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Abstract 
Multi-antenna technologies may offer significant increases in data throughput 

and link range without additional bandwidth or transmit power by using spatial 

diversity concept. However, the radiation proprieties and return loss of these 

antennas as well as the channel capacity may be modified by many factors such 

as close scatterers (human body), mutual coupling, PCB housing, etc.   

The goal of this study is to characterize the behavior of some multi-antenna 

prototypes in the presence of these perturbation sources. Most of the antennas 

are designed to work for 2.4/5.2/5.8 GHz WLAN bands and 2.5/3.5/5.5GHz 

WiMAX bands and are printed on PCBs of size 114x64 mm2 which follow the 

average dimensions of PDAs found in the market. 

Different antennas were designed, simulated and fabricated. In Chapter 4 the 

results for the circular monopole array antenna is widely detailed. In the 

Appendix, designs of other antennas simulated and/or fabricated are shown.  
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Chapter 1. Introduction 

Modern mobile communication terminals such as cell phones and PDAs 

attempt to guarantee multimedia services at a high data rate such as internet, 

online shopping, video telephones, etc. Consequently, new challenges for the 

improvement of the communication link emerge, including interference and 

transmitted energy reduction, and increased range and capacity. In upcoming 

years, smart antennas, such as beamforming and MIMO/SIMO systems, will be 

massively employed as a high-performance solution to these challenges [1]. 

Beamforming used for SDMA multiplexing access is a powerful technique for 

user discrimination in space domain, and MIMO/SIMO systems considerably 

increase the channel capacity when the ports associated to different radiating 

elements are sufficiently uncorrelated. 

The successful implementation of such systems implies detailed knowledge on 

the mobile propagation channel. The Propagation modeling (or characterization) 

is important because it shows how the electromagnetic waves propagate in a 

given type of environment. Statistical models give some parameters that allow 

the understanding of the channel behavior in average, and its variability. 

From the moment you know how the propagation channel behaves, you can 

better design communication systems, calculate channel capacity (maximum 

allowed data rate), and design wireless networks (RF planning).  

Mostly of statistical models don't take into account some scatterers which are 

close to the mobile terminals such as the user's hand and head. These scatterers 
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may change the return loss and far-field radiation proprieties of the terminal. 

When associated to the antenna radiation pattern, the complete channel model 

seems less realistic if this close scatterers influence is not taken into account. 

In the case of a multiport system the Kronecker approach allows the 

propagation channel to decouple effectively the receiver and the transmitter, 

permitting a separate characterization of the propagation channel, transmitting 

and receiving branches.  

The goal of this study is to provide “antenna plus close scatterers” 

measurements that can be used in future works for channel modeling. In chapter 

I, basic concepts of spatial multiplexing using adaptative beamformer and 

multiport systems such as MIMO are introduced. Also in chapter I, a brief 

abstract of recent works on antenna measurements and simulations in presence 

of close scatterers is presented. In Chapter II, the basic concepts of antennas are 

presented since antenna measurements are the scope of interest in this study. 

Chapter III shows the measurement setups and results for different terminals and 

configurations. This work ends in the Chapter IV with a brief conclusion.   

1.1 Data Multiplexing 

Multiplexing is a process where multiple analog message signals or digital 

data streams are combined into one signal over a shared medium. The aim is to 

share an expensive resource. For example, in telecommunications, several phone 

calls may be transferred using one wire. It originated in telegraphy, and is now 

widely applied in communications. 

The multiplexed signal is transmitted over a communication channel, which 

may be a physical transmission medium. The multiplexing divides the capacity of 

the low-level communication channel into several higher-level logical channels, 

one for each message signal or data stream to be transferred. A reverse process, 

known as demultiplexing, can extract the original channels on the receiver side. 

A device that performs the multiplexing is called a multiplexer (MUX), and a 
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device that performs the reverse process is called a demultiplexer (DEMUX). 

Inverse multiplexing (IMUX) has the opposite aim as multiplexing, namely to 

break one data stream into several streams, transfer them simultaneously over 

several communication channels, and recreate the original data stream. 

Many strategies of multiplexing exist according to the used communication 

protocol that can combine them to reach the most efficient use; the best known 

are: 

 The multiplexing by division of time or TDM (Time division 

multiplexing); 

 The multiplexing by division of frequency or FDM (Frequency-division 

multiplexing) and his equivalent in optical communications, by division 

of WDM or wavelength (of Wavelength); 

 The multiplexing by division in code or CDM (Code division 

multiplexing). 

 The multiplexing by spatial division (Spatial Multiplexing, often 

abbreviated as SM or SMX).   

Spatial multiplexing is a transmission technique in MIMO wireless 

communication to transmit independent and separately encoded data 

signals, so called streams, from each of the multiple transmits antennas. 

Therefore, the space dimension is reused, or multiplexed, more than one 

time. 

1.1.1 Spatial Multiplexing of data 

Antenna diversity, also known as space diversity, is any one of several wireless 

diversity schemes that use two or more antennas to improve the quality and 

reliability of a wireless link [2]. Often, especially in urban and indoor 

environments, there is not a clear line-of-sight (LOS) between transmitter and 

receiver. Instead the signal is reflected along multiple paths before finally being 

received. Each of these bounces can introduce phase shifts, time delays, 

attenuations, and even distortions that can destructively interfere with one 
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another at the aperture of the receiving antenna. Antenna diversity is especially 

effective at mitigating these multipath situations. This is because multiple 

antennas afford a receiver several observations of the same signal. Each antenna 

will experience a different interference environment. Thus, if one antenna is 

experiencing a deep fade, it is likely that another has a sufficient signal. 

Collectively such a system can provide a robust link. While this is primarily seen in 

receiving systems (diversity reception), the analog has also proven valuable for 

transmitting systems (transmit diversity) as well. 

Inherently an antenna diversity scheme requires additional hardware and 

integration versus a single antenna system but due to the commonality of the 

signal paths a fair amount of circuitry can be shared. Also with the multiple 

signals there is a greater processing demand placed on the receiver, which can 

lead to tighter design requirements. Typically, however, signal reliability is 

paramount and using multiple antennas is an effective way to decrease the 

number of drop-outs and lost connections.  

Antenna diversity [3] can be realized in several ways. Depending on the 

environment and the expected interference, designers can employ one or more 

of these methods to improve signal quality. In fact multiple methods are 

frequently used to further increase reliability. 

 Spatial Diversity. 

 Pattern Diversity. 

 Polarization Diversity. 

 Adaptive Arrays. 

Spatial diversity employs multiple antennas, usually with the same 

characteristics, that are physically separated from one another. Depending upon 

the expected incidence of the incoming signal, sometimes a space on the order 

of haldf a wavelength is sufficient, or even less. 

In radio, multiple-input and multiple-output, or MIMO, is the use of multiple 

antennas at both the transmitter and receiver to improve communication 
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performance. It is one of several forms of smart antenna technology. 

MIMO technology [4] has attracted enormous attention in wireless 

communications, since it offers significant increases in data throughput and link 

range without additional bandwidth or transmit power. It achieves this by higher 

spectral efficiency (more bits per second per hertz of bandwidth) and link 

reliability or diversity (reduced fading). Because of these properties, MIMO is a 

current theme of international wireless research. 

 

Figure 1 

Forms of MIMO  

SIMO (single input, multiple output) 

in which multiple antennas are used at 

the destination (receiver). 

MISO (multiple input, single output) 

in which multiple antennas are used at 

the source (transmitter). 

MIMO (multiple input, multiple 

output) in which multiple antennas are 

used at both the source (transmitter) 

and the destination (receiver). 

Figure 2 
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1.2 Adaptative beamformer 

A special case in which spatial diversity is used is in phased antenna arrays 

that can be used for beamforming. Beamforming [5] is a signal processing 

technique used in sensor arrays for directional signal transmission or reception. 

This spatial selectivity is achieved by using adaptive or fixed receive/transmit 

beam patterns. The improvement compared with an omnidirectional 

reception/transmission is known as the receive/transmit gain (or loss). 

Beamforming can be used for either radio or sound waves. It has found 

numerous applications in radar, sonar, seismology, wireless communications, 

radio astronomy, speech, and biomedicine. Adaptive beamforming is used to 

detect and estimate the signal-of-interest at the output of a sensor array by 

means of data-adaptive spatial filtering and interference rejection. 

An adaptive beamformer is a beamforming system which performs adaptive 

spatial signal processing with an array of radar antennas (or phased array) in 

order to transmit or receive signals in different directions without having to 

mechanically steer the array. The main distinction between an adaptive 

beamformer and a conventional beamforming system is the ability of the former 

to adjust its performance to suit differences in its environment. A particularly 

important feature, in military applications, is the potential for an adaptive 

beamformer to reduce sensitivity to certain directions of arrival so as to 

counteract jamming by hostile transmissions. 

If the beamforming is performed digitally in baseband, a system of user 

multiplexing in Space Domain (SDMA) may be used. The data associated to each 

user may be recovered using antenna array weights calculated through the 

user’s direction. 

1.3 Multidirectional beam patterns 

A multiport antenna system may provide multidirectional beam patterns with 
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minimum interference comprising multiple, as for example a multiport antenna 

contains two types of radiating elements mounted adjacently. The first elemental 

antenna is responsive to energy having a first polarization, while the second 

elemental antenna is responsive to energy having a polarization orthogonal to 

the first polarization. With such an arrangement, all the radiating elements are 

located in close proximity without coupling signals to each other, and each 

element is capable of producing a directional radiation pattern in an 

independent manner. Consequently, the physical area required to install the 

antenna is minimized, and the antenna provides very good hemispherical 

coverage and for example may be placed anywhere on the ceiling of a room to 

provide coverage of the entire space. 

 

1.4 Abstract of recent works on antenna modeling in 

the presence of close scatterers 

Many researchers have been working on antenna modeling in the last years 

and on the effect of close scatterers on the radiation and matching behavior of 

the antennas and the overall system performance. 

The analyses are sometimes based on measurements, simulations or both 

measurements (antenna properties) and simulations (channel). The choice of 

data acquisition technique may depend on the type of metric that is wanted, 

available equipments, and sometimes available human samples (volunteers) to 

hold the terminals.   

In different works about multiantenna systems, Chiau [6] and Plicanic [7] 

calculated the mean effective gain, the correlation between elements and the 

diversity gain (usually for 1% or 50% of the CDF curve) by associating the 

measured radiation pattern in 3D with statistical models of angle spreading 

(Laplacian, Gaussian, etc).  
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In the works of Mellah-Sibille [8] and Gomes [9], human samples are used to 

hold the terminals in many different positions and generate statistical variability 

from a number of measurements. Statistical analyses of mutual coupling, 

correlation and mean matching efficiency are given. 

In order to evaluate performance metrics such as MIMO capacity, correlation 

and diversity gain from real samples of the channel instead of using statistical 

models, Beach [10] performed a measurement campaign for many scenarios. 

Browse and Harrysson [11] used positionners at transmitter and receiver for 

generating a channel grid of samples using few scenarios. In these works, a 

human body phantom is used at the receiver as close scatterer source. 

Harrysson [11] also proposed a statistical study by continuously measuring 

narrowband channels along the movement of the mobile station passing though 

many rooms in indoor environments. Thousands of samples in time, sub-bands 

and spatial domains were used to generate statistics of many important 

performance metrics such as the SIMO/MIMO channel capacity, diversity gain, 

antenna correlation, coherence time and coherence band.  

  



 

 

13 

Chapter 2. Antenna Basics 

2.1 Antenna radiation 

Antennas radiate spherical waves that propagate in the radial direction for a 

coordinate system centered on the antenna [12]. At large distances, spherical 

waves can be approximated by plane waves. Plane waves are useful because 

they simplify the problem. 

The Poynting vector describes both the direction of propagation and the 

power density of the electromagnetic wave. It is found from the vector cross 

product of the electric and magnetic fields and is denoted S: 

ࡿ = ࡱ × ∗ࡴ        
ܹ
݉ଶ 

Root mean square (RMS) values are used to express the magnitude of the 

fields. H* is the complex conjugate of the magnetic field phasor. The magnetic 

field is proportional to the electric field in the far field. The constant of 

proportionality is η, the impedance of free space (η = 376.73Ω): 

 

|ࡿ| = ܵ =
ଶ|ࡱ|

ߟ        
ܹ
݉ଶ 

Because the Poynting vector is the vector product of the two fields, it is 

orthogonal to both fields and the triplet defines a right-handed coordinate 
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system: (E, H, S). 

Consider a pair of concentric spheres centered on the antenna. The fields 

around the antenna decrease as 1/R, 1/R2, 1/R3, and so on. Far from the antenna 

we consider only the radiated fields and power density. The power flow is the 

same through concentric spheres:  

ଵଶܴߨ4 ଵܵ,௔௩௚ =  ଶଶܵଶ,௔௩௚ܴߨ4

The average power density is proportional to 1/R2. Consider differential areas 

on the two spheres at the same coordinate angles. The antenna radiates only in 

the radial direction; therefore, no power may travel in the θ or φ direction. 

Power travels in flux tubes between areas, and it follows that not only the 

average Poynting vector but also every part of the power density is proportional 

to 1/R2:  

ଵܴܵଵଶ sin ߶݀ߠ݀ߠ = ܵଶܴଶଶ sin  ߶݀ߠ݀ߠ

Since in a radiated wave S is proportional to 1/R2, E is proportional to 1/R. It is 

convenient to define radiation intensity to remove the 1/R2 dependence:  

(߶,ߠ)ܷ = ܵ(ܴ,  ݈݁݃݊ܽ ݈݀݅݋ݏ/ܹ       ଶܴ(߶,ߠ

Radiation intensity depends only on the direction of radiation and remains the 

same at all distances. A probe antenna measures the relative radiation intensity 

(pattern) by moving in a circle (constant R) around the antenna. 

2.2 Gain  

Gain is a measure of the ability of the antenna to direct the input power into 

radiation in a particular direction and is measured at the peak radiation intensity. 

Consider the power density radiated by an isotropic antenna with input power P0 

at a distance R: S = P0/4πR2. An isotropic antenna radiates equally in all 

directions, and its radiated power density S is found by dividing the radiated 

power by the area of the sphere 4πR2. The isotropic radiator is considered to be 
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100% efficient. The gain of an actual antenna increases the power density in the 

direction of the peak radiation:  

ܵ = ଴ܲܩ
ଶܴߨ4

=
ଶ|ܧ|

ߟ
|ܧ|   ݎ݋    =

1
ܴ
ඨ ଴ܲߟܩ

ߨ4
= ටܵఎ 

Gain is achieved by directing the radiation away from other parts of the 

radiation sphere. In general, gain is defined as the gain-biased pattern of the 

antenna:  

(߶,ߠ)ܵ = ଴ܲ(߶,ߠ)ܩ
ଶܴߨ4

 ݕݐ݅ݏ݊݁݀ ݎ݁ݓ݋݌      

(߶,ߠ)ܷ = ଴ܲ(߶,ߠ)ܩ
ߨ4

 ݕݐ݅ݏ݊݁ݐ݊݅ ݊݋݅ݐܽ݅݀ܽݎ      

 The surface integral of the radiation intensity over the radiation sphere 

divided by the input power P0 is a measure of the relative power radiated by the 

antenna, or the antenna efficiency: 

௥ܲ

଴ܲ
= න න

(߶,ߠ)ܩ
ߨ4

గ

଴
sinθ݀ߠ ݀߶

ଶగ

଴
 = ߳௖ௗ       ݂݂݁݅ܿ݅݁݊ܿݕ 

where Pr is the radiated power.  

In the above formula, antenna radiation efficiency only includes conduction 

efficiency and dielectric efficiency and does not include reflection efficiency as 

part of the total efficiency factor. Moreover, the IEEE standards state that “gain 

does not include losses arising from impedance mismatches and polarization 

mismatches”. Antenna Absolute Gain is another definition for antenna gain. 

However, Absolute Gain (or effective) does include the reflection or mismatch 

losses [13]. 

(߶,ߠ)௔௕௦ܩ = ߳௥௘௙௟(߶,ߠ)ܩ = (1 − Γଶ)൫(߶,ߠ)ܩ൯ 

In this equation, ߳௥௘௙௟ is the reflection efficiency. Since the term ߳௖ௗ includes 

the dielectric and conduction efficiency, the term ߳௘௙௙  is the total antenna 



 

 

16 

efficiency factor. 

߳௘௙௙ = ߳௖ௗ߳௥௘௙௟ 

Mutual coupling has also to be taken into account in the antenna array 

performance. Mutual coupling arises due to the interaction of two or more 

elements being in close proximity to each other. This effect is observed during 

the transmission or reception of elements in the array. The effects of mutual 

coupling can be modeled by the use of full-wave numeric electromagnetic 

solvers incorporating methods such as the finite element method, finite 

difference time domain method and method of moments. These mutual 

coupling effects can be described by an impedance matrix (Z). 

Therefore, the measured signal including mutual coupling effects can be 

given as:  

തܺ = ܼ̿(ܺௗതതതത + ܺపഥ ) + ܺ௡തതതത 

where Xd is the desired signal vector, Xi the interference signal vector, and Xn 

the thermal noise vector [21]. 

The effect of mutual coupling can be reduced by minimizing the interaction 

between elements in the array. One of the ways to achieve this is by adjusting 

the interelement separation. 

 

2.3 Directivity  

Directivity is a measure of the concentration of radiation in the direction of 

the maximum: 

ݕݐ݅ݒ݅ݐܿ݁ݎ݅݀ =
ݕݐ݅ݏ݊݁ݐ݊݅ ݊݋݅ݐܽ݅݀ܽݎ ݉ݑ݉݅ݔܽ݉
ݕݐ݅ݏ݊݁ݐ݊݅ ݊݋݅ݐܽ݅݀ܽݎ ݁݃ܽݎ݁ݒܽ

=
ܷ௠௔௫

ܷ଴
 

 Directivity and gain differ only by the efficiency, but directivity is easily 

estimated from patterns. Gain—directivity times efficiency—must be measured.  
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The average radiation intensity can be found from a surface integral over the 

radiation sphere of the radiation intensity divided by 4π, the area of the sphere 

in steradians:  

ݕݐ݅ݏ݊݁ݐ݊݅ ݊݋݅ݐܽ݅݀ܽݎ ݁݃ܽݎ݁ݒܽ = න න
(߶,ߠ)ܷ

ߨ4

గ

଴
sinθ݀ߠ ݀߶

ଶగ

଴
 = ܷ଴ 

 This is the radiated power divided by the area of a unit sphere. The radiation 

intensity U(θ,φ) separates into a sum of co- and cross-polarization components:  

ܷ଴ = න න
ܷ஼(ߠ,߶) + ௑ܷ(ߠ,߶)

ߨ4

గ

଴
݊݅ݏ ߠ ߠ݀ ݀߶

ଶగ

଴
 

Both co- and cross-polarization directivities can be defined:  

஼ݕݐ݅ݒ݅ݐܿ݁ݎ݅݀ =
ܷ஼,௠௔௫

ܷ଴
௑ݕݐ݅ݒ݅ݐܿ݁ݎ݅݀          = ௑ܷ,௠௔௫

ܷ଴
 

Directivity can also be defined for an arbitrary direction D(θ, φ) as radiation 

intensity divided by the average radiation intensity, but when the coordinate 

angles are not specified, we calculate directivity at Umax.  

2.4 Path loss  

We combine the gain of the transmitting antenna with the effective area of 

the receiving antenna to determine delivered power and path loss. Combining 

the two, we obtain the path loss:  

ௗܲ

௧ܲ
=
(߶,ߠ)ଵܩଶܣ

ଶܴߨ4  

Antenna 1 transmits, and antenna 2 receives. If the materials in the antennas 

are linear and isotropic, the transmitting and receiving patterns are identical 

(reciprocal). When we consider antenna 2 as the transmitting antenna and 

antenna 1 as the receiving antenna, the path loss is  

ௗܲ

௧ܲ
=
(߶,ߠ)ଶܩଵܣ

ଶܴߨ4  

Since the responses are reciprocal, the path losses are equal and we can 
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gather and eliminate terms:  

ଵܩ
ଵܣ

=
ଶܩ
ଶܣ

=  ݐ݊ܽݐݏ݊݋ܿ

Because the antennas were arbitrary, this quotient must equal a constant. This 

constant was found by considering the radiation between two large apertures:  

ܩ
ܣ

=
ߨ4
ଶߣ

 

We substitute this equation into path loss to express it in terms of the gains or 

effective areas: 

ௗܲ

௧ܲ
= ଶܩଵܩ ൬

ߣ
ܴߨ4

൰
ଶ

=
ଶܣଵܣ
ଶܴଶߣ

 

We make quick evaluations of path loss for various units of distance R and for 

frequency f in megahertz using the formula  

(ܤ݀)ݏݏ݋݈ ℎݐܽ݌ = ௎ܭ + 20 log(݂ܴ) − −(ܤ݀)ଵܩ  (ܤ݀)ଶܩ

where KU depends on the length units being -27.55 for meters: 

2.5 Scattering Parameters  

Once an antenna is designed and constructed, it is essential to validate the 

design with proper measurements, a crucial element of the development process 

[14]. The most important measurement is the radiation pattern measurement.  

A two-port network is shown, in which a1 and a2 are the input whilst b1 and b2 

are the output at Port 1 and Port 2, respectively. This network is characterized by 

scattering parameters, or S-parameters:  

[ܵ] = ൤ ଵܵଵ ଵܵଶ
ܵଶଵ ܵଶଶ

൨ 
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Figure 3 

which links the input to the output by: 

൤ܾଵܾଶ
൨ = ൤ ଵܵଵ ଵܵଶ

ܵଶଵ ܵଶଶ
൨ ቂ
ܽଵ
ܽଶቃ 

Thus, we have: 

 S11 = Port 1 reflection coefficient = b1/a1; 

 S12 = Port 2 to Port 1 transmission coefficient/gain = b1/a2; 

 S21 = Port 1 to Port 2 transmission coefficient/gain = b2/a1; 

 S22 = Port 2 reflection coefficient = b2/a2. 

S-parameters are actually reflection and transmission coefficients for a 

network of N ports. In this case, N=2. These parameters were originally 

introduced in optics, where optical waves were scattered by objects. The 

concepts were later extended to radiowaves and RF engineering, but the term 

‘S-parameters’ has remained unchanged. It should be pointed out that if a 

network is passive and contains only isotropic and loss-free materials that 

influence the transmitted signal, the network will obey  

 the reciprocity principle, which means S21 = S12 or generally Smn = Snm  

 the law of power conservation  

[ܵ]ு[ܵ] =  [ܫ]

Where [S]H is the complex conjugate transpose of the S-parameter matrix [S] and 

[ I ] is the identity/unit matrix. For a 2-port loss-free network, we have 

| ଵܵଵ|ଶ + |ܵଶଵ|ଶ = 1 

|ܵଶଶ|ଶ + | ଵܵଶ|ଶ = 1 

Which is equivalent to  
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|ܽଵ|ଶ + |ܽଶ|ଶ = |ܾଵ|ଶ + |ܾଶ|ଶ 

The input power is the same as the output power, as expected. Almost all 

antennas, attenuators, cables, splitters and combiners are reciprocal (but maybe 

not loss-free) networks. We can clearly see that a transmitting-receiving antenna 

system in the space can be considered a 2-port network.  

 

Figure 4 

The transmission and reflection can be characterized using S-parameters:  

 S11 and S22 are the reflection coefficients of Antenna 1 and Antenna 2, 

respectively. They indicate how well the antenna feed line is matched 

with the antenna.  

 S21 and S12 are the transmission coefficients from one antenna to 

another. They are determined by the characteristics of both antennas 

(such as radiation patterns, matching) and the separation between them. 
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Chapter 3. Measurements 

campaigns 

The implementation of multiband diversity antennas in compact mobile 

handsets, for the purpose of increasing transmission quality, is a topic of current 

interest in the mobile phone industry. In order to achieve the expected 

performance improvement in typical operating conditions, we not only have to 

contend with the challenges of designing multiple multiband antennas, which are 

closely spaced within the compact handset and thus strongly interacting with 

one another electromagnetically, we also need to keep in check the 

electromagnetic interaction between the whole antenna system (i.e., the handset) 

and the user [15]. 

Previous studies have concluded that the presence of a user degrades the 

mean effective gain (MEG) of the diversity antennas significantly [16]. Different 

results have been presented on the effect of the user on the correlation 

coefficient; no effect and a significant increase of the correlation have been 

pointed out [17]. However, these studies have been performed on simple single 

band antennas in talk position. In other studies [15] further results were 

presented by choosing the diversity antenna system to comprise compact 

versions of PIFA and monopole antennas which cover three WCDMA bands: 

WCDMA850, WCDMA1800 and UMTS. Such compact antennas are easily 

conformable for small mobile phone products. The choice of the bands, as well 

as the evaluation of the diversity performance for the data mode position, is 
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derived from the increasing demand on HSDPA applications in the mobile phone 

market. 

These studies show that for a multiband antenna approximately 5dB of 

diversity system gains (DSGs) can be obtained for the higher frequency bands of 

WCDMA1800 and UMTS when held in data mode position. For the lowest band, 

WCDMA850, the hand degrades the radiation performance severely, which leads 

to small or negligible DSGs, despite having uncorrelated branches. However, 

they emphasize that by definition DSG is calculated with respect to the reference 

case of an ideal antenna in free space with 100% efficiency. Contrary to other 

studies, which consider user effects in talk position, they find that in data mode 

position the correlation is relatively unaffected, and it is even reduced for the 

WCDMA850 band. The hand model affects the antenna patterns, making them 

more directive and orthogonal to each other for the lower band. Other 

evaluated performance metrics for the lowest band are, due to high coupling, 

much worse than those for the two higher bands. This is the consequence of 

restricting the size of the prototype considered to that of a typical mobile 

handset.  

3.1 Hand phantom measurements 

Phantom hands [18] should be integral parts in any setup for testing wireless 

handheld transceivers. However, the main supplier of Hand phantoms, MCL 

technology, decided not to include a hand phantom in the assessment of the 

exposure of the head to electromagnetic fields from cellular telephones. In the 

testing of these telephones, the device under test is placed next to a head-

shaped phantom shell filled with tissue equivalent liquid; a volumetric scan of the 

electric field induced in the head by the device is obtained and expressed as 

specific absorption rate (SAR). The head phantom, known as standard 

anthropomorphic model (SAM), has well defined internal and external contours; 

indeed the whole process is strictly described in standard procedures (IEC62209-

1, EN62209:2006, and IEEE1528-2003). The reasons given for not using the hand 

were practical difficulties in specifying a unique hand holding position that is 
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applicable to all devices, and with respect to SAR in the head, numerical studies 

suggest that not modeling the hand provides a conservative estimate. The latter 

is the compelling reason for not using a hand in SAR testing; the former is more 

of an observation because the practical problems cited are not insurmountable. 

Technical performance tests are made under realistic conditions, including 

having hand phantoms to hold the device under test as and where appropriate. 

SAM shells, filled with tissue equivalent liquid, are used to simulate the head 

(CTIA 2003), there is, however, no specified standard hand for use in these tests. 

Phantom hands have been in use since the early 1990s. Hands available at 

that time were more elaborate than practical, made from three types of tissue: 

bone, muscle and skin each positioned according to the basic hand anatomy, 

the dielectric properties (relative permittivity εr and conductivity σ of the 

materials matched those of the corresponding tissue in the range 900-1800MHz. 

They served a purpose, demonstrated the effect of the proximity of the hand on 

the radiation from wireless transceivers but they were rigid and had only a single 

open grip to accommodate the size of the large cellular telephones of the time. 

In the late 1990s they were replaced with hands made from homogeneous skin 

equivalent material as it was argued that, for all practical purposes, the absence 

of internal anatomy would not affect the coupling mechanism, the interaction is 

localized and focusing effects are negligible. The shape and size of the hand 

were also changed in response to feedback from users and to accommodate 

smaller devices but the changes were not carried out in a systematic manner or 

in accordance with pre-determined criteria. 

The anthropometric and dielectric properties of the hand phantom are the 

two most important aspects to be defined; this study [18] covers the dielectric 

properties. They proposed target dielectric properties; and they showed that it is 

possible to develop materials that are physically suitable for making hand 

phantoms and meet the target dielectric properties. 

It’s been assumed that the nature of the interaction between a handheld 

transceiver and the hand holding it is mostly inductive in nature and greatly 
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affected by the dielectric properties of the tissue in closest proximity to it. On this 

basis it’s been recommended target permittivity and conductivity values derived 

from the dielectric properties of the palm of the hand. 

MCL fabricates Carbon-silicone hand phantoms with the following Dielectric 

properties of solid inner SAM material: 

Frequency 
(MHz)  

Re la t i ve  permi t t i v i t y ,   
ε r  

Conduc t iv i ty ,  σ   
(S /m) 

130.0 70.5 0.27 

143.8 68.3 0.29 

159.0 66.3 0.30 

175.9 64.4 0.32 

194.5 63.0 0.34 

215.1 61.5 0.37 

237.9 60.1 0.40 

263.1 58.5 0.42 

291.0 57.0 0.45 

321.8 55.5 0.48 

355.9 54.2 0.51 

393.6 52.8 0.54 

435.4 51.4 0.57 

481.5 50.1 0.61 

532.5 48.9 0.65 

588.9 47.7 0.70 

651.3 46.5 0.74 

720.4 45.3 0.79 

796.7 44.3 0.83 

881.1 43.4 0.88 

974.5 42.6 0.94 

1,077.8 41.7 1.02 

1,192.0 40.6 1.10 

1,318.3 39.7 1.16 

1,458.0 39.0 1.23 

1,612.5 38.3 1.32 

1,783.3 37.6 1.43 
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Frequency 
(MHz)  

Re la t i ve  permi t t i v i t y ,   
ε r  

Conduc t iv i ty ,  σ   
(S /m) 

1,972.3 36.8 1.55 

2,181.3 36.1 1.67 

2,412.4 35.4 1.81 

2,668.1 34.6 1.97 

2,950.8 33.9 2.14 

3,263.5 33.1 2.33 

3,609.3 32.3 2.54 

3,991.7 31.5 2.77 

4,414.7 30.7 3.03 

4,882.5 29.8 3.30 

5,399.9 28.8 3.58 

5,972.1 27.9 3.87 

6,605.0 26.8 4.13 

7,304.9 25.9 4.35 

8,078.9 25.0 4.52 

8,935.0 24.2 4.61 

9,881.8 23.6 4.64 

10,929.0 23.3 4.64 

3.1.1 Measurements 

A measurement campaign was performed with the hand phantom, using the 

following parameters: 

Measurement equipment VNA Rohde & Schwarz ZVA40 

Band Width 400 MHz – 4 GHz 

Frequency step 10 MHz  (361 steps) 

BW Resolution 1 KHz 

Azimuth step 10º (37 steps) 

Power 16 dBm 

Terminal Sagem SG4C, SG9C and Vodafone 

Orientation (respect horizontal) 15º, 30º and 45º 

Hand-holding position Landscape and portrait 

This is a photo of the actual scenario: 
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Figure 5 Actual scenario for Hand phantom measurements 

The different terminals used in this measurement campaign were modified in 

order to access the antenna properly. SMA connectors were used to feed the 

antennas. This type of connector is very well-known because it’s widely used in 

many applications as it is a very cost-effective connector and suitable for many 

purposes and it offers excellent electrical performance up to 18 GHz [22]. 

 

Figure 6 SMA connector 

 Obviously, the fact of having a cable near to the terminal is affecting the 

radiation pattern. Taking into account that the terminals usually have a vertical 

polarization (understanding vertical as the same direction of the virtual line that 

joints the microphone and the speaker of the terminal) and the cable is attached 

orthogonally to this polarization, we can assume that the effect is reduced 

considerably.   

 In this photo, portrait hand-holding position is used. Handheld portables 
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digital devices nowadays often include interactive multimedia capabilities. These 

capabilities change the way of using the portable devices such as PDAs or 

mobile phones. This measurement campaign is mainly focused on the use of the 

portable devices in other situations than the talking mode. 

 

Figure 7 Measured gain in azimuth: landscape (blue), portrait (red) 

The previous figure show the radiation patterns for the terminal test SG9C at 

freq = 2.44 GHz, at orientation = 30º comparing the two hand-holding positions: 

landscape (in blue) and portrait (in red). 

The goal of these measurements is not to extract conclusions from the 

comparison between two consecutive positions (we refer to consecutive 

measurements as those which differs in just one parameter and just one of step 

of this parameter). It should be noted that the tiny variations between different 

positions measured may be on the order of a wavelength. Considering these 

scenarios, the radiation patterns of two consecutive measurements will be 

different, of course, but since the wavelength is on the order of the variation for 

some of the frequency range these differences cannot be linked directly to the 

parameter change.  

SG9C, freq 2.44GHz, V-pol, Or: 30°, Hand-held: portrait and landscape
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The main goal of these measurements is to collect statistical variability by 

varying the position of the terminal plus phantom. 

3.2 On-body Hand measurements 

The human hand influences small terminal antennas performances, and it is 

the main responsible of absorption and detuning. Despite its importance in both 

mobile phone design and validation processes, it is still difficult to take it into 

account. In fact there is a lack of knowledge in the categorization of the hand 

grip positions of mobile phone users [20]. 

This campaign intends to reproduce the natural environment that is affecting 

the terminal. The fact that this was an on-body campaign allowed us to 

reproduce different scenarios such as different hand-grips (soft and firm). And of 

course, not only the hand will affect the terminal radiation pattern; also the body 

will have some effects on the measurements.  

3.2.1 Measurements 

This is a photo of the actual scenario.  

 

Figure 8 Actual scenario for On-body hand measurements 

These are the parameters of the measurements campaign. 
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Measurement equipment VNA Rohde & Schwarz ZVA40 

Band Width 400 MHz – 4 GHz 

Frequency step 10 MHz  (361 steps) 

BW Resolution 1 KHz 

Azimuth step 5º (69 steps) 

Power 16 dBm 

Terminal Sagem SG4C, SG9C and Vodafone 

Hand-grip Soft and firm 

Hand-holding position Landscape and portrait 

The next figure show the radiation patterns for the terminal test SG9C at 

freq=2.44 GHz, at portrait hand-holding position comparing the two hand-grips: 

soft (in blue) and firm (in red). We can observe that the firm hand-grip has an 

attenuating influence in the radiation pattern. 

 

Figure 9 Measured gain in azimuth: soft-grip (blue), firm-grip (red) 

Even though this result can be encouraging to extract conclusions of the hand 

grip effect and it’s been shown in some studies that the user degrades the MEG, 

we can observe that if we look at the average difference between the mean 

effective gain (MEG) (for both hand-held positions, soft and firm respectively) for 

SG9C, freq 2.44GHz, H-pol, Hand-grip: soft and firm, Hand-held:v
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the three portables used, that no conclusion can be observed.  

  

  

  

Figure 10 Gain difference (in dB) for Firm grip – Soft grip (SG4C, SG9C and Vodafone) 

3.3 SAM head phantom 

SAM - the Standard Anthropomorphic Model - is a head shell phantom 

intended primarily for use in the measurement of exposure from mobile phones 

(or other hand-held transmitters), but also eminently suitable for radio radiation 

pattern testing [18]. 

SAM was defined as standard phantom allowing a conservative measure of 

the radio exposure of people of all origins and all ages. The ear region was been 
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defined with reference points and planes to facilitate reproducible positioning of 

telecommunications devices. 

SAM was originally developed as part of project SARSYS, a European 

Collaborative Research Programme under the EUREKA scheme. The SARSYS 

consortium members were MCL, SPEAG and the University of Ghent. 

To guide the specification of a realistic shape phantom, the anatomical shape 

and size were obtained from the data of a large anthropometric study of men 

and women of various ethnic origins, aged over 20 years, randomly selected 

among US Army personnel. The study was carried out in the late 1980s; its 

findings are considered to be still representative of today's society. The 

dimensions of a 90th percentile male head were selected for the phantom. 

CENELEC, IEC and IEEE have developed standard procedures for assessing 

exposures from mobile phones which specify the use of a SAM phantom. The 

Cellular Telecommunications & Internet Association (CTIA) has specified a 

phantom head, based on the SAM dataset, for the measurement of radiated RF 

Power and receiver performance. 

3.3.1 Measurements 

Measurements were performed with the following parameters: 

Measurement equipment VNA Rohde & Schwarz ZVA40 

Band Width 400 MHz – 7 GHz 

Frequency step 10 MHz  (661 steps) 

BW Resolution 1 KHz 

Azimuth step 5º (69 steps) 

Power 16 dBm 

Terminal Sagem SG9C 

Orientation (respect ear to mouth) -15º, 0º, +15º 

Tilt 0º, +20º 

This campaign provides us a total of 12 different phone positions and 661 



 

 

32 

frequency points for 69 different azimuth angles. The next figure shows what 

orientation and tilt angles mean: 

 

Figure 11 Orientation and tilt angles 

Tilt is the angle that we can observe in the third figure. And orientation is the 

angle between the imaginary line ear-to-mouth and the vertical of the phone. 

The scenario is described in the next figure. The rotation direction is 

clockwise. For Theta=+90º the phone is in non-line-of-sight of the antenna.  

 

 

Figure 12 Schema of the scenario for Head phantom measurements 

 

This is a photo of the actual scenario of the measurements: 

Azimuth=0º    

Rotation direction (clockwise) 

20º 
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Figure 13 Actual scenario for SAM head phantom measurements 

 

The next figure is an example of the radiation pattern (measured gain in 

azimuth). This figure compare for a freq=2.44 GHz and orientation=0º the 

difference between tilt=0º (red) and tilt=20º (blue) for horizontal polarization:  

  

Figure 14 Measured gain in azimuth: tilt 0º (red), tilt 20º (blue)  

The figure 14 show the differences between the different orientations for the 

previous measurement, setting the tilt at 0º. Different orientations are shown in 

the figures -15º (red), 0º (blue) and +15º (green) 

SAGEM sg9c, freq 2.44GHz, H-pol, Or: 0º/Tilt: 0º and 20°
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Figure 15 Measured gain in azimuth: orientation -15º (red), 0º (blue), 15º (green) 

In both figures 13 and 14 we notice the very low radiation on the head side 

(positive angles) and a slight difference of radiation characteristics between 

different orientations and different tilts. 

SAGEM sg9c, freq 2.44GHz, X-pol, Or:-15º,0º,15°/Tilt: 0°
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Chapter 4. Design and 

manufacturing of new UWB 

devices 

In choosing an antenna topology for UWB design, several factors must be 

taken into account including physical profile, compatibility, impedance 

bandwidth, radiation efficiency, directivity and radiation pattern. Several antennas 

were designed, simulated, fabricated, tested and characterized. 

These antennas (see Appendix) are designed using CST Micro Wave Studio 

software. For running the simulations, the transient solver simulation tool is 

being used in CST software, which utilizes the staircase mesh and solves 

Maxwell’s equations through a Finite Difference Time Domain technique 

called the “Leap-Frog algorithm”. 

4.1 Simulations 

We will consider the antenna that reported the best results; the circular disc 

monopole array. This array antenna is designed based on the successful results 

obtained with the elemental antenna. 

The elemental antenna was a Circular Disc Monopole [19], this monopole can 

be fed by a microstrip line. The circular monopole with a radius of r and a 50Ω 

microstrip feed line are printed on the same side of the substrate. The width of 



 

 

36 

the microstrip feed line is fixed to achieve 50Ω impedance. On the other side of 

the substrate the conducting ground plane only covers the section of the 

microstrip feed line. 

 

Figure 16 Frontal and back perspective views 

 

 

Figure 17 Ports distribution. Frontal and back views 

In the next figures, we will show the results for S-parameters for the 

simulations in the 1 to 7GHz frequency band. 

The first figure illustrates the simulated return loss curve, |S11|, along the 

frequency band. The goal for the antenna is to be less than -10dB. The result is 

almost a complete frequency band under -10dB from 2.2GHz to 5.4GHz. 

4 3 

2 1 
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Figure 18 |S11| in dB for the multiport monopole circular antenna 

It can be interesting to compare this result with the one obtained for the 

monoantenna monopole circular antenna showed in the next figure.  

 

Figure 19 |S11| in dB for the monoport monopole circular antenna 

As it is easy to notice the S11 has improved remarkably. This matching 

improvement especially for lower frequencies can be associated to the bigger 

size of ground plane. 

The next 3 figures will show the coupling between the port 1 and the other 3 

ports (|S21|, |S31| and|S41|). These figures show the existing decoupling between 

the ports. It is easy to note that the best decoupling is between ports 1 and 4.  
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Figure 20 |S21| in dB for the monopole circular array antenna 

  

Figure 21 |S31| in dB for the monopole circular array antenna 

  

Figure 22 |S41| in dB for the monopole circular array antenna 

These figures also show us how the decoupling effect is increased alongside 

the frequency. This makes completely sense since the higher is the frequency the 

smaller the wavelength and the bigger the electrical distance between ports. 
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Figure 23 Radiation pattern for the monoport monopole circular antenna 

 

Figure 24 Radiation pattern for the monopole circular array antenna 

Figures 22 and 23 compare the radiation patterns for the monoport 

(elemental) antenna and the array antenna for the frequency 3.5GHz. The 

simulated 3D radiation pattern plotted for the monoport antenna looks like a 

doughnut, similar to a dipole pattern as shown in figure 22. In figure 23, the 

radiation pattern of antenna 1 of the array antenna shows a difference with 

respect to the elemental antenna. It can be noted that the holes of the doughnut 

have almost disappeared. It is due to the bigger size of the terminal, specially the 

ground plane, and the influence of other radiating elements. Figures 24 and 25 

show the cut for the angle Theta = 90º. 
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Figure 25 

 

Figure 26 

4.2 Measurements 

In order to fabricate the antennas we used the software package LPKF 

CircuitCam and BoardMaster. CircuitCam software imports the design from 

Gerber files created by CST and allows the user to modify or change the layout. 

After this process the project file is sent to BoardMaster software. This program 

prepares layout files to send to LPKF circuit board plotter. 

These are the specifications of the design for the circular monopole array 

antenna: 

Height 114 mm 

Width 64 mm 

Diameter 20 mm 

Line width 1.742 mm 

Substrate thickness 0.762 mm 
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Copper thickness 0.035 mm 

Relative permitivity 3.48 F/m 

The following figures show the S parameters measured in the lab with the HP 

VNA. Some of the points are remarked for their importance:  

 

Figure 27 |S11| measured 

 

Figure 28 |S12| measured 
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Figure 29 |S13| measured 

 

Figure 30 |S14| measured 

These figures can be compared to the ones obtained in the CST simulations. 

As we noticed previously in other measurements the graphic is moved to the left, 

this means that the antenna is under the -10dB from 1.69GHz to 5.08GHZ 

instead of the 2.2GHz-5.4GHz band that we obtained in the simulation. 

The worst performance in the band 5GHz-7GHz does not disqualify the 

terminal since the maximum return loss in this band is -8dB. But attention must 

be taken about the high mutual coupling |S21| for the band 1.76GHz – 2 GHz 

which accommodates important communication systems such as GSM and 

UMTS. 
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4.3 Conclusion 

In this report, a comprehensive study of Multi antennas systems including 

design, simulation, testing and characterization is presented. Several parameters 

were taken into account in analyzing strengths and weaknesses in potential 

antenna designs including return loss, radiation pattern, directivity and mutual 

coupling. 

Taking into account the tradeoffs of each antenna topology, the design that 

achieves the best result was the Circular Disc Monopole Array Antenna. The 

antenna covers many communication system bands (GSM, UMTS, WLAN and 

WiMAX) in a compact planar design, which is a difficult result to achieve. 

Future work with regard to Multi antenna systems design should include 

packaging considerations, simulation and ground effects. 
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Appendix 
ANTENNAS  

Different antennas designs were carried on. The next figures will show them 

and the results achieved on CST simulations. Some of them were just designed 

and rejected due to unsuccessful results. 

FRACTUS 

This array antenna is designed taking into account the use of multiples 

Fractus® Compact Dual-band Reach XtendTM Chip Antenna.  

The Fractus Compact Dual-band Reach Xtend Chip 

Antenna for 802.11 a/b/g/n WLAN systems is a tiny 

rectangular 3D-shaped antenna specifically designed 

for high performance USB devices and other small 

PCB devices operating at both 2.4 GHz and 5 GHz bands, where high 

performance and low-cost are mandatory. Its small dimensions allow various 

configurations within the USB devices and may help Cardbus devices in the 

enhancement of their throughput by using MIMO algorithms with more than 2 

antennas (Fractus). 
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  Figure A. 1 (a) Fractus I and (b) Fractus II. 

 

ANTENOVA 

This array antenna is designed taking into account the use of multiples 

antennas Flavus Penta-band: p/n B5812-xx. 

Flavus Penta-band is a low profile snap-in 

antenna. It is intended for applications which 

demand both a very high performance antenna, 

but also easy assembly directly onto the printed 

circuit board. Flavus is snapped onto the PCB by hooks and is available in a 

series of dimensions that meets various PCB thicknesses. 

Flavus is available in different frequencies and has been implemented in units 

like wireless access point, printers, etc, but other application areas might be just 

as applicable (Antenova). 

   

  Figure A. 2 (a) Antenova I, (b) Antenova II and (c) Antenova III. 
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SLOT ANTENNA 

  

Figure A. 3 (a) Patch and (b) Patch 90 

A Design about planar microstrip-line-fed slot antenna utilizing a simply L-shape 

slot for bandwidth enhancement is investigated, printed and measured. By 

selecting a suitable ratio of its axes, it can be found that the ultra-wideband 

operation can be obtained. 

PIFA ANTENNA 

We also realized measurements of a PIFA (Planar Inverted F Antenna) 

antenna provided by the Université of Limoges through collaboration with 

Professor Alain Sibille.  

PIFA antenna typically consists of a rectangular planar element located above 

a ground plane, a short circuiting plate or pin, and a feeding mechanism for the 

planar element (Rosu). 

 

Figure A. 4 Scenario for (a) Head measurements and (b) PDA measurements 

This measurement campaign was carried out with the same goal as the 

previous measurements; collect statistical variability by varying the position of the 

terminal plus phantom (both hand and head). 
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SIMULATIONS 

Several simulations were carried on following the work of PhD student Amine 

Mellah. 

Biband Total of simulations 30 
 

   
 

Parameters rotation 

  
distance 

  
tilt 

 

Clapet (tete) Total of simulations 25 
 

   
 

Parameters rotation 

  
tilt 

 

Clapet  Total of simulations 15 
 (tete_main) 

  
 

Parameters rotation 

  
tilt 

 

Helix Total of simulations 15 
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MDIS(uwb) Total of simulations 30 
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MLTB Total of simulations 30 
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