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The popularity of UWB rises during the late 1990s, when FCC began to recognize the 

significant of UWB technology that they began to process regulatory review. From 

then, UWB have made tremendous advance across several fields – communication, 

radar and precision geolocation. However it is not just the research areas that have 

benefit from this advance. The commercial areas have also benefit from this 

advancement. This is partly due to the development in high-speed switching 

technology that allows UWB to break into the commercial areas. 

Looking into the precision geolocation area, one such application is the location of 

people. One example would be the use of Global Positioning System (GPS). However 

GPS is only suitable for outdoor application. This is where UWB have an advantage 

over GPS. UWB actually has wall-penetrating ability, thus making it ideal for 

application in indoor tracking and positioning such as detection of victims inside 

building in the event of fire or locating of medical staff in a hospital among many 

others.  

This thesis will be looking into the development and designing of the multiple access 

and antenna part of a UWB communication link. A simulation of the UWB 

communication link will be done in conjunction with two other theses, which looks 

into the transmitter and receiver parts of the communication link respectively. 
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1.1 General Introduction 

 

Over a century ago, it is impossible to know where a person on the other side of the 

globe would be at this instant.  As technology advances leaps and bounds, Man started 

to explore space by sending rockets carrying satellites into the sky.  These satellites 

are used for what is known as Global Positioning System (GPS).  GPS uses three 

satellites to locate a target and a fourth to obtain the timing.  However, GPS is only 

applicable for outdoor usage, and not indoor.  The way to locate an indoor target with 

great accuracy is to use ultra wideband signals or UWB for short. 

 

 The question is, “What makes UWB signals so special that they could be used 

for indoor localizing when all the other established wireless techniques have failed?”   

 

 Ultra wideband is unique in many ways.  It has a very large bandwidth, 

operates using low power and under noise levels, but the most important and exciting 

characteristics of ultra wideband has to be the unique capability to penetrate through 

walls.   

 

Currently, there are very few commercial products that use ultra wideband 

technology as they are mostly used for ground penetrating radars and military 

purposes.  With the Federal Communications Commission (FCC) setting clear 

regulations regarding ultra wideband transmissions, the development of ultra 

wideband is speeding up.  In a few years time, it is not surprising to find UWB 

replacing most of the existing narrow band techniques. 
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1.2 Objectives 

 

During emergencies such as a fire or an earthquake, the people inside buildings need 

to be evacuated as soon as possible.  When a person is trapped inside a building, every 

minute counts and his survival depends how fast his rescuers can get to him. 

 

When such a system is implemented, the administrator would be able to 

monitor the location of each person within a building.  In case an emergency does 

happen, the administrator will able to know who made it out of the building and who 

did not.  If a person did not manage to escape in time, the administrator will be able to 

know the location of the trapped person. 

 

To design such a system, several factors such as placements of beacons, signal 

structure, size of the building and multiple access techniques had to be considered and 

compared before implementing the design.   

 

This thesis will look into designing an indoor localizing system that is able to 

locate a user amongst many others in a building using ultra wideband technology.   It 

will also cover the simulation of a single link of the system.  The simulated system 

that Simulink created will help to gain a better understanding of how a single user link 

is achieved in order to aid in further development of the system in future. 

 

The mentioned section, 1.1 and 1.2 are abstract from [26]. 

 

1.3 Thesis Layout 

 

This thesis is separated into different chapters to cover the different aspects of an 

indoor localizing system using ultra wideband technology. 
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Chapter 1 consists of a general introduction to the thesis and why there is a 

need for this thesis.  There will also be a discussion of some of the more commonly 

used wireless methodologies.   

 

Chapter 2 will be covering on the background of the three issues concerning 

this thesis – ultra wideband characteristics, antennas and multiple access & signal 

structure.  A brief discussion of each issue will be included.  

 

Chapter 3 defines the indoor localizing system’s specification and its 

operation.  A break down of the system, from the layout of the beacons to the power 

consumption to the signal structure is defined in here.  Vital communication link 

between beacon and tag will also be described in details. 

 

Chapter 4 will be covering on the designing and simulation of the tag antenna.  

Different test will be conducted via MatlabÒ simulation to obtain the desired results.  

 

Chapter 5 will be almost identical to chapter 4, except that it will be microstrip 

antenna instead of loop antenna that is being designed and simulated.  Again, different 

test will be conducted to obtain the desired results.  

 

Chapter 6 consists of two parts - multiple access and signal structure.  There 

will be a slight discussion on the selection of multiple access, followed by the 

designing of the signal structure.  Simulation will then done for the multiple access 

using MatlabÒ Simulink. 

 

Lastly, chapter 7 will be the conclusion and future work of this thesis. 
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2.1 Ultra Wideband  

 
2.1.1 History of Ultra Wideband 

 

In 1901, Guglielmo Marconi successfully sent the first over-the-horizon 

wireless transmission from the Isle of Wight to Cornwall on the British mainland 

across the Alantic Ocean.  That was the earliest form of impulse radio and soon after, 

he succeeded in transmission over a distance of 3000km between St. John’s, 

Newfoundland to Cornwell using ‘digital’  Morse transmission of the letter ‘S’  [1]. 

 

Research on impulse radio continued and during the late 1970s and early 

1980s, Larry Fullerton made use of a technique called time-modulated ultra wideband 

(TM-UWB) to demonstrate the practicality of low power impulse radio techniques.   

 

Back to present time.  Researchers are still working on transmission of 

impulses, but rather than building a transmitter using Hertz’s and Marconi’s bulky 

coils and capacitors, it now consists of tiny integrated circuits and tunnel diodes.  

Pulses transmitted are no longer ragged and erratic like the early impulse transmitters, 

but instead, precisely timed sequences of specially shaped pulses that lasted only for a 

few hundred trillionths of a few seconds each.  While Marconi’s transmitter could 

only send about 10 bits of data per second, ultra wideband technology could send a 

colossal 100 million bits of digital data in the same amount of time. 
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2.1.2 Characteristics of Ultra Wideband 

 

Ultra wideband signals are peculiar in many ways.  All narrowband signals have large 

periods resulting in a narrow spectral bandwidth, which deviates around a carrier 

frequency.   

 

Ultra wideband signals have exactly the opposite characteristics.  They 

transmit small impulses, typically having pulses lasting only nano-seconds.  The 

result of having such small impulse is that ultra wideband signals have spectral 

density that looks very much like a pancake spreaded out over a wide range of 

frequency in the range of giga-hertz.   

 

With its large bandwidth, ultra wideband systems are able to support high data 

rates up to 100Mbits/s.  With such high data rates, it even surpasses the current 

favorite IEEE 802.11.  Another advantage of having such broad range of frequency is 

that ultra wideband signals would be able to penetrate through walls, making high 

resolution through wall imaging a reality. 

 

Besides having a large bandwidth, the power density of the signal is also being 

spreaded over the large range, causing the signal to almost disappear among noises.  

Since the transmitted signals are at noise level, a well-designed ultra wideband system 

should not be interfering with the transmission of the other narrowband signals and 

thus can co-exist with the current narrowband technologies.   

 

In addition, working in noise level enables transmission of the signals to be 

carried out in a highly secured condition.  Ultra wideband systems have low power 

level requirements, meaning that they could be made hand held and could just operate 

using ordinary batteries.   
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As the spectral density of ultra wideband signals are very wide, there has 

always been a concern of it interfering with the existing narrowband technologies.  

That is why FCC came up with a set of regulations restricts the operations of devices 

utilizing ultra wideband technologies.   

 

FCC defines ultra wideband signals as signals having fractional bandwidth 

greater than 0.20 or has a bandwidth greater than or equal to 500MHz, regardless of 

what the fractional bandwidth is.  Here are some of the other terms FCC uses to 

define ultra wideband signals [2]. 

 

�  Fractional Bandwidth = 
( )

fLfH

fLfH

+

-2
 

�  Bandwidth = frequency bounded by the two points 10dB below the maximum 

emitted emission 

�  Centre Frequency fc = 
2

fLfH +
 

 

Discussions of the various FCC regulations will follow shortly in the last section 

of the chapter. 

 

2.1.3 Ultra Wideband Concepts 

 

In this section, two different types of ultra-wide band signals will be introduced and 

discussed.  The discussion will focus on the two ways of generating ultra-wideband 

signals, time modulated ultra-wide band signals (TM-UWB) and direct-sequence 

ultra-wide signals (DS-UWB). 
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2.1.4 Types of Ultra Wideband Signals 

 

At different stages of the ultra-wide band signal communication path the waveform 

generated is different.  The pulse before transmission by the antenna can be modeled 

as a Gaussian pulse [3,4]: 

 

ps
s

2

))(5.0exp(
)(

2mt

tw

-
-

=  

 

where t = time, m = mean value and s = standard deviation of the Gaussian 

distribution.  Standard deviations  is related to pulse width of the pulse by Tp where 

p
s

2
Tp

= .   

 

 

Figure 2.1 Gaussian pulse and Gaussian first derivative waveform 

 

Antennas on the transmitter and receiver act a differentiation operation on the 

signal, meaning that the signal at the receiving end will be of higher derivative order 

than the generated pulse.  Thus the pulse after the transmitting antenna and in the 

channel will be of the 1st derivative of a Gaussian pulse and the signal after the 

receiving antenna will be a 2nd derivative of the Gaussian pulse [6].   
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There is an exception, and that is if the transmitting antenna is a loop antenna, 

the signal that is propagated through the channel is going to be of a 2nd derivative 

Gaussian pulse instead of 1st derivative [5]. 

 

 

Figure 2.2 Transmitted waveform 

 

 

Figure 2.3 Received waveforms 

 

For this thesis, only the 1st derivative of the Gaussian pulse is of interest. 
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2.1.4.1 TM-UWB 
 

Pseudo-random (PR) codes are used to ‘divide’  time into time slots information is 

then put into these time slots.  The pulses are randomly spaced in pseudo-random time 

slots due to the pseudo-random codes.  

 

To encode the user data into the signal, a pulse immediately after the pseudo-

random time slot is denoted to be a ‘0’  in the data, or a pulse at time td after the 

pseudo-random time would be taken to be ‘1’  in the data  [7]. 

 

 

Figure 2.4 TM-UWB waveform 

 

The difficulty in this method of generating ultra-wide signals is due to the 

synchronization required.  Synchronization of both the transmitter and receiver has to 

be very precise in order to receive the signal correctly. 

 

 

2.1.4.2 DS-UWB 
 

Ultra-wide band signals generated using DS-UWB are just like direct spread spectrum 

signals.  The concept is the same, a bit of data is spread by a maximum length 

sequence with a length of 31 chips [8], creating a spreading of the data by a factor of 

N, whereby 12 -= mN  and m is the number of bits (length) needed to generate the 

pseudo random code.  
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The difference between the two is that DS-UWB transmits signals in pulses.  

A DS-UWB signal has a duty cycle of 100% and it also has a fractional bandwidth of 

greater than 0.2.   

 

The drawback of DS-UWB is that the transmitted signal suffers from inter-

symbol interferences and inter-channel interferences due to the lack of silent periods 

between pulses [9].  The waveform of a DS-UWB signal is shown below. 

 

 

Figure 2.5 DS-UWB waveform [18]  

 

 

2.1.5 Rules and Regulations 

 

Ultra wideband emissions are intentional but the technology is designed to work on 

levels meant for unintentional emitters.  UWB emissions could potentially interfere 

with other wireless communication system such as GPS, as well as other systems 

using narrow band.  Many factors such as, distance between devices, modulation 

technique and propagation loss in a channel affects how UWB interferes with other 

narrow band devices [10]. 

 

 To prevent UWB devices from causing harmful interferences to other devices, 

FCC had came up with different technical standards and operating restrictions for 

three different classes of UWB devices based on their ability to cause interference and 

they are imaging systems, vehicular radar system and communications and 

measurements system.  Standards binding the various categories are as follow [10].  
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A table below shows the operating frequency ranges for different classes of 

UWB devices. 

 

 

Class Applications Frequency Band for Operation 
at Part 15 Limit User Limitation 

Imaging System (GPRs) <960MHz or 1.99GHz to10.6GHz Yes 

Imaging System (Wall Imaging 
Systems) <960MHz or 3.1GHz to10.6GHz Yes 

Imaging System (Through-wall 
Imaging System) <960MHz or 1.99GHz to10.6GHz Yes 

Imaging System (Surveillance 
Systems) 1.99GHz to 10.6GHz Yes 

Imaging System (Medical 
Systems) 3.1GHz to 10.6GHz Yes 

Vehicular Radar Systems 22GHz to 29GHz No 

Communications and 
Measurement Systems 3.1GHz to 10.6GHz No 

Table 1.1 Table of different device classes and corresponding operating limits. 

 
The mentioned section, 2.2 is abstract from [26]. 
 

2.2 Antennas 

 

Antenna is a crucial device in any wireless communication system.  It is used to 

transmit and receive signals from one device to another.  There are many different 

type of antennas, e.g. horn, dipole, array among many others.  In this thesis, only loop 

and microstrip antenna are discussed.  A brief description on both antennas and their 

parameters will be documented in the following section. 

 

2.2.1 Types of Antennas  

 

By definition, an antenna is a metallic device that is used to radiate/transmits and 

receives electromagnetic waves.  And according to IEEE standard definitions [11], the 

definition of an antenna is defined as a means for radiating or receiving radio waves.  

In short, any communication means would require antennas to transmit and receive 

the signal. 
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Figure 2.6 Antenna [12] 

 

An isotropic antenna is defined as an antenna that radiates evenly, or one that 

will transmit maximum power in a given or desired direction.  Though this is ideal, it 

is not physically realizable and often, it is being taken as a reference for expressing 

the directive properties of actual antenna [13]. Therefore, the antenna that is to be 

discussed will be taking the isotropic antenna as reference. 

 

2.2.1.1 Loop Antenna 
 

Loop antenna comes from a group of antenna known as wire antenna.  Wire antenna, 

which is also known as element antenna, can be found everywhere in everyday life – 

on cars, buildings, ships, buildings and so on.   It is one of the oldest, simplest, 

cheapest and in many cases the most versatile antenna for many applications.   

 

Loop antenna comes in various shapes and sizes such as circle, square, 

rectangle and triangle.  Due to its simplicity in analysis and construction, the circular 

loop is the most popular loop antenna among all the other shapes. 
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Figure 2.7 Loop antenna 

 

2.2.1.2 Microstrip Antenna 
 

Microstrip antenna is used primarily for space borne or air borne applications.  These 

types of applications face many constraints, such as size, weight, cost, performance, 

ease of installation and aerodynamic profile.  However they are comfortable to planar 

and nonplanar surfaces, simple and inexpensive to fabricate, and very versatile in 

terms of resonant frequency, polarization, pattern and impedance [15].  An example 

of a microstrip antenna is patch antenna. 

 

 

Figure 2.8 Front view of patch antenna [16] 

 

2.2.2 Antenna Terms and Parameters 

 

To aid the reader in better understanding of the antenna, a brief description of the 

terms associated with antenna are stated in this section of the thesis.    
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2.2.2.1 Field Regions 
 

The space surrounding the antenna is divided into three regions, namely reactive near-

field, radiating near-field (Fresnel) and far-field (Fraunhofer). 

 

Reactive near-field is the immediate area that surround the antenna when it 

radiates.  In this region, the wave will change the field pattern and radiate energy 

away from the antenna [17].  

 

Radiating near-field (Frernel) is the next immediate region after reactive near-

field.  This region only exists if the antenna’s maximum dimension is not large 

compared to the wavelength [15].  

 

Far-field (Fraunhofer) is the outer most field after reactive near-field and 

radiating near-field (Frernel).  This region is where only the radiating energy exists, 

which result in a variation of power with direction, which is dependent of distance 

[15].  

 

 

Far-field (Fraunhofer) region

Radiating near-field
(Fresnel) region

Reactive near-field
region

 

Figure 2.9 Antenna region 
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2.2.2.2 Radiation Pattern 

The radiation pattern of an antenna is defined as “a mathematical function or a 

graphical representation of the radiation properties of the antenna as a function of 

space coordinates” .  The radiation property of it can be summarized as the spatial 

distribution of radiated energy of the two- or three-dimensional as a function of the 

observer’s position along a path or surface of constant radius, which is represented by 

the zenith angle f  and the azimuth angle q [13]. 

To be more specific, the radiation pattern can be related to radiation intensity, 

which is defined as the power radiated from an antenna per unit solid angle.  This can 

be expressed as [13]: 

U = r2Wrad               (2-1) 

Where 

 U = radiation intensity (W/unit per angle) 

 Wrad = radiation density (W/m2) 

 

Where             

Wrad = ( ) ( )[ ]rHrE *´Re
2
1

             (2-2) 

 

The radiation pattern of the antenna will be achieved uniformly by equation 

(2-1) as long as the distance r is inside the far field region [15]. A normal radiation 

pattern is shown in figure 2.7.  The maximum energy radiated occurs in the main lobe, 

while the rest of the energy disperse to radiate towards other direction, e.g. side lobe 

and back lobe.  Side lobe and back lobe are not desired and should be minimized, as 

they are a waste of energy.   
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Figure 2.10 Directional radiation pattern 

 

2.2.2.3 Directivity 
 

Directivity can be referred to as “ the ratio of the radiation intensity in a given 

direction from the antenna to the radiation intensity averaged over all directions” .  In 

other words, it means the directivity of a non-isotropic source is equal to the ratio of 

its radiation intensity in a given direction over that of an isotropic source [13].  

 

Directivity for a nonisotropic antenna can be expressed as a ratio of its 

radiation intensity in a given direction over that of an isotropic source [13]. 

 

rado P
U

U
U

D
p4

==                (2-3)

   

However, if the direction is not specified, the direction of the maximum 

directivity can be expressed as  

  

   
rado P
U

U
U

D
p4

max ==                (2-4) 
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where  

 Dmax = maximum directivity 

U = radiation intensity (W/unit solid angle) 

 Uo = radiation intensity of isotropic source (W/unit solid angle) 

Prad = total radiated power (W) 

  

2.2.2.4 Radiation Resistance 
 

The radiation resistance of an antenna can be defined as consisting of a radiation 

resistance and a loss resistance [18].  It can be represented by the following equation: 

 

4
220 �

�

�
�
�

�=
l

p
C

Rr                   (2-5) 

 

where aC p2=                   (2-6) 

 

is the circumference of the loop 

 

2.2.2.5 Input Impedance 
 

The input impedance of an antenna can be defined as “ the impedance at the antenna’s 

terminal or the ratio of the voltage to current at a pair of terminals or the ratio of the 

appropriate components of the electric to magnetic fields at a point”  [17]. 

 

It can be expressed as  

 

   ZA = RA + jXA                (2-7) 

Where 

 ZA = antenna impedance at terminals a-b (W) 

 RA = antenna resistance at terminals a-b (W) 

 XA = antenna reactance at terminals a-b (W) 
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 For loop antenna, its circuit basically consists resistors and inductors.  In order 

to resonate the antenna, a capacitor will have to be add into the circuit [13].  The 

value of this capacitor can be found in [13]. 

 

   
22

1

inin

in
r XR

X
f

C
+

·=
p

                         (2-8) 

 

 

Therefore under resonance, the input impedance will be 

 

   
in

in
ininin R

X
RRZ

2
©© +==                           (2-9) 

2.2.2.6 Return Loss 
 

Return loss basically refers to the antenna’s ability to radiate the power instead of 

reflecting it back to the beacon [13].  A normal reading would be at –3dB.  This 

means that the antenna absorbs 50% of the signal and reflects 50% back.  A very good 

antenna could have a value of about –10dB return loss.  This indicates that 90% of the 

signal is absorbed while 10% of them is reflected back [17].   

 

When referring to a return loss graph, it is a good indication if the curve has a 

deep and wide spread, as this means that the antenna has a good bandwidth.  In 

contrast, a narrow spread would indicate that the channel is reflected away [17].  

 

 

2.3 Multiple Access 

 

Two or more user sharing a share transmission channel is known as multiple access.  

Most modern systems accomplish this through “demand assignment”  where the 

specific parameter (frequency, time slot or code) is automatically assigned when a 

user or subscriber requires it [18]. 
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2.3.1 FDMA 

 

Frequency Division Multiple Access (FDMA) divides the channel into multiple slots 

of different frequencies.  Individual user is assigned to individual frequencies slot.  

Therefore, user only transmits or receives at that particular frequency slots.  No users 

can share the same slot during transmission.  FDMA is used in radio services and 

television services. [19]  

 

 

 

 
Figure 2.11 Frequency Division Multiple Access [20] 

 

 

2.3.2 TDMA 

 

Time Division Multiple Access (TDMA) involves dividing the time into multiple 

timeslots, in which the users is assigned to different time slots.  In each time slot, only 

one user is allowed to be in transmitting or receiving mode.  Also, each user occupies 

a cyclically repeating time slots, so a channel may be thought as a particular time slot 

that reoccurs every frame.  GSM is one of the many communication technologies that 

use TDMA. 
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Figure 2.12 Time Division Multiple Access [20] 

 

 

2.3.3 SSMA 

 

Spread Spectrum Multiple Access (SSMA) requires the use of pseudo-noise code to 

encode into the data for transmission.  This is to convert a NB signal to a wideband 

noise-like signal before transmission.  SSMA is not very bandwidth efficient when 

used by just one user.  However when multiple users is using this technique, the 

bandwidth will be better as they can shared the same spread spectrum bandwidth.  

SSMA has two types of technique: Frequency Hopped Multiple Access (FHMA) and 

Direct Sequence Multiple Access (DSMA), which are also known as Code Division 

Multiple Access (CDMA). 

 

2.3.3.1 FHMA 
 

FHMA allows multiple users to occupy a same bandwidth spectrum at the same time.  

During this time, every user will be allocated to a specific NB channel at a specific 

time, based on the particular PN code of the user.  The pseudo-change of the channel 

frequencies of the user randomizes the occupancy of a specific channel at any given 

time, thus allowing for multiple access over a wide range of frequencies [19]. 
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Figure 2.13 Frequency Hopped Multiple Access [21] 

 
 

2.3.3.2 CDMA 
 

CDMA is also known as SSMA and vice-versa.  In CDMA, every user is issued with 

a unique code word.  Normally, this code is derived from a maximum length pseudo-

noise sequence.  Since the different users code is different from one another, the users 

are able to share the same frequency band and time slot.   

 

At the receiver side, the receiver will perform a time correlation operation to 

detect only the specific desired codeword.  All other codeword appear as noise due to 

decorrelation [19]. In another words, the receiver will need to know the codeword of 

the user data in order to successfully decode and know the desired user.   

 

 

Figure 2.14 Code Division Multiple Access [20] 
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2.3.4 TD-CDMA 

 

TD-CDMA, which is being developed in China, is a hybrid multiple access technique 

which involve combining the two techniques, TDMA and CDMA together.  This 

technique basically has the characteristics of both TDMA and CDMA.  It is originally 

developed for 3G applications in mobile phone communication.  However in recent 

years, there has been research done into implementing TD-CDMA into UWB system 

[22]. 

 

 

2.4 Signal Structure 

 

Signal structure is the backbone of every digital communication system.  It is like a 

template, whereby data is store in it before being transmitted.  The signal structure of 

a communication system would depend on the many of users using it.  If there are 

multiple users using the system, multiple access technique will have to be applied to 

the system and therefore the signal structures will have to include other data example 

overheads, spreading codes among others.  Therefore, signal structure will varies for 

different type of multiple access techniques.  

 

2.4.1 Guard Bits 

 

Used in TDMA, the purpose of the guard bits is to allow synchronization of the 

receivers between different slots and frames [19]. In other words, it means that the 

guard band is used to prevent synchronization bits from overlapping into the user 

data, should there be a delay in the transmission process. 
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2.4.2 Spreading Codes 

 

Spreading code is needed for spread spectrum multiple access techniques like CDMA 

and FHMA.  By applying the spreading code to the user data, it actually ensures that 

the output will occupy a bandwidth far in excess of the minimum bandwidth 

necessary to transmit it.  In this way, the signal will have a noise like appearance and 

allows the signal to blend into the nose region [23]. This is to prevent the jamming of 

signal to the user data.  Spreading codes comes in many forms, e.g. Pseudo Noise 

(PN) code, gold code, kasami code among many others. 

 
2.4.3 Overhead Bits 

 

Used mainly in TDMA, overhead bits are used for synchronization purpose.  

Overhead can consists of preamble bits, stealing flag, tail bit, and synchronization bits 

among many others.  All of them, in one way or another, contribute to the 

synchronization procedure of the transmission of data for the multiple access 

technique.  

 
 

2.5 Conclusion of Background Studies  

 

With a better understanding of the characteristics of ultra wideband together with the 

antenna, multiple access and signal structure, the next chapter will go into defining a 

system that uses the above mention to achieve localization of a person inside a 

building. 
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3.1 Introduction 

 

As stated in the objectives, part of this thesis will be about designing an indoor 

localizing system that is able to locate a user amongst many others in a building using 

ultra wideband signals.  

 

Although there are other wireless methodologies available now, only UWB 

has characteristics that can be applied to indoor localizing system.  GPS, being the 

leader in the localizing field, is not suitable in the sense that GPS signals cannot 

penetrate through walls or partition.  Another way to localize a person could be 

achieved by using infra-red.  Localizing could be achieved by putting a sensor at the 

entrance of every room, however this lead to a greater complexity of the infra 

structure of the system 

 

With ultra wideband having the obvious advantages over the rest of its rivals, 

it is the obvious choice of wireless methodology to implement with the system.  

Having an indoor localizing system with great accuracy is no longer a fantasy. 

 

3.2 System Designs 

 

Two system designs have been devised and their advantages and drawbacks will be 

analyzed during the discussions on the next section.   
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3.2.1 Method 1 

 

Description: -    Four beacons and a base station in a single building 

Operation: -    All beacons will transmit the signal to detect the desired user across         

all floors of the building. 

                         -    Only the desired user will response to the signal.  The rest of the  

        users will ignore the signal. 

- The desired user will send a signal back to the beacons.   

- The time duration that it takes for the signal to arrive at the beacons 

will be sent to the base station by the other four beacons. 

- The center beacon will do the triangulation of the location of the 

desired user.  It will then relay this information back to the 

administrator. 

Advantages:    -    Only four beacons are required for locating the position of the user.   

      This will bring down the cost of the system. 

Disadvantages:-    Both the transmitting end will require larger amount of power in  

order for the transmitted signal to penetrate through floors to reach 

the receiving end.  This will result in the tag having a shorter 

battery life span. 

 

3.2.2 Method 2 

 
Description: -    Three beacons are used on each floor.  The center beacon will  

  double as a base station, the other two will be the side beacons. 

- Center beacon and user tags are transceivers, while the side 

beacons are receivers.   

Operation:      -     Center beacon transmit the signal across the floor to find the  

     desired users.   

             -    Desired user responds by transmitting a signal back to all the  

        beacons. 

  -    When beacons receive the signals, they will send the signal to the  

        center beacon to achieve triangulation of the user location. 
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                        -     The first beacon to receive the signal will be the reference beacon 

                        -     Base station will start to monitor for the rest of the signals. 

                        -     Center beacon will triangulation the location of the desired user, by  

                              monitoring the delay timing of the other two signals and taking  

        reference from the timing of the reference signal.  It will then relay  

        the user location back to the administrator. 

Advantages:    -     Power consumption for the beacons and tag is reduced as there is  

      no need to transmit through floors. 

-    Prolonged battery life for the tag. 

-    More accurate results as calculations are done at beacons. 

Disadvantages:-    Costs for implementing this system will thus be driven up. 

 

By comparing the two methods, it was decided that method two would be 

chosen for the system in this thesis.  Power consumption is the deciding factor for 

preferring method two to method one.  A system having longer battery lifespan and 

more accurate localizing of the user is more attractive as convenience of users is more 

important than the initial costs of implementing the system. 

 
 
 

3.3 System Specifications 

 

The system specifications will be broken up into 7 different categories, each 

constituted to different parts of the system.  They are classified as below: 

 

·  General outlook 

·  Layout of beacons  

·  Localization  

·  Signal processing 

·  Communication between beacon and tag 

·  User refresh rate 

·  System power analysis 

·  Hardware 
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3.3.1 General Outlook 

 

·  This system can cater up to 100 users   

·  This system is designed for buildings having dimensions of UQ Axon building 

in mind.   

·  Per floor’s dimensions are set at 50m by 30m by 3m.   

·  Operating frequency is 2.4GHz. 

·  Bandwidth is 4.8GHz. 

·  Transmitted power is 355mW 

 

3.3.2 Layout of Beacons 

 

·  Every floor will have three beacons.   

·  Figure 3.1 shows the positioning of the beacons.  The center beacon will have 

an antenna will have an omni directional radiation pattern while the other two 

side beacons will have antenna with directional radiation patterns.  This will 

enable the antennas radiation area to cover the entire floor.  

 

 

Figure 3.1 Beacons layout 
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3.3.3 Localization 

 

When a signal is transmitted, the received signal will experience delay from the time 

of transmission to the time of reception.  The base station beacon will process the 

received signals to obtain the location of the user and send the user coordinates to the 

administrator.   Figure 3.2 shows how the beacons will transmit the signal to the users.   

 

·  Beacons will have fixed coordinates and user will have varying coordinates 

·  Beacons will prompt for desired user  

·  Beacons will wait until the first signal from the desired user to arrives. 

·  When beacons receive signals, it will send to the base station to triangulate the 

position 

·  The first beacon to receive the signal will become the reference beacon 

·  Base station will start to monitor the time taken for the rest of the signals from 

the other beacons to arrive. 

·  The time delays are monitored and identified from which beacon does it 

originate. 

·  With the beacon coordinates and their delays found, the user coordinates could 

be computed using the modified version of the equation from [24] found in 

[25]. 

 

 

Figure 3.2 Localization procedures 
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3.3.4 Signal Processing 

 

·  TD-CDMA, a hybrid of TDMA and CDMA will be the multiple access 

technique used by this system. 

·  User will be allocated a time slot.  They will only transmit their signal at the 

allocated time slot. 

·  The data will be spreaded by a spreading code before begin transmitted by the 

tag. 

·  The signal will be despread at the beacon.   

·  Bit rate is set at 100bps 

·  1 user frame consists of 10 overhead bits, 10 guard bits and 80 user data bits. 

·  TD-CDMA frame efficiency is 80% 

 

3.3.5 Communication between Beacons and Tag 

 

The communication link between beacon and tag is describe below: 

  

·  Center beacon will transmit a signal to desired user A when it receives 

instruction from the administrator.    

·  The user tags and all beacons will always be in listening mode 

·  User tags will detect the arrival of signal from center beacon 

·  Beacons will detect the arrival of signals from user A.  

·  However, user tag will not be able to transmit until its timeslot has arrived. 

·  When its timeslot arrives, the desired user tag will transmit a signal to all the 

beacons. 

·  The center beacon will collect the results from the other two beacons before 

triangulating the coordinates of the user. 

·  It will then relay this information back to the administrator. 
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An example of this communication link is described below, with illustration shown in 

table 3.1.  In this example, the administrator will require the beacons to locate two 

users at different time.  A brief introduction to the parameters of the example is 

describe below: 

 

·  Timeslot for user one is set at the 2nd second while user two is at the 4th 

second.  They will retransmit at every three second interval. 

·  Every second will have a white and gray section to denote which user is 

active. 

·  Signal details for user one is shaded in white while user two is in gray. 

·  B1,B2 and B3 on the left-hand side refers to the signal from that particular 

beacon has reached the tag in that time instant, while B1, B2 and B3 on the 

right-hand side refers to the signal from the tag that have reached the beacon 

on that time instant. 

·  B1, B2 and B3 have a transmission delay time of 1 second between them.  For 

example if B1 is nearest to the tag follow by B2 and B3, then it means that B1 

will reach the tag in the 3rd second, follow by B2 in the 4th second follow by 

B3 in the 5th second. 

 

The following steps will depict the how each component in the system behaves 

during each interval second. 

 

1st second: Administrator wishes to locate the position of user one.  Hence the 

administrator instructs the center beacon to send out the signal for user 

one.  Center beacon sends out a signal A to all the users on the floor. 

 

2nd second: Signal A reaches user one.  Incidentally, the timeslot for user one is 

opened.  Therefore, user one will send signal C1 to all the beacons. 

  

3rd second:  Administrator decided to locate user two, therefore instructs center 

beacon to locate user two.  Center beacon sends out signal B.  Timeslot 

for  user  two  is opened.  However, user  two  received  no  signal  and  
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therefore no action was taken.  At the same period of time, beacon one 

receives signal C1.  Beacon one thus becomes the reference beacon.  

Beacon one will relay the time of arrival to the center beacon. 

 

4th second: Beacon two receives signal C1.  It will relay the time of arrival to the 

center beacon 

  

5th second: Beacon three receives signal C1.  It will relay the time of arrival to the 

center beacon.  At the 5th second, timeslot for user one is open.  

However, it did not receive any signal and therefore no action is taken.   

 

6th second Signal B reaches user two.  Concurrently, timeslot for user two is open.  

Therefore it is able to send out signal C2 to all the beacons.  At this 

instant, center beacon has already received all the timing for user one 

from the other two beacons and triangulation of the user location will 

be done. 

 

7th second Signal C2 reaches beacon two.  Beacon two will become the reference 

beacon, and will relay the time of arrival to the center beacon.  

 

8th second  Timeslot for user one is opened, but no action will be taken as no 

signal is being detected.  Beacon one receives signal C2 and will relay 

this time of arrival to the center beacon.    

 
 
9th second Timeslot for user two is open, but no action will be taken as no signal 

is being detected.  Beacon three receives signal C2 and will relay this 

time of arrival to the center beacon.   

 

10th second At this instant, center beacon has already received all the timing for 

user two from the other two beacons.  Triangulation of location will 

commence. 
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Nearest   Farthest User 1 User 1   
  Farthest Nearest       User 2 User2   

Time(s) Signal B 1 B 2 B 3 Timeslot Action Timeslot Action B 3 B 2 B 1 

1 A                     

1                       
2         Open             

2                       
3                       

3 B                     
4   A                   

4     B       Open C2       
5         Open C1           

5                   C2   
6                     C1 

6                     C2 
7                   C1   

7             Open   C2     
8         Open       C1     

8                       

            
 White color User 1     B1 = Beacon 1 (master beacon) 
    User 2    B2 = Beacon 2    
    Signal for user 1   B3 = Beacon 3    
    Signal for user 2        
    Master beacon        

Table 3.1 Interaction between user and beacons 

 

 

3.3.6 User  Refresh Rate 

 
·  System uses polling technique to locate the desired user 

·  User position is being refreshed once every 10 seconds.  The refresh rate is set 

after considering the computational delay [26] suffers and the number of 

overhead bits needed for the signal structure of TD-CDMA. 

·  The user refresh rate is estimated for a maximum capacity of 100 users. 

·  The user refresh rate will increase linearly with the increment of users for the 

system.  This is due to the polling technique for locating user used in the 

system. 
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3.3.7 System Power  Analysis 

 

·  Transmitted power Pt at 355µW, or -4.4977dBm 

·  Center frequency fc = 2.4GHz 

·  Bandwidth = 4.8GHz = 4800MHz  

·  Transmitted signals are assumed to travel through hard partitions in an office 

environment. 

·  Received power is calculated to be 109.509pW, or -99.6055dBm. 

 

3.3.8 Hardware 

 

·  Beacon will be using patch antenna while user tag will be using loop antenna. 

·  User tags will be self-powered, while beacons will be drawing power from 

power points in the building. 

·  Tag will need to be small and portable, as the user will carry it around.  There 

is no restriction on the size of the beacon, though preferably small so that it is 

easy to relocate when the structure of the building changes. 

·  For the three beacons, one of them will be a transceiver while the other two 

will be a receiver. 

 

3.4 Conclusion 

 

The system specifications and definitions mentioned above will be made into a 

simulation model using MatlabÒ Simulink in the following chapters.  This simulation 

model will greatly benefit in the understanding of the system. 
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4.1 Introduction 

 

The selection of the antenna will be based on the specification and constraint of the 

system definition.  Parameters for the designed antenna will be specified.  This will be 

followed by simulation of the designed antenna using MatlabÒ based on the specified 

parameters. 

 

4.2 Selection of Antenna 

  

As the tag will be carried around by the user, it should be small and portable in size.  

The antenna should also not be placed in anyway that will hinder the user’s 

movement.  The solution is to have a build-in antenna enclosed inside the tag.  In this 

way, not only will the user’s movement be hinder-free but there will also be any 

protruding wires coming from the tag.   

 

Making the tag the size of a pager or business card would be most appropriate, 

as the tag is required to be small and portable.  To have antenna that is able to fit into 

such sizes, a shape of a rectangle or circle would be the most appropriate.  In this 

thesis, loop antenna will be used for the tag antenna.  Its variety of shapes and sizes, 

together with its implementation in pagers confirmed its status as the tag antenna. 

 

4.3 Design of Loop Antenna 

 

The layout of the designed loop antenna is shown in figure 4.1.  It is in a 

circular shape, and will be fix on top of the plate.  The feed point of the loop antenna 

is fix at the bottom of the loop. 
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Feed point

Plate

Loop antenna

 

Figure 4.1 Layout of a loop antenna 

 

The loop antenna will be designed to attained the following specification: 

 

Cr iter ia Specification 

Gain >5dB 

Radiation pattern Omni-direction 

Total power <5mW 

Table 4.1 Loop antenna’s design specification 

 

The following parameters were applied to the simulation: 

 

·  Loop antenna radius set at 0.02m 

·  Loop antenna width set at 0.005m 

·  Frequency set at 2.4GHz 

·  Observation point set at (2,2,0) 

·  Radiation distance set at 50m 

                 

X

Z

Y

 
 

Figure 4.2 X,Y, Z axis 
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4.4 Simulation and Results of Antenna 

 

This thesis will be using the program provided by the following book, 

“Antenna and EM Modelling with Matlab by Sergey N. Makarov”  [27] for the 

simulation.  The program makes use of Method of Moments (MoM) modeling for the 

antenna.   Basically, the surface of a metal antenna under study will be divided into 

separate triangles.  Every triangle will have a common edge which will constitutes to 

the corresponding RWG edge element.  Every triangle will have a plus and minus 

sign, in which a vector is assigned to it [27].  Using the vectors, calculation will be 

done to obtain the desired results, e.g. input impedance, power and so on. 

 

The Matlab codes for loop antenna are attached in appendix 1.  The steps to 

executing the codes are listed below.  Executing the codes in the following order will 

yield the simulated results for the antennas [27].   

 

1. loop.m  To generate the shape on the loop after the loop radius 

and width  have been defined 

2. rwg1.m  Creates RWG edge elements 

3. rwg2.m  Creates RWG edge elements 

4. rwg3.m  Computes the matrix impedance 

5. rwg4.m  Determines excitation voltage and solves MoM  

equations 

6. rwg5.m  Determines and visualizes surface currents 

7. efield1.m  Computes radiated field at a point 

8. efield2.m  Computes radiation intensity over sphere surface 

9. efield3.m  Computes radiation pattern 

 

 

Three different values of the loop radius will be used for the simulation with the width 

remaining at the same value.  The simulated results are shown in table 4.1, in which 

the loop parameters will be discussed in conjunction with the simulated results in the 

following section.   
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Table 4.1 Simulated results of the loop with different radius 

 
 
4.4.1 Electr ically Loop 

 

The ratio of the loop circumference and its radiated wavelength is one of the more 

important parameter for loop antenna.  This parameter will determine whether the 

loop antenna is electrically small loop or electrically large loop, with the former 

applicable to low frequency while the latter for higher frequency.   

 

 If lppC , the antenna will be an electrically small loop while if l»C , the antenna 

will be an electrically large loop. 

 

Therefore, for a given center frequency of 2.4GHz, 

 

\ 125.0
104.2

103
9

8

=
´

´
==
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l  

 

The wavelength is found to be 0.125l .  Using equation 2-6 to find the circumference 

of the loop, for a given radius of 0.01m 

 Antenna X 

Radius = 0.02m 

Width = 0.005m 

Antenna Y 

Radius = 0.05m 

Width = 0.005m 

Antenna Z 

Radius = 0.1m 

Width = 0.005m 

Input 

Impedance W

-

)93.90

1617.77(

j
 

W´

-´

)106095.2

105226.2(
2

2

j
 

W´

-´

)102655.1

10224.1(
2

2

j
 

Feed power  W3107.2 -´  W4105478.9 -´  W3102 -´  

Max. current A3101472.8 -´  A3104099.3 -´  A3101367.8 -´  

Min. cur rent A3103352.1 -´  A4108215.5 -´  A4103799.4 -´  

W 65203.6 -  65456.5 -  57021.2 -  

Total power  310732.2 -´ W 4106976.9 -´ W 310221.2 -´ W 

Gain 3.4024 5.064 4.0567 
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Since C is almost the same as l , it can be assume that this loop antenna with a radius 

of 0.01m is suitable for usage with UWB. 

 

4.4.2 Input Impedance 

 

It is desired to ensure that the antenna is operating at resonance.   An antenna 

operating at resonance will have the lowest SWR and also the highest effective 

radiated power.  Adding a capacitor into the circuitry will enable the antenna to 

operate at resonant.  Looking at Table 4.2, the input impedance for antenna with 

radius of 0.01m is W- )93.901617.77( j .   

 

The input impedance can be obtained from table 4.1. Relating the input impedance to 

equation (2-7), 

 

ininin jXRZ +=    

       = W- )93.901617.77( j .      

 

Therefore, the input impedance under resonance will be                  

in

in
inin R

X
RZ

2
© +=    

      

W=

+=

31.184
1617.77
93.90

1617.77
2

 

 

Lastly, the capacitor needed to resonate the antenna will be 
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pF8.35=  

 

4.4.3 Power  

 

Referring to equation (2-6), the real part is characterizes as the power radiated by an 

antenna [27].  Therefore, the feed power of this antenna can be determine by the 

following equation: 

 

)(
2
1 *

gapgapefeed VIRP ·=               (4-2) 

 
where *& gapgap VI  refers to the gap (feed) current and gap voltage respectively.  Both 

these values can be obtained from table 4.1.  The feed power can be obtain by putting 

the real part of the resistance into the above equation:   

 

\ WPfed
3107.2 -´=         

 
The feed power is also refer as the input power into the antenna.  Since the total 

power is found to be  

 

Total power = 310732.2 -´ W 

 
It can be interpret that the power loss suffer during transmission is  
 

 
( ) ( ) 533 103107.210732.2 --- ´=´-´ W 

 
 
This indicates that the antenna suffer very little loss during transmission, which can be 

attributed to having a matched impedance at the antenna circuit. 
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4.4.4 Radiation Intensity 

 

To determine the radiation intensity, equation (2-1) is used 

 

    U = r2Wrad  

 

r can be found from the observation point (2,2,0) 

 

   r = 22 22 +  

                                  = 2.82846m  

 

while Wrad found using equation (2-2) 

 

                                 Wrad = ( ) ( )[ ]rHrE *´Re
2
1

  

 

Wrad is calculated to be 6105203.6 -´ W/m2 (simulated result) 

  

            \  U = r2W 

     ( ) ( )62 105203.682846.2 -´´=U   

  5102163.5 -´=U W/unit solid angel 

 

 

 

 

Figure 4.3 shows the radiation intensity distribution of the loop antenna.  The lighter 

shaded region indicates maximum intensity while the darker region indicates 

minimum intensity. 
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Figure.4.3 Antenna X’s radiation intensity distribution 

 

4.4.5 Directivity 

 

The directivity can be found by using equation (2-3), 

 

               
rado P
U

U
U

D
p4

==   

 

U is found to be 4.3652-5W/unit solid angle, while Prad is found to be 310732.2 -´ W 

(simulated result) 

 

            \  D = 
oU

U
 

         = 
3

5

10732.2
)102163.5(4

-

-

´
´·p

  

         = 0.2399 

 

The values of directivity will be equal to or greater than zero and equal to or less than 

the maximum directivity ( )max0 DD ££  [14].  Since this antenna is meant to have a 

radiation pattern of omni-directional, therefore Dmax does not apply to here.   
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Figure 4.4 shows the radiation patterns of the loop antenna. It can be seen that the 

antenna produces an almost omni-directional radiation pattern in the XY-axis.  This 

satisfies the requirement stated in the system definition. 

 

 
Figure 4.4 Antenna X’s radiation patterns in the XZ, XY and YZ plane 

  

 

4.4.6 Cur rent 

 

The maximum and minimum current is found to be  

 

3
max 10147.8 -´=I A  

3
min 10216.5 -´=I A 

 

As shown in figure 4.5, the lighter shaded region indicates maximum current 

distribution while the darker shaded region indicates minimum current distribution.  

The phenomenon is caused by the position of the feed point.  The feed point is placed 

at the end of the x-axis.  Since the current will flow along the loop in a circuit, there 

will be maximum distribution when it reaches the y-axis, as shown in figure 4.5. 
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Figure 4.5 Antenna X’s current distribution 

 

4.4.7 Other  Simulated Results 
 

By repeating the same procedure in section 4.3.4, the calculated results for antennas 

with radius of 0.02m and 0.1m are tabulated in Table 4.2. 

 

  Antenna Y 

Radius = 0.05m 

Width = 0.005m 

Antenna Z 

Radius = 0.1m 

Width = 0.005m 

 Large Large Electr ically loop 

c 0.31415 0.6283 

©
inZ  253.29W 121.36W Input impedance 

 Capacitor 33.72pF 33.71pF 

Pfeed W4105748.9 -´  W3102 -´  Power  

 Total Power W4106976.9 -´  W310221.2 -´  

Radiation 

Intensity 

U 5103533.4 -´ W/unit 

solid angel 

4101617.2 -´ W/unit 

solid angel 

Directivity D 0.564 1.229 

Table 4.2 Calculated results for radius of 0.02m and 0.1m 
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Plot of radiation intensity distribution, current distribution and radiation pattern for 

radius of 0.05m and 0.1m are shown below. 

 

 

Figure 4.6 Antenna Y’s radiation intensity and current distribution 

 

Figure 4.7 Antenna Y’s radiation patterns in the XZ, XY and YZ plane 

 

Figure 4.8 Antenna Z’s radiation intensity and current distribution 
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Figure 4.9 Antenna Z’s radiation patterns in the XZ, XY and YZ plane 

 

 

4.5 Analysis of Loop Antenna 

 

From the calculated results shown in table 4.2, it can be seen that all the three 

antennas are electrically large loop.  Not only is the input impedance required to 

resonant the antenna very close to each other, the capacitor is also only a few pico-

farad difference between them.  However, the total power consumption of antenna Y 

is less than that of antenna X and Z.  This is due to lower current consumption by 

antenna Y compared to X and Z, as current is proportional to power.  From the 

radiation pattern, it can be seen that antenna X and Y has an almost omni-directional 

radiation pattern while antenna Z has a directional radiation pattern towards the x-

axis. 

 

4.6 Conclusion of Loop Antenna 

 

Through the results and findings in the previous two section, antenna Y is found to be 

most suitable for tag antenna.  Comparing with the commercial loop antenna [28], it 

can be seen that the designed antenna managed to achieve most of the stated 

specification.  Polarization and VSWR are the only two parameters that are not 

obtained.  This is due to the program, which did not provided any output for both the 

parameters mentioned.  The simulation of the patch antenna will be done in the next 

chapter. 
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5.1 Selection of Antenna 

 

The beacon is to be mounted onto the ceiling, with its radiation pattern directed across 

the room.  Though most antennas, besides wire antenna, are able to accomplish this 

objective, it was in an economical sense that microstrip antenna is chosen.  Size, cost, 

performance and ease of installation are the concerned factors (if the antenna is to be 

implemented into hardware).  Also, microstrip antenna is being used in the microwave 

technology, with frequency spanning into the gigahertz range.  Therefore 

implementing microstrip antenna into 2.4GHz range is not be an issue. 

 

5.2 Design of Patch Antenna  

 

The microstrip antenna that is being designed uses a patch as a radiating source.  This 

patch requires a feed point to provide the necessary power for it to radiate.  A simple 

diagram of the patch antenna is shown in figure 5.1.   

 

 

Coaxial connector Metal ground plane

Metal patch

 

 

Figure 5.1 Patch antenna 
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There are several feed methods for patch antenna, namely microstrip line feed, 

probe feed, aperture-coupled feed and proximity-coupled feed.  In this thesis, only 

coaxial probe feed will be used.  The reason is because coaxial probe feed is easy to 

fabricate and match, and also it has low spurious radiation.  Coaxial probe feeds has 

its inner conductor of the coax attached to the radiation patch while the outer 

conductor is connected to the ground plane. [14]  

 

5.2.1 Patch’s Specification 

 

Though they are several shapes available, only rectangular shape will be used.  

Several parameters will be defined in order to determine the dimension of the patch. 

There are:  

 

 

·  Patch height  

·  Plate length  

·  Plate width 

·  Resonant frequency 

·  Dielectric constant 

 

 

The designed patch antenna will consist of a metal plate, coaxial feed and metal 

ground plan.  The patch height refers to the distance he patch is away from the plate 

while both the plate length and plate width refers to the dimension of the plate.   

 

The resonant frequency is set at 2.4GHz, which is also the operating frequency for 

this system.  A rectangular patch will be designed for the beacon’s antenna.  

(RT/Duroid 5870) will be the substrate used by the patch.  It has a dielectric constant 

of 02.033.2 ± [29].  Dielectric constant will therefore be fix at 2.33 for calculation 

purpose.   
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In order for the patch to resonant at 2.4GHz, the width of the patch will be 

 

1
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         = 4.84cm 

 

The effective dielectric constant could be found to be 
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The extended incremental length of the patch DL will then be 

 

( )

( ) �
�
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�
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�
�
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�
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     cm517.0=  
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The actual length L of the patch will be  

 

LL D-= 2
2
l

       

    
( )

( )517.02
1875.24.22

30
-=  

    cm1918.3=  

 

Therefore, the effective length of the patch is 

 

LLLe D+= 2        

     ( )517.021918.3 +=  

     cm2258.4=  

 

From the above calculation, the width of the patch was calculated to be 4.84cm while 

the length is 4.2258cm 

 

In this simulation, the dimension of the patch will be fix as above.  Only the height 

and the position of the feed will vary. 

 

This design will be aiming to achieve the following specifications: 

 

Cr iter ia Specification 

Center  Beacon Omni-directional Radiation pattern 

Side Beacon Directional 

Input Impedance As near to center frequency as possible 

Return loss <-8dB 

Table 4.3 Patch antenna design specification 
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5.3 Simulation and Results of Antenna 

 

The simulation procedure of the patch antenna is almost identical to loop 

antenna, except a small changes in the type of files to execute. The Matlab codes are 

attached in appendix 2.  The steps to executing the codes are listed below.  Executing 

the codes in the following order will yield the simulated results for the antennas [27].   

 

 

1. patchgenerator.m  To generate the shape on the patch, and to set the 

position of the feed 

2. rwg1.m  Creates RWG edge elements 

3. rwg2.m  Creates RWG edge elements 

4. rwg3.m  Computes the matrix impedance and solves MoM  

equations.  Output impedance and current distribution 

5. sweetplot.m  Plots input impedance and return loss 

6. rwg5single.m Determines and visualizes surface currents at a single 

frequency  

7. efield3single.m Computes directivity pattern(s) at a single frequency 

 

 

5.3.1 Varying Height of Patch 

 

Simulation in this section is done by fixing the position of the feed at the center of the 

edge along the x-axis.  The separation distance between the patch and ground plane 

will be set at different values - 0.0025m, 0.005m and 0.01m.  The diagram for surface 

current radiation, return loss, input impedance and radiation pattern would be plotted 

out. 
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5.3.1.1  Type A 

Separation distance = 0.0025m 

 

 

Figure 5.2 Type A’s feed position and surface current radiation 

 

Figure 5.3 Type A’s input impedance and return loss 

 

Figure 5.4 Type A’s radiation pattern in XZ, XY and YZ plane 
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5.3.1.2  Type B 

Separation distance = 0.005m 

 

 

Figure 5.5 Type B’s feed position and surface current radiation 

 

Figure 5.6 Type B’s input impedance and return loss 

 

Figure 5.7 Type B’s radiation pattern in XZ, XY and YZ plane 
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5.3.1.3  Type C 

Separation distance = 0.01m 

 

 

Figure 5.8 Type C’s feed’s position and surface current radiation 

 

Figure 5.9Type C’s input impedance and return loss 

 

Figure 5.10 Type C’s radiation pattern in XZ, XY and YZ plane 
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Return Loss Type Height 

(m) 

Resistance 

(WWWW) 

Reactance 

 (WWWW) Loss 

(dB) 

Frequency 

(GHz) 

Loss (dB) 

at 2.4 GHz 

A 0.0025 250 120 -3.25 2.7 -2.2 

B 0.005 250 120 -4.5  2.7 -8 

C 0.01 480 260 -15  2.6 -8.5 

Table 4.4Simulated results for type A, B and C 

 

5.3.2 Analysis 

 

From table 4.4, it can be observed that both B and C have a better return loss than A 

as they are nearer to –10dB.  The height difference between the patch and the plate 

plays a significant part in it.  The greater the distance between the patch and the plate, 

the higher the return loss is. 

 

For the input impedance, a larger value of resistance over reactance is desired.  

If the reactance is larger than the resistance, it would means that the antenna has a 

larger feed reactance than resistance.  From the input impedance graph, the dark line 

denotes resistance while the light line denotes reactance.  From table 4.4, it can be 

observed that all three of the antennas have resistance larger than the reactance.  

However, only A and B’s input impedance is nearer to the center frequency, which is 

desired as the resistance and the reactance exhibit almost symmetry about the resonant 

frequency.  

 

Therefore, a separation of 0.005m will be used in the next set of simulation. 

 

5.3.3 Varying Position of Feed on the Patch 

 

For this part of the simulation, the height will be maintain at 0.005m while the 

position of the feed will be varies.  The following position will be placed and 

simulated on – feed in the center of the patch, feed at the center of the edge along the 

y-axis and feed at lower right-hand corner of the patch. 
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5.3.3.1  Type D 
Position of feed - Center  of the patch 

 

 

Figure 5.11 Type D’s feed’s position and surface current radiation 

 

Figure 5.12 Type D’s input impedance and return loss 

 

Figure 5.13 Type D’s radiation pattern in XZ, XY and YZ plane 
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5.3.3.2  Type E 
Position of feed - Center  of the edge along the y-axis 

 

 

Figure 5.14 Type E’s feed’s position and surface current radiation 

 

Figure 5.15 Type E’s input impedance and return loss 

 

Figure 5.16 Type E’s radiation pattern in XZ, XY and YZ plane 
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5.3.3.3  Type F 
Position of feed - Lower r ight-hand corner  of the patch 

 

 

Figure 5.17 Type E’s feed’s position and surface current radiation 

 

Figure 5.18 Type E’s input impedance and return loss 

 

Figure 5.19 Type E’s radiation pattern in XZ, XY and YZ plane 
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Return Loss Type Height 

(m) 

Resistance 

(WWWW) 

Reactance 

 (WWWW) Loss 

(dB) 

Freq 

(GHz) 

Loss 

(dB) at 

2.4 GHz 

B 0.005 250 120 -4.5  2.7 -3.75 

D 0.005 270 200 -2.8 2.5 -2.6 

E 0.005 190 120 -14.5 3.6 -1 

F 0.005 250 190 -12.5 3.4 -5 

Table 4.5 Simulated results for type D, E and F 

 

5.3.4 Analysis of Patch Antenna 

 

Looking at table 4.5, it can be seen that all the four types have resistance greater than 

the reactance.  This would mean that these four positions of the feed could be 

symmetrical to the resonant frequency.   

 

Considering the two side beacons.  A directional radiation pattern is required.  

Looking at the various radiation pattern shown above, type B would be the most 

suitable of all.  It has a directional lobe towards the YZ-axis, which makes it ideal for 

radiating in a given direction.  Its input impedance of resistance and reactance also 

exhibit symmetry about the resonant frequency.   

 

For the center beacon, an omni-directional radiation pattern is required.  

Looking at the figures above, only type C and type E have radiation pattern that 

appears to be omni-direction in the XY-axis.  The difference between them is that the 

area and range of type E is relativity small compare type C.  This gives type C a slight 

advantage and therefore type C is selected as the antenna for the center beacon.   

 

However as stated in section 4.4.2.1, type C’s input impedance is not 

symmetrical to the resonant frequency.  To solve this problem, minor adjustment will 

have to be made either to the height or by shifting the position of the feed. 
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5.4 Conclusion of Patch antenna 

 

Although both type B and C was chosen for the side and center beacon respectively, 

they are still not considered ideal.  Further improvement will still needed to be 

implement before the desired results is obtained.  However due to the time constraint 

of this thesis, the improvement is not able to be carried out.  

 

With the designed of antenna done, the next step will be the simulation of the multiple 

access and signal structure.  The next chapter will touches on it. 
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6.1 Introduction  

 

In this chapter, the path to the chosen multiple access will be describe in details, along 

with the layout of the signal structure.  Simulation of the multiple access will also be 

mention in this chapter. 

 

6.2 Multiple Access 

 

Modern communication systems have been using multiple access technique to cater to 

mass users.  This is an integral process, as without multiple access techniques, the 

system will not be able to cater to mass users.  Therefore it came as no surprise that 

the system in this project employs a multiple access technique too.  

 

As stated in the system definition in Chapter 3, TD-CDMA is the chosen 

multiple access technique that this system will use.  The main reason for choosing 

TD-CMDA can be attributed to both the system definition and the characteristics of 

TD-CDMA.  This system uses a polling system to locate a user and will require 

allocation of time slots and codes to users.  In view of this requirement, it can be seen 

that TD-CDMA is chosen due to the fact that it possess both characteristics of the 

system. 

 

A comparison between the other techniques will further shed some light on the 

decision to choose TD-CDMA as the preferred multiple access technique. 
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FDMA is actually a relatively old technique, which has been around for quite 

sometime.  It has been used in devices such as radio and television.  Unfortunately 

new techniques have emerged and FDMA is slowly losing the popularity it once 

possesses.  Another point to note is that FDMA is used mainly on narrowband signal.  

They have not been tested on wideband signal before and therefore might not be 

suitable for this system. 

 

A lot of applications have adopted TDMA as their multiple access technique. 

Of them all, perhaps the most famous will have to be GSM.  This technique has been 

around for quite sometime already, and has proven to be a stable technique.  TDMA is 

more efficient than FDMA, due to its non-continuous data transmission.  TDMA have 

been known to be used on wideband application, e.g. on WB-AMR (wideband 

Adaptive Multi-rate), which is an enhanced version of GSM technology. 

  

For FHMA and CDMA, both of them are relatively new techniques compare 

to the other two.  FHMA have been used on WAP (Wireless Application Protocol), 

which can be classified as another form of wideband application.  CDMA have also 

been applied to WAP, but is known as WCDMA (Wideband Code Division Multiple 

Access) instead.  CDMA can be found mobile phone technology, such as 3G 

communications, where it is the latest mobile communication technology to hit the 

mobile world.  This two technique offer greater security than TDMA.  However, 

security is not a primary issue for this system.  Moreover, these two techniques have 

circuit design that is more complicated compare to TDMA.   

 

From the above comparison, it can be conclude that TD-CDMA is suitable for 

this system.  The rest of the techniques have all fall short of the requirement needed 

by this system.  Therefore, TD-CDMA is the chosen multiple access technique for 

this system.   
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6.3 Signal Structure 

 

In order to transmit any signal out, a signal structure must exist.  A signal structure 

consists of user data and overheads.  All communication systems require a signal 

structure to transmit and receive, either in packets or frames.  Without signal 

structure, no transmission of data can occur.   

 

The signal structure of this system will consist of overheads, guard time, user 

data and spreading code.  The overheads will be used for synchronization purposes, 

while the guard time is used to prevent user timeslot from overlapping one another 

during their transmission period.  Every user will have its own code, and will be 

spread by a spreading code, which is gold code in this system.  Figure 5.1 shows the 

system’s signal structure. 

 

 

Overhead User data Guard Band

1st

user
2nd

user
3rd

user
……………………………………………

198th

User
199th

user
200th

user

1st frame 2nd frame …………………………………………………………… N frame

10 seconds

0.1 seconds  

Figure 6.1 Signal structure of the system 
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6.3.1 Formation of Signal Structure 

 

From [26], it was determined that the computational time of one user is 0.1s.  

Therefore, it will be assumed that every user will require 0.1s to update its location.  

Since the maximum number of user for this system is 100 users, the refresh rate per 

user will be 10s.  This would means that for one TDMA frame, which contains one 

hundred user frames, it will take 10s to complete, as shown in figure 5.1, where each 

user frame will take 0.1s. 

 

In this signal structure, overheads are assumed to have the same number of bits as the 

guard bits. 

 

Setting the bit rate of the signal at 1000 bit per seconds.   

 
 
   bpsRb 1000=  
 
 
Therefore, the bit interval is 
 
 

   Tb = ( ) bits
Rb

/101
1000

11 3-´==  

 
 
 
Since 1 user frame is 0.1s, 
 
  
   \  1 user frame’s time = number of bits *  Tb 

  

    0.1s = number of bits *  ( )3101 -´  
 

   Number of bits = ( ) bits100
101
1.0

3
=

´ -
 

 
  \  1 user frame (0.1s) = no. Of bits (100 bits) 
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Setting guard bits = overhead bits = 10 bits,  
 
 

Timing of guard bits = 
bitstotal

bitsguard
timetotal ´  

 

   = 
100
10

1.0 *  

    
= 0.01s 

 
 

Since the number of overhead bits = number of guard bits, 

 

\  Timing of overhead bits = 0.01s  

                   

                         User data bits = total bits – guard bits - overhead 

    

    = 100 – 10 -10 

  

    = 80 bits 

 

  \   User data time = s1.0
100
80

*   

       
 = 0.08s 

                  
     
Frame efficiency of a user frame: 
 
 

%80%100*
100*100
100*80

=�
�

�
�
�

�=
userstotalbits
usersuserbits

h  
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Total number of bits per frame: 

 

Total bits per frame = 100 users *  100 bits 

      

= 10,000 bits 

 

\         Mbps
sTb

1
01.0
000,10000,10

==  

 
 
From the calculation, it can be seen that the system uses a total of 100 bits for one 

user frame; in which 80 bits is the user data while the rest are for overhead and guard 

bits.  The efficiency of this signal structure is therefore 80%.  Using these data as 

parameters, a simulation model on the multiple accesses is done in the next section.     

 
 

6.4 Simulation 

 

MatlabÒ Simulink will be used to simulate the multiple access system.  The codes are 

attached in appendix 3.  Figure 5.2 shows the block diagram of the multiple access 

system.  A breakdown of the simulated model is given below. 

 

 

1. The polling of the user is done here.  The administrator will need to 

key in the user number. 

2. This is the TDMA S-function block.  User timeslot’s timing and code 

are stored here. 

3. Display of the selected user’s code 

4. Display of the selected user’s 1st and 2nd transmission time. 

5. Data is output to the impulse generator block. [25] 
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                       1               5               3 

                     

 
2 4 

 
 

Figure 6.2 User no. 4’s data and time 

 
 
 

 
 

Figure 6.3 User no. 13’s data and time 
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In this simulation, the system will attempt to find the selected user’s code and 

transmission time using S-Function block before sending it to the impulse generator.   

 

The administrator will select the desired user number.  The request will be 

feed into the S-Function block, ‘newtdma_s_function’ .  This block is used to search 

for the selected user.  The output will then be feed into the impulse generator, which 

is the block ‘ tdma’ . [25] The selected user’s code and transmission time are being 

displayed.  The transmission time will include 2 frames of the signal structure.  In 

another words, it means the second cycle of transmission for that particular user. 

 

As stated earlier in the report, the total data bits should be 100 bits.  However 

due to the memory allocation constraints of MatlabÒ, this simulation cannot process 

the actual 100 bits for one user.  The reason is because during transmission of the 

data, the user bits will have to be spread by a spreading code.  The spreading code is 

1023 bits [26].  Therefore to process 100 bits will result in the spread codes to be 

102,300 bits.  MatlabÒ literally will hang and stop responding when instructed to 

process 102,300 bits. 

 

Therefore in this simulation, only 4 bits is allocated to each user.  With the 

number of bits set at 4, the number of users this system support will be 15 users. 

  

2n-1 = 24-1 

= 15 users  
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6.5 Conclusion 

 

The simulation unfortunately is not able to simulate the full capacity of this system.  

Instead, the system parameters are reduced in size to allow MatlabÒ to function 

without any memory allocation error.  The changes are listed below: 

 

·  The number of bits per user is reduced to 4 bits.   

·  Therefore the total number of users that can be simulated is 15. 

·  Overhead and guard bits are not included in the simulation. 

 

 

Though the simulation with amended parameters display a different result than 

expected, it still managed to display the basic of this project – to transmit and receive 

user data, thus determining the user’s location.   
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7.1 Conclusion 

 

The aim of this thesis is divided into three parts –  

 

1. To designed a indoor localization system 

2. To design a loop and microstrip antenna for the system 

3. To simulate the designed antenna 

4. To simulate the multiple access system that will be collaborated with [26] and 

[1]. 

 

These objectives were achieved successfully when the desired radiation pattern of the 

antennas were obtained and the simulation of the multiple access is implemented into 

the main system with [26] and [1].  This is aided by the system definition in Chapter 

3.  Though the simulation of the antenna is not being implemented into the simulation 

of the main system, it provided useful insight into the characteristics of the antennas 

when implementing into this system.  However, due to the time constraint of this 

thesis, the fabrication of the designed antenna was not carried out. 

 

In this thesis, valuable knowledge has been gain through the designing of both the 

system and the antennas.  Extensive researches have been done and ideas have been 

gathered.  These areas include  

 

·  Aether Wire’s localizer [21]  

·  Mobile antenna systems [22]  

·  Microstrip patch antennas, types of feeding methods       
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·  Use of Antenna and EM Modelling program [10] 

·  TD-CDMA 

 

Listed below are the major achievements of this thesis: 

1. Omni-directional radiation pattern is obtained for the tag. A gain of more than 

5dB is also achieved 

2. A directional and omni-directional radiation pattern is obtained for the side 

beacons and the center beacons respectively 

3. A return loss of more than –8dB is achieved for both the center and the side 

beacons 

4. Patch antenna for side beacon is symmetrical to the resonant frequency. 

5. TD-CDMA is implemented into the system via simulation 

 

However, some limitation on the antenna still exists.  The patch antenna for the center 

beacon is still not symmetrical to the resonant frequency.  Reflection loss and signal 

attenuation is not included during the design of the antenna.  By including it, the 

simulation will yield a more realistic result.  The propagation of the signal during 

simulation is assumed to be perfect, therefore no multipath, fading or reflection is 

included.  To include them would make the simulation more realistic. 

 

7.2 Future Work  

 

Future improvement can be implement into this thesis to make the system more 

realistic, and also a better understanding of the system’s performance. 

 

1. The commercial antenna CAD package, FEKO, can be used alternatively to 

obtain certain results that cannot be obtaining using the current program by 

Makarov 

2. Investigated into the polarization of the antenna 

3. Investigated into the effect of multipath and fading to the system 

4. Further research will need to be done to the multiple access technique that is 

being employed by the system 
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Appendix 1 
 
loop1.m [10] 

clear all 
load(©mesh2©);  %Load the data 
load(©current©); 
load(©gainpower©); 
 
k=omega/c_; 
K=j*k; 
 
for m=1:EdgesTotal 
    Point1=Center(:,TrianglePlus(m)); 
    Point2=Center(:,TriangleMinus(m)); 
    DipoleCenter(:,m)=0.5*(Point1+Point2); 
    DipoleMoment(:,m)=EdgeLength(m)* I(m)*(-Point1+Point2);  
end 
 
NumPoints=200; 
R=100; %pattern in m 
for ii=1:NumPoints+1 
   phi(ii)=(ii-1)*pi/(NumPoints/2); 
   x=R*cos(phi(ii));    
   z=R*sin(phi(ii));    
   ObservationPoint=[x 0 z]©; 
   [E,H]=point(ObservationPoint,eta_,K,DipoleMoment,DipoleCenter); 
   ET=sum(E,2); HT=sum(H,2); 
   Poynting=0.5*real(cross(ET,conj(HT))); 
   W(ii)=norm(Poynting); 
   U(ii)=(norm(ObservationPoint))^2*W(ii); 
end 
Polar_=10* log10(4*pi*U/TotalPower); 
 
GainLogarithmic=max(Polar_) %gain for the particular pattern! 
Polar=10* log10(U/max(U)); OFFSET=40; polar(phi,Polar+OFFSET); grid on; 
 

rwg1.m [10] 

 
clear all 
tic; 
 
load(©mesh/loop1©); 
[s1 s2]=size(p); 
if(s1==2) 
    p(3,:)=0;   %to convert 2D to 3D 
end 
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Remove=find(t(4,:)>1);    %Eliminate unnecessary triangles 
t(:,Remove)=[];            
TrianglesTotal=length(t); 
 
for m=1:TrianglesTotal %Find areas of separate triangles 
   N=t(1:3,m); 
   Vec1=p(:,N(1))-p(:,N(2)); 
   Vec2=p(:,N(3))-p(:,N(2)); 
   Area(m) =norm(cross(Vec1,Vec2))/2; 
   Center(:,m)=1/3*sum(p(:,N),2); 
end 
 
Edge_=[];  %Find all edge elements "Edge_" with at least two 
n=0;   %adjacent triangles  
for m=1:TrianglesTotal 
    N=t(1:3,m); 
    for k=m+1:TrianglesTotal 
        M=t(1:3,k);       
        a=1-all([N-M(1) N-M(2) N-M(3)]); 
        if(sum(a)==2) %triangles m and k have common edge 
            n=n+1; 
            Edge_=[Edge_ M(find(a))];  
            TrianglePlus(n)=m; 
            TriangleMinus(n)=k;  
        end;  
    end 
end 
EdgesTotal=length(Edge_); 
 
Edge__=[Edge_(2,:); Edge_(1,:)]; 
Remove=[]; 
for m=1:EdgesTotal 
    Edge_m=repmat(Edge_(:,m),[1 EdgesTotal]); 
    Ind1=any(Edge_  -Edge_m); 
    Ind2=any(Edge__ -Edge_m); 
    A=find(Ind1.* Ind2==0); 
    if(length(A)==3)    %three elements formally exist at a junction  
        Out=find(t(4,TrianglePlus(A))==t(4,TriangleMinus(A))); 
        Remove=[Remove A(Out)]; 
    end 
end 
Edge_(:,Remove)         =[]; 
TrianglePlus(Remove)    =[]; 
TriangleMinus(Remove)   =[]; 
EdgesTotal=length(Edge_) 
 
EdgeIndicator=t(4,TrianglePlus)+t(4,TriangleMinus); 
 
for m=1:EdgesTotal %Find edge length 
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   EdgeLength(m)=norm(p(:,Edge_(1,m))-p(:,Edge_(2,m))); 
end 
 
toc 
save mesh1  p ...  %Save result 
            t ... 
            Edge_ ... 
            TrianglesTotal ... 
            EdgesTotal ... 
            TrianglePlus ... 
            TriangleMinus ... 
            EdgeLength ... 
            EdgeIndicator ... 
            Area ... 
            Center 
 

rwg2.m [10] 

 
clear all 
 
load(©mesh1©)  %load the data 
IMT=[];  %Find nine sub-triangle midpoints 
for m=1:TrianglesTotal 
    n1=t(1,m); 
    n2=t(2,m); 
    n3=t(3,m);  
    M=Center(:,m); 
    r1=    p(:,n1); 
    r2=    p(:,n2); 
    r3=    p(:,n3); 
    r12=r2-r1; 
    r23=r3-r2; 
    r13=r3-r1; 
    C1=r1+(1/3)* r12; 
    C2=r1+(2/3)* r12; 
    C3=r2+(1/3)* r23; 
    C4=r2+(2/3)* r23; 
    C5=r1+(1/3)* r13; 
    C6=r1+(2/3)* r13; 
    a1=1/3*(C1+C5+r1); 
    a2=1/3*(C1+C2+M); 
    a3=1/3*(C2+C3+r2); 
    a4=1/3*(C2+C3+M); 
    a5=1/3*(C3+C4+M); 
    a6=1/3*(C1+C5+M); 
    a7=1/3*(C5+C6+M); 
    a8=1/3*(C4+C6+M); 
    a9=1/3*(C4+C6+r3); 
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    Center_(:,:,m)=... 
        [a1 a2 a3 a4 a5 a6 a7 a8 a9]; 
end 
for m=1:EdgesTotal %PLUS 
    NoPlus=TrianglePlus(m); 
    n1=t(1,NoPlus); 
    n2=t(2,NoPlus); 
    n3=t(3,NoPlus);  
    if((n1~=Edge_(1,m))&(n1~=Edge_(2,m))) NODE=n1; end; 
    if((n2~=Edge_(1,m))&(n2~=Edge_(2,m))) NODE=n2; end; 
    if((n3~=Edge_(1,m))&(n3~=Edge_(2,m))) NODE=n3; end; 
    FreeVertex=p(:,NODE); 
     
    RHO_Plus(:,m)   =+Center(:,NoPlus)-FreeVertex; 
    RHO__Plus(:,:,m)  =...      %Nine rho©s of the "plus" triangle 
        +Center_(:,:,NoPlus)-repmat(FreeVertex,[1 9]); 
end 
for m=1:EdgesTotal  %MINUS 
    NoMinus=TriangleMinus(m); 
    n1=t(1,NoMinus); 
    n2=t(2,NoMinus); 
    n3=t(3,NoMinus);  
    if((n1~=Edge_(1,m))&(n1~=Edge_(2,m))) NODE=n1; end; 
    if((n2~=Edge_(1,m))&(n2~=Edge_(2,m))) NODE=n2; end; 
    if((n3~=Edge_(1,m))&(n3~=Edge_(2,m))) NODE=n3; end; 
    FreeVertex=p(:,NODE); 
     
    RHO_Minus(:,m)   =-Center(:,NoMinus) +FreeVertex; 
    %Nine rho©s of the "minus" triangle 
    RHO__Minus(:,:,m)=... 
        -Center_(:,:,NoMinus)+repmat(FreeVertex,[1 9]); 
end 
 
save mesh2  p ...   %Save result 
            t ...             
            TrianglesTotal ... 
            EdgesTotal ... 
            Edge_ ... 
            TrianglePlus ... 
            TriangleMinus ... 
            EdgeLength ... 
            EdgeIndicator ... 
            Area ... 
            RHO_Plus ... 
            RHO_Minus ... 
            RHO__Plus ... 
            RHO__Minus ... 
            Center ... 
            Center_ 
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rwg3.m [10] 

 
clear all 
load(©mesh2©);  %Load the data 
 
f           =2.4e9;   
epsilon_    =8.854e-012; 
mu_         =1.257e-006; 
c_=1/sqrt(epsilon_*mu_);  %Speed of light 
eta_=sqrt(mu_/epsilon_);  %Free-space impedance 
 
omega       =2*pi* f;                                             
k           =omega/c_; 
K           =j*k; 
Constant1   =mu_/(4*pi); 
Constant2   =1/(j*4*pi*omega*epsilon_); 
Factor      =1/9;     
 
FactorA     =Factor* (j*omega*EdgeLength/4)*Constant1; 
FactorFi    =Factor*EdgeLength*Constant2; 
 
for m=1:EdgesTotal 
    RHO_P(:,:,m)=repmat(RHO_Plus(:,m),[1 9]);   %[3 9 EdgesTotal] 
    RHO_M(:,:,m)=repmat(RHO_Minus(:,m),[1 9]);  %[3 9 EdgesTotal] 
end 
FactorA=FactorA.©; 
FactorFi=FactorFi.©; 
 
tic; %start timer 
 
Z=  impmet( EdgesTotal,TrianglesTotal,... 
            EdgeLength,K,... 
            Center,Center_,... 
            TrianglePlus,TriangleMinus,... 
            RHO_P,RHO_M,... 
            RHO__Plus,RHO__Minus,... 
            FactorA,FactorFi);    
 
toc %elapsed time 
FileName=©impedance.mat©;   %Save result 
save(FileName, ©f©,©omega©,©mu_©,©epsilon_©,©c_©, ©eta_©,©Z©);             
 
rwg4.m [10] 

 
load(©mesh2©); 
load(©impedance©); 
 
FeedPoint=[0; 0; 0]; %Find the feeding edge(s)(closest to the origin) 
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for m=1:EdgesTotal 
    V(m)=0; 
    Distance(:,m)=0.5*sum(p(:,Edge_(:,m)),2)-FeedPoint; 
end 
 
[Y,INDEX]=sort(sum(Distance.*Distance)); 
Index=INDEX(1);                 %Center feed - dipole and loop 
 
V(Index)=1*EdgeLength(Index);     %Define the voltage vector 
 
tic;  %Solve system of MoM equations 
I=Z\V.©; 
toc %elapsed time 
 
%Find the antenna input impedance 
GapCurrent  =sum(I(Index).*EdgeLength(Index)©); 
GapVoltage  =mean(V(Index)./EdgeLength(Index)); 
Impedance   =GapVoltage/GapCurrent 
FeedPower   =1/2*real(GapCurrent*conj(GapVoltage)) 
FileName=©current.mat©;  
save(FileName, ©f©,©omega©,©mu_©,©epsilon_©,©c_©, ©eta_©,... 
    ©I©,©V©,©GapCurrent©,©GapVoltage©,©Impedance©,©FeedPower©,©Index©); 
 
rwg5.m [10] 

 
clear all 
 
load(©mesh2©);  %load the data 
load(©current©); 
Index_=find(t(4,:)<=1); 
Triangles=length(Index_); 
 
for k=1:Triangles  %Find the current density for every triangle 
    i=[0 0 0]©; 
    for m=1:EdgesTotal 
        IE=I(m)*EdgeLength(m); 
        if(TrianglePlus(m)==k) 
            i=i+IE*RHO_Plus(:,m)/(2*Area(TrianglePlus(m))); 
        end 
        if(TriangleMinus(m)==k) 
            i=i+IE*RHO_Minus(:,m)/(2*Area(TriangleMinus(m))); 
        end 
    end 
    CurrentNorm(k)=abs(norm(i)); 
end 
 
MAX=max(CurrentNorm); 
MIN=min(CurrentNorm); 
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format long 
CurrentMax=MAX*EdgeLength(Index) 
CurrentMin=MIN*EdgeLength(Index) 
format short 
 
CurrentNorm1=CurrentNorm/max(CurrentNorm); 
for m=1:Triangles 
    N=t(1:3,m); 
    X(1:3,m)=[p(1,N)]©; 
    Y(1:3,m)=[p(2,N)]©; 
    Z(1:3,m)=[p(3,N)]©;       
end 
C=repmat(CurrentNorm1,3,1); 
 
 
h=fill3(X, Y, Z, C); %here©s the linear scale 
colormap gray; 
axis(©equal©); 
rotate3d 
    
efield1  [10] 

   
clear all 
load(©mesh2©);  %Load the data 
load(©current©);  
 
k=omega/c_; 
K=j*k; 
 
for m=1:EdgesTotal 
    Point1=Center(:,TrianglePlus(m)); 
    Point2=Center(:,TriangleMinus(m)); 
    DipoleCenter(:,m)=0.5*(Point1+Point2); 
    DipoleMoment(:,m)=EdgeLength(m)* I(m)*(-Point1+Point2);  
end 
 
ObservationPoint=[2; 2; 0]; 
[E,H]=point(ObservationPoint,eta_,K,DipoleMoment,DipoleCenter); 
 
EField=sum(E,2); HField=sum(H,2);  %find the sum of all dipole contributions 
 
%Common 
EField                  %Radiated/scattered electric field  
                       %(complex vector at a point, V/m) 
HField                  %Radiated/scattered magnetic field  
                        %(complex vector at a point, A/m)             
Poynting=0.5*real(cross(EField,conj(HField)))            
                        %Poynting vector (W/m^2) for radiated/scattered field 
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W=norm(Poynting)        %Radiation density (W/m^2) for radiated/scattered field 
U=norm(ObservationPoint)^2*W           %Radiation intensity (W/unit solid angle)                      
%Only scattering 
RCS=4*pi* (norm(ObservationPoint))^2*sum(EField.*conj(EField));      
                        %Backscattering radar cross-section (scattering) 
 
efield2  [10] 

       
clear all 
load(©mesh2©);  %Load the data 
load(©current©); 
load(©sphere©); 
 
p=50*p;    %sphere radius is 100 m 
k=omega/c_; 
K=j*k; 
 
for m=1:EdgesTotal 
    Point1=Center(:,TrianglePlus(m)); 
    Point2=Center(:,TriangleMinus(m)); 
    DipoleCenter(:,m)=0.5*(Point1+Point2); 
    DipoleMoment(:,m)=EdgeLength(m)* I(m)*(-Point1+Point2);  
end 
 
TotalPower=0; 
M=length(t);  %Sphere series 
for m=1:M 
    N=t(1:3,m); 
    ObservationPoint=1/3*sum(p(:,N),2); 
    [E,H]=point(ObservationPoint,eta_,K,DipoleMoment,DipoleCenter); 
    ET=sum(E,2); HT=sum(H,2); 
    Poynting(:,m)=0.5*real(cross(ET,conj(HT))); 
    U(m)=(norm(ObservationPoint))^2*norm(Poynting(:,m));     
    Vector1=p(:,N(1))-p(:,N(2)); 
    Vector2=p(:,N(3))-p(:,N(2)); 
    Area =0.5*norm(cross(Vector1,Vector2));  
    TotalPower=TotalPower+norm(Poynting(:,m))*Area; 
        X(1:3,m)=[p(1,N)]©; 
    Y(1:3,m)=[p(2,N)]©; 
    Z(1:3,m)=[p(3,N)]©;       
end 
 
TotalPower 
GainLogarithmic     =10* log10(4*pi*max(U)/TotalPower) 
GainLinear          =4*pi*max(U)/TotalPower 
RadiationResistance =2*TotalPower/abs(GapCurrent)^2 
FileName=©gainpower.mat©;  
save(FileName, ©TotalPower©,©GainLogarithmic©,©GainLinear©); 
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U=U/norm(U); 
C=repmat(U,3,1); 
h=fill3(X,Y,Z,C); 
colormap gray; 
axis(©equal©) 
rotate3d on 
 
efield3  [10] 

 
clear all 
load(©mesh2©);  %Load the data 
load(©current©); 
load(©gainpower©); 
 
k=omega/c_; 
K=j*k; 
 
for m=1:EdgesTotal 
    Point1=Center(:,TrianglePlus(m)); 
    Point2=Center(:,TriangleMinus(m)); 
    DipoleCenter(:,m)=0.5*(Point1+Point2); 
    DipoleMoment(:,m)=EdgeLength(m)* I(m)*(-Point1+Point2);  
end 
 
NumPoints=200; 
R=50; %pattern in m 
for ii=1:NumPoints+1 
   phi(ii)=(ii-1)*pi/(NumPoints/2); 
   y=R*cos(phi(ii));    
   z=R*sin(phi(ii));    
   ObservationPoint=[0 y z]©; 
   [E,H]=point(ObservationPoint,eta_,K,DipoleMoment,DipoleCenter); 
   ET=sum(E,2); HT=sum(H,2); 
   Poynting=0.5*real(cross(ET,conj(HT))); 
   W(ii)=norm(Poynting); 
   U(ii)=(norm(ObservationPoint))^2*W(ii); 
end 
Polar_=10* log10(4*pi*U/TotalPower); 
GainLogarithmic=max(Polar_) %gain for the particular pattern! 
 
%This is the standard Matlab polar plot 
 OFFSET=40; polar(phi,max(Polar_+OFFSET,0)); grid on; 
 Title=strcat(©Offset= ©, num2str(OFFSET), © dB©); 
 title(Title); 
 



  Ultra Wideband (Positioning) 

 84  

 
Appendix 2 
 
patchgenerator .m 

 
clear all 
warning off 
 
Color1=[1.00 1.00 1.00];    %dielectric 
Color2=[0.45 0.45 0.45];    %ground plane 
Color3=[0.70 0.70 0.70];    %patch 
Color4=[0.90 0.90 0.90];    %feed 
 
h=0.005; %Separation distance between patch and ground plane 
 
L=0.10;    %Plate length (along the x-axis)  
W=0.05;    %Plate width (along the y-axis) 
Nx=17;     %Discretization parameter (length) 
Ny=9;      %Discretization parameter (width) 
 
Number=3; %Number of rectangles of the feeding strip: 
 
epsilon=1e-6;  %Set vertexes of the plate 
M=1; 
for i=1:Nx+1 
    for j=1:Ny+1 
        X(M)=-L/2+(i-1)/Nx*L; 
        Y(M)=-W/2+(j-1)/Ny*W-epsilon*X(M); 
        M=M+1; 
    end 
end 
 
TRI = delaunay(X,Y,0);  %Use Delaunay triangulation 
t=TRI©; t(4,:)=0; 
p=[X; Y; -h*ones(1,length(X))]; 
save plate p t  
 
PatchNumber=[];   %Identify triangles of the patch 
viewer plate; view(0,90); hold on %Use RETURN key to stop the process 
m=0; 
while ~isempty(t) 
    m=m+1; 
    [xi,yi]=ginput(1); 
    TriangleNumber = tsearch(X,Y,TRI,xi,yi); 
    n=t(1:3,TriangleNumber); 
    PatchNumber= [PatchNumber TriangleNumber]; 
    x= p(1,n); 
    y= p(2,n); 
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    if isempty(xi|yi) break; end 
    fill(x,y,Color4) 
    clear xi yi 
end 
t(4,:)=3; 
t(4,PatchNumber)=2; 
save plate p t 
 
hold off    %Identify junction edge(s) 
viewer plate; view(0,90); hold on %Use RETURN key to stop the process 
FeedingTriangle=[]; 
TRI=t(1:3,:)©; 
while ~isempty(t) 
    [xi,yi]=ginput(1); 
    TriangleNumber = tsearch(p(1,:),p(2,:),TRI,xi,yi); 
    n=t(1:3,TriangleNumber); 
    FeedingTriangle= [FeedingTriangle TriangleNumber]; 
    x= p(1,n); 
    y= p(2,n); 
    if isempty(xi|yi) break; end 
    fill(x,y,Color4) 
    clear xi yi; 
end 
 
tbase=t; pbase=p;  %Create structure patch-ground plane 
tbase(4,:)=0; 
p(3,:)=p(3,:)+h; 
 
T=[tbase t+length(pbase)]; 
T(4,:)=[tbase(4,:) t(4,:)]; 
P=[pbase p]; 
p=P; t=T; 
 
%Create the probe feed (code is too long - should be simplified!) 
FeedingTriangle=[FeedingTriangle FeedingTriangle+length(tbase)]; 
for n=1:length(FeedingTriangle)/4 
    FT=[FeedingTriangle(2*n-1) FeedingTriangle(2*n)]; 
    N=t(1:3,FT(1)); 
    M=t(1:3,FT(2)); 
    a=1-all([N-M(1) N-M(2) N-M(3)]); 
    Edge_B=M(find(a));  
    Edge_T  =[Edge_B©+length(pbase)]; 
    Edge_MM=Edge_B; 
    for k=1:Number-1 
        p(:,length(p)+1)=k/Number*(p(:,Edge_T(1))-p(:,Edge_B(1)))+p(:,Edge_B(1)); 
        p(:,length(p)+1)=k/Number*(p(:,Edge_T(2))-p(:,Edge_B(2)))+p(:,Edge_B(2)); 
        Edge_M=[length(p)-1,length(p)]; 
        tFeed1(:,k)  =[Edge_MM(1);Edge_MM(2);Edge_M(2);1]; 
        tFeed2(:,k)  =[Edge_MM(1);Edge_M(1);Edge_M(2);1]; 
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        Edge_MM=Edge_M; 
    end 
         
    tFeed3  =[Edge_M(1);Edge_M(2);Edge_T(2);1]; 
    tFeed4  =[Edge_M(1);Edge_T(1);Edge_T(2);1]; 
    t=[t tFeed1 tFeed2 tFeed3 tFeed4]; 
end 
 
save patch p t h FeedingTriangle 
hold off 
clear figure 
viewer patch 
     
     
rwg1.m [10] 

 
clear all 
tic; 
 
load(©mesh/patch©); 
[s1 s2]=size(p); 
if(s1==2) 
    p(3,:)=0;   %convert 2D to 3D 
end 
 
Remove=find(t(4,:)>2); %Eliminate unnecessary triangles 
t(:,Remove)=[];            
TrianglesTotal=length(t); 
 
for m=1:TrianglesTotal %Find areas of separate triangles 
   N=t(1:3,m); 
   Vec1=p(:,N(1))-p(:,N(2)); 
   Vec2=p(:,N(3))-p(:,N(2)); 
   Area(m) =norm(cross(Vec1,Vec2))/2; 
   Center(:,m)=1/3*sum(p(:,N),2); 
end 
 
Edge_=[];  %Find all edge elements "Edge_" with at least two 
n=0;   %adjacent triangles 
for m=1:TrianglesTotal 
    N=t(1:3,m); 
    for k=m+1:TrianglesTotal 
        M=t(1:3,k);       
        a=1-all([N-M(1) N-M(2) N-M(3)]); 
        if(sum(a)==2) %triangles m and k have two common points 
            n=n+1; 
            Edge_=[Edge_ M(find(a))];  
            TrianglePlus(n)=m; 
            TriangleMinus(n)=k;  
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        end;  
    end 
end 
EdgesTotal=length(Edge_); 
 
Edge__=[Edge_(2,:); Edge_(1,:)]; %This block is only meaningful for T junctions 
Remove=[];    %It leaves only two edge elements at a junction 
for m=1:EdgesTotal 
    Edge_m=repmat(Edge_(:,m),[1 EdgesTotal]); 
    Ind1=any(Edge_  -Edge_m); 
    Ind2=any(Edge__ -Edge_m); 
    A=find(Ind1.* Ind2==0); 
 
Rwg2.m [10] 

 
clear all 
 
load(©mesh1©) %load the data 
IMT=[]; %Find nine sub-triangle midpoints 
for m=1:TrianglesTotal 
    n1=t(1,m); 
    n2=t(2,m); 
    n3=t(3,m);  
    M=Center(:,m); 
    r1=    p(:,n1); 
    r2=    p(:,n2); 
    r3=    p(:,n3); 
    r12=r2-r1; 
    r23=r3-r2; 
    r13=r3-r1; 
    C1=r1+(1/3)* r12; 
    C2=r1+(2/3)* r12; 
    C3=r2+(1/3)* r23; 
    C4=r2+(2/3)* r23; 
    C5=r1+(1/3)* r13; 
    C6=r1+(2/3)* r13; 
    a1=1/3*(C1+C5+r1); 
    a2=1/3*(C1+C2+M); 
    a3=1/3*(C2+C3+r2); 
    a4=1/3*(C2+C3+M); 
    a5=1/3*(C3+C4+M); 
    a6=1/3*(C1+C5+M); 
    a7=1/3*(C5+C6+M); 
    a8=1/3*(C4+C6+M); 
    a9=1/3*(C4+C6+r3); 
    Center_(:,:,m)=... 
        [a1 a2 a3 a4 a5 a6 a7 a8 a9]; 
end 
%PLUS 
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for m=1:EdgesTotal 
    NoPlus=TrianglePlus(m); 
    n1=t(1,NoPlus); 
    n2=t(2,NoPlus); 
    n3=t(3,NoPlus);  
    if((n1~=Edge_(1,m))&(n1~=Edge_(2,m))) NODE=n1; end; 
    if((n2~=Edge_(1,m))&(n2~=Edge_(2,m))) NODE=n2; end; 
    if((n3~=Edge_(1,m))&(n3~=Edge_(2,m))) NODE=n3; end; 
    FreeVertex=p(:,NODE); 
     
    RHO_Plus(:,m)   =+Center(:,NoPlus)-FreeVertex; 
    %Nine rho©s of the "plus" triangle 
    RHO__Plus(:,:,m)  =... 
        +Center_(:,:,NoPlus)-repmat(FreeVertex,[1 9]); 
end 
%MINUS 
for m=1:EdgesTotal 
    NoMinus=TriangleMinus(m); 
    n1=t(1,NoMinus); 
    n2=t(2,NoMinus); 
    n3=t(3,NoMinus);  
    if((n1~=Edge_(1,m))&(n1~=Edge_(2,m))) NODE=n1; end; 
    if((n2~=Edge_(1,m))&(n2~=Edge_(2,m))) NODE=n2; end; 
    if((n3~=Edge_(1,m))&(n3~=Edge_(2,m))) NODE=n3; end; 
    FreeVertex=p(:,NODE); 
     
    RHO_Minus(:,m)   =-Center(:,NoMinus) +FreeVertex; 
    %Nine rho©s of the "minus" triangle 
    RHO__Minus(:,:,m)=... 
        -Center_(:,:,NoMinus)+repmat(FreeVertex,[1 9]); 
end 
 
save mesh2  p ...  %Save result 
            t ...             
            TrianglesTotal ... 
            EdgesTotal ... 
            Edge_ ... 
            TrianglePlus ... 
            TriangleMinus ... 
            EdgeLength ... 
            EdgeIndicator ... 
            Area ... 
            RHO_Plus ... 
            RHO_Minus ... 
            RHO__Plus ... 
            RHO__Minus ... 
            Center ... 
            Center_ ... 
            h               %This is new (patch height) 
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rwg3.m [10] 

 
clear all 
load(©mesh2©); %Load the data 
 
NumberOfSteps=21;  %Frequency series parameters 
FreqStart   =0.1e9;      %in Hz 
FreqStop    =4.8e9;      %in Hz 
step=(FreqStop-FreqStart)/(NumberOfSteps-1); 
 
epsilon_    =8.854e-012; %EM parameters 
epsilon_R   =1.0; 
mu_         =1.257e-006; 
c_=1/sqrt(epsilon_*mu_); %speed of light 
eta_=sqrt(mu_/epsilon_); %free-space impedance 
 
for m=1:EdgesTotal %Contemporary variables - metal impedance matrix 
    RHO_P(:,:,m)=repmat(RHO_Plus(:,m),[1 9]);   %[3 9 EdgesTotal] 
    RHO_M(:,:,m)=repmat(RHO_Minus(:,m),[1 9]);  %[3 9 EdgesTotal] 
end 
 
DP      =find(t(4,:)==0);%Contemporary variables - dielectric/metal impedance matrix 
M       =length(DP);        %first M triangles form the dielectric plate 
delta   =[0;0;1e-12];       %introduce to avoid singularity 0/0 
 
Middle=[0; 0; h/2]; 
for m=1:M 
    N=t(1:3,m); 
    Point(:,m)=Center(:,m)      +Middle;  
    IMT(:,:,m)=Center_(:,:,m)   +repmat(Middle,[1,9]); 
end 
 
for FF=1:NumberOfSteps     %Frequency series 
    tic; FF  
    f(FF)       =FreqStart+step*(FF-1); 
    omega       =2*pi* f(FF); 
    k           =omega/c_; 
    K           =j*k; 
    Constant1   =mu_/(4*pi); 
    Constant2   =1/(j*4*pi*omega*epsilon_); 
    Factor      =1/9;     
    FactorA     =Factor* (j*omega*EdgeLength/4)*Constant1; 
    FactorFi    =Factor*EdgeLength*Constant2; 
    FactorA     =FactorA.©; 
    FactorFi    =FactorFi.©; 
        %Metal-to-metal impedance matrix (SS) 
    ZSS=  impmet( EdgesTotal,TrianglesTotal,... 
            EdgeLength,K,... 
            Center,Center_,... 
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            TrianglePlus,TriangleMinus,... 
            RHO_P,RHO_M,... 
            RHO__Plus,RHO__Minus,... 
            FactorA,FactorFi);    
    ZSS=ZSS.©;  
    toc; tic; 
    %Dielectric-to-dielectric impedance matrix (DD)  
    ZDD = zeros(M,M)+j*zeros(M,M); 
    for m=1:M 
        OP      =Point(:,m)+delta; 
        IP      =Point; 
        E       =point_(OP,K,k,Constant2,Area(1:M),h,IP); 
        ZDD(m,:)=E(3,:);        %Non-diagonal terms 
        IP      =IMT(:,:,m); 
        E       =point_(OP,K,k,Constant2,ones(1,9)*Area(m)/9,h,IP); 
        ZDD(m,m)=sum(E(3,:));   %Diagonal terms 
    end     
    ZDD=j*omega*epsilon_*(epsilon_R-1)*ZDD; %Non-symmetric matrix since 
areas are different 
    toc; tic;  
      
    %Dielectric-to-metal impedance matrix (DS)  
    ZDS = zeros(EdgesTotal,M)+j*zeros(EdgesTotal,M); 
    for m=1:EdgesTotal 
        OPPlus  =Center(:,TrianglePlus(m))+delta; 
        OPMinus =Center(:,TriangleMinus(m))+delta; 
        EP      =point_(OPPlus,K,k,Constant2,Area(1:M),h,Point); 
        EM      =point_(OPMinus,K,k,Constant2,Area(1:M),h,Point); 
        ScalarPlus  =sum(EP.*  repmat(RHO_Plus(:,m), [1 M])); 
        ScalarMinus =sum(EM.*  repmat(RHO_Minus(:,m),[1 M])); 
        ZDS(m,:)    =EdgeLength(m)*(ScalarPlus/2+ScalarMinus/2);     
    end 
    toc; tic; 
        
    %Metal-to-dielectric impedance matrix (SD)  
    ZSD = zeros(M,EdgesTotal)+j*zeros(M,EdgesTotal); 
    C1=1/(2*epsilon_)/(-j*omega); 
    C2=j*omega*epsilon_*(epsilon_R-1); 
    C=C1*C2; 
    for m=1:M          
        Q=sum(abs([Center(1,m)-Center(1,:); Center(2,m)-Center(2,:)])); 
        T=find(Q<1.e-9); %Finds only bottom or bottom and top triangles        
        for q=1:length(T) 
            Plus    =find(TrianglePlus-T(q)==0); 
            Minus   =find(TriangleMinus-T(q)==0); 
            Ind     =(-1)^(q+1); 
            for k=1:length(Plus) 
                n=Plus(k); 
                Charge=EdgeLength(n)/Area(T(q)); 
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                ZSD(m,n)=ZSD(m,n)+C*Ind*Charge; 
            end 
            for k=1:length(Minus) 
                n=Minus(k); 
                Charge=-EdgeLength(n)/Area(T(q)); 
                ZSD(m,n)=ZSD(m,n)+C*Ind*Charge;  
            end  
        end 
    end 
    toc; tic; 
   
    for m=1:EdgesTotal     
        V(m)=0; 
    end 
     
   Index=find(EdgeIndicator==1);     %This is the bottom probe feed 
     
    V(Index)=1*EdgeLength(Index);         %Solution of MoM equations 
    Z=[ZSS -ZDS; ZSD ZDD-eye(M,M)];     %Total impedance matrix         

V(EdgesTotal+1:EdgesTotal+M)=0; %Total voltage vector 
      
    I=Z\V.©; 
    toc; tic; 
     
    CURRENT(:,FF)=I(:); 
    GapCurrent(FF)  =sum(I(Index).*EdgeLength(Index)©);     %Impedance 
    GapVoltage(FF)  =mean(V(Index)./EdgeLength(Index)); 
    Impedance(FF)   =GapVoltage(FF)/GapCurrent(FF); 
    FeedPower(FF)   =1/2*real(GapCurrent(FF)*conj(GapVoltage(FF)));     
    Imp             =Impedance(FF) 
end 
 
FileName=©current.mat©;  %Save result 
save(FileName, ©f©,©NumberOfSteps©,©FreqStart©,©FreqStop©,©step©,... 
                ©omega©,©mu_©,©epsilon_©,©c_©, ©eta_©,... 
                
©CURRENT©,©GapCurrent©,©GapVoltage©,©Impedance©,©FeedPower©,©M©,©h©,©Point©,©Index©) 
 
sweeplot.m  [10]       

 
clear all 
load(©current.mat©); 
 
a=figure %plot impedance (real+imag) 
plot(f, real(Impedance),©.©,f,imag(Impedance),©.©); 
hold on 
plot(f, real(Impedance),f,imag(Impedance),©--©); 
xlabel (©Frequency, Hz©) 
ylabel(©Input  resistance/reactance, Ohm©) 
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title(©Resistance-solid; reactance-dashed©) 
grid on %axis([200e6 400e6 -100 250]) 
 
b=figure 
Gamma=(Impedance-50)./(Impedance+50); %Plot input reflection coefficient 
Out=20* log10(abs(Gamma)); 
plot(f, Out); 
xlabel (©Frequency, Hz©) 
ylabel (©Return loss, dB©) 
grid on 
hold on 
 
rwg5single.m  [10] 

 
clear all 
load(©mesh2©); 
load(©current©); 
 
FreqToPlot=2.4e9 
 
[dummy,FF]=min(abs(FreqToPlot-f)); 
f(FF) 
I(:,1)=CURRENT(:,FF); 
 
Index=find(t(4,:)~=3); %Here©s the difference of Chapter 10 
Triangles=length(Index); 
 
for k=1:TrianglesTotal %Find the current density for every triangle 
   i=[0 0 0]©; 
   for m=1:EdgesTotal 
      if(TrianglePlus(m)==k) 
         i=i+I(m)*EdgeLength(m)*RHO_Plus(:,m)/(2*Area(TrianglePlus(m))); 
      end 
      if(TriangleMinus(m)==k) 
         i=i+I(m)*EdgeLength(m)*RHO_Minus(:,m)/(2*Area(TriangleMinus(m))); 
      end 
   end 
   CurrentNorm(k)=abs(norm(i)); 
end 
 
CurrentNorm1=CurrentNorm/max(CurrentNorm); 
for l=1:Triangles 
    m=Index(l); 
    N=t(1:3,m); 
    X(1:3,m)=[p(1,N)]©; 
    Y(1:3,m)=[p(2,N)]©; 
    Z(1:3,m)=[p(3,N)]©;       
end 
C=repmat(CurrentNorm1,3,1); 
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h=fill3(X, Y, Z, C); 
%colormap copper; 
colormap gray; 
brighten(0.20) 
axis(©equal©); 
view(148,34) 
rotate3d 
 
efield3singel.m [10] 

 
clear all 
load(©mesh2©);  %Load the data 
load(©current©); 
 
FreqToPlot=2.4e9  %in Hz 
[dummy,FF]=min(abs(FreqToPlot-f)); 
f(FF) 
I=CURRENT(:,FF); 
Power=FeedPower(FF); 
omega=2*pi* f(FF); 
k=omega/c_; 
K=j*k; 
 
for m=1:EdgesTotal %Identify dipoles on the metal surface 
    TP=TrianglePlus(m); 
    TM=TriangleMinus(m);  
    DipoleCenter(:,m)=0.5*(Center(:,TP)+Center(:,TM)); 
    DipoleMoment(:,m)=EdgeLength(m)*CURRENT(m,FF)*(-
Center(:,TP)+Center(:,TM));  
end 
for m=1:M %Identify dipoles in the dielectric volume 
    DipoleCenterD(:,m)=Point(:,m); 
    DipoleMomentD(:,m)=[0; 0; h*Area(m)]*CURRENT(EdgesTotal+m,FF); 
end        
 
NumPoints=100; 
R=50; %pattern in m 
for ii=1:NumPoints+1 
   ii 
   phi(ii)=(ii-1)*pi/(NumPoints/2); 
   x=R*cos(phi(ii));    
   z=R*sin(phi(ii));    
   ObservationPoint=[x 0 z]©; 
   [EM,HM]=point(ObservationPoint,eta_,K,DipoleMoment,DipoleCenter);    %metal 
contribution 
   [ED,HD]=point(ObservationPoint,eta_,K,DipoleMomentD,DipoleCenterD);   
   ET=sum(EM,2)+sum(ED,2); HT=sum(HM,2)+sum(HD,2); 
   Poynting=0.5*real(cross(ET,conj(HT))); 
   W(ii)=norm(Poynting); 
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   U(ii)=(norm(ObservationPoint))^2*W(ii); 
end 
Polar_=10* log10(4*pi*U/Power); 
 
OFFSET=20; polar(phi,max(Polar_+OFFSET,0)); grid on; 
Title=strcat(©Offset= ©, num2str(OFFSET), © dB©); 
title(Title); 
 

Appendix 3 
 
asdfunction [sys,x0,str,ts] = newtdma_s_function(t,x,u,flag) 
 
switch flag, 
 
 case 0, 
    [sys,x0,str,ts]=mdlInitializeSizes; 
 case 1, 
    sys=mdlDerivatives(t,x,u); 
 case 2, 
    sys=mdlUpdate(t,x,u); 
 case 3, 
    sys=mdlOutputs(t,x,u); 
 case 4, 
    sys=mdlGetTimeOfNextVarHit(t,x,u); 
 case 9, 
    sys=mdlTerminate(t,x,u); 
  otherwise 
    error([©Unhandled flag = ©,num2str(flag)]); 
 
end 
 
function [sys,x0,str,ts]=mdlInitializeSizes 
 
sizes = simsizes; 
sizes.NumContStates  = 0; 
sizes.NumDiscStates  = 1; 
sizes.NumOutputs     = 6; 
sizes.NumInputs      = 1; 
sizes.DirFeedthrough = 1; 
sizes.NumSampleTimes = 1;   % at least one sample time is needed 
 
sys = simsizes(sizes); 
 
x0  = 0; initialize the initial conditions 
str = []; str is always an empty matrix 
ts  = [5 0]; initialize the array of sample times 
 
function sys=mdlDerivatives(t,x,u) % end mdlInitializeSizes 
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sys = [];  % end mdlDerivatives 
 
function sys=mdlUpdate(t,x,u) 
 
sys = [];  % end mdlUpdate 
 
function sys=mdlOutputs(t,x,u) 
 
in=u; 
delay=0.1; 
if in < 1;                             %to check if input is between 1 to 15 user. 
    disp(© ©); 
    disp(©Error©); 
    disp(© ©); 
    output=zeros(1,6); 
else if in >15; 
    disp(© ©); 
    disp(©Error©); 
    disp(© ©); 
    output=zeros(1,6); 
else; 
    disp(© ©); 
    disp(in); 
    disp(© ©); 
    roundown= floor(in);                 %perform rounding down of input 
 
    if isequal(in,roundown);             %check if integer equal roundown. if equal to 1 
means input is integer. if not will terminate. 
        binary= de2bi(in,4,©left-msb©);  %change decimal input in to binary of 4 bits, 
arrange msb to the left 
        time=[(in*delay)-delay ((in*delay)-delay)+100];                    %assign time to the 
user 
        output= horzcat(binary,time);         
    else; 
        disp(© ©); 
        disp(©Not an integer.©); 
        disp(© ©); 
        output=zeros(1,6); 
    end; 
end;     
end; 
 
sys= output; 
function sys=mdlGetTimeOfNextVarHit(t,x,u) % end mdlOutputs 
sampleTime = 1;    %  Example, set the next hit to be one second later. 
sys = t + sampleTime; 
function sys=mdlTerminate(t,x,u) % end mdlGetTimeOfNextVarHit 
 
sys = []; % end mdlTerminate 


