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Abstract 
 

BALANCED ANTENNAS FOR MOBILE HANDSET 

APPLICATIONS 

 
Simulation and Measurement of Balanced Antennas for Mobile Handsets, 

investigating Specific Absorption Rate when operated near the human 

body, and a Coplanar Waveguide alternative to the Balanced Feed 
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The main objectives of this research are to investigate and design low profile antennas 

for mobile handsets applications using the balanced concept. These antennas are 

considered to cover a wide range of wireless standards such as: DCS (1710–1880 MHz), 

PCS (1850–1990 MHz), UMTS (1920–2170 MHz), WLAN (2400–2500 MHz and 5000 

– 5800 MHz) and UWB frequency bands. Various antennas are implemented based on 

built-in planar dipole with a folded arm structure.   

 

The performance of several designed antennas in terms of input return loss, radiation 

patterns, radiation efficiency and power gain are presented and several remarkable 

results are obtained. The measurements confirm the theoretical design concept and show 

reasonable agreement with computations. The stability performance of the proposed 

antenna is also evaluated by analysing the current distribution on the mobile phone 

ground plane. The specific absorption rate (SAR) performance of the antenna is also 

studied experimentally by measuring antenna near field exposure. The measurement 

results are correlated with the calculated ones. 

 

A new dual-band balanced antenna using coplanar waveguide structure is also proposed, 

discussed and tested; this is intended to eliminate the balanced feed network. The 

predicted and measured results show good agreement, confirming good impedance 

bandwidth characteristics and excellent dual-band performance. 

 

In addition, a hybrid method to model the human body interaction with a dual band 

balanced antenna structure covering the 2.4 GHz and 5.2 GHz bands is presented. 

Results for several test cases of antenna locations on the body are presented and 

discussed. The near and far fields were incorporated to provide a full understanding of 

the impact on human tissue. The cumulative distribution function of the radiation 

efficiency and absorbed power are also evaluated.  
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CHAPTER ONE 

1.Introduction 

1.1 Background and Motivations 

The contemporary demands of the mobile communications industry place a variety of 

demanding long term design challenges, particularly to the antenna engineer. Small 

antennas always pose problems to designers, partly due to the existence of fundamental 

physical limits, and partly due to the dynamically changing market demands and 

consumer expectations. One constant feature is the need to design antennas which meet 

these various constraints, and whose basic performance is not degraded by the adjacent 

coupling to the user  

Throughout the course of this research, a number of concerns have been identified from 

the needs and requirements of the mobile communications industry, to provide a well-

defined subset of goals to guide the design strategy. Consequently the motivations for 

these studies have matured as each component has been investigated. With this in mind, 

the direction of the work is guided by the need for a quality discussion on balanced and 

unbalanced antenna design techniques. 

Antenna designs intended for realistic mobile handset use must have an ideal 

combination of the maximum possible efficiency, protection to the user and minimum 

cost. This is governed by market needs, and governmental regulation. The technical 
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factors alluded to, define a design space for optimisation, which includes the gain, the 

input impedance over the required frequency band(s), the minimisation of an easily 

violate the interaction between the radiator and the user’s body, particularly regarding 

energy deposition to the head. These electrical criteria are further constrained by the 

mechanical footprint of the handset and the enclosures offered to the antenna designer 

within or on the handset chassis, these volumes typically fall outside the range required 

for the ideal performance range of the antenna.  

Planar antennas have the perceived advantages of low profile, small size and light 

weight [1, 2]. It seems that planar antennas are natural candidates for mobile antenna 

designs. These antennas may be realised as a planar metal plate, which acts as the 

radiator, positioned over a finite ground plane. In practice a variety of shapes have been 

utilized, including simple monopoles, T shaped elements, L shaped elements, inverted L 

shaped elements, and folded inverted L shaped elements. One of the more significant 

such developments has been the planar inverted F antenna (PIFA) [3-16]. 

Many novel planar antenna designs have been devised in recent years to meet the 

specific requirement specifications for mobile communications services [2]. Some of 

the more significant services include: 

• the global system for mobile communication (GSM; 890–960 MHz) 

• the digital cellular system (DCS; 1710–1880 MHz) 

• the personal communication system (PCS; 1850–1990 MHz) 

• the universal mobile telecommunication system (UMTS; 1920–2170 MHz) 
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Planar antennas are also very attractive for applications in communication devices for 

wireless local area network (WLAN) systems in the 2.4 GHz (2400–2484 MHz) and 5.2 

GHz (5150–5350 MHz) bands. Several planar antenna designs for achieving wideband 

applications in ultra wideband UWB (3.1-10.6 GHz) have also been demonstrated. 

The wire antennas such as dipoles, monopoles and loops are the principal form of small 

radiators in practical use. However, the application to the future mobile handsets may 

not be straight forward, due to size constraints, and also the number of antennas 

required on within already crowded housing. The folded dipole is traditionally thought 

of as an alternative to a dipole for applications that require higher input impedance. For 

example the input impedance of the half-wave folded dipole is approximately four times 

that of the half-wave dipole, as demonstrated by a transmission-line model [17]. In 

addition, the folded dipole antenna has a wider bandwidth than the common dipole, 

although at the expense of a little constructional complexity. Therefore, the dipole 

structure is the choice of antenna design for wide band application for handset mobile. 

Unbalanced antennas such as Planar Inverted-antennas (PIFAs) have been used 

extensively in mobile communication systems and have attracted much attention from 

researchers and engineers because of their advantage of compact, low profile, and low 

cost of manufacture. However, they have a narrow bandwidth and need a height from 

substrate to ground for matching [18-20]. Moreover, these antennas exhibit inferior 

performance when they are held by users. This can be attributed to the user holding the 

mobile phone, which largely covers the ground plane since the ground plane is used as 

part of the radiator in these antennas. Therefore, radiating currents are induced on both 

the ground plane and the antenna element, resulting in currents flowing on the human 
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body, which degrade the performance of the antenna’s radiation characteristics and 

introduce losses and uncertainty in its matching [21].  

A balanced structure is a genuine alternative to avoid the degradation of antenna 

performance in unbalanced antennas. In a balanced structure, currents cancel the effect 

of each other, the current flows only on the antenna element and not on the ground 

plane. Therefore when the mobile is held by its user, no coupling takes place between 

the antenna and the user’s body, thus the performance of the antenna is not affected. A 

balun is one key components used to excite a balanced antenna, as it is a device which 

enables compatibility between systems, and is used for converting feeding mechanism 

between an unbalanced circuit structure and a balanced circuit structure.  

Suitable balanced antenna structures remain a significant design challenge. The nature 

of the optimisation problem has already been outlined, to this we may also add further 

practical constraints arising from the overall weight of the package, and the need for 

multiple service bands. Several novel balanced designs has been reported [22-24] for 

single band operation, but these antennas have tended to be large (relative to the full 

design target for a handset). Therefore there exists a strong motivation to establish a 

systematic size reduction strategy, whilst maintaining generally good electrical 

performance, and maximising the number of possible service bands available to a single 

antenna. 

This study presents the results of an investigation of several new wideband balanced 

antenna designs. These newly designed antennas can be used in wideband mobile 

handset antennas to provide balanced features, and as such are promising candidates for 

mobile communication systems. 
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1.2 State of the Art of the Present Research 

The rationale behind the research presented in this thesis is to investigate and analyse 

the operation of balanced antenna geometries for hand-held mobile terminals. It is 

thought that the mutual coupling of a balanced antenna is not totally affected by the 

induced currents on the terminal’s chassis. This results in the antenna performance 

being preserved when the handset is loaded, or in contact with the user’s hand. These 

antennas are fed by two sources which carry currents of equal magnitude, but which are 

180° out of phase. As a result of the symmetric geometry, the induced current appearing 

on the handset will mostly cancel, i.e. no current flows on the antenna ground plane. In 

fact, the effect of the antenna radiation next to the human head also suggests reducing 

the possibility of the electromagnet energy absorption by the user's head.  

The early part of the thesis has two primary approaches. The first reviews the definition 

of balanced and unbalanced operation concepts, and how this is applied to antennas. 

The use of a balanced feed is investigated for practical measurements; a wide bandwidth 

planar balun is used to feed a wideband balanced antenna from an unbalanced source. 

The second aim is to develop a family of small, compact and low-profile wide-band 

balanced antenna suitable for integration with mobile handsets. In most designs, a 

planar metal plate antenna with dipole structure with folded arms is used to achieve the 

workable bandwidth. The capacitive coupling between the dipole arms and the chassis 

has been modified to maintain a sufficient impedance bandwidth at the lower frequency 

band. This has been done by implementing several design techniques, and optimizing 

the antenna characteristics. This investigation also encompasses the impact on 
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performance a number of other key issues, including coplanar structures, hybrid 

computational methods, and the specific absorption rate (SAR). 

The coplanar structure as a transmission line has become an intensive topic of recent 

research due to its attractive characteristics, such as a possibility for a wider impedance 

matching bandwidth, and easy fabrication process. A new printed circuit antenna using 

a coplanar waveguide structure is introduced in this work. The principal attraction of 

this design is to eliminate the need for a balanced feed network (i.e. a balun).  

The implementation of a hybrid computational method is also considered as a design 

tool. The rationale is to model the interaction between a balanced antenna located over 

several positions in close proximity to the human body. A simple statistical analysis of 

the results is used to provide a performance map, the data is summarised in terms of the 

CDF of the radiation efficiency and the location based ratio of the absorbed power to 

radiated power. This approach provides an enhanced understanding of the impact of 

electromagnetic energy on human tissue.  

The SAR performance of a wide-band balanced antenna is studied empirically through 

measuring the near field exposure, the results show that there is a low induced current in 

the ground plane, and thus confirms the expected minimising performance variations, 

and SAR.  

Several antenna prototypes have been constructed and tested using these design 

principles. The investigations have shown good agreement between the simulated and 

empirical results, and have confirmed the good wideband impedance characteristics, and 

multi-band functionality of these antennas.  
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Routine investigations into electrical structure and performance were carried out using 

the commercial packages HFSS [25] and CST Microwave studio [26]. HFSS was used 

for obtaining frequency domain responses over the working bandwidth of the proposed 

structure, whilst CST was used for general time domain analysis, and broadband 

sweeps. Occasionally, IE3D [27] has been used in place of HFSS for frequency domain 

analysis where the geometry is awkward for the volume mesh. The human body 

analysis was carried out using an in house hybrid (FDTD) (MoM) code. This last 

approach is described in Chapter 6.  

1.3 Organization of the Report  

Chapter 2 establishes the theoretical basis of balanced and unbalanced antenna 

structures. It explains how the use of balanced antenna structures may benefit 

performance in hand-held terminals, or wireless sensor tags positioned in close 

proximity with the human body. The use of balun feeds from unbalanced antennas is 

also discussed here, along with two experimental methods for determining the 

differential input impedance. 

Chapter 3 investigates in detail the design of balanced dipole antennas for multi-band 

operation in a suitable generic mobile terminal. It is assumed that the antenna will be in-

built within the housing of the terminal, and the target service bands are GSM 1800, 

GSM 1900, and UMTS. Operational extensions to this coverage are also discussed, 

specifically with respect to Bluetooth/WLAN (2.45 GHz) operation. The measurement 

of input impedance is addressed, and a wideband planar balun embedded within the 

chassis is discussed as a means of providing a suitable balanced feed.  
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The themes of chapters 2 and 3 are deepened and extended through the designs 

presented in Chapter 4. The target service bands are DCS (1710 MHz–1880 MHz), PCS 

(1850 MHz–1990 MHz), UMTS (1920 MHz–2170 MHz) and WLAN (2400 MHz –

2484 MHz). A wideband folded dipole is proposed, with the addition of a dual-arm on 

each monopole. The stability of the antenna performance, under realistic operating 

conditions, is critical to the success of such designs. In order to evaluate this stability 

problem, the effect of the user’s hand on the terminal return loss and radiation pattern is 

investigated. The specific absorption rate (SAR) is also studied for the antenna 

empirically, by measuring near field exposure, to confirm the minimising effect on SAR 

performance. The relationship between induced surface currents and unit size is also 

investigated in this chapter.  

Chapter 5 investigates the design concepts behind two new antennas operating over 

WLAN (2.4 GHz and 5 GHz) and WiMAX (2.5 GHz and 3.5 GHz) bands. The basic 

building block is a modified folded monopole is proposed, in which an additional thin 

strip is used to excite the second resonant mode. A long slot is also introduced to each 

folded arm of the dipole antenna, as a means of maintaining sufficient impedance 

bandwidth, whilst meeting the height constraint of the unit. This size restriction is 

shown to be effective, and is arrived through a semi-empirical design optimisation, 

using simulation and prototype measurements. 

Chapter 6 discusses the implementation of a hybrid computational method in which 

frequency domain method of moment (MoM) for modelling the antenna and finite 

difference time domain FDTD for modelling the human body have been hybridised and 

used. It is successfully models the interaction between dual balanced antennas, placed in 

close proximity with the human body. This code is used to investigate the radiation 
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characteristics of the antenna over a variety of body locations. The near and far fields 

are incorporated into the study, and are used to obtain a more complete understanding of 

their impact on human tissue. The results are characterised in terms of the CDF of the 

radiation efficiency and the ratio of the absorbed power to radiated power of the various 

locations over the body. 

Chapter 7 provides a brief overview of ultra-wideband (UWB) techniques. The principal 

outcome is a new antenna design for mobile terminals, in which an in-built planar metal 

plate, with balanced operation, is investigated. This design reduces the current flow on 

the conductive surface of the unit, and a parametric study is devised to reduce the 

overall size of the unit. 

Chapter 8 provides a brief overview of microstrip and coplanar antennas. The main 

development to be reported here is the use of coplanar waveguide structures in 

implementing the balanced feed network. To this end, a new dual-band balanced 

antenna using a coplanar waveguide structure is introduced, from which a prototype 

design is fully realised. This particular design operates for the 2.4 GHz and 5 GHz 

WLAN service bands. 

Finally chapter 9 states the overall conclusions of this thesis, and makes a series of 

recommendations to improve the depth of coverage of balanced antenna design, as well 

as its industrial relevance in mobile communications. The recommendations focus on 

techniques and processes to promote extended multi-band coverage, maintenance of 

high efficiency and optimised bandwidth. 
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CHAPTER TWO 

2.Balanced and Unbalanced Antenna 

Concept 

2.1 Introduction 

Contemporary developmental trends in the mobile communications equipment industry 

require antenna designs which combine multi-band operation and small physical size. 

The mobile communications market is in part driven by extra features within these 

multi-band services; furthermore, there are corresponding trends in ubiquitous wireless 

networks in medicine and infrastructure. The main focus of this thesis will be the design 

of balanced antennas for hand held mobile terminals. More generally, these antennas 

may be unbalanced or balanced, and this chapter begins with a review of these design 

principles. 

2.2 Unbalanced Antenna 

Many handset designs utilize antennas with unbalanced terminals fed by unbalanced 

lines, usually for size considerations. In this type of antenna, the radiation currents are 

induced on the conducting surfaces of the handset chassis, as well as on the radiating 

element itself [1]. Therefore, it can be said that the antenna (radiator) accounts for only 

half the radiation mechanism, and the ground plane is the other half. The most 
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commonly used example of this type of antenna is the PIFA, or planar inverted F 

antenna. PIFA types are in widespread use due to their size advantages compared 

against conventional λ/2-radiators, low profile, and relative low costs in high volume 

manufacturing [2-8].  The generic PIFA structure comprises a ground plane, top patch, 

cable (or wire) feed and shorting post, which give rise to λ/4-resonator. In fact there is 

an approximate 50% length reduction between a PIFA and λ/2-radiator [9-11]. 

However, the ground plane plays a highly significant role, which can be seen through 

the impedance matching and radiation characteristics, which may constrain the use of 

PIFA types for some applications. It should also be noted, that the height and shorting 

post also place practical limits on the antenna size [3, 12, 13]. 

Unbalanced antenna units tend to be fed by coaxial cables, or occasionally microstrip 

lines printed over the ground plane; the current induced on the ground plane varies due 

to the surface currents on the radiator. These currents may contribute to improve or 

degrade operating performance, especially when the antenna element is small compared 

with one wavelength. Since these currents may be varied by their proximity to the user’s 

hand and head, there is a significant degradation in antenna performance. The antenna 

gain may suffer reductions of between 6 and 10 dB [14] due to the current flow on the 

human body, as well as uncertainty in the antenna’s matching requirement [15]. If the 

size of the ground plane is changed, or when components are relocated over the ground 

plane, the antenna detunes, and thus radiation performance may be degraded further 

[16]. 

In order to develop the concept of an unbalanced antenna further, the current 

distribution on the coaxial feed cable is explored. The central conductor is shielded as 
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shown in Figure 2.1; the current on the conductor and the inner side of the shield are 

equal and opposite, this is due the fact that the fields associated with both the currents 

are restricted to a same common place [17]. As a result of the skin effect a current flows 

on the outer side of the shield [18]. If the current on the outer side of the shield is high 

enough it will cause the coaxial cable to radiate fields like an antenna, this radiation 

field is proportional to the current. 

 

Figure 2.1: Coaxial cable current distribution 

Figure 2.1 shows the current distribution on the coaxial feed and the dipole. On the right 

hand side of the antenna, the outer side of the shielding appears as a separate conductor 

connected at the feed point. The current on the left arm of the dipole is supplied by the 

central conductor of the coaxial cable. While the current on the inner side of the shield, 

which is equal and opposite to that of the central conductor current flows partly on the 

dipole’s right arm, and also partly along the outer side of the shield. If the length of the 

outside path of the cable from the antenna to ground is a multiple of half wavelengths, 

then the current on this outer path is maximum, since the impedance presented by this 

undesirable path is low [18]. Therefore, if an antenna is fed by a coaxial cable this 

phenomenology will apply, and the currents on the outer side of the shield will flow on 
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the antenna ground plane because the cable is grounded. When a user holds such an 

antenna in his/her hand, coupling will take place between the user’s hand and the 

ground plane thus affecting the antenna performance. The best solution to this problem 

is to isolate or reduce the current flow from the antenna to the ground plane. This may 

be simply implemented using balanced antennas, as will be discussed in the following 

section. 

2.3 Balanced Antenna 

An antenna with symmetrical structure which is fed with balanced, electrically 

symmetrical, currents may be termed as a balanced antenna. The input voltage/current 

signal of a balanced circuit comprises two signal components. These signals have same 

magnitude, which are 180° out of phase with one another.    These signals flow on the 

antenna, and their resulting effects will be cancelled on the ground plane. The net result 

is to improve the antenna performance, and also reduce the coupling effects of the 

radiating element to the handset. This offers a possible improvement over unbalanced 

antennas. On an unbalanced antenna, the currents induced on the chassis interact 

strongly with the unpredictable (response) characteristics of the body [16, 19, 20]. In 

addition, the maximum SAR values have been shown to be substantially reduced using 

balanced antennas when placed next to the human head, compared with conventional 

unbalanced antennas [15]. 

Dipoles and loops are the most common balanced antennas in practice; balanced 

antennas may also be realized in meander-line, helix and microstrip forms. A balanced 

antenna requires a balanced feed. In principle, the balanced antenna with balanced feed 

keeps the ground plane almost free of induced current [14],  hence any degradation of 
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the antenna performance due to the influence of the human body can be largely 

eliminated. As a result, balanced antennas should have good efficiency, and more 

importantly should maintain their performance when in use adjacent to the human body. 

Balanced antennas may have some limitations, such as reduced bandwidth, and sub 

optimal pattern shaping, which can degrade their overall performance.  Some novel 

techniques have been proposed for the enhancement of impedance bandwidth. For 

example, a genetic algorithm technique has been implemented to improve the 

impedance bandwidth [21].  Parametric modelling has been applied to the length and 

width of strip lines to obtain a wider bandwidth for the folded loop antenna system [22].  

The size constraints of balanced antennas in the lower frequency bands (e.g. GSM 900) 

are another limiting factor for mobile phone applications. Since the antenna size is 

comparable to the operating wavelength at these frequencies, it might be difficult to 

accommodate such an antenna. On the other hand, balanced antenna designs can be 

more easily applied to the frequency bands above 1.5 GHz [16], these designs have been 

extended to multiband operations [20].  

2.4 Balanced/Unbalanced Operation using a Balun Circuit. 

When a balanced antenna is fed using an unbalanced voltage source (such as a coaxial 

cable), current flow through the antenna element in one direction at any instant, and at 

the same time another current flows in the opposite direction along the inside and the 

outer conductor of the coaxial cable. These unwanted currents flowing through the outer 

shield of the coaxial cable are induced into the ground plane and the antenna element. 

This will distort the antenna radiation pattern, and affect the performance of the system. 
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In order to overcome this kind of situation, a balun can be used. It eliminates the 

unwanted portion of the current flowing through the ground plane and antenna elements 

and providing a balanced currents at the input terminals of the antenna [23]. 

 

The output signals of a balanced circuit comprise two signal components with the same 

magnitude but 180-degree phase difference. Many analogue circuits require balanced 

inputs and outputs in order to reduce noise and high order harmonics as well as improve 

the dynamic range of the circuits at which the baluns provides the required 

compatibility between systems, such that used in balanced mixers [24, 25], push-pull 

amplifiers [26, 27], and antenna feed networks [28-34]. Baluns can be classified into 

two different categories either active or passive [23, 35] and they can be found with 

different types; as examples: LC, transmission line (TL), microstrip and mix of LC and 

TL.  

2.5 Measuring the Impedance Bandwidth of Balanced Antennas  

In this section, two methods for obtaining the differential input impedance of balanced 

antennas are presented. These are (i) the monopole method, and (ii) the two port 

scattering parameter method. 

2.5.1 Equivalent Monopole Antenna: 

In this method half of the balanced structure is replaced by a conducting ground plane, 

as shown in Figure 2.2. The size of the ground plane is a critical parameter in 

characterizing the impedance function of the balanced antenna. A basic experimental 
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result is that the size of the ground must be greater than four times the maximum 

optimum wavelength [36]. 

 

 

Figure 2.2: Converting dipole antenna to monopole antenna 

 

The input impedance of the balanced antenna using this method can be expressed as 

following: 

��������	 
 � ������  

Where Zbalanced and Zmonopole are the input impedances of the equivalent balanced and 

monopole antenna respectively. 

2.5.2 Two Ports Network Method: 

To achieve a balanced antenna design, such as a dipole, the feeding currents must be 

equal and exactly 180° out of phase. This is conventionally realized through the use of 

a balun circuit, although other techniques are available (for dipoles). The quality of the 

balun circuit design and its actual performance is critical in this approach, as will be 

seen subsequently in future Chapters, e.g. Chapter 5. The difficulties associated with 
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the balun circuit can become notably problematic when measuring the antenna 

impedance function over a very wide bandwidth [37]. This is addressed as a practical 

issue in Chapter 7.  

 

 

(a) 

 

(b) 

Figure 2.3: Basic representation of balanced antenna; (a) Simple balanced structure 

with feed sources, (b) equivalent two ports network [38].  

 

To work around this problem, the input impedance of a balanced antenna can be 

measured by applying the two port network method in which the balun is completely 

not required. This may be achieved by connecting the two ports of the balanced antenna 

directly into the input ports of a calibrated VNA. The input impedance may be 

extracted from the S-parameters as follows. 

In Figure 2.3, the equivalent input port currents and voltages can be expressed in the 

following impedance matrix elements [38]: 
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�� 
 ��� �� � ��� �� (2.1) 

�� 
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Where 
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Then, the differential input voltage Vd is given by: 

�	 
 �� � �� (2.4) 

�	 
 ������ � ����� � ����� � ������ (2.5) 

Now subject to the applied input voltages, one can assume the following, 

��  
  �   ���   ��  
  ��  (2.6) 

It follows that equation (2.5) can be expressed as, 

�	 
 ���� � ��� � ��� � ����� (2.7) 

Therefore, the differential input impedance can stated as follows: 

�	 
 ��� � ��� � ��� � ��� (2.8) 

Since the antenna is passive and symmetric it can be assumed that, 

��� 
 ��� and    ��� 
 ��� (2.9) 

Using the differential input impedance in (2.8), the expression can be simplified to: 

�	 
 ����� � ���� (2.10) 

In terms of 2-port scattering parameters, the differential impedance in (2.10) can be 

given as, 

��� 
 ��

�� � ������ � ���� � ������

�� � ������ � ���� � ������

 
(2.11) 
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(2.12) 
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It follows that similar values for Z21 and Z22 can be also obtained. Using (2.9), the 

differential input impedance can be expressed in terms the of the S-parameters as 

follows, 

�	 
 ���

� � ���
� � ���

� � ����

�� � ����� � ���
�  

(2.13) 

Where Z0 is the characteristic impedance of the transmission line. Z0 is usually 

considered to be 50 Ω for most practical measurements, this convention is adopted 

throughout. 
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2.6 Summary  

This chapter has provided a brief overview of the balanced antenna concept. In 

particular a theoretical framework for deriving the characteristics of both balanced and 

unbalanced antenna types has been presented. The use of balun circuits has been 

introduced. Two measurement techniques for the impedance input of balanced antennas 

were discussed. The first is the monopole method, where a conducting ground plane 

with only one half of the antenna is used, and the real part of the measured impedance 

value is doubled. The second uses two port scattering parameters to evaluate the input 

impedance of the balanced antenna. This two port methodology is useful, and has been 

proven in the characterization of the equivalent impedance of the balanced antenna. 
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CHAPTER THREE 

3.Wideband Balanced Folded Dipole 

Antenna with Dual Arm Monopole 

Structure for Mobile Handsets 

3.1 Introduction 

The need to expand the bandwidth of antennas in mobile handheld devices follows from 

the ever-increasing data rates, and hence spectrum requirements, of mobile devices. 

Antennas are a major part of the complete design in mobile device systems. 

Conventionally, the unbalanced planar inverted F antenna (PIFA) is one of the most 

popular candidates for compact internalised antennas for mobile handsets. PIFAs use 

the ground plane as a part of the radiator, enabling very small antennas to achieve 

adequate gain and bandwidth [1-5]. Because of the unbalanced feed, however, radiating 

currents are induced on both the ground plane and the antenna element in almost all 

cases. Since the currents on the ground plane couple strongly to the user’s body, these 

antennas exhibit variable performance when the handset is held in the hand.  

Balanced antennas offer a means of removing these limitations. The currents are mostly 

confined to the radiating elements, thus reducing the current flow to the ground plane 

[6]. It follows that a well designed balanced antenna will reduce the specific absorption 

rate (SAR) to the user’s body [7]. In recent years, several mobile antennas designed 
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with the balanced technique have demonstrated the enhanced stability of antenna 

performance, compared to the unbalanced type, when the handset is placed next to the 

human head and/or hand [8-19].   

In this chapter, the design of an inbuilt wideband balanced slotted dipole antenna is 

introduced. The target design includes full coverage of the GSM 1800, GSM 1900 and 

UMTS service bands. An improvement of the antenna impedance was achieved in order 

to realise multiple-band operation, including Bluetooth/WLAN (2.45 GHz). Detailed 

simulations models were developed using HFSS, and the performance was optimised by 

tracking the return loss, and calculated radiation patterns [20]. Methods for measuring 

input impedance of the proposed antenna are addressed, and a wideband planar balun 

feed is adopted for the fully realised design. Finally, the calculated and measured results 

for the antenna are presented, compared and discussed. 

3.2  Antenna Design Concept and Structure 

Planar metal-plate monopole antennas have been investigated in the past as good 

candidates for ultrawide-band applications [21, 22]. A pair of such wideband monopole 

antennas can be integrated together to configure a dipole and to maintain a wide 

bandwidth. Following this principle, a wideband planar dipole antenna in free space can 

be developed. A simple technique for enhancing antenna impedance bandwidth was 

employed by symmetrically trimming a triangle at the monopole edge near the feed 

point, to give a tapered feed  [23]. 

The first design iteration was for a free space model, which was then systematically 

modified for realistic handset operations. The antenna (see Figure 3.1) is mounted on 
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the top of a rectangular conducting plate (120×50 mm), which can be regarded as the 

practical chassis or ground plane of a mobile handset. 

Like most balanced antennas, the planar dipole antenna works best in free space and its 

operation can be degraded when placed in the vicinity of other conductors (in particular, 

mobile phone chassis). In order to mitigate the effects of the ground plane, a technique 

was applied to reduce the effects of the induced current on the ground plane by inserting 

a slot in each of the arms of the planar dipole. Consequently, the ground plane may have 

less mutual coupling on the proposed antenna. In this way, the antenna may be placed 

close to the ground plane of the handset (e.g. 1 mm away), without major performance 

degradation. In order to achieve a low profile for built-in applications, two arms of the 

dipole antenna were required to be folded  [24-27] only but not connected at their ends, 

as shown in Figure 3.1. 
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Figure 3.1: Antenna configuration studied (a=23, b=20.5, h=9.5, n=20.5, c1=9, c2=7, 

x1=13 and x2=14; dimensions are in mm). 

The size and location of the slots in the antenna, together with other parameters, were 

optimised to ensure that the design entirely covered the required frequency bands 1710 

to 2170 MHz at an input return loss ≤ -6 dB; as well as to minimise size of the antenna 

as far as possible. 
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3.3 Measuring Input Impedance of Balanced Antenna

Conventionally balanced antennas, such as dipoles, will use a balun feed network. 

input impedance or return loss of the balanced antenna measured for such a 

configuration is from the antenna plus balun, rather than from the discrete antenna feed 

point. Therefore, the two different methods discussed in Chapter 2 were used to verify 

and validate the impedance of this balanced antenna. The first is the S

method, in which balanced antennas are considered as two

and the S-Parameters can be obtained from a VNA. Equations (2.11) and (2.13) are then 

employed to derive the differential input impedance of the balanced antennas. In 

addition, a monopole mirrored over the ground 

compare the results obtained from the first measurement 

Figure 3.2: Side view of the balanced antenna with two

3.3.1 Wideband Balun Design and Characterisation

To obtain the desired antenna stability and radiation pattern, a suitable wideband balun 

circuit [30], which was then modified for this design, as shown in 

Wideband Balanced Folded Dipole Antenna 

Measuring Input Impedance of Balanced Antenna

Conventionally balanced antennas, such as dipoles, will use a balun feed network. 

input impedance or return loss of the balanced antenna measured for such a 

configuration is from the antenna plus balun, rather than from the discrete antenna feed 

point. Therefore, the two different methods discussed in Chapter 2 were used to verify 

nd validate the impedance of this balanced antenna. The first is the S

method, in which balanced antennas are considered as two-port devices (see 

Parameters can be obtained from a VNA. Equations (2.11) and (2.13) are then 

employed to derive the differential input impedance of the balanced antennas. In 

addition, a monopole mirrored over the ground [28, 29] is used as the other method to 

compare the results obtained from the first measurement method (see Chapter 2).

: Side view of the balanced antenna with two-port S

measurement method. 

Wideband Balun Design and Characterisation 

To obtain the desired antenna stability and radiation pattern, a suitable wideband balun 

, which was then modified for this design, as shown in 
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Measuring Input Impedance of Balanced Antenna 

Conventionally balanced antennas, such as dipoles, will use a balun feed network. The 

input impedance or return loss of the balanced antenna measured for such a 

configuration is from the antenna plus balun, rather than from the discrete antenna feed 

point. Therefore, the two different methods discussed in Chapter 2 were used to verify 

nd validate the impedance of this balanced antenna. The first is the S-parameter 

port devices (see Figure 3.2) 

Parameters can be obtained from a VNA. Equations (2.11) and (2.13) are then 

employed to derive the differential input impedance of the balanced antennas. In 

is used as the other method to 

method (see Chapter 2). 

 

port S-Parameter 

 

To obtain the desired antenna stability and radiation pattern, a suitable wideband balun 

, which was then modified for this design, as shown in Figure 3.3. This re-
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design was carried out using ADS 

it was mounted on Duroid with a 

0.0019. 

Figure 3.3: Photograph of the fabricated board for the adopted balun in 

Figure 3.4: Photograph of the fabricated board for the modified balun.

Two back-to-back modified wideband planar

order to evaluate their insertion loss and return loss in the intended frequency

[32]. In addition, the magnitude and phase difference between the two outputs 

Wideband Balanced Folded Dipole Antenna 

design was carried out using ADS [31]. The final balun structure is shown in 

it was mounted on Duroid with a permittivity of 3.48, thickness 

 

Photograph of the fabricated board for the adopted balun in 

: Photograph of the fabricated board for the modified balun.

modified wideband planar baluns were built up and measured 

their insertion loss and return loss in the intended frequency

the magnitude and phase difference between the two outputs 

33 

The final balun structure is shown in Figure 3.4, 

 0.8 mm, and tan δ = 

Photograph of the fabricated board for the adopted balun in [30]. 

 

: Photograph of the fabricated board for the modified balun. 

built up and measured in 

their insertion loss and return loss in the intended frequency bands 

the magnitude and phase difference between the two outputs was 
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investigated using a single balun: an excellent balance in magnitude and phase within 

the intended bandwidth was found, as shown in Table 3.1. 

Table 3.1: Comparison between the present design and the prior art. 

 

Item 

Frequency 

range 

(GHz) 

Insertion 

loss max. 

(dB) 

Relative Errors: 

Amplitude (dB)/  

Phase (degrees) 

Return 

loss max.  

(dB) 

Prior art in 

[30]  

1.7-3.3 - ± 0.3 / ± 5 10 

Present 

Balun 

1.4-2.4 1.65  ± 0.1 / ± 2 10 

3.3.2 Results and Discussion 

A monopole representing half of the intended balanced antenna, including half of the 

phone chassis (ground plane), was constructed and tested in order to examine the actual 

input impedance at the feed point for the proposed balanced design. Copper sheeting of 

thickness 0.15 mm (for the ground plane) and 0.5 mm (for the antenna arms) was used, 

whilst a copper plate with dimensions 500 mm × 500 mm was chosen as a finite ground 

plane for the monopole design. Figure 3.5 compares the measured return loss for the 

prototype, against the simulated values. As can be seen, a fairly good agreement in 

return loss can be observed. A wideband characteristic with less than -6 dB return loss 

can also be confirmed. It should be noted that the reference plane for the antenna 

impedance measurement was effectively moved to the input port of the antenna by 

applying the equivalent delay, and using a function in the VNA (HP 8510C) to calibrate 

out the effect of introducing the semi-rigid coaxial cable (see Figure 3.2) in the two-port 

measurement.  
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Figure 3.5: Comparison of return loss among the two different measurement 

methods and simulation. 

To investigate the stability and radiation performance of this concept, another version of 

the antenna, integrating a planar balun, was designed and constructed, as illustrated in 

Figure 3.6. The ground plane of this variant was printed on one side of the dielectric 

substrate and the balun was printed on the other side. The positions of the two balanced 

outputs from the balun were carefully located directly beneath the feed points of the 

balanced antenna. Two thin wires were used to connect the antenna feed point with the 

balun through holes. In this way, the antenna and its feed network were closely 

integrated and could be regarded as a single system. The calculated radiation patterns in 

the xz plane and yz plane for the balanced dipole with and without the balun at 1780, 
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1900 and 2150 MHz were presented in

to each other at all three designated centre frequencies.

 

Figure 3.6: The fabricated prototype balanced ant

network, where left is top view and right is underside view.

Wideband Balanced Folded Dipole Antenna 

1900 and 2150 MHz were presented in Figure 3.7. The results found to be quite similar 

to each other at all three designated centre frequencies. 

: The fabricated prototype balanced antenna, together with its feeding 

network, where left is top view and right is underside view.

 

 

 

1780 MHz 
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. The results found to be quite similar 

 

enna, together with its feeding 

network, where left is top view and right is underside view. 
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3.4 Studying the Antenna Performance  

3.4.1 Effect of Slots and Taper of the Antenna Arms on Return Loss  

Techniques were applied to successfully achieve the required low profile construction 

and wideband characteristics in the design. These included the symmetrical tapering of 

each arm of the dipole near the feed point, and inserting slots in the dipole arms. The 

 

 

 

 

 

1900 MHz 

 

 

 

 

 

 

2150 MHz 

 

(a)  (b) 

Figure 3.7: Radiation patterns for the proposed antenna at 1780 MHz, 1900 MHz and 2150 

MHz in the x-z plane (a) and y-z plane (b); ‘x x x’: simulated Eφ without balun, ‘o o o’ 

simulated  Eθ without balun,  ‘------’ simulated Eφ with balun, ‘───’ simulated Eθ with balun 
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performance of the antenna was analysed and evaluated with trimmed tapering, or the 

introduction of slots. The resulting return loss is shown in Figure 3.8. One may 

conclude that introducing these modifications into the antenna plays a vital important 

role in achieving good balanced design. The application of symmetrical trimming to the 

taper enables some freedom in antenna impedance matching, by varying the length of 

the trimmed laterals (c1 and c2). 

 

Figure 3.8: Effect on the antenna return loss by introducing slots or taper (corner 

cutoff) to the configuration. 
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3.4.2 The Effect of Head and Hand on the Antenna Return Loss

The effect of adjacent human tissue mass on the performance of the prototype antenna 

was evaluated firstly by having the ground plane in the user’s hand (without electrical 

contact), and secondly by placing it in the vicinity of the user’s head in a simula

‘talk’ position, as in 

and spherical head is used

published data [6,33,34

the one achieved by other.

situations showed only small variations within the

in Figure 3.10. This confirmed the

phone is held in the vicini

Figure 3.9: Spherical human head and hand model 

(where H = 200 mm, h

Wideband Balanced Folded Dipole Antenna 

The Effect of Head and Hand on the Antenna Return Loss

The effect of adjacent human tissue mass on the performance of the prototype antenna 

was evaluated firstly by having the ground plane in the user’s hand (without electrical 

contact), and secondly by placing it in the vicinity of the user’s head in a simula

‘talk’ position, as in Figure 3.9. In this simulation, a simple model that includes hand 

and spherical head is used. This model is a realistic well known model by several 

,33,34], which is good enough to compare some computed result with 

the one achieved by other. It was found that the antenna return loss in the two different 

situations showed only small variations within the intended operating range, as shown 

. This confirmed the stability of the proposed balanced antenna when the 

phone is held in the vicinity of the head. 

: Spherical human head and hand model interaction with mobile handset 

mm, hw = 98 mm, hh = 80 mm, hd = 24.5 mm, ht =

from the head) = 10 mm and hs = 20 mm). 

39 

The Effect of Head and Hand on the Antenna Return Loss 

The effect of adjacent human tissue mass on the performance of the prototype antenna 

was evaluated firstly by having the ground plane in the user’s hand (without electrical 

contact), and secondly by placing it in the vicinity of the user’s head in a simulated 

model that includes hand 

known model by several 

to compare some computed result with 

It was found that the antenna return loss in the two different 

intended operating range, as shown 

stability of the proposed balanced antenna when the 

 

interaction with mobile handset 

= 20 mm, d (distance 
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Figure 3.10 also presents the measured and simulated return loss (i.e. of antenna and 

balun together) of the fabricated prototype antenna shown in Figure 3.6. The results are 

in close agreement, but it is necessary to take into account the effect of modifications to 

the physical prototype during the development process, and a further change in the 

inclusion of the dielectric substrate beneath the ground plane.  It should be noted that an 

additional resonance was found in the measured at 2.4 GHz. This is believed to be due 

to constraints on the operating frequency range of the balun (see Table 3.1).  

 

Figure 3.10: Return loss characteristics of proposed balanced antenna with 

integrated planar balun and head and hand models. 

3.4.3 The Effect of the Ground Plane and the Current Distribution  

An investigation of the effect of the ground plane length on the antenna return loss was 

carried out. The length of ground plane was varied from 120 mm to 60 mm in 

increments of 20 mm. The corresponding results are presented in Figure 3.11. For 
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lengths 80 mm ≤ 100 mm ≤120 mm, it can be seen that the calculated return loss shows 

little variation. By contrast, when the length is set at 60 mm, the impedance match was 

improved, whilst the resonant frequency remained unchanged. This effect is not 

obvious, and indicates that the proposed antenna also features a low degree of 

sensitivity to ground plane size, implying that the same antenna design can potentially 

be adopted for many other mobile devices with little modification, this has useful 

implications for antenna construction. 

 

Figure 3.11: Antenna return loss characteristics for ground plane lengths of 

60 mm, 80 mm, 100 mm and 120 mm. 

The current distribution on the mobile phone ground plane was also determined. It was 

observed that most of the current induced on the ground plane was concentrated in the 

area beneath the antenna, and less current appeared on the rest of the ground plane, in 

line with expectations. 
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3.5 Far Field Measurement of the Wideband Balanced Antenna   

Measurements of the far field radiation patterns of the antenna were carried out in an 

anechoic chamber. The fixed antenna (reference antenna) was a calibrated broadband 

EMCO horn (type 3115) and the spacing between the test antenna and the horn was held 

at 4 m. Two pattern cuts were taken for three selected operating frequencies that cover 

the target bandwidth in this study. The radiation patterns in the xz plane and yz plane 

for the balanced dipole at 1780, 1900 and 2150 MHz were measured. The results were 

plotted against predictions in Figure 3.12, where the patterns of the fabricated prototype 

antenna (i.e. the AUT) are seen to be quite similar to each other at all three designated 

centre frequencies. It is obvious for 20 dB to 30 dB down the fields magnitude is less 

important on the cross polar components in x-z plane; however, the differences on the 

lower values of the cross polar components might rise from the contribution of the 

feeding network. In addition, the xz plane presents a nearly omni-directional radiation 

pattern in all intended frequency bands. The radiation patterns for other frequencies 

within the intended frequency bands were also investigated and found to be similar to 

one or other of these and hence are not presented.  
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(a) 

Figure 3.12: Radiation patterns for the proposed an

2150 MHz in the x-

measured E
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: Radiation patterns for the proposed antenna at 1780 MHz, 1900 MHz and 

-z plane (a) and y-z plane (b), where: ‘x x x’: measured E

measured Eθ, ‘------’ simulated Eφ, ‘───’ simulated E
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(b) 

tenna at 1780 MHz, 1900 MHz and 

’: measured Eφ, ‘o o o’ 

───’ simulated Eθ. 
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Figure 3.13 illustrates the measured antenna gain compared to the simulations in the 

broadside direction for the frequencies across the GSM 1800, GSM 1900 and UMTS 

bands. It should be noted that the insertion loss of the feed network was subsequently 

added to the measured power gain at each specific frequency in the measurement plot. 

As can be seen in Figure 3.13, antenna gain measurements varied between 

approximately 2.5 dBi and 3.5 dBi over the bandwidth. Generally, this variation of the 

measured antenna gain was mainly caused by planar balun integrated with the handset 

ground, and the wire connections between the antenna and the balun. For the 

bandwidths of the three specific operating bands, the peak antenna gain variations are 

less than 0.5 dBi, as compared with the predictions. 

 

Figure 3.13: Comparison of simulated and measured antenna gain for the 

proposed folded balanced antenna 
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3.6 The Improved Version of the Wideband Balanced Antenna 

In this section a further improvement in the impedance bandwidth for this antenna is 

introduced, in order to cover an additional band at 2.45 GHz for WLAN, since most 

mobile phones available in the market have such a feature.  

3.6.1 New Antenna Configuration 

Initially, new simulation model for the antenna operating around 2 GHz was build 

(‘dipole 1’: see Figure 3.14b). In addition, a new technique was applied by inserting an 

additional thin-strip arm (‘dipole 2’: see Figure 3.14b) for each planar dipole arm to 

generate another resonant frequency at 2.45 GHz. Using this technique, the balanced 

resonant antenna was modified and developed as a wideband dual-resonant variant for 

multi-band operation. A symmetrically stepped structure was used on the edges of the 

arms near the feed point [35], as shown in Figure 3.14c. This replaces the symmetrical 

triangular trimming structure used in previous design. This is because the stepped 

configuration has better control of the impedance bandwidth, as verified in the analysis. 

Similarly, the slot size, including its location and length, and also the location of 

additional arms for ‘dipole 2’, together with other parameters (see Figure 3.14c), were 

adjusted and optimised to ensure that the design entirely covered the required frequency 

bands (1710-2484 MHz) with a VSWR at the input port of less than 3 (equivalent to 

return loss ≤ -6 dB). 
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Figure 3.14: Antenna configuration studied; (a) balanced folded dipole antenna 

plate; (b) development of the proposed multi

An optimised antenna configuration was found with excellent performance in terms of 

return loss, radiation patterns and power gain, with aid of the EM simulator. The most 

important dimensions shown in 

3.2 

.  

 

 

Wideband Balanced Folded Dipole Antenna 

Antenna configuration studied; (a) balanced folded dipole antenna 

plate; (b) development of the proposed multi-band design; (c) unfolded structure of the proposed 

antenna. 

An optimised antenna configuration was found with excellent performance in terms of 

return loss, radiation patterns and power gain, with aid of the EM simulator. The most 

important dimensions shown in Figure 3.14c were established to be as shown in
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Antenna configuration studied; (a) balanced folded dipole antenna with conducting 

band design; (c) unfolded structure of the proposed 

An optimised antenna configuration was found with excellent performance in terms of 

return loss, radiation patterns and power gain, with aid of the EM simulator. The most 

c were established to be as shown in Table 
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Table 3.2: Summary of important parameters of the antenna. 

Parameters Value (mm) 

a  21.5 

b 20 

h1 9.5 

h2 5.5 

n 21 

c1 8 

c2 3 

c3 3 

c4 2 

x1 15 

x2 14 

e1 22 

e2 4 

3.6.2 Parametric Study Results  

In order to fully understand the influence of the antenna parameters on the impedance 

bandwidth and overall antenna size constraints, a parametric study was carried out by 

varying each parameter, while holding the remaining parameter values at the assumed 

optimum values. The impedance bandwidth was the main goal to be optimized 

throughout the parametric study in this work (i.e., return loss < -6 dB). 

3.6.2.1 Effect of the Length of the Antenna Arm (n) and Length of The 

Slot (x1) 

It was found the length of the antenna arm (n) and the length of the slot x1 control the 

resonant mode of this antenna. As can be seen from the Figure 3.15 and Figure 3.16, the 
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optimum values of n and x1 were found to be 21 mm and 15 mm, respectively. This 

gave the best performance for the antenna in the mobile frequency bands of interest. 

 

Figure 3.15: Parametric study of parameter n (in mm) against 

operating frequency. 

 

Figure 3.16: Parametric study of parameter x1 (in mm) against 

operating frequency. 
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3.6.2.2 Effect of the Length of the Thin-Strip (e1 and e2 ) 

The purpose of introducing the thin-strip ‘dipole 2’ was to introduce another resonance, 

thus creating a further variant to the existing multiple-band antenna. A parametric study 

on the thin-strip dimensions e1 and e2 was performed. Figure 3.17 presents the resulting 

variations of antenna return loss against the operating frequency, for e1 and e2. It is 

observed that the additional resonant frequency next to the existing one is at about 2.4 

GHz and gradually decreases as the length of the strips on ‘dipole 2’ are increased. 

Figure 3.17: Parametric study of parameters e1 and e2 (in mm) against 

operating frequency. 
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3.6.2.3 The Effect of the Ground Plane Length  

The influence of the ground plane on the antenna’s performance was investigated in 

terms of the return loss, and is illustrated in Figure 3.18. The length of ground plane was 

reduced from the end opposite the antenna, from 60 mm to 120 mm in increments of 20 

mm. As can be seen in the figure, there was a small variation in calculated return loss 

observed for all design cases. Similarly, the radiation patterns were examined for each 

length and found to vary by no more than 2% (the full-length results are discussed 

below). These results suggest that the antenna is fulfilling its intended function of 

inducing very little current into the ground plane. As a check, the computed surface 

currents for different ground plane lengths were also simulated, and are shown in Figure 

3.19, in which it is seen that they are negligible except in the region underneath the 

antenna. These results indicate that the antenna does feature a low degree of sensitivity 

with respect to the ground plane size. This implies that the same antenna design has the 

capability to be adapted for many other mobile devices. 
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Figure 3.18: 

 

(a) 

Figure 3.19: Surface current distributions for the proposed balanced antenna at 2.4 GHz

for various ground plane lengths: a) 120

Wideband Balanced Folded Dipole Antenna 

 Variations of antenna return loss against ground 

60 mm, 80 mm, 100 mm and 120 mm. 

 

 

(b) (c)

Surface current distributions for the proposed balanced antenna at 2.4 GHz

for various ground plane lengths: a) 120 mm, (b) 80 mm, (c) 60
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Variations of antenna return loss against ground length of 

 

 

(c)  

Surface current distributions for the proposed balanced antenna at 2.4 GHz 

mm, (c) 60 mm 
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3.6.3 Measuring the Input Impedance of the Improved Version of the 

Proposed Antenna 

For the sake of convenience whilst investigating the antenna’s radiation performance, 

the wideband planar balun applied in previous section was used as a part of the feeding 

network, to provide the necessary balanced feed from an unbalanced source. For the 

physical realisation, a copper sheet of thickness 0.15 mm was used to fabricate the 

balanced antenna. The ground plane was printed on one side of the dielectric substrate 

and the planar balun was placed on the other side, as illustrated in 

same procedure of positioning the two balanced outputs from the balun 

the same ground plane, and constitute a fully integrated system, was followed as 

mentioned earlier. 

Figure 3.20: The fabricated prototype balanced antenna, 

Wideband Balanced Folded Dipole Antenna 

Measuring the Input Impedance of the Improved Version of the 

Proposed Antenna  

For the sake of convenience whilst investigating the antenna’s radiation performance, 

the wideband planar balun applied in previous section was used as a part of the feeding 

work, to provide the necessary balanced feed from an unbalanced source. For the 

physical realisation, a copper sheet of thickness 0.15 mm was used to fabricate the 

balanced antenna. The ground plane was printed on one side of the dielectric substrate 

he planar balun was placed on the other side, as illustrated in 

same procedure of positioning the two balanced outputs from the balun 

the same ground plane, and constitute a fully integrated system, was followed as 

The fabricated prototype balanced antenna, together with its 

feeding network. 
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Measuring the Input Impedance of the Improved Version of the 

For the sake of convenience whilst investigating the antenna’s radiation performance, 

the wideband planar balun applied in previous section was used as a part of the feeding 

work, to provide the necessary balanced feed from an unbalanced source. For the 

physical realisation, a copper sheet of thickness 0.15 mm was used to fabricate the 

balanced antenna. The ground plane was printed on one side of the dielectric substrate 

he planar balun was placed on the other side, as illustrated in Figure 3.20. The 

same procedure of positioning the two balanced outputs from the balun in order to share 

the same ground plane, and constitute a fully integrated system, was followed as 

 

together with its 
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Figure 3.21 shows the measured return loss of the prototype antenna, using both the 

two-port direct measurement and the antenna with integrated planar wideband balun. 

Both are compared against the simulation model. There is a generally good agreement 

between the simulated and measured return loss, also there are some slight 

discrepancies between the fabricated antenna and its simulation model. This result 

verifies the actual impedance of the antenna, as well as the effectiveness of the antenna 

system with an integrated balun, and confirms the validity of using it for the evaluation 

of radiation performance of the system. 

 

Figure 3.21: The simulated and measured return loss against operating 

frequency. 
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3.6.4 Radiation Pattern and Power Gain of the Improved Version of 

the Antenna 

Measurements of the far field radiation patterns of the prototype were carried out in a 

far-field anechoic chamber using an elevation-over-azimuth-positioner, with the 

elevation axis coincident with the polar axis (θ = 0°) of the AUT’s co-ordinate system. 

The azimuth drive thus generates cuts at constant φ. The fixed antenna (reference 

antenna) was a broadband EMCO horn (type 3115) positioned at 4 m. The elevation 

positioner was rotated from θ = -180° to 180° with increments of 5° for the selected 

measurement. Two pattern cuts (i.e. φ = 0° and φ = 90°) were taken at four selected 

operating frequencies covering the required bandwidth. The radiation patterns for the 

AUT at 1795, 1920, 2045 and 2445 MHz were measured and the corresponding results 

were verified and plotted against the predictions in Figure 3.22. The patterns of the 

AUT are quite similar to each other for the first three cases. Moreover, the x-z plane 

presents a nearly omni-directional radiation pattern in the three lower frequency bands, 

whereas at 2445 MHz it tends to radiate at the +z direction in both planes. In this case, 

the ground plane acts as a good reflector in this band. 
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Figure 3.21: Radiation patterns of the antenna at 1795, 1920, 2045 and 2445 MHz

plane and (b) the y-z plane. ‘ooo’ measured E
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.21: Radiation patterns of the antenna at 1795, 1920, 2045 and 2445 MHz

z plane. ‘ooo’ measured Eθ  ‘──’ simulated Eθ  ‘xxx’ measured E

simulated Eφ 

 

 

 

 

-30 -20 -10 0

30

60

90 

(+x)

120

150 -150

-120

-90

-60

-30

-30 -20 -10 0

30

60

90  

(+x)

120

150
-150

-120

-90

-60

-30

-30 -20 -10 0

30

60

90 

(+x)

120

150 -150

-120

-90

-60

-30

55 

 

 

 

.21: Radiation patterns of the antenna at 1795, 1920, 2045 and 2445 MHz in (a) the x-z 

‘xxx’ measured Eφ  ‘----’ 

 

 

 

 

-40 -30 -20 -10 0

30

60

90 

(+y)

120

150

180

0 (+z)

-40 -30 -20 -10 0

30

60

90 

(+y)

120

150

180

0 (+z)

-40 -30 -20 -10 0

30

60

90 

(+y)

120

150

180

0 (+z)



Chapter 3 Wideband Balanced Folded Dipole Antenna 56 

 
 

 

 

 

 

 

 

 

 

 

2445 MHz 

 
 

(a)  (b) 

Figure 3.22: Radiation patterns of the antenna at 1795, 1920, 2045 and 2445 MHz in (a) the x-z 

plane and (b) the y-z plane. ‘ooo’ measured Eθ  ‘──’ simulated Eθ  ‘xxx’ measured Eφ  ‘----’ 

simulated Eφ 

Figure 3.23 illustrates the calculated and measured antenna gain in the broadside 

direction for the frequencies across the GSM 1800, GSM 1900, UMTS and 2.45-GHz 

bands. It should be noted that the simulated gain curve assumes an ideal feed network, 

whereas the measured results include the insertion loss of the feed network, hence the 

local discrepancies. The measured antenna gain varied between 3.8 dBi and 5 dBi over 

the entire bandwidth. This variation is believed to be caused through the introduction 

the balun, and the connections between the antenna and the balun. On average, it can be 

said that the measurements are comparable with the prediction. 
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Figure 3.23: Comparison of simulated and measured antenna gain of the 

proposed antenna. 

3.7 Conclusions 

The main subject of this chapter has been a new wideband folded dipole antenna design, 

operating over the GSM 1800/1900 and UMTS service bands. The dipole is fed by a 

planar wideband balun network. The design was successfully expanded to include the 

2.45 GHz WLAN band. The antenna impedance was determined using the two methods 

described in the previous Chapter, and the balanced operation of the antenna was 

verified. Comparison of the return loss and far field radiation pattern showed good 

agreement between the prototype assembly and the simulation models. These results 

indicate that the ground plane had a minimal effect on the operating characteristics with 

the user, in particular these characteristics seem to be independent of the length of the 
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ground plane. Therefore, it is reasonable to conclude that the user-handset interaction 

has been minimised, and that the antenna may be seen as a possible candidate for use in 

mobile handsets. 
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CHAPTER FOUR 

4.SAR Measurement for Compact 

Wideband Balanced Antenna for Mobile 

Handsets 

4.1 Introduction 

Progress toward worldwide wireless communication continues at a remarkable pace, 

and the antenna element of the technology is crucial to its success. Trends in system 

evolution indicate the gap between cellular and WLAN technologies is narrowing, and 

developments in Software Defined Radio (SDR) point strongly to the need for new 

antenna designs to permit user terminals to access several different radio resources at 

different frequencies according to the service requirements. Also, as radio connected 

services become increasingly commonplace, the possible implications of user exposure 

to emissions from hand-held terminals are causing increasing concern. Therefore, in 

addition to the traditional design objectives of small size and low cost it is now essential 

to address the need for (a) wide, or multi-band operation, (b) compliance with 

international safety guidelines on Specific Absorption Rate (SAR) [1, 2] and (c) weak 

coupling of the antenna with the handset case in order to achieve a good impedance 

match that is stable in the presence of a human body. 
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As mentioned previously, balanced antennas may be used to reduce the coupling of the 

mobile antenna to the handset. This contrasts with unbalanced antennas, which drive 

current into the handset chassis. These induced currents can interact unfavourably with 

the complex characteristics of the body [3-5]. The maximum SAR values have been 

shown to be substantially reduced when placed next to the human head, compared with 

conventional unbalanced antennas, if these antennas are well-designed [6,7]. For 

example in [8], it was demonstrated the corresponding computed peak SAR values for 

the balanced antenna were 0.17674 (W/kg) and 0.64243 (W/kg) for balanced and 

unbalanced respectively. In addition the computations indicate that approximately 20% 

to 25% (balanced) and between 26% and 41% (unbalanced) of the total delivered power 

was absorbed by the head. 

In this chapter, the design of a compact balanced folded dipole antenna, with a novel 

dual-arm structure, is introduced. A multi-band design is considered from the start, with 

the following service bands: DCS, PCS, UMTS and WLAN (2.4 GHz). The broadband 

balun circuit used in the previous chapter is adopted in the realization of this design. 

The simulation model was build using a commercial EM solver based on the finite 

integration technique [9]. The mutual effect of the proposed antenna system in the 

presence of a human hand phantom is also addressed, and the SAR performance is 

evaluated by experiment. Finally, the calculated and measured results for the 

constructed prototype are presented and discussed.  

4.2  Antenna Design Theory and Structure 

The basic design concept is optimised and developed using the design procedure 

established in the previous chapter as the starting point. The technique for optimising 
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the impedance bandwidth by symmetrically trimming a triangle at the monopole edge 

close to the feed point, to give a tapered feed, was used. In addition, a slot is introduced 

into each of the arms of the planar dipole. This mitigates the effect of the ground plane, 

and helps to maintain a good antenna performance. 

The computer modelling was used for this design. Greater refinement is required in the 

mechanical realisation for a more efficient, and compact, layout for the antenna 

assembly. This is needed to meet the expanded multi-band requirements in the electrical 

specification.  The modelling was used to gain a better understanding of the 

compromise between the antenna volume and the mutual interaction with the ground 

plane. In contrast with the design in Ch. 3, where the slot on each arm of the folded 

dipole antenna is removed, this design uses a relatively thin metal strip. The technique 

for introducing multiple resonances to the folded dipole structure was refined further for 

this design. The discussion concludes with the impedance bandwidth required to enable 

multiple-band operation.  

Firstly, a single arm balanced folded dipole antenna was developed for operation around 

2 GHz. Tapering was introduced at the edge near the feed point. To achieve a more 

compact design, the top end of the folded arm was extended and bent downwards (see 

parameter ‘h1’ in Figure 4.1) to satisfy the required length for each arm to generate and 

locate the target resonances. Subsequently, an additional thin-strip arm was introduced 

and inserted in each arm of the planar dipole to generate the additional resonance 

around 2.4 GHz as shown in Figure 4.1. Using this technique, the singly resonant 

antenna was modified and developed as a wideband dual-resonant variant for multi-

band operation.  
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The lateral length of the tapered feed, and its location on the antenna, together with the 

length and location of the additional arm, and other parameters of the proposed antenna, 

was adjusted and a further optimisation process was carried out to e

entirely covered the required frequency bands (1.710 - 2.485 GHz) at VSWR 

(a) 
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The lateral length of the tapered feed, and its location on the antenna, together with the 

length and location of the additional arm, and other parameters of the proposed antenna, 

ation process was carried out to ensure that the design 

2.485 GHz) at VSWR ≤ 3. 
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Figure 4.1: Antenna configuration studied. (a) B

plate; (b) 

 

Figure 4.2: Photograph of prototype of the proposed balanced antenna design.

4.3 Measuring Input Impedance of Balanced Antenna 

The volume constraint for this 

includes a 2 mm gap source for the feed. The simulation model was developed 

according to these constraints, resulting in ‘first cut’ dimensions shown in 

the prototype. This is achieved through systematically evaluating the consequences of 

optimising a number of antenna parameters and carefully monitor
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(b) 

: Antenna configuration studied. (a) Balanced antenna with conducting 

plate; (b) important parameters of the proposed antenna.

: Photograph of prototype of the proposed balanced antenna design.

Measuring Input Impedance of Balanced Antenna 

The volume constraint for this radiator assembly was 48 (l) × 15 (w) 

includes a 2 mm gap source for the feed. The simulation model was developed 

according to these constraints, resulting in ‘first cut’ dimensions shown in 

This is achieved through systematically evaluating the consequences of 

optimising a number of antenna parameters and carefully monitoring the impact of such 
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alanced antenna with conducting 

important parameters of the proposed antenna. 

 

: Photograph of prototype of the proposed balanced antenna design. 

Measuring Input Impedance of Balanced Antenna  

(w) × 9 (h) mm3
, which 

includes a 2 mm gap source for the feed. The simulation model was developed 

according to these constraints, resulting in ‘first cut’ dimensions shown in Table 4.1 for 

This is achieved through systematically evaluating the consequences of 

ing the impact of such 
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changes, these include (d, w1, h, h1, a3, a4). The impact of making changes to the 

antenna is monitored and verified through using the software modelling tool to ensure 

accuracy and verification of the results. 

A prototype balanced dipole and ground plane assembly was cut from copper sheets of 

thickness 0.35 mm and 0.5 mm, respectively (Figure 4.2).  

Table 4.1: The parameters of the antenna 

Parameter Value / mm 

d 20 

w1 10 

w2 2 

h 9 

h1 5 

h0 1 

l1 12 

l2 14 

l3 11 

l4 9 

l5 5 

l6 2 

l7 6 

a1 3 

a2  22 

a3 3.5 

a4 6 

Figure 4.3 presents the measured return loss of the prototype antenna against the 

computed one. There is a reasonable level of agreement between the calculated and 

measured return losses. It should be noted that the two impedance measurement 

methods presented in chapter two were used here. The first was observed at the input 

ports of the balanced antenna using the S-Parameter method in which the antenna is 

considered as a two-port device. The second impedance was considered at the input port 

of the balun. 
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Figure 4.3: The simulated and measured return loss versus the operating 

frequency. 

4.4 Analysis Stability Performance for the Antenna and Hand Model 

The mutual effect between the antenna and the human hand model was investigated in 

order to evaluate its impact on the proposed design. The hand was modelled as a lossy 

dielectric with an equivalent conductivity of 1.45 S m-1 and a permittivity of 54, for a 

reference frequency of 2 GHz. In addition, the dimensions and position of the hand 

model are illustrated in Figure 4.4 and listed as follows: g1 = 8.5, hh = 80, h1 = 39.5, hw 

= 30 and m1 = 24 (all dimensions in mm). The gap between the hand model and the 

metallic ground plate is 4 mm. 
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Figure 4.4: Hand phantom model with the proposed design. 

The antenna performance in presence of human hand model was characterised in terms 

of the antenna return loss and radiation patterns.  
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Figure 4.5: Comparison of antenna return loss in free space and in 

presence of hand model. 

Figure 4.5 shows the antenna return loss with and without hand model, with the hand 

model m1 was chosen to be 50 mm in the analysis. As can be seen, the resulting two 

plots have almost identical variations. The results indicate the proposed design features 

have low sensitivity for impedance de-tuning when the phone is held, and a reduced 

dependence of the antenna on the ground plane. The effects on various positions of the 

hand (i.e. m1) were also studied.  The distance between the antenna and the hand (i.e. 

parameter ‘m1’) was varied from 30 mm to 60 mm in increments of 10 mm. The 

corresponding return loss results are presented in Figure 4.6. 
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Figure 4.6: The parametric study on parameters m1 against operating frequency. 

As can be seen there is little variation of the calculated return loss observed for the 

varied cases. These results agree well with [10, 11] in which they show negligible 

induced surface currents on the handsets expect underneath the antenna. Similarly, the 

radiation patterns were examined for the case m1 = 30 mm. The calculated patterns of 

the proposed antenna, with and without the hand model, at frequencies of 2 GHz and 

2.45 GHz were presented in Figure 4.7 and Figure 4.8. The results found to vary by no 

more than 2 dB at the maximum when the hand model is included, which suggests that 

this antenna induced very little current into the ground plane.  
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Figure 4.7: Comparison of radiation patterns in free space at 2 GHz and 2.45 GHz.
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Comparison of radiation patterns in free space at 2 GHz and 2.45 GHz.

calculated Eθ, ‘----’ calculated Eφ. 
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Comparison of radiation patterns in free space at 2 GHz and 2.45 GHz. ‘──’ 
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2 GHz 

 

 

 

2.45 GHz 

 

Figure 4.8: Comparison of radiation patterns in presence of  hand model at 2 GHz and 2.45 

GHz. ‘──’ calculated Eθ, ‘----’ calculated Eφ. 

4.5 Near Field Measurement 

The experimental SAR measurement for the antenna was carried out in an anechoic 

chamber using the equipment illustrated in Figure 4.9, which includes a cubic phantom 

model and computer controlled 3-D stepper motor to position the probe. The head 

model was considered as a single homogenous layer, which is good enough compared to 

a multi-layered spherical head [12].  
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(a) 

 

(b) 

Figure 4.9: Diagram of near field measurement set-up for the proposed antenna 

(a) bottom view; (b) side view.  

A simple phantom was constructed from plastic of thickness 5 mm (tp), and dimensions 

550 mm (L) × 300 mm (W). The phantom was filled with 5 litres of lossy tissue 

analogue, representing the brain matter. This material was modelled as a lossy dielectric 
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with conductivity 1.3 Sm-1 and εr = 41.8, for a reference frequency of 1.8 GHz. The 

fluid composition was 54.90% de-ionised water, 44.92% (2-Butoxyethoxy) ethanol or 

diethylene glycol monobutyl ether and 0.18% NaCl salt, as set out in IEEE-1520-200x 

for the frequency band 1800 MHz – 1900 MHz [13, 14]. The top surface is left open, 

allowing a non perturbing electric field probe to be inserted and held in position for the 

measurement; repeatability is ensured by use of a stepper motor, the measurement 

tolerance being ± 5 mm. A commercial Schmid Associates (SPEAG) electric field probe 

and near field measurement system was used for the measurement [15]. The normalized 

measured, and simulated, SAR values are shown in Figure 4.10. The probe and antenna 

distances shown in Figure 4.9 were 2 mm (dp) and 3 mm (da) respectively.  

 

(a) (b) 

Figure 4.10: The normalized SAR distribution at 1.8 GHz; (a) measured SAR, (b) 

computed SAR. 

A reasonable agreement in SAR distribution between the measured and computed 

results can be noted from Figure 4.10. The maximum unaveraged measured and 
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computed SAR values for one watt of input power are 3.2 W kg-1 and 3.02 W kg-1 

respectively. These results are much lower than those reported in [14] for a GSM 1800 

terrestrial handset, for which the peak SAR in the head was between 10 and 21 W kg-1 

for a head-handset separation of 7.5 mm.  

4.6 Antenna Radiation Pattern 

The radiation pattern measurements of the prototype were carried out in a far-field 

anechoic chamber. Two pattern cuts were taken for four selected operating frequencies 

covering the designated bandwidth. The radiation patterns in the zx plane and zy plane 

were measured for 1.795, 1.920, 2.045 and 2.445 GHz, respectively. These results are 

presented in Figure 4.11. These patterns seem to be quite similar to one another. The 

pattern similarities for the first three selected frequencies (i.e., 1.795, 1.920 and 2.045) 

were quite reasonable.  In addition, the zx plane presents a nearly omni-directional 

radiation pattern in all three intended frequency bands; whereas, the proposed antenna at 

2.445 GHz tends to radiate at the -x direction in the zx plane cut and at the +z direction 

in the zy plane cut, in which the ground plane for this band acts as a good reflector. 
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Figure 4.11: Measured radiation patterns for the

1.920 GHz, 2.045 GHz and 2.445 GHz at 
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1.795 GHz 

 

 

 

 

1.920 GHz 

 

 

 

 

2.045 GHz 

 

 

 

 

2.445 GHz 

Measured radiation patterns for the proposed antenna at 1.795 GHz, 

1.920 GHz, 2.045 GHz and 2.445 GHz at : (left) xz plane; (right) yz plane, where 

‘───’ measured Eθ and ‘- - -’ measured Eφ.
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proposed antenna at 1.795 GHz, 

plane; (right) yz plane, where 
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4.7 The Power Gain and Efficiency of the Antenna  

Table 4.2 shows the measured broadside antenna power gain for the frequencies across 

the DCS, PCS, UMTS and 2.4-GHz WLAN bands. It should be noted that the insertion 

loss of the feeding network was subsequently compensated for each measured power 

gain over all the bands. As observed, the measured antenna gain varied between 2.7 dBi 

and 5.4 dBi over the entire bandwidth considered. In addition, the gain value of this 

antenna is quit comparable with the gain values of the antenna in previous chapter. 

Table 4.2: Measured antenna gain of the proposed design. 

Frequency (GHz) Antenna gain (dBi) 

1.75 2.7 

1.80 3.2 

1.85 3.6 

1.90 4.3 

1.95 4.2 

2.00 4.2 

2.04 4.3 

2.10 4.2 

2.15 5.4 

2.40 3.2 

2.44 3.6 

2.48 4.1 

The radiation efficiency is an important measure of antenna performance, but is often 

over looked as it is difficult to measure with precision. A convenient indoor radiometric 

method reported in [16] was used to obtain an efficiency value for this prototype; the 

measured results are given in Table 4.3. The antenna has very high efficiency over the 



Chapter 4 SAR Measurement for Compact Wideband Balanced Antenna 80 

target frequency bands. These efficiency results may be seen as encouraging, and 

provide further support to the balanced antenna approach. 

Table 4.3: Measured antenna efficiency of the proposed design. 

Frequency 

(GHz) 

1.75 1.80 1.845 1.90 1.95 2.01 

Antenna Efficiency 

(%) 

91.2 90.7 94.5 93.1 97.2 95.2 

4.8 Conclusions 

A new compact wideband balanced folded dipole antenna design, operating over the 

DCS, PCS, UMTS and 2.4-GHz WLAN bands, has been presented. The antenna design 

was characterized in terms of the return loss, radiation pattern, power gain and radiation 

efficiency. Comparison of return loss measurements showed good agreement with the 

computational predictions. The analysis of the design in the presence of a human hand 

model confirmed that the antenna induces little current into the ground plane. In 

addition, the antenna performance was stable since the interaction between the antenna 

and the hand is minimized. The specific absorption rate (SAR) performance of the 

antenna is also studied experimentally by measuring near field exposure. The measured 

results have shown low induced current in the ground plane and thus confirm 

minimisation of performance variations and SAR. The antenna efficiency has been 

measured using a radiometric technique. The results provided further supporting 

evidence for the balanced technique. However, the current design has some practical 

limitations since it does not cover the GSM 900 frequency band, which remains in 
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demand or in the 5 GHz band for WLAN, which is often required in new mobile 

handsets.  Looking to the future, further development of balanced antennas will be 

required for multi-band implementation. 
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CHAPTER FIVE 

5.Dual-band and Multi-band Balanced 

Mobile Handset Antennas  

5.1 Introduction 

Many mobile handsets have design constraints on size and weight; this is driven by 

customer expectations, and the pervasive impact of location-aware services. From an 

antenna design perspective, these constraints may be summarised thus:  

• to reduce the antenna size with unchanged, or improved, performance 

characteristics 

• to continue to seek reductions in the degradation of antenna performance when 

in proximity with the operator’s body [1]. 

It has been established that balanced antennas offer a genuine choice for the designer in 

mitigating the effects of the user on the antenna performance [2], since balanced 

currents only flow on the antenna element, thus dramatically reducing the effect of 

current flow on the ground plane. Hence, balanced antennas are generally efficient and, 

more importantly, maintain their performance when held or positioned adjacent to the 

human body [3].  

Recently, several novel designs of such antenna types have been successfully developed 

and demonstrated [3-6], most of them being designed and implemented for operations in 
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the current 2G and 3G mobile service bands. However, not much work has been carried 

out for the potential frequency bands beyond the current frequency ranges, as expected 

future integration of mobile applications. Therefore, there is motivation to develop this 

balanced antenna technique for future mobile device applications. 

Wireless local area network (WLAN) technology is a rapidly expanding area in the 

modern wireless communication. The trend of integrating WLAN communication 

system into the mobile electronic products leads to a great demand in developing dual-

band or multi-band antennas with compact size [7, 8]. In this chapter, the design of a 

built-in multi-band balanced-dipole antenna is presented, and optimized for WLAN and 

WiMAX applications over the corresponding frequency bands. The study covers the full 

WLAN requirement, and the lower WiMAX service bands, via 2.4 GHz and 5.2 GHz 

WLAN bands and 2.5 and 3.5 WiMAX bands. 

Some success in reducing the size of the antenna has been achieved by introducing a 

long slot into each folded arm of the dipole radiator. The performance of the proposed 

antennas have been analysed and optimised for the targeted frequency bands. For 

validation purposes, antennas prototypes were fabricated and tested. The prototypes 

performance are characterised in terms of the antenna reflection coefficient, radiation 

pattern, power gain and surface current distribution. The predicted and measured results 

show acceptable agreement, and the results also confirm good impedance bandwidth 

characteristics with excellent dual-band operation. In addition, a new design with 

wideband impedance bandwidth for the future mobile communication systems is 

introduced at the end of this chapter. 
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5.2 First Design (Multi-band Balanced Antenna for WLAN/WiMAX 

Operation in Handheld Devices) 

The design concept established in the previous chapter is applied to a new multi-band 

antenna. The requirements specification is based on the full WLAN and lower WiMAX 

service bands for handset applications, additionally the design may also cover the 2.4 

GHz remote control band (RF4CE – remote control using radio frequency for consumer 

applications). A working model was constructed using CST Microwave Studio [9], and 

performance guidelines for input return loss, power gain and radiation pattern were 

established.  

5.2.1 Antenna Structure 

The antenna design is fundamentally based on the realisation of a folded dipole 

structure. This is due to its symmetrical layout, and the fact that the structure easily 

lends itself to low profile packaging. The geometrical antenna model is shown in Figure 

5.1, the radiator structure is mounted 1 mm above a rectangular conducting plate (40 

mm × 100 mm) which may be regarded as the base or chassis of the device, and which 

acts as an effective ground plane. The positioning of the antenna is set with a spacing of 

1 mm to all surrounding edges of the ground plane, making the total antenna length 38 

mm (including 1 mm gap between the two arms for feeding purposes). The simulation 

model is effectively tuned in terms of three structure parameters: the height (h) of the 

folded dipole, the antenna width (w), and the length (d). 
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5.2.2 Parametric Study of the Antenna

In order to fully understand the influence of these parameters on the impedance 

bandwidth, a parametric study was carried out by varying eac

the remaining parameters at the assumed optimum values. The effect of varying h on the 

input return loss was studied, where the parameters 

mm, respectively. It was found that the variation of th

the shifting of resonant frequency dramatically, as shown in 

illustrates the effect of varying the length of the folded arms, where 

and 5 mm, respectively. The antenna resonant frequency is observed to rise as the 

parameter d decreases, which is as expected, since this is equivalent to decreasing the 
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Figure 5.1: Balanced mobile antenna configuration studied.

Parametric Study of the Antenna 

In order to fully understand the influence of these parameters on the impedance 

bandwidth, a parametric study was carried out by varying each parameter, while holding 

the remaining parameters at the assumed optimum values. The effect of varying h on the 

input return loss was studied, where the parameters d and w were set to be 15 mm and 5 

mm, respectively. It was found that the variation of the folded antenna height influences 

the shifting of resonant frequency dramatically, as shown in Figure 

illustrates the effect of varying the length of the folded arms, where 

and 5 mm, respectively. The antenna resonant frequency is observed to rise as the 

parameter d decreases, which is as expected, since this is equivalent to decreasing the 
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: Balanced mobile antenna configuration studied. 

In order to fully understand the influence of these parameters on the impedance 

h parameter, while holding 

the remaining parameters at the assumed optimum values. The effect of varying h on the 

were set to be 15 mm and 5 

e folded antenna height influences 

Figure 5.2. Figure 5.3 

illustrates the effect of varying the length of the folded arms, where h and w are 8 mm 

and 5 mm, respectively. The antenna resonant frequency is observed to rise as the 

parameter d decreases, which is as expected, since this is equivalent to decreasing the 
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total length of a simple dipole antenna. On the other hand, the width of the arms (w) 

principally affects the broadband impedance matching as it is varied (where h = 8 mm 

and d = 14.5 mm), this is shown in Figure 5.4. 

 

Figure 5.2: Effect of variation of the parameter h on the input return loss. 

 

Figure 5.3: Effect of variation of the parameter d on the input return loss. 
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Figure 5.4: Effect of variation of the parameter w on the input return loss 

A first working design may be created as a result of this parameter study, with the 

folded dipole covering all of the bands of interest, except for the 5.2 GHz WLAN. In 

order to realise a design variant which includes this band, a technique was applied by 

inserting an additional thin-strip at the side of each main arm of the folded structure, see 

Figure 5.1. This produces the additional resonant frequency for the 5.2 GHz band. The 

optimal length and width of this added arm was found, subject to the input return loss 

required of the antenna in the 5.2 GHz band. It should be noted that this added arm has 

little effect on the return loss of the main radiator. Therefore, the desired multiple 

frequency operation of this balanced handset antenna, together with low profile, is 

achieved with the dual-arm structure. 

The optimised configuration of this dual-arm structure was studied in terms of return 

loss, radiation patterns and power gain. The principal dimensions of this configuration 

are tabulated in Table 5.1. The new compact design has overall dimensions of 38 (L) × 

8 (W) × 8 (H) mm. The total physical length of the main radiator at 2.5 GHz is 35.5 
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mm, which is longer than a quarter wavelength at this frequency in free space. This is 

mainly because the bending and the proximity (1 mm) to the ground plane of the 

radiator affect the resonance length. 

Table 5.1: Summary of the principal dimensions of the antenna. 

Parameters Value (mm) 

l 18.5  

d 9 

w 5 

h 8 

al 9.5 

aw 3 

ah 5 

5.2.3 Prototyping of Antenna and Test Results  

For practical optimisation, the simulation model was studied in terms of return loss, 

radiation patterns and power gain, and then realized as a first cut design as follows. 

Copper sheet with thickness 0.15 mm was used for fabricating the antenna, and 0.5 mm 

for the associated ground plane. The prototype is presented in Figure 5.5. As can be 

seen from the photograph, some of the non-conductive material was used to support the 

radiator’s arms in order to constrain them at the same level, and to suspend the antenna 

uniformly from the ground plane with distance of 1 mm. 
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Figure 5.5: Photograph of prototype of the proposed balanced antenna design 

5.2.3.1 Return Loss of the Antenna  

The return loss measurement for this prototype uses a balun circuit as the feed network. 

In addition, the impedance at the input port of the antenna was examined using the S-

Parameter method described in [10] (see Chapter 2). In this case, balanced antennas are 

considered as two-port devices, and the S-Parameters can be obtained by using a 

calibrated network analyser. A simple formula is then used to derive the differential 

input impedance of the balanced antenna. Figure 5.6 gives the two versions of measured 

return loss, both compared against the simulation model. The results are in fairly close 

agreement. 
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Figure 5.6: Comparison of simulated and measured return loss 

5.2.3.2 The Radiation Pattern of the Antenna  

Measurement of the radiation patterns of the prototype were carried out in a far-field 

anechoic chamber, using an elevation-over-azimuth positioner, with the elevation axis 

coincident with the polar axis (θ = 0°) of the antenna’s co-ordinate system. The azimuth 

drive thus generates cuts at constant φ. The fixed antenna was a broadband horn (EMCO 

type 3115) fixed at a distance of 4 m. The elevation positioner was rotated over 180° ≤ 

θ ≤ 180°, with an increment of 5° for principal plane measurements. Three principal-

plane pattern cuts were taken for the four designated WLAN/WiMAX operating 

frequencies. The radiation patterns in the y-z, x-z and x-y planes for the design at 2.45 

GHz, 2.6 GHz, 3.5 GHz and 5.2 GHz were measured and compared with the simulation, 

as shown in Figure 5.7. The measured patterns at frequencies above the lower band (e.g. 

in the 2.6 and 3.5 GHz bands) are similar to the patterns at 2.45 GHz presented in 



Chapter 5 Dual-band and Multi-band Balanced Mobile Handset Antennas 93 

Figure 5.7. This is because the antenna’s behaviour at the lower operating frequencies is 

controlled by the basic single-arm folded dipole, whereas at 5.2 GHz the antenna tends 

to radiate with a partial bias towards the +z direction, since the ground plane acts as a 

reflector in this band.  

 

Y-Z X-Z X-Y 

  
f= 2.45 GHz 

 
 

 
f=2.6 GHz 

  
f=3.5 GHz 



Chapter 5 Dual-band and Multi-band Balanced Mobile Handset Antennas 94 

  
f=5.2 GHz 

Figure 5.7: Radiation patterns of the proposed antenna at 2.45, 2.6, 3.5 and 5.2 GHz for y-z, 

x-z and x-y planes, where ‘ooo’ measured Eθ  ,‘ ----’ simulated Eθ  ,‘xxx’ measured Eφ 

‘───’ simulated Eφ 

5.2.3.3 Power Gain and Current Distribution of the Antenna 

The measured broadside antenna power gain for frequencies across the 2.4 and 5.2 GHz 

WLAN bands and 2.5 and 3.5 GHz WiMAX bands were also investigated. The 

measured antenna gains across the frequency bands of interest are shown in Figure 5.8. 

The insertion loss of the feed network was adjusted to compensate the measured power 

gain, to give uniform values over each band, where necessary. The basic antenna gain 

varied over the range of from 2.12 dBi to 5.26 dBi over the frequency bands of interest. 
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Figure 5.8: Measured power gain of the proposed antenna 

Furthermore, the current distribution on the mobile handset ground plane was analysed 

using the EM simulator. This confirms that most of the current induced on the ground 

plane was at a maximum in the area beneath the antenna, and that a relatively weak 

current distribution appeared on the rest of the ground plane. This prototyping study 

clearly illustrates the advantages of the balanced design concept, and the next logical 

step is to pursue the interaction of the user with the antenna (or handset), with particular 

reference to radiation characteristics and SAR performance. 

5.3 Second Design (Low Profile Dual-Band Balanced Handset Antenna 

for WLAN Application) 

By extending the work from previous section, a dual-band balanced antenna for mobile 

handset applications covering the 2.4 GHz (2.4-2.484 GHz) and 5 GHz (5.15-5.35 GHz 
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& 5.725–5.825 GHz) bands, is proposed. Up to 50% height reductions were achieved as 

compared with the previous designs. This was achieved by introducing a long slot into 

each folded arm of the dipole radiator, and the new low-profile design is therefore 

realised. 

5.3.1 Antenna Structure 

In the first instance, the aim was to design a dual-band balanced antenna using two 

clearly separated resonant modes. This design was approached using a two-tier process. 

Firstly, each monopole arm of a planar strip dipole was folded. In order to achieve a 

low-profile folded (i.e. minimised height) balanced antenna, whilst maintaining 

sufficient impedance bandwidth to support the targeted WLAN bands, a long slot was 

introduced into each folded arm of the dipole radiator, as in Figure 5.9. In this way, the 

equivalent wavelength of the surface current at 2.4 GHz was increased, compared to the 

case without the long slot. Thus, the folded antenna height (h) can be reduced by 50%, 

and revised the low-profile design realised. Secondly, a technique for introducing 

another resonant frequency was applied to the antenna after the first stage. A metal strip 

with appropriate length and width was inserted into each arm of the planar dipole with 

folded structure (see Figure 1.9c).  This additional arm was exploited to generate the 

second resonant frequency for the 5 GHz frequency band [11].  The proper length and 

width of this added arm was found with the aid of the structure parameters in the 

simulation model, subject to the input impedance matching required for the 5 GHz 

band. It was noticed that this addition had only a slight effect on the resonant frequency 

for the 2.4 GHz band. Therefore, a dual-frequency operation with low profile was 

achieved with the dual-arm structure, as shown in Figure 5.9.a. 
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Figure 5.9: Geometry model of the proposed balanced mobile antenna, (a) 3D 

mobile antenna configuration, (b) Side view of the 

feed, (c) Unfolded arm of the balanced mobile antenna configuration studied

band and Multi-band Balanced Mobile Handset Antennas

(a) 

(b) 

(c) 

Geometry model of the proposed balanced mobile antenna, (a) 3D 

mobile antenna configuration, (b) Side view of the balanced antenna with connected 

feed, (c) Unfolded arm of the balanced mobile antenna configuration studied
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Geometry model of the proposed balanced mobile antenna, (a) 3D balanced 

balanced antenna with connected 

feed, (c) Unfolded arm of the balanced mobile antenna configuration studied 
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5.3.2 Parametric Study of the Antenna 

The dimensions of this antenna geometry must remain within realistic handset sizes 

constraints. A parametric model was built up to establish the relationship between the 

principal structure parameters, and the realisable impedance bandwidth. The model is 

used to guide the optimisation of the impedance bandwidth, to include the WLAN band. 

The antenna height parameters (h and w) have a dominant effect on the impedance 

bandwidth. The optimal value of h was found to be 4 mm, based on a sweep over the 

range 2 ≤ h / mm ≤ 5, this is shown in Figure 5.10. The corresponding value for w was 3 

mm, based on the range 1 ≤ w / mm ≤ 4, see Figure 5.11. As discussed in the previous 

section, the purpose of the additional strip was to produce the upper resonance of the 

antenna. The controlling parameters are the dimensions f and g, as these values are 

increased; the upper resonant frequency decreases (see Figure 5.12). This does have a 

slight effect on the lower band. 

 
Figure 5.10: Effect of variation of the parameter h on the input return loss 
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Figure 5.11: Effect of variation of the parameter w on the input return loss. 

 

Figure 5.12: Parametric study of parameters f and g (in mm) against 

operating frequency. 

The actual design values for this model analysis are summarised in Table 5.2. The 

antenna is placed 1 mm above the ground plane (90 mm × 40 mm), and the equivalent 

volume is 38 × 10 × 4 mm3
. The length and positioning of each arm were fine tuned, 
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together with second order effects from the remaining parameters to achieve a return 

loss better than 10 dB over the WLAN band. 

Table 5.2: Summary of important parameters defining the proposed antenna. 

Parameters Value (mm) 

a 18.5 

b 8 

c 11.5 

d 5 

w 3 

h 4 

t 1.5 

f 2 

g 10.5 

5.3.3 Simulation and Measurement Return Loss 

A prototype antenna was constructed using copper sheet of thickness 0.15 mm (Figure 

5.13). A commercial balun (ET Industries, [12]) operating over 2 GHz to 12 GHz was 

used as the feed network (see Figure 5.14). 

 

Figure 5.13: Fabricated prototype of the proposed balanced antenna design. 
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Figure 5.14: Photograph of prototype of the balun. 

Figure 5.15 compares the return loss of the simulation model (ant) against the prototype 

(ant) and the full assembly (ant & balun), the results are in general agreement, and 

sufficient to verify the impedance response of the design. 

 

Figure 5.15: Comparison of simulated and measured return loss. 
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5.3.4 Measurement of Radiation Pattern and Power Gain 

Measurements of the balanced prototype radiation patterns were carried out in a far-

field anechoic chamber. Three principal-plane pattern cuts (i.e. zx, zy and xy planes) 

were taken for three WLAN operating frequencies covering the designated bandwidth. 

The radiation patterns were measured at selected frequencies of 2.4 GHz, 2.45 GHz, 5.2 

GHz and 5.8 GHz, respectively; the measured patterns were normalised and presented 

in Figure 5.16. The results indicate a reasonable agreement between simulated and 

measured radiation patterns. 

Y-Z X-Z X-Y 

  

f=2.4 GHz 

  
 

f=2.45 GHz 
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f=5.2 GHz 

  

f=5.8 GHz 

Figure 5.16: Radiation patterns of the proposed antenna at 2.4, 2.45, 5.2 and 5.8 GHz for 

yz, xz and xy planes. ‘ooo’ measured Eθ  ,‘ ----’ simulated Eθ  ,‘xxx’ measured Eφ ‘───’ 

simulated Eφ 

The antenna gain of the final assembly was also measured in the broadside direction for 

frequencies centred on 2.4 GHz and 5 GHz see Figure 5.17, it should be noted that the 

insertion loss of the feed network was added to the measured power gain at each 

specified frequency in the plot. The measured antenna gain varied approximately 

between 2.3 dBi and 4.3 dBi over the 2.5 GHz band and between 3.5 dBi and 5.3 dBi 

over 5.2 GHz band. The variations in the measured antenna gains were mainly caused 

by the balun, and from the wire connections between the antenna and the balun. The 

peak antenna gain variations for the 2.4 GHz and 5 GHz bands are less than 1.0 dBi, as 

compared with the simulation model. 
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Figure 5.17: Simulated and measured power gain of the proposed antenna 

5.3.5 The Current Distribution 

The current distribution on the ground plane was studied in the simulation model, using 

the three specified frequencies, 2.45 GHz, 5.2 GHz, and 5.8 GHz. The results are shown 

in Figure 5.18, where most of the induced current on the ground can be seen to be 

concentrated in the region beneath the radiator. The distribution elsewhere is minimal. 

This is in close agreement with the established results of  Kim et al  [13] and Hayashida 

et al [14], in which only negligible induced surface currents were shown to exist on the 

underside handset chassis structures. Once again it may be safely inferred that this 

balanced design will be insensitive to the loading effect of the user’s hand. 
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Figure 5.18: Surface current distributions for the proposed balanced antenna at 2.4 

GHz, 5.2 GHz and 5.8 GHz, respectively. 

5.4 Antenna for Future Mobile Application 

To date, most of the balanced antenna designs have been implemented for operations in 

the contemporary 2.5G and 3G service bands. Therefore, there is a substantial 

motivation to look beyond these immediate requirements for the folded balanced-dipole 

antenna designs presented in this chapter. The usual mechanical constraints are 

anticipated, i.e. small size, low profile, and internalised construction. On this basis a 

more speculative folded structure may be proposed. 

5.4.1 The Antenna Design Concept, and Basic Mechanical Structure 

The initial building block of this design concept, ‘antenna 1’, is shown on Figure 5.19. 

The eventual goal will be a wideband folded dipole. The antenna 1 structure was 
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systematically modified to enhance its wideband performance; the dipole was mounted 

over a rectangular conducting plate with dimensions 120 mm × 40 mm. 

 

Figure 5.19: Geometry of wideband balanced antenna for future mobile 

communication system 

 

Figure 5.20: Antenna elements configuration 

The initial basis for Antenna 1 is the single band folded design reported by Zhou et al 

[15], which had a design frequency of 1.8 GHz. The detailing was provided via a 

genetic algorithm, using a goal function derived from the impedance bandwidth 

requirement. A second building block, ‘Antenna 2’, was designed for a higher resonant 

frequency (2.68 GHz) [16], the structure is shown in Figure 5.20. This variant produces 

an intrinsically wider bandwidth, which may be tuned in terms of the strip width 

parameter w2, this may be easily seen from the reference model calculation in Figure 
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5.20. Further analysis clarifies the tuning process in terms of a ‘fine tuning’ parameter 

d, which is varied whilst keeping the main parameter (a) constant. For example, 

consider ‘Antenna 3’, shown in Figure 5.20. In this variant, the principal dimensions are 

summarised in Table 5.3. The corresponding return loss is given in Figure 5.21. The 

design concept from the last section may be employed at this stage, and a further 

resonant frequency may be incorporated. An additional thin metal strip was inserted into 

each arm of the planar dipole; this structure (‘Antenna 4’) is given in Figure 5.20, with 

return loss given in Figure 5.21. The result of these actions is a single dual-resonant 

wideband variant of the folded planar dipole antenna, which is capable of operating over 

a comparatively large bandwidth. The influence of the geometry on return loss, 

radiation pattern and power gain was investigated in a detailed simulation model 

constructed using CST [9]. The parameter table was seeded with the values quoted 

above, and the frequency tuning was carried out using {al and d}, which control the 

total length of the folded loop. The main effect is summarised in Figure 5.21. The trend 

in the structure parameters is understood in terms of their impact on the impedance 

bandwidth; it can be seen with reference to Figure 5.22 and Figure 5.23 that the optimal 

values of d and al are 13.5 mm and 12.5 mm, respectively. These results should also be 

understood in terms of the constraint on available volume for the final assembly. The 

final dimensions for this design are 36 (l) mm × 6 (w) mm × 8 (h) mm, which are fully 

consistent with Hayashida et al [16]. A small amount of further optimisation was 

required as a result of the added volume on the arms, with respect to the bandwidth 

requirement, i.e. 2.6 ≤ f (GHz) ≤ 5.8 and VSWR ≤ 2. 
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Table 5.3: Summary of important parameters of the antenna. 

Parameters Value (mm) 

a 35.8 

d 13.5 

h 8 

s 1 

w1 1 

w2 4 

d1 13 

d2 9 

al 12.5 

aw 5 

h1 1 

 

Figure 5.21: Calculated return loss of the antennas presented in 

Figure 5.22 
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Figure 5.22: Variation of the parameter d on the effect of return loss. 

 

Figure 5.23: Variation of the parameter al on the effect of return loss. 
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5.4.2 Simulation and Measurement Results 

A prototype antenna and ground plane assembly was constructed from copper sheet 

with thickness 0.35 mm and 0.5 mm, respectively, see Figure 5.24. The ET industries 

balun circuit was used again to provide the balanced feed. 

 

Figure 5.24: Photograph of the prototype antenna. 

The return loss for the simulation model and prototype are shown in Figure 5.25. The 

model was cross validated using a different calculation method, i.e. CST vs. IE3D [17]. 

Taking into account that some of the practical detail of the prototype is not present in 

the simulation, the results are in acceptably close agreement.  
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Figure 5.25

The simulated, normali

frequencies of the radiation patterns in the xz plane and yz plane of the prototype 

antenna were selected in this study. These are 2.9 GHz, 3.5 GHz, 4.6 GHz, 5.2 GHz and 

5.8 GHz. It can also be seen from 

observed at yz plane, except for the one at 2.9 GHz. This prototype tends to radiate in 

the +z direction, and the peak (simulated) gain was found to vary between 4.5 dBi to 6.6 

dBi over the full band.
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25: Comparison of simulated and measured return loss.

The simulated, normalised, radiation patterns are shown in Figure 

of the radiation patterns in the xz plane and yz plane of the prototype 

antenna were selected in this study. These are 2.9 GHz, 3.5 GHz, 4.6 GHz, 5.2 GHz and 

5.8 GHz. It can also be seen from Figure 5.26, that similar radiation patterns were 

plane, except for the one at 2.9 GHz. This prototype tends to radiate in 

the +z direction, and the peak (simulated) gain was found to vary between 4.5 dBi to 6.6 

dBi over the full band. 

 

 

 

2.9 GHz 
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Comparison of simulated and measured return loss. 

Figure 5.26. Five specific 

of the radiation patterns in the xz plane and yz plane of the prototype 

antenna were selected in this study. These are 2.9 GHz, 3.5 GHz, 4.6 GHz, 5.2 GHz and 

, that similar radiation patterns were 

plane, except for the one at 2.9 GHz. This prototype tends to radiate in 

the +z direction, and the peak (simulated) gain was found to vary between 4.5 dBi to 6.6 
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3.5 GHz 

 

 

 

 

 

 

4.6 GHz 

 

 

 

 

 

 

 

5.2 GHz 

 

 

 

 

 

 

5.8 GHz 

 

Figure 5.26: Radiation patterns of the proposed antenna for 2.9 GHz, 3.5 GHz, 

4.6 GHz, 5.2 GHz and 5.8 GHz at: (left) xz plane; (right) yz plane;  (‘──’ 

calculated Eθ, and ‘- - -’ calculated Eφ). 
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5.5 Conclusions 

Three new folded planar dipole antennas, with some novel design features, have been 

presented for dual-band and multi-band mobile handset applications. The first antenna 

was designed to operate over both low (2.4 GHz) and high (5.2 GHz) WLAN bands, 

and the low (2.5 GHz) and mid (5.2 GHz) WiMAX bands. This was achieved by cutting 

a long slot into each folded arm of the planar dipole, and the resulting height of the new 

structure may be reduced by up to 50%, this size reduction was realised in the second 

variant. The design concept was motivated in part by the desire to look beyond 3G, and 

anticipate the possible evolution of mobile handset requirements. Therefore, new design 

operating over wide frequency band (i.e. 2.6-5.8 GHz) has been proposed and studied. 

These antenna designs concept have been studied through detailed simulation models, 

with some level of cross validation where necessary. The simulation models have been 

experimentally verified through physical prototypes. These antennas are seen to be 

viable in performance terms, via antenna return loss, radiation pattern and power gain. 

In addition, the stability and low SAR inherent in the balanced design is proven for 

these designs. The simulated and measured results over the various frequency bands 

show good agreement, making these designs attractive candidates for handheld device 

applications. 
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CHAPTER SIX 

6.Interaction between Electromagnetic 

Field and Human Body for Dual Band 

Balanced Antenna Using Hybrid 

Computational Method 

6.1 Introduction 

The finite difference time domain (FDTD) method is used extensively in wireless 

communications both as a design tool, and for the general numerical simulation of 

complex systems. FDTD was introduced into the electrical engineering community in 

the late 1960s by Kane Yee [1, 2], its widespread applicability is in part due to its 

comparative simplicity, especially for very large scale computations, and its natural 

representation of complex inhomogeneous materials within the calculation domain [3-

7]. The equations linking the electric and magnetic field variables are offset in time over 

a dual grid complex, the equations being updated using the leap-frog method. A major 

practical advance on Yee’s basic scheme was Taflove’s total-scattered field formulation 

which allowed the algorithm to be implemented using plane wave excitation from 

arbitrary directions. 
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The computational grid is discretised into a number of cells which are scaled as a 

fraction of the wavelength. The associated time step must be kept small during the 

simulation to satisfy the Courant-Freiderichs stability criterion [2, 8]. An absorbing 

boundary condition (ABC) must be applied to the outer boundary of the FDTD space to 

obtain the necessary spatial resolution to represent electromagnetic wave interactions in 

unbounded regions i.e. to simulate the extension of the finite lattice to infinity. The 

ABC should be able to absorb the outwardly travelling waves with an extremely low 

reflection. The perfectly matched layer introduced by Berenger [9] allows boundary 

reflections better than -80 dB to be realised. FDTD is currently the most widely used 

method for numerical dosimetry, particularly for the field analysis required to estimate 

mobile handset radiation effect on the human body [10-14]. In [10], an efficient 

numerical technique based on the FDTD technique was used to investigate radiation 

pattern distortion for three types of body-worn antennas. It was reported; the antenna 

with the ground plane has the least effect from the presence of the human body but 

suffers from a narrow bandwidth. The variation of path loss with the transmitter–

receiver distance also was investigated for propagation along the human body torso, and 

it demonstrated that an antenna close to the omnidirectional source has the least spread 

in a linear-fit path-loss curve. 

This chapter focuses on the practical modelling of the human body interaction with the 

dual balanced antenna structure detailed in the previous chapter [15], using a modified 

FDTD approach. The antenna operates over bands centred at 2.4 GHz and 5.2 GHz, 

respectively. The near and far field performance of this antenna is studied for several 

locations in close proximity to the human body, and the radiated and absorbed power 

distributions are computed at these locations, and for different polarizations. This allows 

the radiation efficiency of this antenna to be inferred from the ratio of the absorbed 
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power to the radiated power, under the operating conditions described. The cumulative 

distribution function (CDF) of the radiation efficiency and the location based power 

ratios are used to summarise the data. 

6.2 A hybrid Method 

The antenna – body interaction model is developed using a hybrid FDTD code. The first 

stage in the modelling requires the definition of a Huygens’ surface around the antenna 

as illustrated in Figure 6.1 and Figure 6.2 for linear horizontal (HOR) and vertical 

(VER) polarisation states, respectively. Equivalent electric and magnetic sources on this 

Huygens’ surface are generated at each time step from the electric and magnetic fields 

created by the antenna in free space using NEC [16]. This field data is the used as an 

input source for an in-house FDTD code. 

The human body is represented by a very detailed tissue classified anatomical model 

known as ‘Visible Man’ [17]. This model comprises forty-nine tissue types, and has a 

resolution of 1 mm. However, the FDTD cell size of the present simulation model for 

both frequency bands was 3 mm; forty-two tissue types were included. This cell size 

was chosen to speed up the computational time required by the hybrid method, and 

work within the available computer memory. The positions of the antenna on the human 

model are shown in Figure 6.3.  
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Figure 6.1: The balanced antenna with the equivalent Huygens box for linear 

horizontal polarisation. 

 

Figure 6.2: The balanced antenna with the equivalent Huygens box for linear 

vertical polarisation. 
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Figure 6.3: Human body model and the balanced antenna locations 

The electrical properties of different type of human tissues at 2.45 GHz and 5.20 GHz 

are shown Table 6.1 and Table 6.2 respectively. Figure 6.4 shows the FDTD domain, 

displayed in the xz plane (i.e. the front view), with different tissue at different cross-

sections for values of y (i.e., y = 30, y = 38 and y = 42). Figure 6.5 illustrates the FDTD 

domain model, displayed in the yz plane (i.e. the side view from left of the human to the 

right) with different tissue at different cross-sections for values x (i.e., x = 34, x = 50 

and x = 67). Figure 6.6 shows the human body model at xy plane (top view) with 

different tissue at different cross-section of different values z (i.e., z = 15, z = 60, z = 

100, z = 140, z = 165 and z = 205). 

The human body was placed on a perfectly conducting ground plane, and the antenna 

was replaced by an equivalent Huygens’ surface. The physical size of the Huygens’ 

surface was 9 cm × 7.2 cm × 16.2 cm and this is equivalent to 30 × 24 × 54 FDTD cells 
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for horizontal and vertical polarisation as illustrated in Figure 6.1 and Figure 6.2 

respectively. The Huygens’ surface was carefully placed at the surface of the human 

model, where the distance between the antenna, and human tissues was only two cells. 

The FDTD method is applied over the entire computational domain. The equivalence 

principle is carried out in 3D by applying the hybrid electromagnetic method described 

in [18, 19] with cell size dx = dy = dz = 3.0 mm, and time step dt = 5 ps. The FDTD 

problem space was 180 × 118 × 633 cells, at which it is terminated by a PML with a 

thickness of 6 cells. The number of running cycles was set to 40 for both WLAN 

frequencies. It should be noted that in all cases shown in Figure 6.3 the antenna handset 

was between the antenna and the human tissues. 

 

(a) (b) (c) 

Figure 6.4: The human body model in xz plane of the computational domain. Cross-section at: (a) y = 

30, (b) y = 38, (c) y = 42. 
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(a) (b) (c) 

Figure 6.5: The human body model in yz plane of the computational domain. Cross-section at: (a) 

x = 34, (b) x = 50, (c) x = 67 
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(a) (b) (c) 

 

(d) (e) (f) 

Figure 6.6: The human body model in xy plane of the computational domain. Cross-section 

at: (a) z = 15, (b) z = 60, (c) z = 100. (d) z = 140, (e) z = 165, (f) z = 205 
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Table 6.1: Human tissues properties at 2450 MHz 

Tissue εr σ  (S / m) ρ (kg / m3
) 

AIR.(internal) 1 0 1300 

BILE 68.361 2.8007 1010 

BODY.FLUID 68.208 2.4781 1010 

EYE.(cornea) 51.615 2.2954 1076 

FAT 5.2801 0.10452 916 

LYMPH 57.201 1.9679 1040 

MUSCOUS.MEMBRANE 42.853 1.5919 1040 

NAILS.(toe.&.finger) 11.381 0.39431 1030 

NERVE.(spine) 30.145 1.0886 1038 

MUSCLE 52.729 1.7388 1047 

HEART 54.814 2.2561 1030 

WHITE.MATTER 36.167 1.215 1038 

STOMACH 62.158 2.2105 1050 

GLANDS 57.201 1.9679 1050 

BLOOD.VESSEL 42.531 1.4353 1040 

LIVER 43.035 1.6864 1030 

GALL.BLADDER 57.634 2.059 1030 

SPLEEN 52.449 2.238 1054 

CEREBELLUM 44.804 2.1014 1038 

BONE.(cortical) 11.381 0.39431 1990 

CARTILAGE 38.77 1.7559 1097 

LIGAMENTS 43.121 1.6847 1220 

SKIN/DERMIS 38.007 1.464 1125 

INTESTINE.(large) 53.879 2.0383 1043 

TOOTH 11.381 0.39431 2160 

GRAY.MATTER 48.911 1.8077 1038 

EYE.(lens) 44.625 1.504 1053 

LUNG.(outer) 48.381 1.6825 1050 

INTESTINE.(small) 54.425 3.1731 1043 

EYE.(sclera/wall) 52.628 2.0332 1026 

LUNG.(inner) 20.477 0.80416 260 

PANCREAS 57.201 1.9679 1045 

BLOOD 58.264 2.5448 1058 

CEREBRAL.SPINAL.FLUI 66.243 3.4578 1007 

EYE.(retina) 52.628 2.0332 1026 

EYE.(aqueous.humor). 68.208 2.4781 1009 

KIDNEYS 52.742 2.4295 1050 

BONE.MARROW 5.2969 0.095037 1040 

BLADDER 18.001 0.68532 1030 

TESTICLES 57.551 2.1676 1044 

BONE.(cancellous) 18.548 0.80517 1920 



Chapter 6 Interaction between Electromagnetic Field and Human Body 125 

Table 6.2: Human tissues properties at 5200 MHz 

Tissue εr σ  (S / m) ρ (kg / m3
) 

AIR.(internal) 1 0 1300 

BILE 64.5985 6.22219 1010 

BODY.FLUID 65.5629 5.71315 1010 

EYE.(cornea) 47.4335 4.95126 1076 

FAT 5.0104 0.254695 916 

LYMPH 53.0226 4.91859 1040 

MUSCOUS.MEMBRANE 39.3647 3.76124 1040 

NAILS.(toe.&.finger) 9.94599 1.0101 1030 

NERVE.(spine) 27.7218 2.55136 1038 

MUSCLE 49.2781 4.26699 1047 

HEART 49.9416 5.10584 1030 

WHITE.MATTER 33.2379 3.01319 1038 

STOMACH 57.5392 5.43749 1050 

GLANDS 53.0226 4.91859 1050 

BLOOD.VESSEL 39.0306 3.73086 1040 

LIVER 38.9769 4.02641 1030 

GALL.BLADDER 54.4994 4.9104 1030 

SPLEEN 47.8811 4.94994 1054 

CEREBELLUM 40.7832 4.38914 1038 

BONE.(cortical) 9.94599 1.0101 1990 

CARTILAGE 33.2496 4.28557 1097 

LIGAMENTS 37.9105 4.53603 1220 

SKIN/DERMIS 35.61 3.21864 1125 

INTESTINE.(large) 49.4063 4.82415 1043 

TOOTH 9.94599 1.0101 2160 

GRAY.MATTER 44.8612 4.31515 1038 

EYE.(lens) 41.4273 3.757 1053 

LUNG.(outer) 44.5829 4.15506 1050 

INTESTINE.(small) 49.6503 5.99481 1043 

EYE.(sclera/wall) 48.7005 4.73333 1026 

LUNG.(inner) 18.8515 1.80831 260 

PANCREAS 53.0226 4.91859 1045 

BLOOD 53.6 5.66509 1058 

CEREBRAL.SPINAL.FLUI 61.5861 6.89839 1007 

EYE.(retina) 48.7005 4.73333 1026 

EYE.(aqueous.humor). 65.5629 5.71315 1009 

KIDNEYS 47.7298 5.1747 1050 

BONE.MARROW 5.01891 0.246337 1040 

BLADDER 16.5669 1.61034 1030 

TESTICLES 53.2 5.14175 1044 

BONE.(cancellous) 15.8811 1.89535 1920 
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6.3 Validation of FDTD Technique 

The FDTD technique was validated by calculating the electric field at a line located 4 

cm from the balanced antenna, as shown in Figure 6.7, a flow chart summarising the 

calculation process is given in Figure 6.8. The process is launched from the hyb.90 code 

which generates the free space fields inside the Huygens’ surface box, these fields act as 

the input to the gen.90 code which calculates the back-scattered fields inside the 

Huygens’ surface. From here, the new surface currents were inferred. Later, Js in the 

source code was run to compute the new E and H values as the new input source to the 

gen.90 code. This process will continue until the maximum number of iteration was 

achieved.   

 

Figure 6.7: The position of electric field at a line 4 cm from the balanced antenna 
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Figure 6.8: Flow chart to simulate the fields located 4 cm from the balanced antenna. 

Run hyb.f90  

Field on Huygens surface 
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Run gen.f90 
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Two cases were considered; near field and far field. In line with our expectations, 

Figure 6.9 showed that the magnitude of the electric field has similar output for the 

FDTD and MoM methods, for both Ex and Ez. In regards to the far field, Figure 6.10 

illustrates the far field components of the cases under investigation for yz and xy planes. 

From the pattern in the variations it is clear that the fields are quite similar to each other. 

It can be safely concluded that proof of concept has been made. 
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(b) 

 Figure 6.9: The electric field obtained from FDTD and MoM: (a) Ex; (b) Ez 
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 (b) 

Figure 6.10: The far field obtained from FDTD and MoM: (a) yz; (b) xy 

6.4 Near Field and Far Field 

In order to investigate the performance of the antenna in proximity to the human body, 

the near and far field radiation of the antenna for different locations has been 

considered, as illustrated in Figure 6.3. A total of 32 locations were investigated: 16 

locations on the back, and 16 on the front. Due to the electric field distribution of these 

points being quite similar to one another, only one position for each case was 

demonstrated. The total near field distribution at 2.45 GHz for two central vertical slices 

is shown in Figure 6.11 for the vertically polarised antenna position. These fields are 

normalised to 1 watt input power and the scale shown is in dB. It is clear that the 

distributions within the human tissues, and in their immediate neighbourhood, were not 

comparable to the fields pointing away from the antenna and the human body. This 

figure also shows the variations of the standing wave due to the conducting ground. 
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Further simulations were performed on the radiation performance using the same 

antenna locations, but with different polarisations and they are shown in Figure 6.12. 

Similarly, the near field distributions at 5.2 GHz are presented in Figure 6.13 and Figure 

6.14 for horizontal and vertical polarization respectively. It can be also observed when 

the antenna is very close to the human tissue, the surrounded fields are much stronger, 

as indicated by the red colour distribution in the figures. 
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 (a)  

  

(b)  

Figure 6.11: Total electric field (dB) distributions at 2.45 GHz when the mobile 

located in vertical position, (a) Back Location, (b) Front Location 
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(a)   

  

(b) 

Figure 6.12: Total electric field (dB) distributions at 2.45 GHz when the mobile 

located in horizontal position, (a) Back Location,(b) Front Location  
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 (a)  

  
(b)  

Figure 6.13: Total electric field (dB) distributions at 5.2 GHz when the mobile located 

in vertical position, (a) Back Location, (b) Front Location 
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(a)   

  
(b) 

Figure 6.14: Total electric field (dB) distributions at 5.2 GHz  when the mobile located 

in horizontal position, (a) Back Location,(b) Front Location  
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The results of the investigation were conclusive, and made clear that regardless any 

change in the polarisation, the electric field distribution was almost the same when the 

mobile positions were changed. Again, as one may expect with the electric field 

distribution of these points being quite similar to each other, only one position for each 

case was demonstrated.  

The far field components at 2.45 GHz for the cases under investigation are shown in 

Figure 6.15 and Figure 6.16. Figure 6.17 and Figure 6.18 are presented the far field 

distribution for 5.2 GHz. The fields presented are normalised to one 1 watt input power 

for all y-z, x-z and x-y planes. The pattern variations in each case show that the fields 

were stronger in the direction pointing to the normal axis of the handset antenna, and 

away from the human body. It is clear from the results that the reduced field magnitudes 

caused by the shadowing effect of the human body fall approximately between 20 dB 

and 25 dB. In addition, due to strong coupling of the human tissue with induced surface 

currents of the antenna structure, the cross polar filed components were increased as 

indicated in the figures.  
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Y-Z X-Z X-Y 

 

(a) 

  
 

(b) 

Figure 6.15: The far field patterns at 2.45 GHz yz, xz and xy planes; for vertical polarisation 

(a) Back Location,(b) Front Location; where ‘o-o-o’ computed Eθ  and ‘x-x-x’ computed Eφ. 
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Y-Z X-Z X-Y 

   

(a) 

  

(b) 

Figure 6.16: The far field patterns at 2.45 GHz yz, xz and xy planes; for horizontal polarisation 

(a) Back Location, (b) Front Location; where ‘o-o-o’ computed Eθ and ‘x-x-x’ computed Eφ. 
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Y-Z X-Z X-Y 

  
 

(a) 

 
 

(b) 

Figure 6.17: The far field patterns at 5.2 GHz yz, xz and xy planes; for vertical polarisation,  

(a) Back Location, (b) Front Location; where ‘o-o-o’ computed Eθ and ‘x-x-x’ computed Eφ. 
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(a) 

 
 

 

(b) 

Figure 6.18: The far field patterns at 5.2 GHz yz, xz and xy planes; for horizontal polarisation, 

(a) Back Location, (b) Front Location; where ‘o-o-o’ computed Eθ and ‘x-x-x’ computed Eφ. 
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6.5 Cumulative Distribution Function of the Radiation Efficiency 

The absorbed power and radiated power are recorded from the simulation results. The 

radiation efficiency for the balanced antenna can be calculated using the following 

formula:  

� !"#"��#$ �%� 

&'�	(�)�	

&'�	(�)�	 � &��*'��	

 
 

The cumulative distribution function (CDF) is evaluated for each location in order to 

estimate the probability of the power absorbed and radiation efficiency on the human 

body. Figure 6.19 shows the radiation efficiency and the associated CDF evaluated 

when the mobile placed on these locations for horizontal and vertical polarisation. 

Figure 6.20 shows the absorbed power over radiated power (Pabsorbed / Pradiated), and the 

associated CDF evaluated when the mobile placed on these locations for horizontal and 

vertical polarisation. Figure 6.21 and Figure 6.22 illustrate the related histogram of 

radiation efficiency and Pabsorbed / Pradiated for horizontal polarised antenna. It is a display 

of statistical data that shows the power ratio distribution function for various locations. 

It is more or less shown indication of the areas where radiation efficiency and Pabsorbed / 

Pradiated can be identified somehow from the graph. However, for the limited data 

collected, it is difficult to have a strong confidence on these distributions. In addition, it 

should be noted that the probability density function has been drawn subject to 16 

points over the width 0 to 1 as illustrated in the figures. The histogram of radiation 

efficiency and Pabsorbed / Pradiated for vertical polarised antenna is illustrated in Figure 

6.23 and Figure 6.24 respectively. 
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The CDF of radiation efficiency and absorbed power over radiated power is difficult to 

predict from the results collected due to the limited sample size generated through the 

simulation. Recognising the constraints surrounding memory and simulation time, a 

total of 32 different locations (in line with the rest of the simulation) have been 

considered, with a view to extrapolating the necessary data. The data from these 

locations was combined to obtain probability of the radiation efficiency and absorbed 

power over radiated power, and can be obtained from Figure 6.19 and Figure 6.20.  
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(a) 

 
 

(b) 

Figure 6.19: the cumulative distribution function of the radiation efficiency when (a) Vertical 

polarisation , (b) Horizontal polarisation 
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(a) 

 
 

(b) 

Figure 6.20: the cumulative distribution function of the Pabsorbed/Pradiated when (a) Vertical 

polarisation, (b) Horizontal polarisation 
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(a) (b) 

 

(c) 

Figure 6.21: Histogram of radiation efficiency: (a) back position, (b) front position, (c) total, for 

horizontal polarised antenna  
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(a) (b) 

 

(c) 

Figure 6.22: Histogram of Pabsorbed / Pradiated,: (a) back position, (b) front position, (c) total, for 

horizontal polarised antenna 
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(a) 

 

(b) 

 

(c) 

Figure 6.23: Histogram of radiation efficiency: (a) back position, (b) front position, (c) total, for 

vertical polarised antenna 
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(a) 

 

(b) 

 

(c) 

Figure 6.24: Histogram of Pabsorbed / Pradiated,: (a) back position, (b) front position, (c) total, for vertical 

polarised antenna 
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The radiation efficiency values increase as the handset moves from the back to the front 

of the human body. Hence, these figures clearly indicate that the CDF achieves better 

radiation efficiency (typically 40% better) and consistent impedance matching for both 

horizontal and vertical polarisations when the mobile been placed on the front of the 

human model compared to the case of the back position. This may be accounted for by a 

loss of tissue characteristics in the front region, and the greater degree of absorbed 

power, as may be seen in the figure. 

Further comparison of the figures shows that the qualitative details of the CDF results, 

for the horizontal and vertical polarisations, at each location are very similar, which is in 

line with expectations. Furthermore, using the data from Figure 6.19, it can be seen that 

the standard deviation of the radiation efficiency is less for the mobile in the front 

facing, as distinct from back facing positions. Taking the previous simulation results 

into account, we may safely conclude that altering the position of the antenna over the 

front region will not result in a large dispersion in the radiation efficiency.  
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6.6 Conclusions 

Effective simulation techniques for antenna performance when in close proximity to the 

human body are needed for a variety of potential applications. This chapter has 

considered the practical application of a hybrid FDTD / MoM simulation technique in 

characterising the impact of the human body on the performance of a dual band 

balanced antenna. The antenna design from the previous chapter was used, and a total of 

thirty-two body locations were selected, front and back, each point being evaluated for 

horizontal and vertical polarisation states. The MoM calculation, based on NEC, was 

used to obtain the free space electric and magnetic fields generated by the antenna, from 

which the equivalent magnetic and electric source conditions were derived on a 

Huygens’ surface for each time step of the FDTD code. The FDTD analysis applies to 

the whole structure at the point of interest, particularly within the human body in the 

neighbourhood of the excitation source. Full near and far field data was extracted, this 

was used to develop a better understanding of the impact of regions of tissue facing, and 

offset from, the antenna. The results were presented statistically, using the cumulative 

distribution function of the radiation efficiency and absorbed power to radiated power 

ratio over the various locations. The results support the conclusion that there was a clear 

improvement in the front compared to the back. 

 

  



Chapter 6 Interaction between Electromagnetic Field and Human Body 151 

6.7 References 

[1] K. S. Yee, "Numerical solution of initial boundary value problems involving 

Maxwell's equations in isotropic media," IEEE Transactions on Antennas and 

Propagation, vol. AP-14, pp. 302-307, 1966. 

[2] A. Taflove and S. C. Hagness, Computational electrodynamics: The finite-

difference time-domain method, vol. 3rd ed. Boston: MA: Artech House, 2005. 

[3] A. Taflove and M. E. Brodwin, "Numerical solution of steady-state 

electromagnetic scattering problems using the time-dependent Maxwell's 

equations," IEEE Transactions on Microwave Theory and Techniques, vol. 23, 

pp. 623-630, 1975. 

[4] A. Taflove and M. E. Brodwin, "Computation of the electromagnetic fields and 

induced temperatures within a model of the microwave-irradiated human eye," 

IEEE Transactions on Microwave Theory and Techniques, vol. 23, pp. 888-896, 

1975. 

[5] R. Holland, "THREDE: A free-field EMP coupling and scattering code," IEEE 

Transactions on Nuclear Science, vol. NS-24, pp. 2416-2421, 1977. 

[6] K. S. Kunz and K. M. Lee, "A three-dimensional finite-difference solution of the  

external response of an aircraft to a complex transient EM environment: Part I-

The method and its implementation," IEEE Transactions on Electromagnetic 

Compatibility, vol. EMC-20, pp. 328-333, 1978. 

[7] A. Taflove, "Application of the finite-difference time-domain method to 

sinusoidal steady-state electromagnetic-penetration problems," IEEE 

Transactions on Electromagnetic Compatibility, vol. EMC-22, pp. 191-202, 

1980. 

[8] K. S. Kunz and R. J. Luebbers, The finite difference time domain method for 

electromagnetics, vol. Boca Raton: FL: CRC Press, 1993. 

[9] J. P. Berenger, "A perfectly matched layer for the absorption of electromagnetic 

waves," Journal of Computational Physics, vol. 114, pp. 185-200, 1994. 

[10] A. Sani, Y. Zhao, Y. Hao, A. Alomainy, and C. Parini, "An Efficient FDTD 

Algorithm Based on the Equivalence Principle for Analysing Onbody Antenna 

Performance," IEEE Transactions on Antennas and Propagation, , vol. 57, pp. 

1006 - 1014, April, 2009. 



Chapter 6 Interaction between Electromagnetic Field and Human Body 152 

[11] M. F. Wong and J. Wiart, "Modelling of electromagnetic wave interactions with 

the human body," Comptes Rendus Physique, vol. 6, pp. 585-594, 2005. 

[12] J. Wang, O. Fujiwara, S. Watanabe, and Y. Yamanaka, "Computation with a 

parallel FDTD system of human-body effect on electromagnetic absorption for 

portable telephones," IEEE Transactions on Microwave Theory and Techniques, 

vol. 52, pp. 53-58, 2004. 

[13] O. P. Gandh and J. Chen, "Numerical dosimetry at power-line frequencies using 

anatomically based model," Bioelectromagnetics, vol. 13, pp. 43-60, 1992. 

[14] K. Fujii, M. Takahashi, K. Ito, and N. Inagaki, "Study on the electric field 

distributions around whole body model with a wearable device using the human 

body as a transmission channel," First European Conference on Antennas and 

Propagation  EuCAP pp. 1 - 4, 6-10 Nov. 2006  

[15] A. G. Alhaddad, R. A. Abd-Alhameed, D. Zhou, I. T. E. Elfergani, C. H. See, P. 

S. Excell, and M. S. Bin-Melha, "Low Profile Balanced Handset Antenna with 

Dual-Arm Structure for WLAN Application," In Proceedings of Mosharaka 

International Conference on Communications, Propagation, and Electronics, 

Amman, Jordon, pp. 1-4, 5-7 March 2010. 

[16] G. J. Burke and A. J. Poggio, "Numerical electromagnetics code (NEC): method 

of moments," US Naval Ocean Systems Centre, Rep, No. TD116, 1981. 

[17] P. A. Mason, W. D. Hurt, T. J. Walters, J. A. D'Andrea, K. L. R. P. R. Gajsek, 

K. I. S. D. A. Nelson, and J. M. Ziriax, "Effects of frequency, permittivity, and 

voxel size on predicted specific absorption rate values in biological tissue during 

electromagnetic-field exposure," IEEE Transactions on Microwave Theory and 

Techniques, vol. 48, pp. 2050 - 2058, Nov 11, 2000. 

[18] R. A. Abd-Alhameed, P. S. Excell, and J. Vaul, "Currents Induced on wired I.T. 

Networks by Randomly distributed phones –A Computational study," IEEE 

Trans on Electromagnetics and Compatibility, vol. 48, pp. 282-286, May 2006. 

[19] M. A.-A. Mangoud, "Hybrid Computational Electromagnetics Methods for 

Personal Communications Applications," in Department of Electronic and 

Electrical Engineering, vol. PhD Thesis: University of Bradford, 2001.



Chapter 7 Ultra Wide Band Balanced Antenna 153 

CHAPTER SEVEN 

7.Ultra Wide Band Balanced Antenna  

7.1 Introduction 

Ultra-wideband (UWB) technology allows new services to co-exist alongside current 

radio systems with minimal or no interference. In 2002 the FCC approved the use of the 

unlicensed UWB spectrum, in the 3.1–10.6 GHz range, for commercial purposes [1]. 

The proposed technologies are based on the use of extremely narrow RF pulses for 

communication between TX and RX nodes. The system operates at low RF power 

levels, and operates over a relatively short range. Such systems are relatively immune to 

multipath fading. In summary, any UWB antenna design should be capable of operating 

over the bandwidth allocated by the FCC, whilst at the same time, providing a 

satisfactory radiation performance over the entire frequency range. This requires a 

suitable time domain characteristic.  

Some of the more common issues in handset antenna design have a follow through with 

the extension to UWB. The general volume constraint remains ever present, along with 

other practical integration issues. Planar metal-plate antennas may be designed with 

ultra wide-band (UWB) characteristics [2-15] taking advantage of their simple geometry 

and wide bandwidth [16]. They are suitable for several UWB communication systems 

which require full, or substantial coverage of the available bandwidth [3]. As the name 
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suggests these antennas use a planar metal plate as the radiator and this radiating patch 

is placed over a finite ground plane.  

Thus far the more commonly reported configurations include simple monopoles over a 

ground plane [17-19], modified monopoles [20-27], dipoles [28], T-structures [29-31], 

U-structures [31-33], meandered striplines [34] and planar inverted L (PILA) [11, 35-

37], and planar inverted F (PIFA) structures [26, 38-41]. Most of these designs operate 

in an unbalanced configuration. Hence, there is an obvious motivation to apply the 

balanced technique to develop antennas for UWB applications with particular reference 

to mobile terminals. 

It is obvious choice to select a wide band monopole antenna [42] and then extend the 

design concept to balanced configuration by placing another element with less coupling 

using parametric study. In this work, the orientation, locations of the monopoles 

including the necessary feeding network are optimized to meet as possible as small 

compact balanced antenna structure.  

7.2 Design Structure of Ultra-Wide Band UWB Balanced Antenna  

The geometry of the proposed antenna is shown in Figure 7.1. Two metal ground planes 

are used for this particular antenna design; the vertical ground plane is constructed from 

copper sheeting with dimensions of 0.5 mm × 75 mm × 60 mm (see Figure 7.1.a). The 

horizontal ground plane is constructed from a different copper sheet with thickness 

0.035 mm, the gap h is 10 mm and it lies below the substrate (see Figure 7.1.b and c). 

The substrate is FR4 and with relative permittivity of 4.4, and thickness is 0.8 mm. It 

should also be noted that printed feed lines of thickness 0.035 mm, length of 18 mm and 



Chapter 7 Ultra Wide Band Balanced Antenna

width of 1.5 mm (see 

radiating patches. The antenna is fed at the centre. The radiating patches are made up of 

copper (c = d = 20 mm) with thickness of 0.5 mm and have square slot shapes of 8 mm 

as shown in Figure 7.1

Figure 7.1: Antenna configuration, a) Top v

Ultra Wide Band Balanced Antenna 

width of 1.5 mm (see Figure 7.1.c), are used on the horizontal ground plane to feed the 

radiating patches. The antenna is fed at the centre. The radiating patches are made up of 

= 20 mm) with thickness of 0.5 mm and have square slot shapes of 8 mm 

1.a.  

 

a) Top view 

b) Side view 

c) Substrate and metal lines 

: Antenna configuration, a) Top view, b) Side view, c) Substrate 

and metal lines 
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.c), are used on the horizontal ground plane to feed the 

radiating patches. The antenna is fed at the centre. The radiating patches are made up of 

= 20 mm) with thickness of 0.5 mm and have square slot shapes of 8 mm 

 

 

iew, b) Side view, c) Substrate 
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7.3 UWB Prototype Antenna, and Results  

A development prototype for the balanced UWB antenna design is shown in Figure 7.2. 

The internal input impedance for this antenna is 100Ω; a balun circuit acts as a 

transformer, the detailed design and layout are given below. 

 

Figure 7.2: The prototype of proposed antenna 

7.3.1 Balun Design 

Two baluns were designed for this prototype development using ADS. It is obvious by 

using the ADS; the execution time can be lee compare to other software (i.e. HFSS). 

This can be attributed to the fact that the mutual coupling between the elements on the 

structure is not incorporated in the design circuit configuration. In addition, an 

optimized circuits with better performance can be achieved using such tools but with 

less accuracy. One of the baluns is used for the lower frequency band, operating over 

the interval 1.9 GHz to 3.6 GHz, whilst the other is for the upper frequency band which 

extends from 3.0 GHz to 6.5 GHz. Figure 7.3 shows the lower band balun and its 

measurement results. 
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Figure 7.3:  Balun for lower frequency band  

It can be seen from the Figure 7.4 that the simulated input return loss of the unbalanced 

port (i.e., port at unbalanced port 1 in Figure 7.3) was less than 10 dB over the required 

bandwidth. Similarly, the other ports (ports that represent the balanced feed) were 

showing same return loss variations. It should be noted that the characteristics 

impedances of ports 2 and 3 are considered to be 100 Ω.  

 

Figure 7.4: Calculated return loss for the lower band balun 

The phase and amplitude responses are calculated in order to validate the balun 

performance for the specified frequency band. In Figure 7.5 the phase difference was 

approximately 180° between given markers m1, m5, and m6. In addition, the amplitude 

difference of the two output ports of the balun is shown in Figure 7.6. The maximum 
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amplitude difference observed between these ports was approximately ± 0.6 dB, which 

is quite reasonable for this design. 

 

Figure 7.5: Phase difference between the two output ports of the balun at lower 

frequency band. 

 

Figure 7.6: Amplitude difference between the two output ports of the balun at lower 

frequency band. 

The second balun covers the upper band 3.0 GHz to 6.5 GHz, and is shown in Figure 

7.7. Similar port notations are used, and the characteristic impedance was kept same as 

for the lower band.  
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Figure 7.7: The upper band Balun 

 

Figure 7.8: Simulated return loss of the upper band balun 

Figure 7.8 shows the return loss of the given upper frequency balun for the three ports 

p1, p2, p3 respectively. Similar results were observed for all input return losses over the 

considered bandwidth. Similarly, the phase and magnitude differences between the two 

output ports are shown in Figure 7.9 and Figure 7.10. The maximum variations in the 

phase and magnitude responses of the output ports were ± 3º and - 0.9 dB respectively.  
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Figure 7.9: Phase difference of the upper band balun 

 

Figure 7.10: Amplitude difference between the two output ports of the balun at upper 

frequency band. 

7.4 The Return Loss and Radiation Pattern of the Proposed Antenna 

The effects of the ground plane size on the input return loss were systematically 

investigated. The length of the ground plane was reduced from the far side of the 

antenna, and varied from 75 mm to 60 mm in increments of 5 mm. The length of the 

horizontal ground plane was varied from 10 mm to 4 mm in increments of 2 mm. The 

corresponding results are presented in Figure 7.11 and Figure 7.12, respectively. As can 

be seen, slight variations in the calculated return loss were observed for the four cases. 

This implies that the realised antenna has very little sensitivity with respect to ground 

plane size.  
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The relative impedance bandwidth and the centre frequency can be stated respectively, 

as follows:  

+, - 

./ � .0

.1

 
(7.1) 

.1 

./ � .0

�
 

(7.2) 

 

Where Fh, Fl, and Fc are the upper, lower and centre frequency components 

respectively. The computed frequency band achieved at an input return-loss of -8 dB 

was between 1.7 to 6.3 GHz (i.e., relative bandwidth is 115 %). The centre frequency is 

approximately 4 GHz. 

  

Figure 7.11: Antenna return loss characteristics against the length of the ground plane; 

lengths: 60 mm, 65 mm, 70 mm and 75 mm 
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Figure 7.12: Antenna return loss characteristics versus the width of the ground plane; 

widths: 4 mm, 6 mm, 8 mm and 10 mm 

By inspecting Figure 7.13, and taking into account any errors caused by the 

manufacturing process, it can be seen the antenna covers an ultra-wide band-width with 

promising performance. In addition, the agreement with simulations is very satisfactory 

as presented in Figure 7.11. Furthermore it can be seen that the effect of the operator’s 

hand and head on the antenna performance is very small, which implies that the antenna 

has a reasonable balanced structure.  
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Figure 7.13: Measured input return loss of the proposed antenna 

The radiation patterns of the prototype antennas were measured inside a far-field 

anechoic chamber, by placing the antenna under test (AUT) at one end of the chamber, 

while placing a standard gain horn antenna at the other end of the room. Two pattern 

cuts were taken for four selected operating frequencies that cover the designated whole 

bandwidth in this study. The radiation patterns in the zx plane and zy plane for the 

antenna were measured at 2000, 4900 and 5900 MHz, and presented in Figure 7.14. The 

patterns of the prototypes are seen to be quite similar to each other for all three cases. 

Moreover, as expected the figures presented a nearly omni-directional radiation pattern 

in all intended three frequency components. 
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Figure 7.14: Radiation patterns of the proposed antenna for 2450 MHz, 4900 MHz

MHz at: (left) xz plane;

 

Ultra Wide Band Balanced Antenna 

 

 

2000 MHz 

 

 

 

4900 MHz 

 

 

 

5900 MHz 

: Radiation patterns of the proposed antenna for 2450 MHz, 4900 MHz

at: (left) xz plane; (right) yz plane, where ‘───’ measured Eθ 
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: Radiation patterns of the proposed antenna for 2450 MHz, 4900 MHz and 5900 

 and ‘- - -’ measured Eφ. 
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7.5 Modified UWB Balanced Antenna   

In this section a variant of the previous antenna design is considered in which the 

antenna size was reduced, along with the printed feed network. The first design iteration 

was obtained by decreasing the antenna arms to 18.5 mm × 18.5 mm, whilst keeping the 

same dimensions for the slots (i.e., 8 mm × 8 mm). In order to maintain the existing 

compact profile, these arms were printed on FR4 using a 0.035 mm copper process. 

A tapered microstrip layout with a 0.5 mm reduced line width was introduced on three 

lines in order to obtain an extended bandwidth response, as discussed in [25], see  

Figure 7.15. In addition, it was also found that by introducing this type of line transition 

between the original 50 Ω feeding lines and the antennas arms (i.e. the input impedance 

of the antenna is 50 Ω.), the conversion from the normal 50 Ω to 100 Ω impedance as 

the previous design is no longer required.  

The resulting design was prototyped on the usual FR4 material; the dimensions were set 

to be representative of the final handset: 60 mm (h) × 94 mm (b) × 10 mm (h). The 

thickness of the copper for the handset (i.e., ground plane in vertical position) including 

the ground part in the horizontal position, from which the feed network tracks are 

implemented, and the antenna arms is 0.035 mm (see Figure 7.16).   
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Figure 7.15: Top view of the feeding network; a

Figure 

7.5.1 Simulation and Results

Figure 7.17 shows the simulated and measured return loss of the current UWB antenna 

design. Allowing consider

manufacture of the antenna, the results gave much confidence in the simulation carried 

out. This can be seen from the generally good agreement results of the measured return 

loss and the values from sim

Although there are some slight discrepancies between the fabricated antenna and its 

simulation model, ultra wideband characteristics with less than 

also be confirmed.  

Figure 7.18 shows the measured return losses of the antenna in free space, with 

operator’s hand and in held in the talk position adjacent to the head. By

Ultra Wide Band Balanced Antenna 

: Top view of the feeding network; a1 = 5.5 mm, a

mm, t = 2 mm, h = 10 mm, b = 60 mm. 

Figure 7.16: Prototype of the modified antenna

Simulation and Results 

shows the simulated and measured return loss of the current UWB antenna 

Allowing consideration of the difficulties and errors caused in custom 

manufacture of the antenna, the results gave much confidence in the simulation carried 

out. This can be seen from the generally good agreement results of the measured return 

loss and the values from simulation over a wide frequency range from 2 GHz to 8 GHz

Although there are some slight discrepancies between the fabricated antenna and its 

simulation model, ultra wideband characteristics with less than 

shows the measured return losses of the antenna in free space, with 

operator’s hand and in held in the talk position adjacent to the head. By
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a2 = 6 mm, a3 = 6 

 

modified antenna 

shows the simulated and measured return loss of the current UWB antenna 

ation of the difficulties and errors caused in custom 

manufacture of the antenna, the results gave much confidence in the simulation carried 

out. This can be seen from the generally good agreement results of the measured return 

over a wide frequency range from 2 GHz to 8 GHz. 

Although there are some slight discrepancies between the fabricated antenna and its 

simulation model, ultra wideband characteristics with less than -8 dB return loss can 

shows the measured return losses of the antenna in free space, with 

operator’s hand and in held in the talk position adjacent to the head. By inspection, it 
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may be observed that when the antenna is held in the hand, or in talk position, the 

antenna input return losses were not significantly affected. This is as expected for the 

operation of a balanced antenna, in which the induced currents in the handset are 

minimal; this is clearly shown in Figure 7.19.  

 

Figure 7.17: simulated and measured return loss 

 

Figure 7.18: Measured Return loss of the proposed antenna 
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3.0

5.5

Figure 7.19

vertical and horizontal ground plane 

It should be noted that the measured relative bandwidth at input return loss (

106 %, as extended over the 

bandwidth is slightly less than in the previous design but it falls comfortably within the 

FCC guidelines. The antenna size was reduced, along with the 

Ultra Wide Band Balanced Antenna 

 

3.0 GHz 

 

4.5

 

5.5 GHz 

 

6.5

19: Surface current distribution of the UWB antenna 

vertical and horizontal ground plane at 3.0 GHz, 4.5 GHz, 5.5

and 6.5 GHz 

It should be noted that the measured relative bandwidth at input return loss (

%, as extended over the frequency band from 2.3 GHz and 7.5 GHz. This 

bandwidth is slightly less than in the previous design but it falls comfortably within the 

FCC guidelines. The antenna size was reduced, along with the new feed network.
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4.5 GHz 

6.5 GHz 

the UWB antenna in its 

GHz, 5.5 GHz 

It should be noted that the measured relative bandwidth at input return loss (≤ -8 dB) is 

GHz and 7.5 GHz. This 

bandwidth is slightly less than in the previous design but it falls comfortably within the 

new feed network. 
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Figure 7.20 and Figure 7.21 summarise the simulated radiation patterns of the modified 

prototype. Two pattern cuts (i.e. xz plane and yz plane) were considered for evaluation 

purposes, and taken across the whole frequency bandwidth. The spot frequencies 

considered were 2.45 GHz, 4.0 GHz, 5.0 GHz and 7.0 GHz. The antenna performance is 

essentially omni-directional over much of the frequency range, except at the higher end, 

where the balun performance appears to degrade.  The simulated antenna gain values 

were quite encouraging and fall into the range from 1.9 to 4.5 dBi.  

 

 

 

 

x-z Plane 

 

 

 

 

x-y Plane 

 

 

2.45 GHz 

 

 

 

z-y Plane 

 

 

4.0 GHz 

Figure 7.20: Radiation patterns of the proposed antenna for 2.45 GHz, 4.0 GHz at: xz 

plane; yz plane and xy plane, where ‘───’ calculated Eθ and ‘- - -’ calculated Eφ. 
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x-z Plane 

 

 

 

x-y Plane 

 

 

5.0 GHz 

 

 

z-y Plane 

 

 

7.0 GHz 

Figure 7.21: Radiation patterns of the proposed antenna for 5.0 GHz and 7.0 GHz at: 

xz plane; yz plane and xy plane, where ‘───’ calculated Eθ and ‘- - -’ calculated Eφ. 

 

  



Chapter 7 Ultra Wide Band Balanced Antenna 171 

7.6 Conclusion 

In this chapter, two different planar UWB antenna geometries have been presented. 

These proposed designs have simple configurations and should be easy to implement at 

low cost. Prototypes have been constructed and studied, the simulated and measured 

input returns losses of both antennas showed a reasonable agreement. In addition, a 

nearly omni-directional characteristic of radiation pattern is obtained over the entire 

frequency range. The relative antenna bandwidth achieved was between 106% and 

115% for the considered designs. The modified UWB antenna can be recommended as 

an attractive candidate for mobile handset applications. In addition, the analysis of the 

proposed antenna design in the presence of human hand and head was tested, and it can 

be confirmed that the antenna exhibited low induced currents on the handset since the 

input return losses were unchanged for all operated configurations.  
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CHAPTER EIGHT  

8.Folded Loop Balanced Coplanar 

Antenna for WLAN Applications  

8.1 Introduction 

It has been established throughout this work that balanced antenna systems offer a 

substantial advantage to mobile antenna designs, this is due to their stable performance 

when held in close proximity to the user’s body [1]. The feed networks for balanced 

antennas such as dipoles usually include a balun circuit, which in practice may result in 

a narrowing of the achievable bandwidth of the antenna, compromising the intended 

performance [2]. The symmetry of the antenna’s radiation pattern is determined by the 

efficiency of the balun, and thus sub-optimal pattern shaping might be obtained [3]. 

This has the potential to limit the use of balanced antennas in many handset 

applications.  

A convenient alternative approach is through the use of coplanar structures. Coplanar 

transmission line antenna configurations are attractive for antenna designers due to their 

simplicity, and ease of integration with active and passive components in the same layer 

[4]. The term “coplanar” has been used for those transmission lines and antennas in 

which all the conductors are in the same plane, namely, on the top surface of the 

dielectric substrate [5]. The coplanar structure as a transmission line has become an 
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intensive topic of recent research due to its attractive characteristics, such as a 

possibility for a wider impedance matching bandwidth and easy fabrication process [6, 

7]. Moreover, coplanar antenna structures show less peak gain variation and higher 

minimum peak gain [7-10]. 

In this chapter a new printed circuit antenna using coplanar waveguide structures, 

covering the 2.4 GHz and 5.2 GHz WLAN frequency bands is described, analysed and 

tested. The antenna is intended to eliminate the need for a balanced feed network. This 

is achieved through systematically evaluating the consequences of modifying a number 

of antenna parameters and carefully monitoring the impact of such changes. The impact 

of making changes to the antenna is monitored and verified through using two standard 

software modelling tools to ensure accuracy and verification of the results. The 

optimised antenna was fabricated and tested, and its characteristics were experimentally 

verified confirming the design concept a having good impedance bandwidth 

characteristics and excellent dual-band performance. 

8.2 Theory of the Shielded Balanced Loop    

The balanced shielded loop is made from coaxial cable with a narrow gap in the outer 

conductor (or shield). The basic loop antenna is modified for use with an unbalanced 

coaxial line by incorporating a simple balanced to unbalanced transformer (balun) 

within it [11]. The inner of the coaxial line (or equivalent coplanar transmission 

structure) is terminated on the outer conductor or the grounded sheath (this is also 

equivalent to the coplanar ground plane) of the opposite half loop at the gap. Energy 

will still be transferred to the load ZL [12]. The balanced coaxial (or coplanar) structure 

incorporating a balun transformer is shown in Figure 8.1. 



Chapter 8 Folded Balanced Coplanar Antenna for WLAN Applications 179 

 

Figure 8.1: Balanced structure with incorporated balun 

8.3 Microstrip Patch Antenna 

Microstrip technology is one of the most common techniques used to design planar 

antennas, and they have an obvious attraction for mobile terminal designs. Microstrip 

characteristics have the potential to deliver significant reductions in size, and low costs 

in production [13]. Microstrip antennas possess four generic features namely, a thin flat 

metallic radiator, known as the patch, a dielectric substrate, a ground plane and a feed 

network that supplies the radiator with RF power as illustrated in Figure 8.2. The 

radiating patch could be of any arbitrary shape e.g. square, rectangular, circular, 

triangular, semi-circular, and annular rings [13]. All microstrip antennas can be divided 

into four basic categories: microstrip patch antennas, microstrip dipoles, printed slot 

antennas, and microstrip travelling wave antennas [14]. 
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Microstrip antennas can be easily integrated with other active, and passive components, 

onto the printed circuit board of the handset 

the antenna. For operation in the low mic

patch is simply too large to be accommodated within a handset terminal. These antennas 

radiate due to the presence of the fringing field between the patch edges and the ground 

plane [15]. 

For a microstrip antenna to perform satisfactorily, three loss mechanisms need to be 

considered: conducting, dielectric, and surface waves. All are material dependent, so 

substrate materials need to be carefully selected for good overall efficiency. If the 

thickness and the dielectric constant of the substrate are kept at a minimal level, t

result in improving the efficiency, bandwidth, and the size of the antenna 

Microstrip antennas have radiating elements on one side of a dielectric substrate, and 

thus early microstrip antennas were fed either by a microstrip line or a coaxial probe 

through the ground plane. Since then a number of new feeding technique

developed. Major among these are coaxial feed, microstrip (coplanar) feed, proximity
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Figure 8.2: Microstrip patch antenna 

Microstrip antennas can be easily integrated with other active, and passive components, 

onto the printed circuit board of the handset [15]. The main issue however is the size of 

the antenna. For operation in the low microwave frequency spectrum, a conventional 

patch is simply too large to be accommodated within a handset terminal. These antennas 

radiate due to the presence of the fringing field between the patch edges and the ground 

For a microstrip antenna to perform satisfactorily, three loss mechanisms need to be 

onsidered: conducting, dielectric, and surface waves. All are material dependent, so 

substrate materials need to be carefully selected for good overall efficiency. If the 

thickness and the dielectric constant of the substrate are kept at a minimal level, t

result in improving the efficiency, bandwidth, and the size of the antenna 

Microstrip antennas have radiating elements on one side of a dielectric substrate, and 

thus early microstrip antennas were fed either by a microstrip line or a coaxial probe 

through the ground plane. Since then a number of new feeding technique

developed. Major among these are coaxial feed, microstrip (coplanar) feed, proximity
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radiate due to the presence of the fringing field between the patch edges and the ground 

For a microstrip antenna to perform satisfactorily, three loss mechanisms need to be 

onsidered: conducting, dielectric, and surface waves. All are material dependent, so 

substrate materials need to be carefully selected for good overall efficiency. If the 

thickness and the dielectric constant of the substrate are kept at a minimal level, this will 

result in improving the efficiency, bandwidth, and the size of the antenna [14]. 

Microstrip antennas have radiating elements on one side of a dielectric substrate, and 

thus early microstrip antennas were fed either by a microstrip line or a coaxial probe 

through the ground plane. Since then a number of new feeding techniques have been 

developed. Major among these are coaxial feed, microstrip (coplanar) feed, proximity-
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coupled microstrip feed, aperture

[14]. 

8.4 Coplanar Waveguide (CPW) Antennas

When microstrip technology is applied to planar antennas, fabrication on both sides of 

the substrate is requir

on the opposite side of the substrate material to support the feeding microstrip line. 

They will need a ground plane on the opposite side of the substrate for electromagnetic 

waves to travel along the feed line. However, by applying a coplanar waveguide (CPW) 

feed network, only one side of the substrate needs to be processed. Both radiating 

elements and ground planes are on the same side of the substrate. Therefore, most of the 

electromagnetic wave travels in the slots on the surface of the substrate, and less energy 

is lost in the substrate. If reali

bandwidth [4]. A coplanar waveguide approach was p

a centre strip with two ground planes located parallel to it and in the plane of the strip as 

shown in Figure 8.3.  
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coupled microstrip feed, aperture-coupled microstrip feed, and coplanar waveguide feed 

Coplanar Waveguide (CPW) Antennas 

When microstrip technology is applied to planar antennas, fabrication on both sides of 

the substrate is required. This means that microstrip antennas must have ground planes 

on the opposite side of the substrate material to support the feeding microstrip line. 

They will need a ground plane on the opposite side of the substrate for electromagnetic 

long the feed line. However, by applying a coplanar waveguide (CPW) 

feed network, only one side of the substrate needs to be processed. Both radiating 

elements and ground planes are on the same side of the substrate. Therefore, most of the 

wave travels in the slots on the surface of the substrate, and less energy 

is lost in the substrate. If realisable, this a possibility for a wider impedance matching 

. A coplanar waveguide approach was proposed by Wen 

a centre strip with two ground planes located parallel to it and in the plane of the strip as 

 

Figure 8.3: Coplanar waveguide structure 

Chapter 8 Folded Balanced Coplanar Antenna for WLAN Applications 181 

coupled microstrip feed, and coplanar waveguide feed 

When microstrip technology is applied to planar antennas, fabrication on both sides of 

ed. This means that microstrip antennas must have ground planes 

on the opposite side of the substrate material to support the feeding microstrip line. 

They will need a ground plane on the opposite side of the substrate for electromagnetic 

long the feed line. However, by applying a coplanar waveguide (CPW) 

feed network, only one side of the substrate needs to be processed. Both radiating 

elements and ground planes are on the same side of the substrate. Therefore, most of the 

wave travels in the slots on the surface of the substrate, and less energy 

able, this a possibility for a wider impedance matching 

roposed by Wen [5], it consists of 

a centre strip with two ground planes located parallel to it and in the plane of the strip as 
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8.4.1 Advantages and Applications of CPW 

Coplanar waveguide processes may be classified as conventional CPW, conductor CPW 

and micro machined CPW. The main advantages and applications of CPW are reviewed 

in [16-18]. Some of the more significant points are summarised as follows: 

i. The dispersion properties, and hence losses, realisable impedances, and λg of 

CPW are comparable with microstrip, and may on occasions be superior.  

ii. The coupling between the neighbouring lines is reduced due to the presence of 

the grounded lines between the signal lines. 

iii. The characteristic impedance (Zc) and phase velocity (vp) of CPW are less 

dependent on the substrate and more on the dimensions of the plane of the 

conducting surface. 

iv. Realisation of series and shunt elements are straight forward, and may be 

achieved without the need to drill holes through the substrate. 

CPW processes are used across a wide range of applications, with particular reference to 

MMIC sub-systems, including attenuators, diplexers, antenna feeds and antennas. Some 

common discontinuities require detailed characterisation, e.g. CPW to slot line and 

CPW to waveguide [16, 17]. Detailed design strategies are not always available, and 

some of the applications alluded to here are still a specialised in nature, in general one 

of the major disadvantages in practice may be the lack of familiarity of CPW w.r.t. 

microstrip.  
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8.5 Antenna Structure 

The coplanar antenna comprises three rectangular conducting strips; a centre strip and 

two similar lateral strips that can be regarded as the ground plane. Figure 8.4a shows the 

geometry of the proposed antenna in coplanar waveguide (CPW) technology for 

wideband application. The antennas were designed and optimised to work at 2.4 GHz 

and 5.2 GHz for WLAN. Here CPW is used as an antenna by extending the 

transmission lines along with the ground planes. The shape of the transmission line is 

like a letter ‘P’, with an open circuit at the top, this can be seen as the right part of the 

antenna in the Figure 8.4a. In order to have a balanced structure, the configuration is 

replicated, then inverted and connected to the original figure through the inner with the 

smallest possible gap. The antenna has a centre conductor of width n = 0.7 mm and the 

outer strips are both of the same width (5.45 mm). The gap m (0.2 mm) separates the 

centre strip and the two lateral conductors. The other parameters in this design are 

summarised in Table 8.1. 

In order to obtain a compact size, the antenna is folded from both ends with the smallest 

height that can be achieved (3 mm), so that the antenna has a structure like a folded 

dipole. The layout of this antenna is presented in Figure 8.4b. 
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Table 8.1: The parameters of the coplanar antenna 

Parameter Value / mm 

a 16.5 

b 11 

c 25 

d 16.5 

h 3 

g 1 

r 1 

s 5.45 

f 12 

t 1 

n 0.7 

m 0.2 

e 2.75 

 

 

(a) 
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(b) 

Figure 8.4: The proposed antenna configuration, (a) dimensions of the unfolded 

coplanar antenna, (b) The final folded antenna  

8.6 Effect of Variation of Parameters on Return Loss  

The most sensitive structure parameters of this antenna form a rather large parameter 

space, and a systematic modelling approach is essential. The simulation was carried out 

using the CST design suite [19]. The variables under consideration are: 

i. The antenna height 

ii. The antenna length 

iii. The loop gap of the structure 

iv. The space between the folded ends of the structure 

v. The gap between the arms of the structure 

vi. The ground plane size 
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8.6.1 Variation of the antenna height h 

The effect of varying the antenna height on return loss is summarised in Figure 8.5. The 

height was varied over an interval from 2 mm to 6 mm, in 1 mm steps. The resonant 

frequency has an inverse relationship with h, as h is increased, then the resonant 

frequency shifts down in frequency. Therefore, changes to this parameter can be used to 

control the size of the antenna. 

 

Figure 8.5: Effect of variation of the parameter h on the input return loss 

8.6.2 Variation of the length of the antenna b 

The direct effect of antenna length on impedance matching is summarised in Figure 8.6, 

the length (b) was varied from 9 mm to 13 mm, with the other structure parameters 

being held constant. These results indicate an inverse relationship between resonant 
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frequency and length, as the b is increased, then the resonant frequency moves down in 

frequency. This implies that b has a significant impact on the return loss.  

 

Figure 8.6: Effect of variation of the parameter b on the input return loss 

8.6.3 Variation of the loop gap g 

Figure 8.7 shows the return loss of the proposed antenna with variation of the loop gap 

g. The resonant frequency is found to be relatively insensitive to the variations of this 

parameter. However, there are small variations in the value of the return loss over 5.2 

GHz. Therefore, it can be said that the impact of the loop gap g on impedance matching 

is limited. 
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Figure 8.7: Effect of variation of the parameter g on the input return loss 

8.6.4 Variation of the gap between the folded ends of the antenna t  

Analysis of the return loss of the antenna with respect to the spacing between its folded 

ends (t) is shown in Figure 8.8 (the other antenna parameters are held constant). The 

resonant frequency is very sensitive to the variation of this parameter. The resonant 

frequency can be substantially decreased for small variations in t (~0.5 mm). Therefore, 

the gap t has a great effect on impedance matching, and good impedance matching can 

be obtained by selecting the spacing between the folded ends carefully.  
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Figure 8.8: Effect of variation of the parameter t on the input return loss 

8.6.5 Variation of the gap between the electrical ends of the antenna 

arms r 

The gap between the ends of the armatures (r) is an important design parameter for 

defining the resonant frequency of this antenna. Figure 8.9 summaries the simulated 

return loss for different values of r. There is a considerable change in the resonant 

frequency when r is varied by a small amount (0.2 mm).  Thus the smaller values of the 

gap (r = 0.6 mm and r = 0.8) will tend to degrade impedance matching characteristics, 

in particular at the higher frequency band. However, in the case of the lower band, the 

resonant frequency remains unchanged, the smallest gap that can be achieved with 

acceptable return loss is when r = 1 mm.   
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Figure 8.9: Effect of variation of the parameter r on the input return loss 

8.6.6 The effect of the ground plane size  

An investigation of the effect of handset size (equivalent ground plane) on the antenna 

performance was also carried out. The width of the handset was kept similar to the 

width of the antenna whereas the length (equivalent to parameter GND) was varied 

from 20 mm to 80 mm (see Figure 8.10). It is quite clear from Figure 8.11 that there is 

only an insignificant variation on the return loss when this parameter increased from 20 

mm to 80 mm. Therefore, the resonant frequency is found to be relatively insensitive to 

variations in the ground plane dimensions. 
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Figure 8.10: The coplanar antenna with equivalent ground plane  

 

Figure 8.11: Effect of variation of the ground plane size on the input return 

loss 
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8.7 Prototyping of Antenna and Test Results  

A prototype design using these simulation guidelines was constructed on a flexible foam 

substrate of thickness 2.5 mm and permittivity 1.1. This allows the antenna to be folded 

in such a way that the resulting armatures are held at a constant height above the 

common surface. This prototype is shown in Figure 8.12. A complex process of 

detaching the foam from the antenna was performed to ensure the most appropriate 

development in line with the simulation results. Moreover, the proposed antenna 

structure is completely composed of a CPW line that exhibits one dominant CPW mode. 

This mode has an electric field with opposite polarities between the two slots; therefore 

air bridges are placed along the CPW to keep the ground planes at the same potential. 

This has the effect of eliminating the slot line mode on the CPW line as shown in Figure 

8.12a, and then the antenna response is checked to achieve balanced features. In 

addition, some dielectric material was added carefully between the antenna’s top and 

bottom to support the arms in order to maintain them at the same height, and maintain 

the same surface structure. 
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Figure 8.12: Photograph of prototype of 

antenna design, (a) initial 2

Figure 8.13 illustrates the cur

bridges. When the air bridges are implemented between the outer strips (ground plane), 

the induced current is much stronger, and this is clearly indicated in the figures. 
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(a) 

(b) 

: Photograph of prototype of the proposed folded balanced coplanar 

antenna design, (a) initial 2-dimensional structure, (b) folded in 3 dimensions

illustrates the current distribution in the antenna, with and without the air 

bridges. When the air bridges are implemented between the outer strips (ground plane), 

the induced current is much stronger, and this is clearly indicated in the figures. 
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(a)  (b) 

Figure 8.13: The current distribution in the proposed folded balanced coplanar antenna, 

(a) without bridges, (b) with bridges 

Simulation of prototype antenna shown in Figure 8.14 was carried out using CST; a 

further simulation was performed using HFSS [20] to verify the findings from the 

primary simulation model. Figure 8.14 also shows the measured return loss of the 

prototype antenna. Allowing for any minor errors in the build quality of the antenna, the 

results gave much confidence in the simulation model. This can be seen from the 

relatively well-correlated results of the measured return loss, and the values from both 

simulations, as shown in the figure. 
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Figure 8.14: The simulated and measured return loss of  the proposed antenna 

8.8 The Radiation Pattern and Power Gain of the Antenna  

Measurements of the radiation patterns of the prototype were carried out in a far-field 

anechoic chamber. Three principal-plane pattern cuts (i.e. zx, zy and xy planes) were 

taken for three frequencies that cover the whole designated WLAN operational 

bandwidth. The radiation patterns were measured at selected frequencies of 2.4 GHz, 

2.45 GHz and 5.2 GHz, respectively; the measured patterns were normalized and 

presented in Figure 8.15. The results indicate a satisfactory agreement between 

simulated and measured radiation pattern. In addition as can be observed from the 

figure, these radiation patterns are approximately omni-directional. 
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Figure 8.15: Radiation patterns of the proposed antenna at 2.4, 2.45 and 5.2 GHz for yz, xz and xy 

planes. ‘ooo’ measured, Eθ  ,‘ ----’ simulated, Eθ  ,‘xxx’ measured, Eφ ‘───’ simulated Eφ 



Chapter 8 Folded Balanced Coplanar Antenna for WLAN Applications 197 

Figure 8.16 illustrates the measured antenna gain in the broadside direction for 

frequencies across the 2.4 GHz and 5 GHz bands. As can be seen in the figure, the 

measured antenna gain varied between 1.5 dBi and 1.9 dBi in the 2.4 GHz band, and 1.4 

dBi and 2.4 dBi in the 5.2 GHz band. For the bandwidths of the three specific operating 

bands, the peak antenna gain variations for the 2.4 GHz and 5 GHz bands are less than 

1.0 dBi. 

 

 

(a) 
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(b) 

Figure 8.16: Measured antenna power gain at; (a) 2.4 GHz band, 

(b) 5.2 GHz band. 

Additionally, a Wheeler cap method for measuring radiation efficiency [21, 22]  was 

applied to this prototype. Figure 8.17 illustrates the simulated and measured radiation 

efficiency of the antenna over the frequency ranges 2400 MHz to 2460 MHz and 5200 

MHz to 5800 MHz. In the lower frequency band (see Figure 8.17a), the variations of 

measured radiation efficiency are 0.92 to 0.87 which correspond to average of 90% over 

the bands of interest. At the upper frequency band (see Figure 8.17b), the average 

radiation efficiency of 87% is achieved (the corresponding values are 0.84 to 0.90). 

These figures are in close agreement with those calculated from the simulation model.  
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(a) 

 

(b) 

Figure 8.17: Measured and simulated radiation efficiency of the proposed 

folded balanced coplanar antenna at; (a) lower band, (b) upper band 
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8.9 Conclusions 

A new class of dual band balanced antennas, with good impedance bandwidth 

characteristics, and excellent dual-band performance, has been studied in this chapter. 

The balanced feed network has been realised using a coplanar waveguide design. This 

design has enabled a selective optimisation of the antenna performance from a well-

defined set of structural parameters. These include the height, length, ground plane size, 

the spacing between the folded arms, the gap between the arms, and the loop gap. The 

design was validated through detailed simulation of return loss, radiation pattern, power 

gain and radiation efficiency, which were then realised in a physical prototype. 
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CHAPTER NINE  

9.Conclusion and Future Work 

9.1 Summary of Thesis    

The fundamental objective of this thesis is the development of new balanced structures 

for antenna designs intended for use in mobile terminals and sensors held or positioned 

close to the human body. This is to avoid the drawbacks encountered with unbalanced 

antennas which suffer degraded radiation characteristics as a result of radiating current 

paths on the human body. The unity of this research can be appreciated through the 

following retrospective summaries of each of main the chapters. 

Chapter 2 reviewed the characteristics of balanced and unbalanced antenna structures. 

Two measurement techniques to find the differential input impedance of balanced 

antennas were also presented in this chapter: (i) the monopole method, and (ii) the two-

port network method. A symmetrical structure which is fed with balanced currents can 

achieve an electrically symmetrical operation, through which the balanced currents only 

flow on the radiating element, thus dramatically reducing the effect of the current flow 

on the ground plane or chassis. Therefore, if e.g. a mobile handset is held close to the 

body, no coupling takes place between the antenna and the human body, thus the 

performance of the antenna is not affected, and a reduced SAR may be achieved. This 

constitutes the rationale for further development of this field, and the subsequent 

designs presented in this thesis. 
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Chapter 3 presents a new wideband balanced folded-arm dipole antenna, operating over 

the GSM 1800, GSM 1900 and UMTS bands. A further improvement to the antenna has 

been achieved by covering the 2.45 GHz WLAN band. The input impedances of the 

proposed antennas were verified by the two measurement techniques described in 

chapter 2. The measured prototypes showed good agreement with the computational 

modelling. The performance of the prototype balanced antenna in terms the induced 

handset currents are derived, and in comparison with unbalanced designs, it was proved 

there exists an enhanced immunity to the effect of adjacent human body components. 

This results in an enhanced stability of the proposed antenna for realistic mobile 

operating conditions. 

In chapter 4 a new compact wideband balanced folded dipole antenna, intended to 

operate over the DCS, PCS, UMTS and 2.4-GHz WLAN bands, was introduced and 

discussed. This antenna was simulated, prototyped, and tested. Some characteristics of 

the antenna were investigated in detail in order to validate the performance of the 

antenna. The measured and simulated differential input impedances were in good 

agreement. This chapter also introduced and analysed the antenna performance in the 

presence of a human hand. It was found that the antenna induces only a little current 

into the ground plane, and thus the desired performance stability of the antenna can be 

achieved. The antenna efficiency was tested using a radiometric technique, and the 

results show a favourable performance. The proof of the design concept is concluded by 

measurement of the gain and radiation pattern. 

Chapter 5 presents two different antenna geometries covering the 2.4 GHz and 5.2 GHz 

WLAN bands, and the 2.5 GHz and 3.5 GHz WiMAX bands. The design concept of 

compact-planer folded-dipole balanced antennas was initially investigated using HFSS, 
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and then supported by intensive prototyping and measurement. A new technique was 

applied to the antenna, in which a long slot was introduced on the each folded arms of 

the dipole antenna. A significant size reduction was achieved after performing a detailed 

parametric study over several structural parameters. The antenna performances were 

characterised over their target bands in terms of return loss and radiation patterns, the 

return loss measurements were conducted as per discussion in chapter 2, and balun was 

introduced to verify the impedance of the antenna. 

Chapter 6 describes a hybrid computational method which efficiently models the 

interaction between a small dual band balanced antenna, placed in proximity with the 

human body, and operating over the 2.4 GHz and 5.2 GHz WLAN frequencies. Results 

for several test cases of antenna placed in different locations on the body are presented 

and discussed. The near and far fields were incorporated into the study to provide a 

complete understanding of the impact on human tissue. Finally, the cumulative 

distribution function (CDF) of the radiation efficiency, and the ratio of the absorbed 

power to the radiated power of the identified locations were also provided. It was 

concluded that there was a clear improvement in the front compared to the back. The 

reason for this appeared to be due to a loss of characteristics in the tissue at the front, 

and a greater degree of absorbed power. 

In chapter 7 a planar UWB antenna covering a wide range of frequencies has been 

presented. The antenna arms were considered as a wide planer monopole antennas, and 

then mounted on substrate for further improvement and easy implementation. These two 

wideband radiators were fed using tapered microstrip lines to meet the wide frequency 

response. The handset geometry was modified to meet these modifications, such as the 

feed network used in this particular design. Two baluns were utilised for this proposed 
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antenna, each covering single band. A parametric study was performed over several 

structural antenna parameters, to reduce the antenna’s size, and to verify the optimum 

response. The prototype return loss and radiation pattern was in good agreement with 

expectations. In addition the computed effects of user hand and head on mobile 

performance were also investigated in this chapter. 

A new idea of using a coplanar waveguide structure to implement the balanced feed 

network covering the 2.4 GHz and 5.2 GHz WLAN frequency bands has been presented 

in chapter 8. The antenna is intended to eliminate the need for a balanced feed network. 

This structure enabled modification to selected antenna parameters with a view to 

optimizing the antenna’s performance. Results were obtained by varying the following 

antenna parameters: height; length; spacing between the folded ends; gap between arms; 

loop gap, and ground plane size. The antenna was fabricated and tested to evaluate and 

the design concept. The predicted and measured results for return loss, radiation pattern, 

power gain and radiation efficiency demonstrated considerable success in achieving 

this; with good impedance bandwidth characteristics, and an excellent dual-band 

performance.  

9.2 Conclusion 

Several new developments in balanced antenna structures have been described, and 

validated. The antenna designs have been motivated by applications in multi-band 

mobile terminals and handsets, wireless LANs and UWB radio. Different techniques 

have been applied to the antennas to meet the required design specification. These 

antennas have been fabricated, and tested, and compared with theoretical results.   
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Balanced antenna systems are of major interest to mobile phone antenna designers. This 

is due to their stable performance when held adjacent to the human body by their users, 

as compared with that of the unbalanced designs. It is believed that the mutual coupling 

of the balanced antenna is not totally affected by the induced currents in the mobile 

handsets. Consequently the resultant performance of these antennas would be preserved 

even when the handset is loaded or in contact with human hands. It should be noted that 

these antennas are fed by two sources carrying currents of equal magnitude and 180° 

out of phase. The result of this emergent symmetric geometry is that the induced 

currents appearing on the handset will be mostly cancelled (i.e., no current flows on the 

antenna ground plane). In fact, the effects of the antenna radiation next to the human 

head will also suggest reducing the possibility of electromagnetic energy absorption by 

the user's head.  

9.3 Suggestions for Further Work  

Throughout the course of this research it was observed that there were areas for further 

study that might be carried out. 

• An important candidate for further development is the use of the coplanar 

technique. For mobile terminals there is considerable scope for further 

improvements to antenna performance, and extensions into more varied multi-

band operation, including GSM 1800/1900 and UMTS. Further size reductions 

may also be achieved, without degrading overall antenna performance, and 

investigations into ‘best fit’ assembly configurations could be pursued using 

Genetic Algorithm (GA) optimisation [1]. 
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• The results in chapters 3 and chapter 4 have proved the basic design concept for 

mobile antennas using balanced techniques. Although attractive in mobile phone 

design, there are still some substantial limitations in practice. This approach 

does not cover the lower frequency GSM 900 band, which is a continuing 

operational necessity, nor does it cover the 5 GHz WLAN band, which is an 

emerging requirement for mobile handsets and terminals. Therefore, further 

development of balanced antennas could be investigated to develop new 

techniques for multi-band design.  

• There would also be considerable research value in establishing small balun 

designs which meet the required wideband response, and enable the module to 

fit a desirable volume size for mobile applications. 

• The possible use of EBG material [2] on balanced antenna could add 

considerable value in studies to improve antenna performance. This is because 

the EBG structure has the capability to exhibit a distinct stop-band for surface 

waves [3, 4], whereby the gain and the efficiency of the antenna may be 

increased. 

• One further possible study that might be considered relates to tuning balanced 

antennas [5]. These antennas could be operated on single and multi-band 

facilities on different frequencies which are not necessarily harmonically related 

[6]. 
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