved maximum boresight gain shifted higher between
the simulated and measured results, however the design goal of 5 dBi at, and around,
433 MHz was still achieved. Finally, the ratio of the average power radiated forwards to the
average power radiated backwards was larger than 10 dB at 433 MHz + 10 MHz, which
means that some tolerance is provided, and that the majority of energy is radiated away from

the wearer.

With regards to wearability, simulation models were also created to investigate the effects
of human loading on the performance of both antennas. According to the simulation models,
the presence of human tissue in close proximity to the antennas does not cause the antennas’
performance to deteriorate. The only effects that were found in simulation was that a slight
frequency shift could occur, and that human loading can cause the antennas’ impedance
bandwidths to increase. In practice the simulated results were verified as human loading
caused the impedance bandwidth for both antennas to increase. For both antennas the
practical effects of human loading were more pronounced than in simulation, but the changes
did follow the same trends as could be observed in simulation. Human loading did not detune
the antennas in such a way as to render the design frequency of 433 MHz outside the
respective impedance bandwidths. The differences between the simulated and measured
effects of human loading are due to the inaccuracies in available models of human tissue,
and the inherent complexity of human bodies.

In summary, a design procedure was developed, two antennas were designed through said
procedure, and the final designs were manufactured. The manufactured antennas verified the
design procedures, and proved that they are practical. The final designs achieved the goals

for this investigation by being compact, wearable, and relatively inexpensive.

The following topics were identified as recommendations for possible future work:
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e The designs presented in this investigation could allow for even more inexpensive
materials with higher losses to be used in antenna design. This could allow relatively
high performance antennas to be manufactured at much lower costs.

e The work done on textile based antennas can be combined with the findings
presented here to develop high performance antennas that can comfortably be worn.

e If the available models for human bodies can be improved, antennas can be
developed that are practically immune to human loading.

e Further investigation into using RISs to improve antenna wearability can also be

pursued.
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