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Abstract

Keywords: Antenna, Electronic monitoring, Simulation

The objective of this project is to design an antenna for use in the electronic monitoring
of persons convicted of non-violent crimes. If implemented, electronic monitoring will
lighten the load on the South African prison system. Electronic monitoring makes use
of an electronic tether connected to the person being monitored. This led to specific
performance requirements and size constraints being placed on the antenna. The an-
tenna should be physically small while still being able to perform as specified. It is
also necessary to test the design with various frequencies, to determine the best possi-

ble frequency to use.

It was decided to use a Transformer Coupled Loop (TCL) antenna, after various de-
signs were considered. The TCL antenna can be used in various configurations, with
some of these configurations being simulated to determine the best antenna structure
to use. After various antenna structures were discarded, a specific antenna structure
emerged as a possible solution, which was then optimised to deliver the best possible

performance.

The optimised antenna model was constructed to test the antenna performance. The
receiving antenna was a directional Log-Periodic Dipole Antenna (LPDA), connected
to a spectrum analyser. Tests were conducted in an open-field environment to min-
imise the effect of reflections. The azimuth- and elevation radiation patterns for the
antenna could be compared to the simulated results. The same tests were performed
with the antenna attached to a saline solution bag, simulating the effects of the human

body on the antenna performance.

The radiation patterns obtained from the measured results proved to be similar to the
simulated results for both frequencies tested. When making use of the human ana-
logue, the radiation pattern tended to be more omnidirectional in both the azimuth-
and elevation planes. These results are ideal, since omnidirectional communication by
the tethering device is required by a security application. The primary objective was

achieved, together with the secondary objectives of comparing different frequencies.
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Opsomming

Sleutel woorde: Antenna, Elektroniese monitering, Simulasie

Die hoofdoelwit is die ontwerp van 'n antenna wat geskik sal wees vir gebruik in 'n
elektroniese monitering stelsel. Elektroniese monitering kan gebruik word om geweld-
lose misdadigers uit die gevangenis te haal. Deur dit te doen kan die las op die Suid-
Afrikaanse gevangenisstelsel verlaag word. Daar is sekere vereistes geplaas op die
grootte van die antenna. Dit is ook belangrik om die antenna te toets deur gebruik te

maak van verskillende frekwensies om die beste frekwensie se bepaal.

Nadat die maksimum afmetings wat die antenna mag beslaan vasgestel is, is daar
na verskeie tipes moontlike antennas gekyk. Daar is besluit om die Transformator-
gekoppelde Lus-antenna te gebruik omdat daar verskeie konfigurasies van hierdie
antenna is. Dit het gelei daartoe dat 'n beperkte hoeveelheid antenna konfigurasies
gesimuleer word. 'n Struktuur is gevind wat aan al die vereistes voldoen, waarna dit

geoptimeer is om die beste moontlike werkverrigting te lewer.

Die geoptimeerde antenna is vervaardig en daar is gebruik gemaak van 'n bestaande
versender. 'n Hoogs direksionele, “Log-Periodic Dipole Antenna (LPDA)”, is gebruik
as ontvangsantenna en is gekoppel aan 'n spektrumanaliseerder. Die toetsing van
die antenna is gedoen in ‘n buitelug omgewing om die effekte van refleksies te min-
imaliseer. Die asimut- en elevasiestralingspatrone kon saamgestel word om vergelyk
te word met die simulasieresultate. Siende dat die resultate mag verander indien die
antenna na aan die menslike liggaam geplaas word, is die toetse weer gedoen met
die antenna gebind aan 'n soutoplossing, wat die invloed van die mens op antenna

werkverrigting weergee.

Die gemete stralingspatrone is soortgelyk aan dié van die simulasies vir beide die frek-
wensies wat gebruik is. Met die gebruik van die soutoplossing, is gevind dat die stral-
ingspatroon meer omni-direksioneel is vir beide die asimut en elevasie vlakke. Dit kan
beskou word as uitstekende resultate, aangesien 'n sekuriteitstelsel kommunikasie in
alle rigtings wil hé. Die hoofdoelwit is dus bereik tesame met die sekondére doelwit

om verskillende frekwensies met mekaar te vergelyk.




Contents

List of Figures xii
List of Tables xvii
List of Acronyms xviii
List of Symbols xxi
1 Introduction 1
11 Background . .. ... ..., .. ... .. 1
1.1.1 Prison overcrowding in South Africa. . . . . .. ... ... .... 1

1.1.2 Electronicmonitoring . . .. .. ... ... ... . ... . ... . 2

1.1.21 Overview of electronic monitoring . . . ... ... ... 2

1122 Operatingmodes . ..................... 2

1.2 Researchobjectives . . .. ... ... ... .. ... ... . ... ... 4

1.3 Dissertationoverview . ... .. .. ... ... ... . 00000 ... 6

2 Literature survey 8
21 Introduction ... .... ... ... ... . ... .. i 8
2.2 Communicationsystems . . . . . ... ... ... ... ... . ..., 9
221 General communicationsystem . ... ............... 9

vi



2.3

24

2.2.2 Wireless communication . . . . . . . . . .« v v v vt 10

223 Radio frequency communicationsystem ... ........... 11
2231 Highfrequency ....................... 11
2232 Very-highfrequency . . ... ... ............. 11
2233 Ultra-highfrequency . ... ................ 12
224 Regulations . ... ........ ... ... .. ... . 0. 12
Radio frequency communication . ... ................... 13
231 Introduction . ... ......... ... ... ... . . .. 13
2.3.1.1 Maxwell and electromagneticwaves . .. ... ..... 13
2312 Planewaves .. ........... ... 14
2.3.1.3 Polarisation of electromagneticwaves . ... ... ... 14
23.1.4 Propagation of electromagneticwaves . . .. ... ... 16
23.2 Propagationeffects . . . . ... ... ... ... 0 oL, 16
2321 Reflection . . .. ...... ... . . . ... 17
2322 Refraction. ... ............. .. . ... . ... 17
2323 Diffraction . ........... ... . .. 0 0L 18
2324 Multipath . . .. ....... ... .o 0oL 18
233 Channelmodels. . . . ... ... .. ... ............... 19
2331 Introduction ................. ... . ..., 19
23.3.2 Friisfree-spacemodel . . . . ... ... ... ....... 20
2.3.3.3 Rayleigh fadingchannel . ... ... ........... 20
2334 Ricianfadingchannel . . . ... ... ........... 21
2.3.3.5 Hata mobile communicationmodel . . . . ... .. ... 22
2.3.3.6 Propagation for Short-Range Devices . . . . . ... ... 23
Basicantennatheory . ... ... .. ... ... ... .. . . 0 0 L. 23

vii




2.5

2.6

241 Antenna . .. ... .. ... ... e e e 23
242 Radiationintensity . . ... ... .. .... ... ... .. .. ... 24
243 Gainl . . .. e e 24
244 Directivity . . . . . ... . o o o 24
245 Bandwidth. . ... ... ... ... ... .. . . 0oL, 24
246 Resonance . . ... . .. ... ... e 25
247 Polarisation .. ... ... .. ... .. ... . . 0 oo 25
248 Diversity . . . ... . o e 26
249 Reciprocity . ... ... ... .. e e 26
2410 Fieldregions. . . . . . ... ... ... ... e 26
24.11 Radiationpattern . . . ... . ... ... .. ... . ... .. ... 27
2412 Efficiency . . ... ... e 28
Antennas . . . . . .. L L e e e e 28
25.1 Size characteristicsofantennas . . . . ... ... .......... 29

2511 Smallantennas . .. ..................... 29
2.5.2 Effectof humanproximity . . .. .. ................. 29
253 Antenna design considerations . . . ... ... ... ... ... 30
254 Magneticantennas . . ... ... ... oo 30
Wireless technologies . . . . . ... ... ... . ... . . ... 32
261 Bluetooth ... .............. . . . . . . . ... 32
262 WIi-Fi . . . .o o e e e e e e 32
26.3 Wirelesssensortechnology . .. ................... 33

2631 Zigbee . . ... .. ... ... o o oo 33

2632 WirelessHART . . ... ... .. ... ........... 33

26.3.3 Proprietaryprotocol . . . ... ... ... ... ... 34

viii



2.6.4 Decision regarding wireless technology . . . . ... .. ... ...

2.7 Simulationtools . . . ... .. ... . L L L
2.7.1 Overview of existing Electromagnetic (EM) tools. . . . .. . . ..
2711 Methodofmoments . . . ..................

2712 Finite-difference time-domain . ... .. ... ... ...

2713 Finiteelementmethod ... ................

2714 Hybridmethod .......................

2.7.2 Selected simulationpackage . ....................
2.7.3 Optimisation and parametrisation . . ... ... ... .......

2.8 Chapterreview . ... . . . .. .. ... e

3 Methodology

31 Introduction . ... ....... ... .. ... e
32 DesSignprocess. . . . ... .. .. e e e
321 Chooseantennatype . . ... ... ... ... ... ... ...,
322 Testfeasibility of antennadesign . . . .. ... ... ........
323 Refineantennadesign . ............. ... ........
324 Simulateantenna . . . ... ... ... ... 0000
325 Selectoptimalantenna . . ... ........... . ... . ...,
32,6 Constructantenna . ... .. ............ ... .. ...
327 Testingofantenna . ......................... =
32.8 Compareresults . . ... .. ... ... ... .. .. 00 00,
33 Chapterreview . . . . .. .. ... e

4 Design and simulation

41 Introduction . . . . . . . . . o v i i i e e e e e e e e e e e e

ix




42
4.3

44

4.5

4.6

4.7

Theoretical antennadesign . . . . .. ... ..................

Parameterssimulated . . . . . ... ... ... .. .. 00 L0,
Simulated antennamodels . . . . ... ... ... Lo 0oL
44.1 Standard magneticloopantenna . ... ...............
442 Antennawithnotch-Centrefed . ... ...............
44.3 Antenna withnnotch -Outsidefed . ... ... ........ ...
444 Remarks regarding the antenna withnotch . . . . ... ... ...
445 PFullloopantenna . . ... ............... . .......
446 Halfloopantenna. ... .. ... ...................
44.7 Quarterloopantenna . ............. ... ..., ..
4.4.8 Remarksregarding theloopantenna. . . . ... ... ... ... .
Preferred antennamodel . . . . . . ... ... ... o oL,
4.5.1 Optimisationof antennamodel . . . . . ... ... ... ... ...
Theoretical Model Compared to Simulated Model . . . ... ... .. ..
Chapterreview . . ... . ... ... .. . . e

Physical antenna implementation and results

51

52

5.3

5.4

Introduction . . . ... ... ... ... .. e
Design and construction . . . . .. ... ... ... ... ..
5.2.1 Enclosure and supportstructures . . . . . ... ... ... .....
5.2.2 Printed CircuitBoard (PCB) . . . .. ... ... .. .. .......
523 Antennastructure . ... ......... ... 00000,
Experimental set up and test procedure . .. ... ... ... .......
53.1 Experimentalsetup ................ ... .......
532 Testprocedure .. ............ ... ... . .. . ...
Antennameasurements . . .. .. ... ...l

49
52
53
53
56
59
61

62

66
68
69
69
71

72

73




54.1 Free-spacetesting . .. ... ... ...................
542 Tests withhumananalogue . . ... .................
54.3 Calculated pathloss . ... ......................
544 Radiationpattern . ... ...... ... ... ... . ... ...
54.5 Notes on theimplementation . . . . ... ... ...........
55 ChapterReview . . . ... .. ... ... ... ... oL

6 Conclusion and recommendations

6.1 Conclusion . . . . . . . i it e e e e e e e e e e e e

6.1.1
6.1.2
6.1.3

6.1.4

Researchobjectives . . . . . ... .. ... ... . ... . ....
Designprocess . . ... ... ... ... ...
Simulation of antenna structures . . . . ... ... ... .. ....

Measured antenna performance . .. ... .............

6.2 Recommendations . .. . . . . . . . . . i i i i i i e e

References

Bibliography

Appendices

A Appendix

---------------------------------------

A.1 SimulationResults . . . . . . . . @ . @ i i e e

A2 Measured Results . . . . . . . . . i i i e e e e e e e e e

A.3 Picturesand Photo’s . . . . . . . . . i i i e e e e e e

A.4 Other

.......................................

92

92

92

93

93

93

94

96

96

100
100
100
100
100

X1




List of Figures

1.1 Conceptual model of an electronic monitoring system . . . . . ... ... 3
1.2 Direct communicationmode . . . . ... ... . ... oo oL, 3
1.3 Indirect communicationmode . . . . .. ... ... o o L. 3
1.4 Schematic representation of the local subsystem configuration . . . . . . 5
2.1 General communicationsystem [3] . . . .. ... ... ... ... ... 9
2.2 Wireless communication system - Adapted from [3] . ... ... ... .. 10
2.3 Electromagneticspectrum|[4] . ... ... ... ... ... .. .0, 11
24 Planewaves . . . . .. ... 14
2.5 \Vertical linear polarisation . . . . . ... ... .. ... ... . .. L. 15
2.6 Horizontal linear polarisation . . . ... ... ................ 15
2.7 Left-Hand Circular (LHC) polarisation . . . . .. ... ... ........ 15
2.8 Right-Hand Circular (RHC) polarisation . . . . . ... ... ........ 15
29 Left-Hand Elliptical (LHE) polarisation . . .. ... ... ......... 16
2.10 Right-Hand Elliptical (RHE) polarisation . ... ... ... ..... ... 16
211 Reflection[4] . . . . . . . . . . e e 17
212 Refraction[4] . . . . . . . . e e e e e e 18
2.13 Multipath propagation . . . . ... ... ......... ... . ..... 19
2.14 Raleigh Probability Density Function(PDF) . . . . .. .. ... ... ... 21

xii




215 RicianPDF . . . . . . ... e 22

2.16 Typical antenna radiation pattern illustrating high directivity [22] . . . . 25
2.17 Antenna field regions [11] . . . . . . .. ... ... L o oo L. 27
2.18 Radiation pattern of a dual-blade Global System for Mobile Communications
(GSM)antenna . . .. . . . . ¢ it it i it e e e e e e e 28
2.19 Field intensity E and H in front of a humanbody [25] . . ... ... ... 30
2.20 Transformer Coupled Loop (TCL)antenna [26] . . . . .. ... ... ... 31
221 CartesianYeecell . . ... .. ... ... . ... ... . . L. 37
2.22 Typical 1-D, 2-D and 3-D finiteelements [37] . . ... ... ... .. ... 38
2.23 Parametric Syyplot . . . . ... L 40
3.1 Designmethodology . .. .................. . ... ... 43
3.2 Antennadesignprocess . .. ... ... ... ... 43
33 Spplot ... e 45
4.1 Transformer coupledloopantenna . .. ................... 50
4.2 Standard magneticloopantenna . ... ... .. ... ... ....... 53
43 2-Dradiationplot-43¢MHz . ........................ 54
44 2-Dradiationplot-868MHz ... ...................... 54
45 3-Dgainplot-434MHz . ... ... ... ... .. ... ... .. ..., 55
46 3-Dgainplot-868MHz . ... ... ........... .. .. ...... 55
4.7 Comparison of 517 for43d MHzand868MHz . ... ... ..... ... 56
48 Antennawithnotch-Centrefed . ... ................... 56
4.9 2-Dradiation plot - Antenna with notch - Centre fed -434 MHz . . . . . 57
4.10 2-D radiation plot - Antenna with notch - Centre fed -868 MHz . . . . . 57
4.11 3-D gain plot - Antenna with notch - Centre fed-434MHz . . ... . .. 58
4.12 3-D gain plot - Antenna with notch - Centre fed -868 MHz . . . . .. .. 58

xiii



4.13

4.14
4.15
4.16
417
4.18

4.19

4.20
4.21
4.22
4.23
4.24

4.25

4.26
4.27
4.28
4.29
4.30

4.31

4.32
4.33
4.34

4.35

Comparison of S11 for 434 MHz and 868 MHz for Antenna with Notch
-Centrefed .. ..... ... .. ... ...

2-D radiation plot - Antenna with notch - Outside fed - 434 MHz
2-D radiation plot - Antenna with notch - Outside fed - 868 MHz
3-D gain plot - Antenna with notch - Outside fed -434 MHz . ... . ..
3-D gain plot - Antenna with notch - Outside fed -868MHz . . . .. ..

Comparison of S1; for 434 MHz and 868 MHz for Antenna with Notch -
OutsideFed . . . ... .. . . . .. . e i

Antenna without notch - Full primaryloop . . ... ... .........
2-D radiation plot - Antenna with full primary-434MHz . . . . . . . ..
2-D radiation plot - Antenna with full primary-868MHz . . . . . . . ..
3-D gain plot - Antenna with full primary-434MHz .. ... ... ...
3-D gain plot - Antenna with full primary-868MHz . ... .. ... ..

Comparison of S1; for 434 MHz and 868 MHz for Antenna with full
primaryloop . . . . .. ... . e

Antenna without notch - Half primaryloop . . . . .. ... ... .. ...
2-D radiation plot - Antenna with half primary-434MHz . ... . ...
2-D radiation plot - Antenna with half primary-868MHz . ... .. ..
3-D gain plot - Antenna with half primary-434MHz . .. ... ... ..
3-D gain plot - Antenna with half primary-868MHz . .. ... ... ..

Comparison of Sj; for 434 MHz and 868 MHz for Antenna with half
primaryloop . . . . ... L

Antenna without notch - Quarter primaryloop . . . . .. ... ... ...
2-D radiation plot - Antenna with quarter primary-434MHz . ... ..
2-D radiation plot - Antenna with quarter primary-868 MHz . . . . . .

3-D gain plot - Antenna with quarter primary-434MHz . ... ... ..

Xiv -




4.36

4.37

4.38
4.39
4.40
441
4.42

4.43

5.1
52
5.3
54
5.5
5.6
5.7
5.8
5.9
5.10
5.11
5.12
513
5.14
5.15

5.16

3-D gain plot - Antenna with quarter primary-868MHz . .. ... ... 67

Comparison of Sy; for 434 MHz and 868 MHz for Antenna with quarter

primaryloop . . . . . ... ... 68
Optimised antenna for 43¢ MHzand868MHz . ... ... .. ... ... 70
3-D gain plot - Optimised antenna-434MHz . . . .. . ... ... . ... 70
3-D gain plot - Optimised antenna-868MHz . . . . . . ... ... .. .. 70
3-D gain plot - Optimised antenna-434MHz . . . . .. ... ....... 71
3-D gain plot - Optimised antenna-868MHz . . . . . ... ... ..... 71

Comparison of Sq; for 434 MHz and 868 MHz for the optimised antenna 72

Offender Identification Device (OID) Enclosure Concept . . .. ... .. 74
Systemdiagram . . ... ... ... ... L 0o oo 75
Bottomsideof PCB . . . . . ... ... ... . ... . ... . .. ..., 76
Topsideof PCB . . . . .. . ... ... .. ... e 76
Illustration of data being transmitted . . . . . . .. ... ... ....... 77
Empty PCB showing primary loop length and secondaryloop . . . . .. 78
Experimental Setup . .. ... ...... ... ... ... . 00, 79
PVC and polystyrene table with rotating disc . . . . ... ... ... ... 79
Demonstration of receiving antenna connected to spectrum analyser . . 80
Side view of experimentalsetup . ... ... ..... ... ... .... 80
Azimuth Rotation, -180° < ¢ <180° . . ... ... .. ..., ... . ... 81
Elevation of Test Antenna,-90° <0 <90° ... .. .. .. ... ...... 81
SmithChart-434MHz . . . . .. ... . ... ... .. ........... 82
SmithChart-868MHz . . . . . .. ... ... ... .. ........... 82
S11ford34MHz . . . . . . . . e e e e e 83
Sinfor868MHz . . . . . . . e e 83

Xv



5.17
5.18
5.19
5.20
5.21
5.22
5.23
5.24
5.25
5.26
5.27

5.28

Smith Chart - 434 MHz - With Human Analogue . . . . ... ... .. ..
Smith Chart - 868 MHz - With Human Analogue . . . . . ... ... ...
S11 for 434 MHz - With Human Analogue . . . .. ... .. ... .....
S11 for 868 MHz - With Human Analogue . . . . .. ... ... ......
Radiation Pattern for 434 MHz - Elevation0® . . .. ... ... ... ...
Radiation Pattern for 434 MHz - Elevation 0° - With Human Analogue .
Radiation Pattern for 43¢ MHz - Azimuth0° . .. ... ... .......
Radiation Pattern for 434 MHz - Azimuth 0° - With Human Analogue

Radiation Pattern for 868 MHz - Elevation0°® . . . ... ... ... .. ..
Radiation Pattern for 868 MHz - Elevation 0° - With Human Analogue .
Radiation Pattern for 868 MHz - Azimuth0° . . ... ... ........

Radiation Pattern for 868 MHz - Azimuth 0° - With Human Analogue

88
89
89
90

90

Xvi



List of Acronyms

BEM Boundary Element Method

DCS Department of Correctional Services

EM Electromagnetic

ETSI European Telecommunications Standards Institute
FCC Federal Communications Commission

FDTD Finite-Difference Time-Domain

FEM Finite Element Method

GFSK Gaussian Frequency Shift Keying

GPS Global Positioning System

GSM Global System for Mobile Communications
HART Highway Addressable Remote Transducer

HF High Frequency

HFSS High Frequency Structure Simulator

ICASA Independent Communications Authority of South Africa
IP Internet Protocol

ISM Industrial, Scientific and Medical

xviii



ITU-R International Telecommunications Union Radiocommunication Sector
LHC Left-Hand Circular

LHE Left-Hand Elliptical

LoS Line-of-Sight

ML Magnetic Loop

MoM Method of Moments

OID Offender Identification Device
PAN Personal Area Network

PCB Printed Circuit Board

PDE Partial Differential Equations
PDF Probability Density Function
PSTN Public Switched Telephone Network
PVC Polyvinyl Chloride

RF Radio Frequency

RFID Radio Frequency Identification
RHC Right-Hand Circular

RHE Right-Hand Elliptical

SAPS South African Police Service
SNR Signal-to-Noise Ratio

SoC System-on-Chip

SRD Short Range Wireless Device

TCL Transformer Coupled Loop

Xix



List of Symbols

Speed of light

Wavelength

Frequency

Carrier Frequency

Envelope Frequency

Angle

Index of Refraction

Power

Power Transmitted

Power Received

Gain of the Transmitting Antenna
Gain of the Receiving Antenna
Distance in m

Path Loss

Free-space Path Loss

Base Station Height in m
Distance in km

Antenna Efficiency

Antenna Perimeter

Enclosed Area of Antenna

xxi



Chapter1

Introduction

This chapter will outline the primary research objective together with any additional research

objectives.

1.1 Background

1.1.1 Prison overcrowding in South Africa

The South African prison system is experiencing severe overcrowding at the moment
[1]. South African prisons are at 137.25% of their capacity. The number of trial-awaiting
detainees numbered 49695 at the end of the 2010/2011 financial year. This accounts for
roughly 53% of the available capacity of the prisons in South Africa. It is estimated
by the Department of Correctional Services (DCS) that the cost for incarcerating these
persons is in the region of R120 per person per day [1]. It is possible to save a large
amount of money by making use of alternative methods to detain the trial awaiting
persons. An electronic monitoring system is a possible solution that may address the

capacity shortages experienced by modern prison systems.

1



Chapter 1 Background

Electronic monitoring can address the capacity problem in several ways. A convicted
white-collar criminal (a criminal committing non-violent crimes like fraud, identity
theft, etc.) may be fitted with one of these devices and placed under house-arrest,
thereby removing the burden of sustaining them from the state. Another way in which
electronic monitoring can contribute to the reduction of prison overcrowding is by
placing criminals convicted of non-violent crimes under house-arrest until they have
finished serving their sentence. If a convicted felon is released on parole, he may also
be fitted with an electronic monitoring system. To ensure the success of such an elec-
tronic monitoring system, it should be operated in a partnership between the DCS as

well as the South African Police Service (SAPS).

1.1.2 Electronic monitoring
1.1.2.1 Overview of electronic monitoring

Electronic monitoring systems, or electronic tagging as it is sometimes known, is used
to monitor persons or vehicles [2]. It should be understood that the term “"Monitoring”,
refers to monitoring of the whereabouts of the offender. The persons being monitored
are usually convicted felons. Electronic monitoring works by attaching a device (here-
after referred to as a tether) to the ankle of the person being monitored (as depicted in
Figure 1.1). The tether is monitored by a central monitoring authority to ascertain the

whereabouts of the person being monitored.

1.1.2.2 Operating modes

The tether communicates, either directly or indirectly, with the monitoring author-
ity responsible for monitoring the felon’s whereabouts. When making use of direct
communication, the tether is equipped with a Global Positioning System (GPS) re-
ceiver and communicates via a cellular network, typically Global System for Mobile

Communications (GSM). When operating in the indirect communication mode, the




Chapter 1 Background

Communication Network

o X@

Monitoring
Authority

Figure 1.1: Conceptual model of an electronic monitoring system

tether makes use of short-range wireless communication to communicate with a base
station.The tether is limited to a specific area around the base station due to the limita-
tions of Short Range Wireless Devices (SRDs). The base station communicates with the

monitoring authority by means of GSM, Public Switched Telephone Network (PSTN)

Communication Network

or Internet Protocol (IP) infrastructure.

Communication Network

g W/

Monitoring
Authority

Figure 1.2: Direct communication mode Figure 1.3: Indirect communication mode

Figure 1.2 depicts an electronic monitoring system’s direct communication mode in

3



Chapter 1 Research objectives

which the tether receives GPS coordinates and transmits these coordinates to the mon-
itoring authority, while Figure 1.3 shows the indirect mode for the electronic monitor-

ing system.

Operating in the direct communication mode, the tether only communicates its GPS
coordinates (and thus the coordinates of the felon) to the monitoring authority. Com-
munication with the GPS satellites are strictly one-way. Before being fitted with the
tethering device and set under house-arrest, the authority responsible for monitoring
the location of the offender needs to set a prescribed area where the offender may move
freely. The monitoring authority is then résponsible for determining if the offender has
left this prescribed area or if the felon is tampering with the tether. These devices are
limited in their range of operation only by the availability of a cellular signal, as this
is the main form of communication. The main drawback of the direct communication
operating mode is the power consumption of the tethering device. Since it needs to
receive regular updates from the GPS, as well as send this information via the cellu-
lar network to the monitoring authority. All of this wireless activity puts the battery

needed under serious strain, thereby leading to regular battery changes.

For the indirect communication scenario, the base station will alert the monitoring au-
thority if the offender leaves the prescribed area, which falls within the base station’s
reception area. The size of the reception area is determined by various factors, includ-
ing the transmitted power of the tether, the gain of the antennas used in the tether and
the receiver, as well as any amplification used in the receiving device. In an indoor

environment, the range is severely limited by this environment.

1.2 Research objectives

From the previous section, the operating modes were explained in relative detail. It
is important analyse the system and from there to deduce what the most important
problem is to solve. To simplify the problem, it is important to place certain limitations

on the system. Due to some of the complexities involved, the direct communication
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Research objectives

mode is not considered.

If only the indirect communication mode is considered, the following simplifying as-

sumptions can be made:

e Transmitter and receiver hardware are freely available as off-the-shelf compo-

nents;

e The receiver antenna can be purchased.

In Figure 1.4 an abstraction of the electronic monitoring communication system is

shown.
Tether Base Station
[l it T — - ——
I ! |
: Transmitter Antenna "“‘ﬂ:—.-—" : Receiver Antenna
! ! |
! : |
! Transmitter ] | Recelver
: Hardware ) : Hardwara
i
I i |
] |

e e e

Figure 1.4: Schematic representation of the local subsystem configuration

When comparing the assumptions with Figure 1.4, only the receiving antenna and

wireless communication channel remain. The most important aspect of these two is

probably the transmitting antenna.

By taking the preceding section into account, the research objective becomes

THE DEVELOPMENT OF A PHYSICALLY SMALL ANTENNA FOR

INDOOR ELECTRONIC MONITORING

Since the antenna forms part of the tether (hereafter referred to as the Offender Identi-

fication Device (OID)) it is subject to certain constraints.
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The main constraints are:

e Size: Since the OID is connected to the ankle of the offender being monitored,
it needs to be small and compact. The antenna therefore needs to fit inside the

same enclosure as the electronics and battery of the OID;

e Reliability of Communication: Since electronic monitoring is a security appli-
cation, it is necessary for the OID to be able to communicate reliably in different

conditions and in various orientations relative to the base station;

As the OID makes use of wireless communication, different wireless communication
technologies should be investigated before committing to a specific solution. To this

end some secondary research objectives are defined.
Secondary research objectives include:
e Investigating the suitability of various communication technologies;

e The selection of the optimal communication frequency. This is dependent on the

selected wireless technology chosen for use in the electronic monitoring system.

1.3 Dissertation overview

The literature survey acts as a reference for the information required to successfully

design and implement a specific antenna design.

In the methodology chapter, the methods used to design, construct and test the antenna

are discussed together with the design decisions.

In the design and simulation chapter, the design of the antenna is done according to
all of the required specifications, after which it is simulated in order to evaluate the
design before implementing it. The results are analysed and discussed before reaching

the implementation phase.
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In the physical implementation and results chapter, the construction of the antenna is
discussed together with the experimental set up. The results of the tests performed are

also discussed in detail.

Conclusions are made regarding the design process, the simulation and design of the
antenna as well as the performance of the implemented antenna in the conclusions
and recommendations chapter. Furthermore some recommendations are made for any

future work to be done on this project.
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Literature survey

This chapter provides the theoretical background necessary to understand antennas and their
design. Various communications protocols are also discussed in order for a decision to be made

regarding which is the best one to use.

2.1 Introduction

Since this study is only concerned with the design of the antenna to be used in the
tethering device, the other design considerations will not be discussed. This includes
the electronic design together with power supply considerations. Another important
very important design aspect is the anti-tampering methods employed in this device.

These factors are important, but irrelevant to this research.

This chapter provides some background for the antenna design. The chapter will
commence by providing information on Radio Frequency (RF) communication and
Electromagnetic (EM) theory on which operation of antennas are based. Antenna pa-

rameters will also be discussed in order to gain a better understanding of antennas and
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their operation in general.

Different antennas and wireless solutions will also be discussed in order to select the

best antenna structure and frequency to use.

2.2 Communication systems
\

2.2.1 General communication system

Information Transmitter Channel > Receiver Information

Figure 2.1: General communication system [3]

Figure 2.1 is a representation of a general communication system which consists of
information, a transmitter, a communication channel with noise, a receiver and the
received information. An information signal acts as input to the transmitter which
transmits the information signal to a receiver via a communication channel. The trans-
mitter is responsible for converting the information signal into the correct form for
transmission over the communications channel. The communications channel may be
wire, fibre optic cables or even free-space for radio transmission. Every communica-
tions channel is susceptible to noise, therefore an external noise source is also included
in Figure 2.1 as indicated. The receiver is responsible for retrieving the information sig-
nal from the noisy communication channel, with the original information signal being

the output of the communication system [3].
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Communication can be either simplex or duplex in nature. Simplex communication
allows communication only in one direction, from a transmitter to a single receiver, or
multiple receivers. This is the method used by Television (TV)- and radio broadcast
system. Duplex communication can be either half-duplex or full-duplex. Half-duplex
allows communication in both directions, but only in one direction at a time. A general
example of a half-duplex communication system is two-way radio’s (including ama-
teur radio). Full-duplex allows communication in both directions at the same time. A
PSTN is an example of a full-duplex communication system. The main drawback of
full-duplex communication is that two different channels needs to be used to achieve
this, thereby increasing the complexity of the system as well as increasing the overhead

required to operate such a system [3] [4].

2.2.2 Wireless communication

"-5:7;;’"‘

Information | l . Recovered Information
~———» Transmitter Receiver }———»

Figure 2.2: Wireless communication system - Adapted from [3]

Wireless systems generally make use of an RF link, though optical wireless systems
such as infra-red may also be used, especially in general appliances [3], [4], [5] . Op-
tical solutions are used for extreme short-range communication and are also highly
directional. The frequencies used for RF communication are much higher than the fre-
quencies generated by human speech or data. It is therefore necessary to superimpose
the information signal onto a carrier signal. This is done by the transmitter by means
of a process called modulation. At the same time the receiver performs the inverse

process while retrieving the information, called demodulation.
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2.2.3 Radio frequency communication system
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Figure 2.3: Electromagnetic spectrum [4]

From the EM spectrum shown in Figure 2.3, it can be seen that the radio frequency
spectrum for use in communication systems covers the range from medium frequen-
cies to extremely high frequencies. The optical spectrum forms part of the EM spec-
trum and is therefore also shown in Figure 2.3, but it does not fall within the range of

frequencies used for radio communication.

2.2.3.1 High frequency

High Frequency (HF) covers the band from 3 MHz to 30 MHz and is mainly used
by amateur radio enthusiasts. Because of the relatively low frequency, it allows long-
range communication. Citizens band radio, which allows short-range communication

between persons for private and commercial use also makes use of the HF band [4], [6].

2.2.3.2 Very-high frequency

The Very-High Frequency (VHF) range is from 30 MHz to 300 MHz and is used primar-
ily by analogue TV broadcasts [7]. VHF has some desirable propagation characteristics
that make it ideal for broadcasting. It is not readily reflected by the ionosphere and

therefore the transmission range can be assumed to be Line-of-Sight (LoS). LoS is the

11
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most direct route that a signal can travel. Atmospheric interference also does not affect

VHEF signals as much [4].

2.2.3.3 Ultra-high frequency

Ultra-High Frequency (UHF) ranges from 300 MHz to 3 GHz and is used for TV broad-
casts. Since the higher frequency is more sensitive to atmospheric interference, UHF
TV degrades faster during heavy rain or snow. The main advantage of the higher fre-

quencies are the smaller antennas that can be used due to the shorter wavelengths [4].

2.2.4 Regulations

The International Telecommunications Union Radiocommunication Sector (ITU-R),

European Telecommunications Standards Institute (ETSI) and Federal Communica-
tions Commission (FCC) are responsible for the regulation and management of radio
communications. In South Africa, these duties are performed by Independent Com-
munications Authority of South Africa (ICASA). Part of these duties includes the allo-
cation of RF spectrum as well as the development of standards that ensure the efficient
use of the limited spectrum available. The Industrial, Scientific and Medical (ISM)
radio bands are a set of frequencies defined by the ITU-R for use by the industrial, sci-
entific and medical community [8]. The frequencies defined as part of the ISM bands
are given in Table 2.1. Some of these frequencies are location specific, like the 915 MHz
frequency which is used in the Americas and Greenland. Other frequencies may be

allocated as unlicensed bands, but does not form part of the ISM bands.

When developing a product based on a wireless system, the frequency at which it
operates is important. Ideally, it is good practice to make use of part of the RF spectrum
that is license free or part of the ISM bands. This is especially important for commercial
applications where high volumes would incur substantial licensing fees. The two most

viable frequencies that may be used in South Africa, 434 MHz and 868 MHz, are set in

12
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Table 2.1: ISM band frequencies [8]

Frequency Range

Lower Frequency (MHz) Upper Frequency (MHz) Centre Frequency (MHz)

6.765 6.3795 6.780
13.553 13.567 13.560
26.957 27.283 27.120
40.660 40.7 40.680
433.050 434.790 433.92
902 928 915
2400 2500 2450
5725 5875 5800
24000 24250 24125
61000 61500 61250
122000 123000 122500
244000 246000 245000

amateur radio bands and for general use by SRDs.

2.3 Radio frequency communication

2.3.1 Introduction
2.3.1.1 Maxwell and electromagnetic waves

The work done by James Clerk Maxwell is fundamental to our understanding of EM
waves and the way in which these waves propagate through space [9]. The equations
known as Maxwell’s Equations predict the propagation of EM waves away from a
time-varying source. This does not only apply to radio waves, but to any form of EM
waves, including ultraviolet light, the visible spectrum and x-rays. Maxwell’s equa-
tions provide the relationship between the electric field vector E and the magnetic field
vector H respectively. As vectors, E and H have both magnitude and direction and
are always perpendicular to one another, forming a Transverse Electromagnetic (TEM)

wave [10].
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2.3.3.6 Propagation for Short-Range Devices

The model described in this section was specifically developed for use with SRDs and
developed from experimental data [21]. Because it was developed from experimental
data, it provides a much clearer picture of the actual path-loss experienced by SRDs. It

starts by determining the isotropic path-loss, determined by using Equation 2.4.

PLiso = —27.55 + 20logfR (2.4)

The general path loss can then be calculated by using Equation 2.5

PL = C+10nlogR (2.5)

C is the isotropic path-loss at 1 m and # is a factor relating to the slope of experimental
data. For lossless dispersion, n = 2, while n = 4 is an approximation of indoor losses.
This model is only accurate over short distances, before the phase difference reaches

180° [21].

2.4 Basic antenna theory

To better understand the objective of designing an antenna, it is necessary to under-
stand the terminology used. This section introduces some of the more common an-

tenna terminology.

2.4.1 Antenna

An antenna is a metallic structure that acts as a transducer to convert electric current
into EM waves, and EM waves into electric current [11]. It can also be described as the

device that bridges the gap between some sort of a feed, and free-space.
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2.4.2 Radiation intensity

In a given direction, the power radiated per unit solid angle is called the radiation in-
tensity, U. The solid angle is a section of the imaginary sphere surrounding the radiator,

in this case an antenna [11].

2.4.3 Gain

The gain of an antenna is the ratio of the radiation intensity in a specific direction and
the radiation intensity obtained if the antenna radiated the power fed into it isotropi-

cally [11]. The gain of the antenna is given in Equation 4.4.
G= 47'[E (2.6)

2.4.4 Directivity

Directivity can be seen as the ratio of the radiation intensity in a given direction from
the antenna to the radiation intensity averaged over all directions [11]. The directivity
of an antenna is closely related to the gain of the antenna, as the direction of maximum

directivity is also the direction of maximum gain.

2.4.5 Bandwidth

The bandwidth can be defined as the range of frequencies over which the performance
of the antenna conforms to some standard, with respect to a specific characteristic [11].
The bandwidth can also be defined as the ratio of upper limit frequency to lower limit

frequency [3].
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Figure 2.16: Typical antenna radiation pattern illustrating high directivity [22]

2.4.6 Resonance

At certain frequencies, called the resonant frequency of the structure, a transducer will
be more efficient [11], [10]. For an antenna, this means that even electrical signals with
small amplitudes are converted to EM waves with larger amplitudes if the electrical
signal is at the resonant frequency. When designing an antenna, the goal is to make the

structure resonate at the frequency of operation.

2.4.7 Polarisation

The polarisation of an antenna in a given direction is the polarisation of the EM wave
radiated by the antenna in that direction [10]. The direction of maximum gain is to
define polarisation if no direction is specified. For the best possible transmission, the

transmitting and receiving antennas should have the same polarisation.
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2.4.8 Diversity

Diversity refers to a scheme whereby the reliability of transmitting a message is in-
creased [23]. This is achieved by using multiple communication channels to combat
the fading and multipath effects experienced by one communications channel by using
the other channels. This is due to the fact that different communications channels will
experience different levels of fading and multi-path propagation effects. The receiver
will receive multiple copies of the same message from different sources and therefore

the message can be reconstructed.

2.4.9 Reciprocity

Antennas that do not contain non-linear and unilateral elements can be described as
being a reciprocal device [11]. This means that the essential properties do not depend
on whether the antenna is used as a transmitting antenna or a receiving antenna. The

following properties remain the same on a reciprocal antenna:

Antenna impedance;

Electrical length of antenna;

Radiation pattern;

Directivity.

2.4.10 Field regions

The region around an antenna can be subdivided into three different regions [24]. The
region closest to the antenna is called the reactive near-field region and no energy dis-

sipation occurs in this region. The radius of this region is given by Equation 2.7:
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3
Ry = 0.624/ DT 2.7)

The radiating near-field region (also called the Fresnel region) is the next region and

although a reactive field exists, it is dominated by the radiant fields. Equation 2.8 gives

the radius of the radiating near-field region.

2D?
Ry = — .
2=— (2.8)
Furthest from the antenna is the far-field region (or Fraunhofer region). The radiation
fields are the only fields that exist in this region. The power density here is equal
to the inverse square of the distance from the antenna. The various field regions are

illustrated in Figure 2.17.

Reactive Near
Field Region

Radiating Near Field
Region

Far Field Region

Figure 2.17: Antenna field regions [11]

2.4.11 Radiation pattern

The radiation pattern is a spatial distribution of a quantity and is used to characterise
the EM field generated by the antenna. The quantity used may be the gain, the ra-

diation intensity, directivity, and polarisation or phase power flux density. A typical
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2.5.1 Size characteristics of antennas

There are certain characteristics that are common to both types of antennas, electrical

and magnetic. This has to do primarily with the size of the antenna.

2.5.1.1 Small antennas

An antenna can be defined as electrically small if it can be physically bounded by a
sphere with radius % [25]. Some antennas may not necessarily be electrically small,
but shows a definite size reduction in a specific plane. These types of antennas are
physically constrained antennas. If an antenna does not satisfy the conditions for elec-
trically small or physically constrained, but still manages to achieve additional perfor-
mance, it can be labelled as a functionally small antenna [25], [10]. The last type of
small antenna is called a physically small antenna. An antenna does not necessarily
have to fall in one of the above categories to qualify as a physically small antenna.
Physically small antennas have dimensions that can be regarded as small in a relative

sense.

2.5.2 Effect of human proximity

Since the OID is going to be worn close to the human body, the effect of the human
body on antenna performance should be considered. When looking at an antenna
in close proximity to a conducting body (like the human body), the magnetic field
intensity H is higher than the electric field intensity E. From Figure 2.19 it can be seen
that at a frequency of 152 MHz the difference between the magnetic field intensity and

the electric field intensity reaches almost 12 dB.
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Figure 2.19: Field intensity E and H in front of a human body [25]

2.5.3 Antenna design considerations

From sections 2.5.1.1 and 2.5.2, it follows that a physically small magnetic antenna
should be used for the OID. This will enable the OID to fit around the ankle of the
person being monitored while still achieving the desired performance. It is therefore

necessary to discuss various designs of magnetic antennas and their suitability.

2.5.4 Magnetic antennas

The first type of magnetic antenna that is discussed is the Very Small Magnetic Loop
(VSML). It typically has a very low radiation resistance and therefore the efficiency is
also very low. Because of this low efficiency, the VSML antenna is usually reserved for
use as a receiving antenna and therefore it is not ideal for use in electronic monitoring
[25]. The Signal-to-Noise Ratio (SNR) of the VSML can be improved by cooling the

antenna, but this leads to a reduction in bandwidth.
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The second type of antenna is the VHF /UHF Magnetic Loop. Loop antennas have been
successfully implemented in hand-held devices for both the VHF and UHF bands [25],
[10], [24]. The efficiency of these types of antennas can be increased by making use of
ferrite materials. The Magnetic Loop (ML) antenna couples with any conductor close
to it, thereby increasing the antenna efficiency even further. By placing passive compo-
nents, like capacitors or inductors, in the loop, the radiation pattern can be varied. Any
form of loop antenna will resonate when the perimeter of the loop is approximately one
wavelength in length. From the preceding sections the combined frequency range for
VHF and UHF is 30 MHz to 3 GHz. This translates to a wavelength of 10m at 30 MHz
to 10cm at 3 GHz. For proper operation, the VHF frequencies are too low and therefore

the antenna structure will be physically too large for use in the OID.

Another type of antenna that shows promise is the Transformer Coupled Loop (TCL)
antenna. A small loop is connected to the larger loop of a ML antenna (Figure 2.20).
Transformer action is achieved by the magnetic coupling between the small (primary)
loop and the large (secondary) loop. A capacitor is placed in the large loop, mainly to
cancel the loop inductance of the large loop. The mutual inductance of this transformer
is used to transform the low loop resistance to a desired impedance. The desired value
will allow for proper matching of the antenna to the transmitter, which in turn will
allow the antenna to transfer the maximum amount of power. Therefore maximum
performance is achieved while still retaining the small physical size of the antenna.

The TCL antenna is thus selected for use in the OID [26].

Figure 2.20: TCL antenna [26]
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2.6 Wireless technologies

Various wireless technologies exists for point-to-point full-duplex communications be-
tween devices. The advantages and disadvantages of different wireless technologies
will now be discussed in order to determine the most suitable technology, and there-

fore the ideal frequency to use.

2.6.1 Bluetooth

Bluetooth is a communications technology originally developed as a wireless alterna-
tive to the RS-232 standard [27]. It makes use of the 2.4 GHz ISM band and has output
power of 5-20 dBm with a range of 10-100 m. Bluetooth is used extensively by wireless
mobile equipment and computer peripherals. Because of its extensive use in consumer
electronics, Bluetooth may experience interference if used for electronic monitoring.
The short range of Bluetooth may also limit the usability of a Bluetooth-based elec-
tronic monitoring system. Although Bluetooth is not especially high-powered, to get
a useful range out of a Bluetooth device the power output of the transmitter will need
to be at the maximum of 20 dBm. Bluetooth version 4 specifies the requirements for a
low-power Bluetooth device [27] that will deliver similar performance to earlier Blue-
tooth revisions. This does not compensate for the other drawbacks experienced by
Bluetooth. Another drawback of Bluetooth is the licensing fees required to use Blue-

tooth technology.

2.6.2 Wi-Fi

Wi-Fi is a full-duplex communication technology used mainly for wireless network-
ing [28]. It makes use of the 2.4 GHz and 5.8 GHz ISM bands. “Wi-Fi Certified” de-
vices are able to communicate with one another. Since it has a limited power output
of 20 dBm, it has limited range when not making use of external, high-gain antennas.

Typical range is about 30 m indoors and approximately 100 m outdoors. The 2.4 GHz
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band will suffer from similar interference problems as Bluetooth. The 5.8 GHz band is
not as congested as the 2.4 GHz band, but the higher frequency means poorer propa-
gation characteristics. Another problem with Wi-Fi is its high power usage. It was not
developed for low-power applications and therefore it is not ideally suited for use in

electronic monitoring.

2.6.3 Wireless sensor technology

A Wireless Sensor Network (WSN) is made up of a number of distributed autonomous
sensors to monitor a wide range of parameters [29]. WSNs are usually implemented in
environments where the sensors are hard to access and therefore they need to operate
efficiently for extended periods of time. To achieve this, the sensor nodes used in WSNss
are low-power devices which operate on one of the lower ISM bands, usually 434 MHz.
This is to ensure the best possible propagation is achieved [30]. Some of the more

prevalent WSN standards are discussed in the following sections.

2.6.3.1 Zigbee

Zigbee is a specification for the communication protocol used by very small, low-
power radio transmitters for use in Personal Area Networks (PANs) and WSNs [31]. It
is extensively used in home automation. It operates on various frequencies, including
868 MHz, 915 MHz and 2.4 GHz, and is a very flexible option. The main drawback
of using the Zigbee protocol is licensing, controlled by the Zigbee Alliance. Zigbee may

only be used license-free for non-commercial applications.

2.6.3.2 WirelessHART

WirelessHART is the wireless implementation of the Highway Addressable Remote
Transducer (HART) protocol, mainly used for digital industrial automation control

[32]. The WirelessHART technology makes use of a mesh network for communica-
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tion on the 2.4 GHz ISM band. By limiting the size of the tethering device connected
to the ankle of the offender, the available resources are very limited, making it hard to

implement WirelessHART.

2.6.3.3 Proprietary protocol

Zigbee and WirelessHART are two of the most widely implemented standards cur-
rently in use. Since both of these protocols are of limited use in the electronic monitor-
ing system, the following question arises: Is it possible to develop and use a propri-
etary communications protocol by using the best that both Zigbee and WirelessHART

has to offer?

The frequency to be used should be part of the ISM or other license-free frequency
bands. The 2.4 GHz ISM band should be avoided if possible, since it is rather con-
gested and leads to a very noisy environment that may hamper proper operation of an
electronic monitoring system. 433 MHz is part of the ISM bands and is less congested
than the 2.4 GHz band. The lower frequency also propagates better and is less suscep-
tible to signal blocking due to the higher penetration achieved at this frequency. 868
MHEZz is not part of the ISM bands, but in South Africa it is a license-free band. Since
it is not an ISM band and it is location specific to South Africa, there are not as many
other commercial devices operating at this frequency and thus the channel quality is
better than more congested alternatives. This may offset any problems experienced by

the propagation of the higher frequency radio waves.

Both of these frequencies have advantages and disadvantages. 433 MHz propagates
better through space; but the lower frequency implies a larger wavelength and accord-
ingly the antenna needed for proper operation must also be physically larger. Effi-
ciency is sacrificed when using a smaller antenna at this frequency. Even though 868
MHz does not propagate as well as 434 MHz, the antenna used with it may operate
at a higher efficiency due to the smaller wavelength and subsequent smaller physical

size.
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2.6.4 Decision regarding wireless technology

When looking at the different wireless technologies and protocols, it can be seen that
there is a large number to choose from. Most of the aforementioned technologies and
protocols are not suited for use in the electronic monitoring system due to licensing
costs, lack of performance or high power usage. It was decided to make use of a pro-
prietary protocol, since they are license-free, low-powered and deliver excellent per-

formance.

2.7 Simulation tools

2.7.1 Overview of existing EM tools

Since simulation is a large part of the design process, it is important to understand
the operation of the tools used to simulate the antenna structure. This is especially
important as there are numerous simulation methods and software packages available
and the most suitable one needs to be chosen. There are two important questions that
should be asked before a final decision is made regarding the simulation package to

use:

e What must be simulated?

e In what environment must the simulation take place?

Some of the most common simulation packages will now be discussed before a final

decision is made in this regard.

2.7.1.1 Method of moments

The Method of Moments (MoM), or Boundary Element Method (BEM) as it is some-
times known as, is a numerical technique for solving linear partial differential equa-

tions formulated as integral equations. It is widely used in engineering sciences and is
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very popular for simulating electromagnetics [33]. From the name it can be deduced
that this technique only calculates boundary values, instead of values throughout the
problem space. MoM is therefore more efficient in terms of computational resources
necessary to solve the problem if the surface-to-volume ratio of the problem space is
relatively small. The MoM is used mainly for problems in linear homogeneous me-
dia. The electromagnetic sources are the quantities of interest and thus MoM is useful
for radiation and scattering problems. The main drawback of this technique is that
the computational time and storage increases by the square of the problem. Because
MoM only calculates values on the outside border of the problem space, it may be less

accurate than methods calculating values throughout the entire problem space [34].

2.7.1.2 Finite-difference time-domain

The Finite-Difference Time-Domain (FDTD) technique is a time-based technique and
therefore a wide range of frequencies can be covered by a single simulation run [35].
It is also easy to understand and implement in software. The partial differential form
of Maxwell’s equations are modified into central-difference equations, discretised and
implemented. The equations are first solved for the electric field, then for the magnetic
field (since the H-field is the curl of the E-field). This cycle is then repeated until the
complete problem space has been solved. This holds true for one-dimensional, two-
dimensional and three-dimensional FDTDs. It becomes rather difficult to calculate the
curl numerically when considering a multi-dimensional problem space. One solution
to this problem is the creation of the lattice of Yee cells (Figure 2.21) throughout the
problem space. By solving for the E-field and the H-field separately, simultaneous
calculations can be avoided. Certain simulations could however need several time-

steps to complete the process of solving the simulation.
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Chapter 3

Methodology

In this chapter the methodology used to design the antenna is discussed, as well as the procedure

that will be followed to verify and validate its operation

3.1 Introduction

Figure 3.1 indicates the methodical approach followed in the design of the antenna.
The constraints and requirements indicated in Figure 3.1 were discussed in Section 1.2.
The resources refers to the tools used to accomplish the task of designing the antenna,
and it includes antenna EM simulation tool. The output in Figure 3.1 is a functional
antenna. The purpose of this chapter is to explain the process used to develop the

antenna.
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Figure 3.1: Design methodology

3.2 Design process

The process element in Figure 3.1 can be expanded into Figure 3.2. The subsections

that follow explain each of the process blocks in Figure 3.2, with the number of each

block corresponding to the appropriate subsection.

Design process

321 3.2.2 3.2.3 3.24
Choose Test FEASABLE Refine Simulate
Antenna Feasability OR Antenna Antenna

Type Design
FEASABLE
325 ¢ 3.2.6 3.2.7 3.2.8

Choose Compare

Best Construct Testing of DONE Actual/
Antenna Antenna Antenna Simulated
Structure Results

DONE

Figure 3.2: Antenna design process
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3.2.1 Choose antenna type

Throughout Chapter 2, the importance of choosing the correct type of antenna was
discussed. The first step in the design process is therefore the decision as to which type
of antenna to use, and a TCL antenna was selected (see Section 2.5.4). The antenna
that will be used will influence the rest of the design process. The requirements of the
OID led to certain constraints being placed on the antenna. The constraints placed on
the design will determine the dimensions and type of antenna structure to use. The

antenna structure refers to the physical implementation of the TCL antenna.

3.2.2 Test feasibility of antenna design

It is possible for a broad variety of antenna structure variations to be used in the OID.
Not all of these antenna structures will yield the required performance or conform to
the constraints placed on the antenna. It is therefore necessary to test the feasibility of
the antenna design. To build and test every antenna structure is expensive and time-
consuming. A simpler method for doing this is by making use of antenna simulation
software, where the antenna structure can be designed to comply with the size con-
straints of the OID. If the size of the antenna structure is correct, it can be simulated
to test its performance. The antenna structure should be able to resonate at the chosen
frequencies and it should not be overly directional, since this will limit its use in the
OID. The resonance of the antenna is illustrated by means of a VSWR plot of Sy; of the

antenna structure (illustrated in Figure 3.3)
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Figure 3.3: 5;; plot
3.2.3 Refine antenna design

The next step in the design process is the refinement of the antenna design. In the
previous step, the feasibility of various antenna structures was investigated. Some
antennas were disqualified from use in the OID, while others proved to be feasible. The
broad range of antennas has thus been narrowed down to a select few. The antennas
remaining should be carefully analysed, and the designs refined all the while staying

within the constraints.

3.2.4 Simulate antenna

The refined antenna design will be thoroughly tested. This is done by doing a detailed
simulation of every antenna design. It is important to simulate the different antennas
as accurately as possible. The simulated environment will also be important, as a more
accurate simulated environment will lead to more accurate simulation results, compa-
rable to the results obtained when testing the physical antenna. Accurate results will

lead to the most desirable antenna being implemented.
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3.2.5 Select optimal antenna

After all simulations have been completed, a decision needs to be made regarding
the optimal antenna to use. To establish which antenna structure is the best, the per-
formance of the antenna structure must be quantifiable. To this end two important

antenna parameters were chosen:

e Resonance: The simulations should provide enough data as to which antenna
structure has the best resonance. The maximum amount of electrical energy

should be converted to EM energy;

e Gain: The simulation should also provide data as to the gain of each antenna
structure. For example, an antenna structure with a gain of 0 dB is more useful

than an antenna structure with a gain of -10 dB.

If the desired performance of the antenna is reached, and the design of the antenna is

within the desired design constraints, the antenna design can be considered successful.

3.2.6 Construct antenna

The constraints mentioned in Chapter 1 should be taken into consideration:
e The size of the Printed Circuit Board (PCB) is the same as used in the simulation.

e The substrate material used for the PCB is FR4 laminate, and the thickness of the

copper traces is 35 ym;

e The antenna is cut from metal sheets with high conductivity.

It is not necessary to design and build a transmitter for the test platform. It will be
sufficient to buy a transmitter for this use, as long as the transmitter used has similar

specifications for both 434 MHz and 868 MHz.
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3.2.7 Testing of antenna

It is important to test the antenna using different test scenarios. These tests are limited

to:
¢ Antenna characterisation test;

e Human proximity test.

The antenna characterisation tests will be used to find the horizontal and vertical ra-
diation patterns. Furthermore, it is important to test the antenna in a real-world en-
vironment, if possible. This can be done by placing the antenna and transmitter in an
enclosure, similar to the one used by the OID, placing it on a person’s leg and mea-
suring antenna performance over a period of time while the person moves around a
chosen environment. One of the ways in which the antenna performance can be mea-
sured is by using a human analogue to test the antenna characteristics. A good human
analogue to use is a saline solution vaculitre bag, the electrical characteristics of the
saline solution is a close approximation off the electrical characteristics of the human
body. It should be remembered that to achieve the best results, the tools used to test

the antenna should not interfere with the tests.

3.2.8 Compare results

The final step in the design process is the comparison of the measured results with
simulated results. This is especially important to validate the performance of the cho-
sen antenna design within the electronic monitoring system. The measured radiation
pattern and three-Dimensional gain pattern of the antenna should be similar to that of
the simulated antenna. The bandwidth and resonant frequency of the actual antenna
should also match the simulated antenna. All of this forms part of the validation stage

of the design.
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3.3 Chapter review

This chapter discussed the design process to be followed in detail, with explanations
of every step givens. The importance of design decision were also discussed as well
as the influence these decisions has on the antenna design. The testing and validation

procedure were also briefly discussed.
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Design and simulation

The design and simulation of the antenna structure is discussed together with the simulation

results.

4.1 Introduction

The theoretical design of the antenna is done in this chapter. This design is done with
all of the requirements and constraints, as discussed in Chapter 1, as inputs to the
design. After the design is done, variations on the theoretical design is simulated to

see which variation will deliver the best results.

4.2 Theoretical antenna design

In Chapter 2 the decision was made to use the TCL antenna and make use of Ansoft
HFSS software to simulate the antenna. The theoretical design discussed in this section

was done before simulating any variation on the antenna structure. Preliminary sim-
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ulations were done on various antenna structures after the theoretical design in order
to eliminate unsuitable antenna structures. Figure 4.1 is a schematic representation of
the TCL antenna. L,4p is the length of the primary loop and Lgp is the width of the
primary loop of the antenna. Similarly L4g is the length of the secondary loop and
Lps the width of the secondary loop of the antenna. The length and width of both the
primary and secondary loops should be chosen as practical values for the system it is

used for.

»
L
m
[7:]
v

«1BP-»

Figure 4.1: Transformer coupled loop antenna

The steps in designing a TCL antenna are as follows:

e Given the dimensions of the antenna, the radiation resistance (equation 4.1) and
loss resistance (equation 4.2) of both the primary and the secondary loop need to

be calculated;

Ryaq = (3.84 x 1073%) (L g, Ly )2 f** .1

*x refers to either the primary or the secondary loop
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Lax+L
Ripss = Lgﬁ(z.el x1077)/F (4.2)

e The efficiency (equation 4.3), gain (equation 4.4) and loop inductance (equation

4.5) of the antenna structure can be calculated;

Rrad
= T84 (4.3)
T Rrad + Rloss
Gain = 10log,,(17) (4.4)
8A
Lioop = %lln(m (4.5)

e Calculating the mutual inductance (equation 4.6) of the loops is next, as this is

important for the impedance transformation;

M=2 Hobary + 7 Lep (4.6)

I 27 offset

e Finally, the input impedance (equation 4.7) is calculated for the given antenna
structure. To simplify the problem, only the real part (equation 4.8) may be used

to calculate the input impedance.
Zin = (R +w2M2—RS—) +j(Xp + w’M? ) 4.7)
P RZ+ X2 P R?- + X?— '

1
Zin = (Rp + szZE') (4.8)
S

Table 4.1 gives the theoretical results when the aforementioned equations were used to

solve for the desired frequencies and a realistic size.
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Parameters simulated

Table 4.1: Antenna calculations

f 868 MHz 434 MHz

A 0.345m 0.691 m

w 5453804847 rad/s 2726902423 rad/s
Las 40 mm 40 mm

Lps 28 mm 28 mm

Lap 28 mm 18 mm

Lpp 18 mm 1.6 mm

Ws 2 mm 2 mm

Wp 1.25 mm 1.25 mm

o 58x 107 Q) /m 58x 107 QO /m
[ 1256.637 nH/m 1256.637 nH/m
Areas 0.00112 m? 0.00112 m?
Perimeters 0.136 m 0.136 m

Areap 0.0000288 m? 0.0000288 m?
Perimeterp 0.0392 m 0.0392 m
Ryoss;g 0.261 OO 0.145 Q)

RRrapq 2734 O) 0.349 OO
Riossp 0.121 Q 0.0853 (2
RRrapp 0.00181 Q) 0.000113 (2
Efficiency 0.72 0.2696

Gain -1.425 dB -5.693 dB

M 6.522 nH 6.522 nH

ZIN 333.404 Q) 244.539 O)

4.3 Parameters simulated

There are various parameters that are important to the performance of the antenna

that must be kept in mind. When comparing different antenna structures or doing an

optimization on a single antenna design, the comparison of these parameters will allow

for a decision to be made regarding which antenna structure to physically implement.

These parameters are:

e Resonance: The chosen antenna structure should resonate at the correct fre-

quency, or should be able to be made to resonate at the correct frequency by

making use of tuning components;

e Impedance: The closer the impedance of the antenna structure is to 50(), the

easier the external antenna matching will be;
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Chapter 5 Chapter Review

eliminate any manufacturing errors made during the construction phase of this
project where the antennas were cut and soldered by hand, since the effect of this

is unknown;

e Test Environment Ideally the antenna must be characterised in an anechoic cham-
ber or a characterised open-field environment. These tests are expensive and un-
necessary if a proof-of-concept is all that is required. If the correct transmitter, as
used in an OID, could be used together with the correct enclosure and battery,
the characterisation tests can be even more accurate, since there are no reflections

or the reflections are known.

5.5 Chapter Review

This chapter discussed several aspects relating to the physical realisation of the an-
tenna and test set up. After a brief explanation of the test set up and procedures a
selection of test results were presented. Any variation between measured data and
simulated predictions are then explained and justified. In general a good correlation
exists between measured and simulated results. The main deviations can be attributed

to environmental factors together with construction effects.
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Conclusion and recommendations

In this chapter conclusions are drawn regarding the design, manufacturing and operational

success of the antenna. Recommendations are also made for possible future work.

6.1 Conclusion

6.1.1 Research objectives

Even with the noted deviation from the simulated results, the antenna performed rea-
sonably well. The main research objective, of designing a small antenna for indoor
electronic monitoring within certain constraints, was thus achieved. With regards to
the secondary research objectives, it was found that most wireless communication pro-
tocols are not suitable for this application, and therefore a proprietary communication
technology should result in the best possible performance of the system. When looking
at the results in Section 5.4, it can be seen that the impedance of the antenna structure
was matched quite easily to 5002 at 868 MHz, but at 434 MHz this was not so easy. The

antenna structure also resonates better at 868 MHz.
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6.1.2 Design process

In Section 3.2 the complete antenna design process was to be followed was discussed
in-depth. The various stages of this design process was followed and proved to be a
viable design methodology for the design of an antenna. One of the main reasons for
the success of this design methodology was that the requirements for the antenna was

specified very early on together with all of the constraints placed on the antenna.

6.1.3 Simulation of antenna structures

By first doing preliminary simulations, early antenna prototypes could be eliminated
before too much resources were spent on them, leaving all of the available resources to
be consumed by antenna structures that showed potential. Additional antenna struc-
tures are available in Appendix A. A lot of time was spent on the detailed simulation
of the antenna structures addressed in Section 4.4 to investigate the effect of structural
changes on the effectiveness of the TCL antenna. The choice of structures was even-
tually limited to five antenna structures, of which the best possible one was chosen
when comparing certain antenna parameters. It was this antenna structure that was

manufactured, due to its simulated performance.

6.1.4 Measured antenna performance

In Section 5.2 the physical implementation of the antenna and test-platform was dis-
cussed. It is important to note the differences between the simulated antenna and the
physical antenna structure. When simulating an antenna structure, the physical envi-
ronment is not taken into account. This is especially true for the propagation effects
discussed in Section 2.3.2. The simulated environment assumes that the antenna is in
free-space. Since this antenna design is used as a proof-of-concept, it is not necessary to
test the antenna in a characterised environment, or an anechoic chamber. This is espe-

cially true since it is also resource-intensive to professionally characterise an antenna.
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The open-space environment is sufficiently free of any possible source of reflections.
The surrounding environment thus has less of an influence on antenna performance.
The deviation of measured results from the simulations can mostly be attributed to the

construction of the physical antenna structure and the associated transmitter module.

The tests performed in the outdoor environment does not accurately predict the opera-
tion of the OID in a real-world environment, since the OID will not exclusively be used
in an outdoor environment, but in an indoor environment as well. The materials used
in the construction of buildings cause reflections that may interfere with the operation
of the OID. The most obvious result is that the range of the transmitter is limited when

used indoors. This should be considered when implementing the OID.

6.2 Recommendations

For possible future work on this project, including improvements on the current de-

sign, there are a few recommendations to be made:

1. Simulation

e When simulating the antenna structure, be as accurate as possible. The in-
clusion of possible ground and other power planes on the substrate is very
important, resulting in a higher correlation between measured and simu-

lated results;

2. Physical implementation

e The correct transmitter must be used. This is the transmitter earmarked for
use in the OID. The use of the correct transmitter will minimise the possible
effect the current transmitter plug-in module has on the performance of the
antenna. Modern embedded transmitter modules can be found as part of a

System-on-Chip (SoC), enabling the substrate to make do with a relatively
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small ground and power plane. A SoC can also be placed directly on the

PCB and not as a plug-in module;
3. Measurement set up

¢ RF feed lines should have the correct impedance, dependent on the substrate

material, -thickness and the frequency;

e All components, including the matching network, should be placed on the
PCB in a repeatable way, such as with a reflow oven. This will minimise

mistakes made during hand-soldering of the components;
e The antenna structure should ideally be laser-cut from metal sheets;

e The correct OID enclosure and strap should be available for use during the
simulation and testing phase of the antenna. This will increase the accu-
racy of any measurements taken, and proper range testing can then also be

conducted;
4. Performance testing

e The characterisation of the antenna should preferably be done in an open-
field or other characterised environment. Such services can be rendered by

professionals;

e By using a receiver matched to the transmitter, data can be sent from the
transmitter to the receiver, after which the integrity of the received data can
be verified. This is not possible when looking at the received signal on a
spectrum analyser. By doing this, the combined performance of both anten-

nas used in an OID can be measured.
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Appendix A

Appendix

A.1 Simulation Results

All results are supplied in digital format (.hfss). Any PC with Ansoft HFSS 13 or higher

can run the simulation file to generate the results.

A.2 Measured Results

The measured results are supplied in digital format (.xlsx).

A.3 Pictures and Photo’s

All figures, including photo’s used in the dissertation are included on the disc.

A.4 Other

A digital copy of the dissertation (.pdf) is also included on the disc.
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