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Chapter 1 
 

 

Introduction 

This chapter presents a brief opening to the motivation behind the research  
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1 Chapter 1: Introduction 
 

Wearable wireless sensors are a part of human life in the future for applications such as 

healthcare, sports, navigating, security etc. The number of wearable wireless sensors for 

fitness and healthcare applications will reach 90 million shipments by 2017 base on ABI 

research report [1]. The IEEE Standard 802.15.6 for local and metropolitan area networks, 

part 15.6, “Wireless Body Area Networks” was published on February 2012 to specify the 

short range wireless communication in the vicinity or inside of the human body [2]. This 

shows the importance of research needed to maximize the quality of wireless 

communications around the body. The human body is a lossy medium that absorbs the radio 

frequency (RF) energy and this affects the propagation of electromagnetic waves used in 

wireless communication. The specific absorption rate (SAR) is defined by the Federal 

Communications Commission (FCC) to identify criteria for measuring the rate of absorption 

and amount of interaction between the body and a source of RF energy [3]. 

Wearable wireless devices transmit and receive electromagnetic waves through an antenna. 

Antennas are the main interaction point between wearable sensors and human body tissues. 

When the body is located within its nearfield range, it can affect the received and transmitted 

signal levels and consequently the performance of the transmitter. Tables 52 and 73 in [2] 

explain the required receiver sensitivity of a wearable wireless sensor to achieve a 

satisfactory packet error rate (PER). The more power dissipated in the body tissues, the less 

power is delivered to the receiver chip on the sensor. To deliver the same amount of power 

to the receiver in the vicinity of human body, more battery power is needed.  Placing a lossy 

material like the body in the nearfield region of the antenna, (This is normally the case for 

wearable sensor applications), can also significantly change the characteristics of an antenna 

such as input impedance and radiation pattern in an undesired way. As a consequence, it is 

of paramount importance to design an efficient antenna whose performance is not affected 

significantly by body tissues. The Centre for Wireless Monitoring and Applications 

(CWMA) at Griffith University has developed small wireless sensor nodes to monitor human 

movement in sport during both training and match play [4]. One device (z-core [5]) consists 

of a 3 axis accelerometer, a three axis gyroscope, Wi-Fi connectivity (2.45 GHz), a USB 

rechargeable battery and a colored LED display. The double layered FR4 (1.6mm thickness) 
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printed circuit board in the sensor includes a standard design meandered line monopole 

antenna [6]. The size of the antenna is 27mm 10mm and is connected to the nRF24L01+ 

transceiver chip using a lumped element matching circuit. While working in free space (i.e. 

not close to human body) for the output power of 0 dBm for the transmitter, a RF Explorer 

receiver model number 24G ISM combo with a whip helical antenna (2 dBi gain) received a 

signal with the power level of more than -70 dBm over a separation distance of 20m above a 

flat, grassed sports field. When worn on the arm, the -70 dBm signal range was reduced to 

less than 5m. The decreased communication range is attributed to the effect of the human 

body in changing the resonant frequency of the antenna, changing the radiation pattern, and 

the absorption of the power by body tissues. This thesis focuses on improving the 

performance of wearable wireless sensors via modifying or redesigning the antenna of the 

sensor to minimize electromagnetic interaction between antenna and body tissues.  

The following chapters provide a comprehensive report of the work done by other researchers 

around the world on this topic to give a criterion to assess the success of the research done 

by the author. Wearable antennas are a hot topic since the year 2000 and there are many 

publications related to this issue. The author has tried to classify and organize the more 

relevant works done in the past 15 years. A comparison among all useful suggested solutions 

for this topic is presented at the end of the literature review chapter to see the effectiveness 

and contribution of different researchers tackling this problem. To compare the effectiveness 

of the suggested solutions, some criteria are needed. In [7], total radiation efficiency of 

antenna is introduced as a criterion to evaluate the performance of an antenna after being 

placed in the vicinity of human body. 

In chapter 3, a technique to improve the performance of the antenna of wearable sensors 

without modifying the sensor or the antenna by using external parasitic elements is presented 

[7]. Placing a parasitic element in the nearfield of the antenna of the sensor gives the chance 

of tuning the resonant frequency of the antenna to a desired frequency after placing it next to 

the body. This also can slightly change the directivity of radiation pattern outward of body 

tissues which causes less power absorption and consequently higher total efficiency. A series 

of simulations and measurements were used to investigate the effects of a H-shape parasitic 

element on the antenna of the z-core sensor. The results of all experiments and simulat ions 
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of this chapter were published as a paper in the IEEE Sensors journal [7]. The advantages 

and disadvantages of this technique are discussed at the end of the chapter. 

Most wearable wireless sensors are expected to have a certain level of waterproofness against 

sweat when used in different activities. For this reason they are normally packaged in an 

enclosed box same. Chapter 4 reports an investigation into the possibility of using aperture 

antennas on the interior walls of the plastic box of the z-core to minimize the interaction 

between the body and sensor antenna. Dipole antennas are widely used in wearable sensors 

because of their compactness and the possibility to be meandered around the PCB of the 

sensor. The disadvantage of dipole antennas for wearable applications is their lack of a 

ground plane and consequently there is a considerable amount of coupling with the body. 

The complimentary antenna for a dipole is a slot antenna which can be printed on the interior 

walls of the sensor plastic package using 3D printing of electronic circuit technology [8]. The 

slot aperture radiates outward from the human body and has less interaction with body tissues 

because of the ground plane underneath. The impedance of complementary antennas can be 

found using Babinet’s principle [9]. The advantages and disadvantages of this design are 

discussed at the end of the chapter. 

The solutions presented in Chapters 3 and 4 have some disadvantages. An external parasitic 

element increases the efficiency of the z-core monopole antenna from 12% to 25% which is 

not enough compared to the 90% efficiency of the antenna in free space. The displacement 

of the parasitic element might result from severe movement and this can change the resonant 

frequency and radiation pattern of the antenna in an undesired way. The slot antenna 

presented in chapter 4 uses a wideband monopole feed to excite the aperture. The size of this 

monopole feed is big compared with the size of the printed circuit board (PCB) used in z-

core. Chapter 5 presents a new design that rectifies all the defects of previous designs and 

even shrinks the overall size of the sensor. A capacitively fed planar inverted F antenna 

(PIFA) was designed that features high efficiency and wide impedance bandwidth (90%). It 

has an enclosed ground plane between the body and the radiator to minimize the interaction 

between them. Basic theory of antenna starts from a shorted 
4


 patch antenna which is 

capacitively fed using an L-shape feed structure. A series of simulations and measurements 

were used to evaluate the reliability of the design. 
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Chapter 6 includes a brief review of the whole thesis and discusses the advantages of the 

solutions suggested by the author. Important achievements during the study are highlighted 

together with options for further work. 
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Chapter 2 
 

 

Literature review 

In this chapter a comprehensive review of the works done by other researchers 

about problems of antennas in wearable systems is presented and the author 

has categorized the variety of solutions based on some defined criteria.  
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2 Chapter 2: Literature Review  

2.1 Why and when the study on wearable antennas started? 

The first experimental studies on the effects of the body on an antenna were reported in the 

late 1960s about “manpack” radio sets [14] and continued with considering different antenna 

types and frequencies [15], [16]. During the early 90s, after the expansion of cellular phone 

use, computer simulation was used significantly to investigate the effects of human body on 

the distribution of electromagnetic fields around mobile phones and other personal 

communication systems such as pagers [17]–[20]. The numerical analysis of the models was 

done mainly using the finite-difference time-domain (FDTD) or method of moments (MOM) 

computer modelling techniques. A comprehensive study about the interaction between a 

cellular mobile phone antenna and the human head and hand was done in [21] based on the 

amount of power absorbed by head. The result showed that positioning the hand close to the 

handset absorbed a considerable amount of radiated power and decreased the efficiency as a 

consequence. Philips Research Laboratories reported that the efficiency value varies greatly 

between handsets, users and the way they are used. It is estimated that the best phones used 

by average users have an efficiency of 30-50%, while the worst may be only 3-5% effic ient 

[22].  

2.2 How does the body affect the performance of an antenna? 

The first wearable devices used cables and wires attached to the body to get connected to the 

power source or a computer [23]. It is not comfortable to wear cables and wires on the body 

for many applications such as sports. Wireless nodes and platforms such as z-core [5] 

appeared as the next step to remove rigid connections from wearable devices. After 

introducing the first WLAN (Wireless Local Area Network) standard, a huge range of 

applications such as mining, sports, firefighting, monitoring of patients in hospitals were 

introduced for wireless sensors attached to human body and WBAN (Wireless Body Area 

Network) systems came to be the centre of attention to implement communication on, near 

and around the human body. The new idea of using fabric as a substrate was proposed for 

flexible antennas [22], [24]–[26] to put them easily into the garment for WLAN and Global 

System for Mobile Communication (GSM) applications and the first public research report 
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on wearable antenna was presented in 1999 [27], in which a dual band antenna was designed 

for wearable equipment.  

At this stage, there is a need to have a look at the nearfield definition from Balanis to be able 

to understand why operation at higher frequencies is better for wearable applications.  

“The space around an antenna is divided to three regions. (1) reactive nearfield, (2) radiating 

nearfield (Fresnel), (3) far-field (Fraunhofer) regions. The reactive nearfield region is the 

space immediately surrounding the antenna. For most antennas, the outer boundary of this 

region is commonly taken to exist at a distance 
3

0.62 DR


  from the antenna surface, 

where   is the wavelength and D  is the largest dimension of the antenna. For a very short 

dipole, or equivalent radiator, the outer boundary is commonly taken to exist at a distance 

2




 from the antenna surface” [28].  

When the human body is placed in the nearfield region of an antenna, it affects the 

distribution of the electric fields in the surrounding of the antenna and becomes a part of 

antenna itself. Electric fields pass into the conductive body tissues and power is dissipated in 

the body. For small antennas, the nearfield region size would decrease by increasing the 

frequency and this reduces the interaction space between the antenna and the body tissues. 

This is the motivation to employ higher frequencies for more efficient wearable antennas, 

but the structure of the antenna is the most important factor to define how much the body can 

affect performance.  

2.3 What are the effects of the body on the performance of an antenna? 

The effects of the body on the performance of any kind of antenna can be categorized in three 

groups: A shift in the resonant frequency, changes in the radiation pattern of the antenna and 

absorption of the radiated power by human tissue.  

2.3.1 Resonant frequency shift 

It is hard to fit the antennas made with rigid substrates on the body as a wearable device. That 

is why researchers started to design antennas on flexible substrates such as textiles [21], [54]. 

Conducting surfaces [22] were formed from copper plated rip-stop nylon. A circular ly 
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polarized patch fed with a microstrip line was designed using a nickel-plated woven textile 

as conductive material  [30]. Textile substrates brought new problems such as changes in the 

resonant frequency of the antenna because of bending and crumpling and the absorption of 

moisture by the textile. Some research was conducted to investigate these issues for wearable 

antennas. In [31] , the antenna was bent in both H-plane and E-plane to find out if the resonant 

frequency of the antenna changes due bending. The results showed that the bend in H-plane 

hardly changed the resonant frequency, but the bend in E-plane changed the resonant 

frequency 1% for every 90 degrees bending. In [32], the effect of crumpling the antenna on 

the resonant frequency, radiation pattern and efficiency of the antenna was investigated in all 

three planes and three different crumpling cases. In all cases the performance of the antenna 

degraded and in some cases the resonant frequency of the antenna moved out of the desired 

frequency band. The main reasons for the shift in the resonant frequency of an antenna are 

changes in the effective length of the resonator which can be caused by bending or changes 

in the effective permittivity of the substrate [33]–[38]. The absorption of moisture in textile 

materials can be one of the reasons of changes in electrical properties of textile substrates 

[39]. The electrical length of resonators will change because of the different wavelength and 

this will alter the resonant frequency of the antenna. In [40], the effects of human body on 

the resonant frequency and the gain of a microstrip patch was investigated experimentally at 

VHF and UHF frequencies. The resonant frequency of the antenna changed from 864 MHz 

in free space to 854 MHz next to the human body and the input impedance decreased from 

52Ω to 32Ω. For electrically small antennas, the matched bandwidth is usually a few precent 

of the operating frequency and the antenna is no longer matched when placed near the body. 

The resonant frequency is shifted up or down. The distance between the antenna and the body 

is also an important factor to determine the amount of shift in the resonant frequency [41]. 

Positioning the antenna on different parts of the body can slightly affect the resonant 

frequency of the antenna [42], but the structure of the antenna plays the most important role 

to determine the shift in resonant frequency. Three different antenna structures were studied 

in [41] to investigate the effects of the body on the gain, bandwidth and shift in resonant 

frequency. The PIFA antenna is less affected (1.1% shift) by human body compared with an 

integrated inverted F antenna (IIFA) (32% shift), and coplanar wire patch antenna (CWPA) 

(17% shift). A PIFA antenna features a ground plane underneath the radiator while the other 
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two antennas do not have the ground plane between the phantom model and the radiator. This 

can explain why the PIFA antenna is less affected by the phantom model compared with the 

other two antennas.  

2.3.2 Changing the radiation pattern of the antenna 

The second effect of the body on the performance of the antenna is related to changing the 

radiation pattern of the antenna. This can be understood in a better way by considering the 

Balanis explanation about radiative nearfield: 

“The radiative fields in the near-field region arise from the electromagnetic charges on the 

radiating structure. They do not radiate but form an essential part of the radiating 

mechanism. These field components decay with the square or cube of the distance from the 

source and generally considered to be negligible relative to the radiating fields at distances 

of greater than a wavelength from the source. An infinitesimal magnetic or electric current 

element will produce reactive and radiation fields which have equal magnitudes at the 

distance of 
2




 from the source. For any other source current distribution this crossover 

point will occur at a lesser distance.” [43].  

The far-field radiation pattern of the antenna is derived from the distribution of reactive 

electromagnetic fields close to the surface of the antenna. A body in the vicinity of the surface 

of the antenna changes the formation of electric charges and currents on the antenna and so 

the reactive fields. The far-field radiation pattern would change as a consequence. The 

structure and position of the antenna plays an important role resulting in changes to its 

radiation characteristics. In wire and planar structure antennas which do not feature a full 

ground plane underneath the radiator, a huge drop (10~20 dB) in the peak gain is experienced 

at 2.4 GHz when the antenna is placed next to the human head [38]. The impedance and 

radiation characteristics of two types of planar ultra-wide band (UWB) antennas were studied 

examine the effects of human [45], [46]. While the human head slightly affected the 

impedance performance of the antennas, the radiated field distribution and the gain of the 

antennas demonstrated significant power absorption from the antennas so that the radiation 

patterns were directional in the horizontal planes and the average gain greatly decreased. A 

comparison of the average and peak gain of a planar monopole and a quadrifilar helix antenna 
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at three different frequencies (3GHz, 7GHz and 10 GHz) is presented in [45]. The average 

gain of the quadrifilar antenna showed the maximum attenuation at 7 GHz but the average 

and peak gain of the monopole was less affected at 10 GHz. On the other hand, the radiation 

pattern of a quadrifilar helix antenna, after a set of measurements and simulations, showed 

that it was not significantly affected after being placed to human head [47]. The radiation 

pattern of the quadrifilar helix was different to the pattern of the monopoles and dipoles. It 

was also directed away from the head and that is why the radiation pattern of this antenna 

was affected less by the human head. 

2.3.3 Power absorption 

The last and the most important effect of the body on the performance of an antenna is the 

dissipation of radiated power in body tissues. This results in a reduction in the antenna 

radiation efficiency. The human body is mainly water, electrolytes and complex materials 

and dissipates energy from RF E-fields by ion motion and the oscillation of polar molecules 

[48]. Due to conduction and displacement current induced losses, the absorbed power would 

increase the internal temperature of the body tissues and this can cause harm if the rate of 

power absorption is more than the accepted standard values. The specific absorption rate SAR 

is defined as the time derivative of the incremental electromagnetic energy ( dW ) absorbed 

by (dissipated in) an elemental mass ( dm ) contained in a volume element ( dV ) of given 

mass density (  ) [49]. 

d dW d dW
SAR

dt dm dt dV

  
    

   
     (1) 

W is absorbed energy in watt, m is the mass in kg, V is the volume in kg3 and  is the mass 

density in kg per m3. To investigate the rate of absorption of RF energy by the human body 

in the near field of a RF source, it is necessary to measure the E-field inside the body. By 

definition, the rate of RF energy deposited per unit volume is given by the product of current 

density ( J ) and the conjugate of electric field ( *
E ). The power absorbed per unit volume of 

the tissue is given by [50]: 

2

3

1 1

2 2
v

WP
m

   
  

*
J.E E       (2) 
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In the SAR definition, the absorption of RF energy per mass is required rather than per unit 

volume and this can be achieved by introducing density in (3). The result is: 

21

2
WSAR

kg




 
  

E      (3) 

Different numerical approaches were used to calculate the SAR of RF energy radiated from 

mobile handsets in human head and other body tissues. The finite difference time domain 

(FDTD), method of moments (MOM) and eigenfunction expansion methods (EEM) were 

compared in [51] and advantages and disadvantages of them are mentioned. FDTD suffers 

severe difficulties when evaluating the electromagnetic interactions between antennas and 

humans at high frequencies (e.g. Ka-band or involving thin biological layers (e.g. skin, 1 

mm)[51]. The FDTD method was used in [52] to estimate the effect on the antenna radiation 

pattern of the human head simulated by a multilayered tissue sphere. Of importance are the 

quality and resolution of the head model in determining the effect on the antenna pattern, the 

total power absorbed in the head (or antenna efficiency in the presence of the head), the peak 

SAR, the maximum SAR in 1g, and  the distance between the antenna and the head. The 

MOM was used to investigate the effects of human body on a circular loop antenna at three 

different frequencies [53]. Measurements were used to evaluate the SAR values and compare 

them with simulation results. Two standards (IEC/EN 62209-1 and IEC/EN 62209-2) were 

published in 2005 and 2010 respectively to define a standard procedure for measuring SAR 

values for handheld and body mounted devices.  

2.4 The criteria for a better performance 

To find the most suitable antenna structure for specific wearable applications, some criteria 

are needed to compare the performance of different antennas in the vicinity of human body. 

SAR was suggested as a criterion in the previous section to investigate how much power is 

absorbed by the body tissues from various types of devices such as mobile phones, cameras, 

laptops and etc., but SAR cannot be a proper criterion to measure how good a wearable 

antenna is because a non-efficient antenna can lose a considerable portion of inserted power 

in its structure and still show a low SAR value. On the other hand, an efficient antenna may 

radiate most of its input power and shows higher SAR values after being close to body tissues. 

Moreover, the measurement procedures suggested in IEC/EN 62209-1 and IEC/EN 62209-2 
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standards are based on placing the device in the vicinity of some standard phantoms. To 

measure wearable antenna performance, it will be more accurate to introduce a method to 

measure the antenna on real, living, human bodies because people have different body types 

and a specific phantom size cannot exactly represent all human bodies. 

As mentioned in 2.3.1, one effect is the shift in the resonant frequency. So, the stability of 

the impedance bandwidth or resonant frequency can be a criterion to see if the antenna can 

operate in the same frequency range after being placed close to body tissues. An antenna with 

a wider bandwidth can sometimes ignore the shift in the resonant frequency of the antenna 

and still be functional even close to the body. Measuring S11 before and after putting the 

antenna on the body is the way to measure this effect. It can be considered as one option to 

reject some antenna designs for body area network applications, but it is not enough to 

investigate the whole performance of an antenna. It only shows the impedance changes in 

the input port of the antenna and this does not provide any information about radiation 

characteristics of wearable antennas. As an example, in [54], a parametric study and 

numerical analysis for six different antennas by Akram Alomainy was reported. He 

investigated the antenna performance when placed on different positions on the body and the 

effect of the distance variation on the main characteristics of the antenna at 2.4 GHz. The 

shift in the return loss at of three different types (printed dipole, printed monopole, parasitic 

L shape) of antennas were compared when placed at certain distances from human body 

model (1mm,4mm, and 8mm). In the case of a printed dipole, the closer the antenna was to 

the body, the more shift in the resonant frequency. The frequency shift was less for the 

monopole and parasitic L antennas compared with dipole and this was caused by the presence 

of the ground plane which makes  

(a) The impedance matching more stable. 

(b) The percentage of substrate exposed to the lossy tissue to be minimised [54].  

The inverted L, parasitic L and meandered antenna showed very narrowband performance 

from return loss and transmission loss analysis. A slight detuning creates an unreliab le 

communication link in this case. The second effect is changes in the radiation pattern of the 

antenna (section 2.3.2). Considering the definition of the gain of an antenna by IEEE 

Standard 145-1983 (Definitions of Terms for Antennas) [55], changes of the gain of an 
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antenna can be a criterion to monitor the changes in the radiation pattern because it is the 

ratio of the radiation intensity in a given direction, to the radiation intensity that would be 

obtained if the power is radiated isotopically. Tables I and II in [54] compared the 

performance of six different types of antennas in free space and when placed on different 

positions on a human body model. A significant drop in the radiation efficiency of all antenna 

types was recorded after being placed close to different parts of a human body model in 

comparison with the modelled values in free space, but the gain of all of antenna types is 

increased for some positions of antenna on a body model. As a consequence, the gain of the 

antenna is not a good criterion to investigate the performance of antenna on the body because 

the body acts as a reflector and increases the directivity of the antenna. This increase in 

directivity can compensate for the drop in the peak gain of the antenna due to power 

absorption by body. 

In [53], two types of radiation efficiency, and power gain of an antenna were considered as 

criteria to evaluate the performance of a loop antenna next to a body model. Suggested 

definitions are formulas presented in (5), (6) and (7). The radiation efficiency in (5) is defined 

by the antenna radiation resistance and the ohmic loss of the antenna. In (6), the radiation 

efficiency of the antenna is defined using the radiated power from the antenna. (7) is the 

definition for the power gain of an antenna. 

r
r

r ohm

R

R R
  


     (4) 

rad
rb

i

P

P
        (5) 

Antenna power gain= Radiation efficiency ( ) directive gain r rb r G      (6) 

In (5), rR is the real part of the input impedance of the antenna and ohmR represents the ohmic 

loss resistance. In (6), radP is the radiated power from an antenna and iP  is the input power 

from the transmitter. In [55], the directive gain of antenna was replaced with directivity 

compared with previous versions. It is found that due to the “focusing” effect of the body, 

the directive antenna gain (called directivity in [55]) may become higher in certain directions 

than that in free space, however, strong body absorption will strongly reduce the antenna-
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radiation efficiency 
rb  and power gain. Moreover, the radiation efficiency 

r 
 may be 

enhanced by the increased antenna-radiation resistance because of the body-coupling effect. 

As the second disadvantage for the directive gain of an antenna as a sole criterion to evaluate 

the performance of wearable antennas, it is important to consider that the directive gain does 

not include losses arising from impedance and polarization mismatches [55] and as a 

consequence, the losses caused by frequency shift and impedance mismatch. In [56], the 

radiation efficiency (defined by the same author as total radiation efficiency in [57]) of a 

dipole antenna was measured for different distances from a lossy cylinder using a 

reverberation chamber. The total radiation efficiency defined in [57], has three main 

contributions; the transmission efficiency due to reflections (i.e. mismatch) at the antenna 

port, the efficiency reduction due to ohmic losses in the antenna itself, and the efficiency 

reduction due to ohmic losses in  the near external (near-field) environment of the antenna. 

This environment may change depending on how the antenna or terminal is operated. An 

example is the loss in the human head and hand during the normal operation of a mobile 

phone. The relative distribution between the three contributions to the radiation efficiency, 

as well as the total radiation efficiency itself, will change with the environment.  In [11], the 

value of total , the same total radiation efficiency defined in [57], was measured on a real 

body using the same method as described in [56]. This parameter considers both mismatch 

loss and power absorption at the same time and can be a sufficient criterion to show how the 

radiation of an antenna deteriorates after placing it against the body. The total radiation 

efficiency of the antenna is the ratio between the radiated power and the power incident on 

the antenna port defined [11], [57] as: 

2
(1 )total rad         (7) 

total  is the ratio of the total radiated power to the power incident on the antenna port and rad  

is ratio of total radiated power to the net power accepted by the antenna at its terminals.  is 

reflection coefficient at the input port of the antenna. The total efficiency of the antenna is 

the best option to describe the performance of the antenna on the body because it includes 

both the impedance matching and the power absorption. 
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As a consequence of these discussions, the efficiency can be used as the main criteria to find 

the effect of the body on the performance of the antenna. The methods used to measure the 

total radiation efficiency of an antenna in the vicinity of human body using a reverberation 

chamber are described in [11], [57]. 

2.5 Solutions to improve the performance of an antenna next to human body 

2.5.1 Using an antenna with a conducting ground plane 

Cell phones are one of the most common devices used by people next to the human body and 

finding an efficient and small antenna for mobile phones has been of paramount importance 

in the last 25 years. In the research done by the Philips Research Laboratory [22], it was 

suggested that the low efficiencies due to power absorption by body could be mitigated by 

using a fairly large conducting surface (or ground plane), which lies between the user's body 

and the radiating element [22]. Other research by Nokia [58] compared the performances of 

PIFA and helix antennas based on the bandwidth, gain, radiation pattern and SAR values 

when the size of the ground plane and the locations of the feeding and shorting points were 

altered [58]. A comprehensive investigation into the effect of the size and geometry of the 

ground plane on the performance of a PIFA antenna was done by M. C. Huynh and W. 

Stutzman [59]. The PIFA was mounted at the centre of a square ground plane with variable 

side length L. Simulations were performed for rectangular ground plane sizes smaller than 

one wavelength as well as larger sizes. The results presented in the conclusion of the study 

are as the following: 

 There is no significant impact of ground plane size and shape on the resonant 

frequency of the antenna unless the ground plane is below a certain size; for a square 

ground plane, this occurs at 0.2L  . 

 The bandwidth is less than 8% for 0.8L  in the square ground plane case, and for 

0.4L  in the rectangular ground plane case. 

 The gain is low for a ground plane size 0.4L  . 

 The ground plane size significantly influences antenna radiation pattern. 

 Finite and small ground plane size introduces high cross polarisation in the plane of 

the ground plane. 
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 It was found that the PIFA should be placed close to the corner of the ground plane 

where the short-circuit plate is at the ground plane edge for optimal gain and  

bandwidth performance. 

The distance between the ground plane of the antenna and the body is an important factor for 

decreasing the body effect as well as the size of the ground plane. In [60] the effects of the 

human body on the performance of antenna at 2.4 GHz was investigated by changing the size 

of the antenna from 30 30mm mm  to 50 50mm mm  in three steps. The two parameters g

and d were used as the size of one side of the ground plane and the distance of ground plane 

to body surface respectively. The distance of the ground plane to the body was varied 

between 0mm and 16 mm. The results showed if 50 4g mmand d mm  , the input 

impedance of the antenna is insensitive to the variations of the distance to the body. For

40g mm , the real part of the input impedance showed slight variation when 10d mm . 

However, when 30g mm , the input impedance was extremely sensitive to the changes in d. 

Moreover, when the antenna is placed on the head (at 0d mm ), the degradation of the 

impedance matching is least severe for the PIFA with the largest ground plane. The effect of 

changing the distance decreased while the size of the ground plane increased. 

2.5.2 Avoiding the shift in the resonant frequency of wearable antennas  

There is an inevitable small shift in the operating frequency for small antennas if the size of 

ground plane is small [59]. Bending the antenna also can cause shifts in the resonant 

frequency. Some ideas have been suggested to tackle this problem. Firstly, a guard band, 

which refers to an operational bandwidth that is intentionally designed to exceed the required 

application band, can be considered to allow small frequency fluctuations, and also 

preshrinking of new fabrics may be useful to prevent the resonance shift of antennas made 

from textiles over time [38]. Four different types of antenna were bend in both the H-plane 

and the E-plane to find out if the resonant frequency of the antenna changes differently 

because of bending in E-plane or H-plane directions [38], [61]. The results showed that the 

bend in H-plane hardly changed the resonant frequency, but the bend in E-plane changed the 

resonant frequency in all cases. In summary, it can be stated that when the antenna is bent 

along the direction in which its resonator length is placed, the most significant effects on the 

input-matching is observed. This information can be used to prevent the shift in the resonant 
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frequency by placing the non-resonating side of the antenna in the direction which is expected 

to be bent. Moreover, the use of a textile cover provides a rugged design which is insensit ive  

to the effects of abrasion, saline water and varying climatic conditions [38].  

2.5.3 Balanced versus unbalanced antennas 

If the structure is asymmetric or the feeding system of an antenna is in a manner that makes 

the current flow more into one side of the feed point than the other, the antenna is described 

as being in an unbalanced condition. As an example a coaxial cable directly connected to two 

poles of a dipole structure or an off-centred feed point for a symmetric antenna structure are 

both unbalanced. Antennas for the mobile handsets are mostly unbalanced terminals and are 

fed by unbalanced transmission lines, so that in almost all cases, currents are induced on the 

conducting materials existing in the handset unit, as well as on the antenna element [48]. 

These currents contribute to the antenna performance, particularly when the antenna element 

is very small. One design concept for antennas has been to use these currents to enhance the 

antenna performance. However, since these currents vary under the influence of the 

operator's hand and/or head, it would cause significant variation that will result in degradation 

of the antenna performance. This implies that the antenna performance may be degraded, 

sometimes seriously, when placed at a talk position [62]. In [63], a study on the radiation 

performance of unbalanced and balanced antennas was done using a hybrid method by 

mixing FDTD and MOM techniques. Figure 1 shows the difference between an unbalanced 

and balanced feed structure for a meandered loop antenna.  

 

Figure 1. (a) Balance feeding of a meandered loop antenna. (b) Unbalanced feeding of a meandered loop antenna [63] 

In [64], a commercial software product (IE3D) based on MOM was used for the first time to 

investigate the difference between balanced and unbalanced antennas working in the vicinity 

of the human body. It was shown that the induced current in most of the areas of the ground 

plane of a balanced antenna is much smaller than the distributed current on the ground plane 

of unbalanced antenna and this resulted in a more stable radiation pattern for balanced 

antenna in comparison with the unbalanced antenna. Measurement results verified the 

(a) Symmetrical feed   (b) Non-Symmetrical feed  
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simulation outcomes. As a consequence, balanced antennas are preferable for wearable 

applications because they are less sensitive to effects of human body. Figure 2 shows the 

distribution of induced current on the ground plane of both a balanced fed and unbalanced 

fed PIFA antenna. 

 

Figure 2. Measured current distribution on the ground plane of a PIFA antenna [64]. The radiating element is located in the 

top right corner of the ground plane in both cases. 

2.5.4 EBG structures between the ground plane and antenna 

Electromagnetic band gap (EBG) structures are 3-D periodic objects that can be designed to 

prevent the propagation of the electromagnetic waves in a specified frequency for all incident 

angles and for all polarization states [65]. In practice, it is very hard to obtain such complete 

band-gap structures and only partial band-gaps are achieved. Frequency selective surfaces 

(FSS) and photonic band gap structures are categorized under the broad terminology of EBG 

structures [65]. EBG structures have been widely used for antenna applications to enhance 

the gain and bandwidth [66]–[68]. For wearable antenna applications, EBG structures offer 

the advantage of decreasing the backward radiation of the antenna when placed underneath 

the antenna and hence a reduction in the radiation absorbed by the body [69]. EBG structures 

show high impedance in a specific frequency range and are used to isolate the structure of 

the antenna from the body at the desired frequency. A coplanar patch antenna was placed 

over a 3 3  EBG structure to reduce the interaction between the body and the antenna [69]. 

Impedance bandwidth improvement from 2.5% to 4% at 2.45 GHz and from 4.6% to 16% at 

5 GHz was achieved after adding the EBG structure beneath the patch. SAR values were 
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reduced by the factor of up to 20 while achieving a higher gain in directions away from the 

torso [69]. The performance of a dual band wearable antenna was reported in the vicinity of 

a human body model with and without placing the EBG structure underneath [70] (See Figure 

3). The efficiency of the antenna dropped from 87% to 6% at 2.45 GHz and from 88% to 

28% at 5.5 GHz after placing it close to the body model compared with the antenna 

performance in free space. An EBG structure was added and the efficiency of the antenna 

increased significantly to 83% at 2.45 GHz and 86% at 5.5 GHz. Integration with the EBG 

structure also reduced the SAR by 96.5%, 95.5%, and 98.5%, at 2.45 GHz, 2.59 GHz, and 

5.5 GHz, respectively. The disadvantage of this solution is the complexity of design, the 

stacked structure of the antenna and the large size of the EBG structure compared to the 

antenna itself. Non-uniform high impedance elements were used as an EBG ground plane in 

[71] to decrease the size of blocking unit compared with the more common uniform EBG 

structures presented in  [69], [70]. 

 

Figure 3. CPW fed antenna mounted on a uniform EBG structure [70]. The antenna is a meandered loop antenna fed with a 

coupled transmission line. 

 

2.5.5 Photonic band-gap structures (PBG) 

Photonic band gap (PBG) structures are periodic structures in which propagation of certain 

bands of frequencies is prohibited [72]. They are categorized as a subdivision of EBG 

structures [65]. In [73], the PBG structure shown in Figure 4 was used instead of the ground 

plane for a patch antenna to reduce the surface waves in the substrate and the induced currents 

in the ground plane of the patch. This decreased the interaction between body tissues and the 

radiator because of both the blocking effect of PBG structure and the reduction of the induced 
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currents. This also increased the bandwidth of the antenna from 1.2% to 4.7% and allowed a 

reduction in the size of the ground plane.  

 

Figure 4. A microstrip photonic band gap patch antenna on fabric was used to investigate the performance of PBG structures 

in the vicinity of a human body [73]. 

2.5.6 Stacked antennas 

Another technique to reduce the coupling between the antenna and the body is through the 

use of stacked structures [39]. In this way, it is possible to use different layers such as 

photonic band gap (PBG) structures and conducting planes between the radiator and the body 

to minimize the backward radiation of the antenna and the induced currents on the ground 

plane. These items help to minimize the electromagnetic interaction between the body tissues 

and the radiator. Aperture coupling is also a feeding technique used in stacked patch antennas 

to confine the coupling area between the radiator and the body tissues using an embedded 

ground plane between two substrates. A stacked patch antenna was suggested for Ultra-

wideband wearable radio systems but the effects of the body on the antenna were not reported 

[74]. Moisture and water absorbers can be added as an extra layer to protect the antenna in 

harsh environments [39]. The problem for these techniques is that they make the antenna 

bulky and too complicated for one layer circuit boards.  
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Figure 5. A stacked patch antenna was designed to minimize the effects of the lossy materials on the performance of the 

antenna in harsh environments [39]. 

2.5.7 Cavity backed substrate integrated waveguide (SIW) fabric antennas 

Cavity backed antennas have a high front to back ratio (FTBR) [75], [76]. This is desirable 

for wearable applications to minimize the interaction between the body and antenna. The 

major drawback of cavity backed antennas is that the required cavity makes the size of the 

antenna relatively large. SIW structures were used to decrease the size of the cavity by 

integrating it in a thin substrate using vertical vias [77]–[79]. In [80], conductive patches and 

the antenna ground, were made from a commercially available electro textile (Flectron®). 

This conductive material exhibited a surface resistivity 0.18sR
sq

  at 2.45 GHz [80] (See 

Figure 6). Conductive fabrics can also be used to make a pouch shape cavity backed antenna 

with a slot on top which is fed by a coaxial cable (See Figure 6) [81]. In [82] some 

measurements were performed by placing the SIW antenna against the human body to see 

the performance of SIW structures for wearable applications. The antenna gain at broadside 

in free space was found to be 3.21 dBi in the simulation and 3.9 dBi in the measurement, 

with a measured front-to-back ratio of 19.7 dB. Simulations yielded an antenna efficiency of 

52%, compared to a measured efficiency of 68% in free space. After putting the SIW fabric 

antenna on the body, an increase in the measured gain was observed from 3.9 to 4.9 dBi 

attributed to the wider ground plane caused by the presence of the body while the efficiency 

decreased from 68% to 60%. The shift in resonant frequency of the antenna is negligible. All 

of these results mean that the SIW structure is one of the best options that can be used for  

wearable antenna applications, but the size of SIW structures are really large compared with 
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the wavelength. The size of antenna in [82] was 126 mm for the operation frequency of 2.45 

GHz. 

 

Figure 6. Cavity backed slot antenna in conductor fabric(left) [81], SIW antenna with fabric substrate and Flectron  

conductive fabric as ground plane (right) [80]. 

2.5.8 Dielectric resonator antennas (DRA) 

As the total radiation efficiency of the antenna is the most important parameter to evaluate 

the performance of wearable antennas, dielectric resonator antennas (DRA) have been 

extensively studied. Various investigations have shown that the radiation efficiency of a DRA 

is as high as 95% even for frequencies up to 10 GHz, due to the absence of inherent conductor 

losses [83]. As a consequence, DRA antennas can be a good option for wearable body 

applications because of their high efficiency and bandwidth. In [84], a broadband bowtie 

DRA antenna with 39% frequency bandwidth (4.3-6.4 GHz) was made from cotton cloth and 

fed using a woven aluminium fibre microstrip line. The performance of this textile antenna 

was compared with another antenna in which the ground plane was made from a rigid 

conducting material. The measurement setup included two antennas mounted on a human 

body and a phantom placed in distances of 0.5m, 1m and 1.5m respectively from the 

phantom. The S21 was measured using a network analyser in an anechoic chamber. The 

results demonstrated that the DRA textile antenna with aluminium fibre ground plane has a 

better performance compared to the same antenna with metallic ground plane. A truncated 

conical dielectric resonator antenna was also suggested in [85] for body area network 

applications. In this study also S21 was measured between two prototypes of the antenna to 

evaluate the performance of the antenna in the vicinity of human body. The results show that 

the body tissues did not have a huge effect on the performance of the antenna. This is not 

surprising considering the discussion about the ground plane size in section 2.5.1. The size 
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of the ground plane (60mm) for the lowest operating frequency (3.4 GHz) is 0.68  which is 

bigger than the minimum values for a ground plane discussed in 2.5.1.  

2.5.9 Higher mode microstrip patch antennas (HMMPA) 

Small patch antennas can be a good option for wearable sensor applications because they 

feature a full ground plane underneath the radiator and that decreases the interaction between 

the antenna and the body tissues. The size of a rectangular patch antenna is 
2

  and this can 

be decreased by exciting higher order modes using shorting vias from the patch to the ground 

plane. The shape of the radiation pattern can be controlled for either for on-body or off-body 

communications links. A comprehensive study was done to evaluate the effects of the body 

on the performance of five different antennas including low-profile, higher mode microstrip 

patch antennas (HMMPA) designed to radiate tangentially to the body surface by exciting 

them at a higher resonant mode for over body surface communications (See Figure 7) [87]. 

The HMMPA-5 antenna (Figure 7a) had a substrate height of 5.75 mm and a patch element 

size of22 22mm mm  to resonate at 2.45 GHz. The HMMPA-10 (Figure 7b) had a substrate 

height of 10.5 mm with a patch element size of 18 18mm mm . The monopole antenna (Figure 

7c) was 33 mm in length with a diameter of 1.2 mm. The MPA-S antenna (see Figure 7d) 

used a shortening wall on the electrical length of the antenna for size reduction and has an 

element size of 26 27mm mm  with an overall height of 5.75 mm. The MPA-F (see Figure 

7e) was a microstrip patch antenna (element size37 36mm mm , height 5 mm) excited at its 

fundamental mode ( 10TM ). This antenna radiates with maximum gain normal to the patch 

surface and is therefore more suitable for off-body channels. The size of the ground planes 

in Figure 7(a-c) were 30 37mm mm and (d,e) had the size of50 50mm mm and

50 60mm mm respectively. In the study, a FDTD based commercial package (SEMCAD) 

was used to simulate the antennas in the vicinity of a phantom model. Measurements results 

for total radiation efficiency at 2.45 GHz were also achieved from a spherical near-field 

chamber when the antennas were mounted on the surface of a phantom. In [12] another set 

of tests was done on the same antennas to measure the radiation efficiency of antennas using 

a reverberation chamber and the results were compared with the outcome values presented 

in [87]. Nine test subjects were used to evaluate the effects of body mass on the performance 

of the antenna as well and a standard deviation was introduced to compare the radiation 
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efficiency of different subjects with the average radiation efficiency. The results show that 

the efficiency was much more dependent on antenna type than the physical characteristics of 

the test subject. For example, the HMMPA_5 antenna had an average radiation efficiency of 

34% with a standard deviation of 2.9%, while the HMMPA_10 had an average radiation 

efficiency of 42% (standard deviation of 5.2%). The MPA-F had the highest radiation 

efficiency because of the relatively large antenna ground plane and radiation characterist ics 

of the antenna. As this antenna radiates in the off-body direction, there is less power absorbed 

in the surrounding tissue. Although the MPA-S antenna was placed on a similar size of 

ground plane to the MPA-F, its efficiency was significantly lower. 

  

Figure 7. (a) HMMPA_5, (b) HMMPA_10, (c) monopole, (d) MPA-S, (e) MPA-F [87]. 

The addition of the shortening wall on the MPA-S antenna altered the way in which the 

antenna radiated in comparison to the MPA-F. Hence, there was more radiation in the 

direction tangential to the body surface, resulting in greater power absorption in the tissue 

with a corresponding reduction in efficiency. Interestingly, the HMMPA_5 had a lower 

efficiency than the HMMPA_10. While this appears counter-intuitive, especially considering 

that the HMMPA_10 had greater dielectric volume, it should be noted that the total radiation 

efficiency is also affected by coupling to the tissue. Therefore, the HMMPA_5 was les s 

efficient as it had greater antenna-tissue coupling since the patch element perimeter was 

closer to the edge of the ground plane. Table I presents a comparison of radiation efficiency 

values simulated and measured with different methods. Table II shows the outcome of 

reverberation chamber efficiency measurements and the standard deviation among nine test 

subjects. 



26 

Table I: Measured and simulated phantom mounted radiation efficiency at 2.45 GHz [12]. 

 

  Antenna 

Simulation 

(%) [loss ,dB] 

Near field on 

phantom 

(%) [loss, dB] 

Reverberation chamber 

mean value 

(%) [loss, dB] 

HMMPA_10 49.0 [3.1] 38.9 [4.1] 42.8 [3.7] 

HMMPA_5 45.0 [3.5] 37.6 [4.2] 37.1 [4.3] 

Monopole 58.5 [2.3] 51.0 [2.9] 53.4 [2.7] 

MPA-F 65.6 [1.8] 67.0 [1.7] 75.1 [1.2] 

MPA-S 65.7 [1.8] 61.0 [2.1] 61.2 [2.1] 

 

Table II: Radiation efficiency measured in reverberation chamber (Nine Test Subjects)[12] 

 

Antenna 

Efficiency 

Mean (%) 

[loss dB] 

Standard 

deviation (%) 

Standard deviation resonant 

frequency (MHz) 

[%] 

Mean Bandwidth 

(MHz) 

[%] 

HMMPA_10 41.2 [3.8] 5.2 17.6 [0.7] 218.6 [8.9] 

HMMPA_5 33.7 [4.7] 2.9 17.4 [0.7] 138.9 [5.7] 

Monopole 49.3 [3.1] 3.8 16.0 [0.7] 400 [16.4] 

MPA-F 72.1 [1.4] 2.9 4.3   [0.2] 96.6 [3.9] 

MPA-S 47.0 [3.3] 6.4 20.8 [0.8] 152.1 [6.2] 

 

In summary, the researchers concluded that the efficiency of the antenna is not dependent on 

the size of the body and the radiation characteristics of the antenna are more important than 

the size of the ground plane. Antennas whose radiation patterns are normal to the ground 

plane of the antenna are the best options for off-body channel communications. 

2.5.10 Elevated patch antennas 

Increasing the separation distance between the antenna and the body would decrease the SAR 

values and consequently will increase the efficiency of antennas [51], [54]. In [88], the effects 

of the proximity of the body on a small antenna showed that the efficiency dropped from 

82% in free space to 30% when placed close to the body. Increasing the gap between the 

ground plane of the antenna and the body by 5mm improved the efficiency to 50%. A foam 



27 

or an extra layer was needed to create a gap between body and a wearable antenna which 

may not be comfortable to the user and increases the height and size of wearable sensors. 

Elevated patch antennas are a good option to increase the distance between the radiator and 

the body tissues without using a gap between antenna structure and the ground plane. In [89], 

[90] a dual band button antenna was presented which is smaller in size compared to the most 

of the suggested wearable antennas in the literature such as antennas with SIW cavity and 

EBG structures. The schematic of the antenna is shown in Figure 8. The feed of antenna was 

microstrip line and because of the small size of the antenna it is a good option to be mounted 

on wireless sensor nodes.  

   

Figure 8. Cross section and plan of dual-band metallic button antenna [89]. 

Two metal strips were used in [91] to elevate a parasitic disk on top of another disc shape 

radiator which was directly fed to create an antenna for wearable computer systems. The size 

of the antenna was less than half of the SIW cavity backed [81] and CPW fed antenna 

combined with EBG [69]. The radiation pattern of the antenna is directed away from the body 

surface because of the ground plane and the parasitic disk. A good performance next to body 

tissues was expected regarding the total efficiency. Figure 9 shows the compact antenna with 

a suspended parasitic disk. 
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Figure 9. Photograph of the dual band disk antenna prototype [91]. 

Table III compares different solutions suggested in the literature to improve the performance 

of the antenna next to the body at 2.45 GHz. Different aspects like the size of the ground 

plane, efficiency, gain, bandwidth and stability of the resonant frequency were considered as 

criteria. The DRA antenna was not included because the frequency of two suggested DRA 

antennas were not the same as all those antennas mentioned in the table. The bandwidth for 

the DRA antenna was 39% (4.3-6.4 GHz) but the gain and the efficiency of the antenna are 

not mentioned in the reference. All of these antennas feature a full ground plane beneath the 

antenna and so these antennas are at least two times bigger than the meander monopole 

antenna of the z-core (14mm×11 mm). 
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Table III. Comparison of different antennas on the body at 2.45 GHz 

  

 Size of the 

Ground plane 

(mm) 

Efficiency (%) 
Feeding 

structure 

Resonant 

frequency shift 

Gain 

(dBi) 

Bandwidth 

(MHz) 

CPW fed 

combined 

with EBG 

 

102×102 

 

83 

 

CPW 

 

negligible 

 

~7 

 

 

290 

 

SIW 

 

126.5 × 131.5 

 

60 

Microstrip 

line 

 

+25 MHz 

 

4.9 

 

165 

Higher mode 

microstrip 

patch 

 

30 × 37 

 

72.1 

 

Microstrip 

line 

 

±50 MHz 

 

6.2 

 

70 

 

Elevated 

Disk antenna 

 

50 × 50 

 

Not available 

in References 

 

Microstrip 

line 

 

-27 MHz 

 

2.7 

 

 

220 

 

Elevated 

monopole 

antenna 

 

30 × 37 

 

49.3 

 

Microstrip 

line 

 

±200 MHz 

 

1.5 

 

 

635 

 

 

2.6 Design steps for wearable antennas 

A flowchart was suggested by Rahmat-Samii [92] to determine the steps required to design 

a wearable antenna. Based on the flowchart, selecting the substrate material is the first step. 

It needs to have the desired firmness, tear strength and water resistance. Secondly, material 

conductivity should be selected based on the specifications. Conductive materials can be 

copper sheets, knitted copper threads or sewed copper wires. The third step is to examine the 

antenna performance based on some criteria such as moisture tolerance, elasticity, wrinkle 

resistance, and electrical characteristics. The next step is to optimize the ground plane size 

based on specifications. Performance enhancement of the antenna is another step which can 

be achieved by using different techniques like adding EBG structures underneath the antenna 
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to decrease the interaction between the body and the antenna. The last steps relate to checking 

the performance near human body and specific absorption rate (SAR) value. A diagram is 

suggested by the author (See Figure 10) to briefly picture a design guide using different 

design techniques for wearable applications.  

 

Figure 10. Different solutions for designing the best wearable antenna.  

 

 

How? 

Yes No 

Maximize total radiation efficiency or 

minimize SAR 

1. Use balanced antennas instead of unbalanced antennas 

2. Use an antenna that features a full ground plane 

Are large size structure allowed 

(1~2 wavelength) 

1. SIW cavity structures 

2. EBG structures underneath the antenna or sensor 

3. Large ground plains 

4. Stacked antennas 

1. Elevated patch antennas 

2. DRA antennas 

3. Higher mode patch antennas 

What is the main goal in designing 

wearable antennas or sensor antenna? 
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2.7 Conclusion 

A comparison among different antenna structures, which have been suggested for wearable 

applications, is presented in Table III. The aim of most of these methods was to maximize 

the radiation efficiency of wearable antennas using various techniques and structures. This 

thesis addresses some new techniques and designs that contribute to achieving this goal. The 

author aimed to maximize total radiation efficiency of the antenna without increasing the size 

of the wearable sensor (z-core). The theory and details related to each of the presented 

techniques is explained in the following chapters. The next chapter explains the first solution 

suggested by the author to improve the total radiation efficiency of the meandered monopole 

implemented in z-core by adding a stepped impedance parasitic element next to the antenna 

to change the input impedance at the antenna port and shaping the radiation pattern outward 

of human body. 
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Chapter 3 
 

 

Using Electromagnetically Coupled External 

Parasitic Elements to Improve the Performance of 

Wearable Wireless Sensors  

In this chapter a new technique was suggested by the author to improve the 

performance of wearable wireless sensors in the vicinity of human body 

 

This work was published in the journal of IEEE sensors in Jan 2015 

Varnoosfaderani, M.V.; Thiel, D.V.; Junwei Lu, "External Parasitic Elements 

on Clothing for Improved Performance of Wearable Antennas," IEEE Sensors 

Journal, vol.15, no.1, pp.307-315, Jan. 2015. 
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3 Chapter 3: Using Electromagnetically Coupled External Parasitic 

Elements to Improve the Performance of Wearable Wireless Sensors 

3.1 Parasitic element as a solution  

Different solutions for improving the performance of wearable antennas were suggested in 

section 2.5. All of the solutions required a major modification of the z-core sensor to improve 

its performance and it was not desirable to fully redesign the fabricated sensors. A simple 

solution was suggested by the author to improve the performance of the sensor by adding a 

H-shape parasitic element attached to a fabric armband in which the sensor was fitted on the 

body. The parasitic element was placed in the near-field region of the antenna of the sensor 

and optimised to change the input impedance and radiation characteristics of the antenna to 

reduce negative body effects. 

3.2 What is a parasitic element? 

Stutzman gave a really comprehensive description for a parasitic element as the 

following: 

“In electromagnetic theory, a parasitic element or a passive radiator is a piece of 

conductor which is not electrically connected to any source of radiation. Parasitic 

elements are typically metal strips or rods in antenna applications. The first time in 

antenna history, Shintaro Uda at Tohoku University in Sendai, Japan in 1926 used 

parasitic elements to create a directive radiation pattern for an antenna which is known 

as “Yagi-Uda antenna” nowadays” [93].  

Placing a piece of conductor in the close vicinity (nearfield) of a source radiator like an 

antenna causes the electric fields radiating from the antenna to generate electric fields on 

the parasitic element (See Figure 11). The tangential electric field component on a perfect 

electric conductor (PEC) surface is zero. Thus an electric field with an almost equal 

magnitude and 180 degrees phase difference is induced on the surface of the parasitic 

element to satisfy the boundary conditions on the conductor surface. Figure 11 shows the 

principle of how a parasitic element is excited in the vicinity of a dipole radiation source.  
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Figure 11. Excitation of electric fields on a parasitic element to satisfy boundary conditions [93]. 

rE is the radiating electric field from the source and
iE is the incident electric field on parasitic 

element which is almost equal to
rE because they are expected to be located very close to 

each other in space.
pE is excited on the surface of parasitic element to satisfy tangentia l 

electric fields boundary conditions. Thus, the electric field which is radiated by the parasitic 

element is such that the total tangential field on the parasite is zero, or 0i pE E  .We can 

summarize the concept as following: 

,r i i p p r iE E E E E E E            (8) 

Section 3.5 in [93] explains that two elements in an array which are closely located have 

equal amplitude with 180 degrees phase difference, and this creates an endfire radiation 

pattern [93]. If the distance between the source radiator and the parasitic element is too small

( 0.05 )d  , the parasitic element cannot considerably increase the directivity of the 

radiation pattern of the source dipole [93]. Moreover, the ratio of the length of the source 

radiator and the parasitic element affects the radiation pattern as well. If the length of the 

source radiator longer than the parasitic element, the passive radiator acts as a director 

element and increases the directivity of dipole antenna in z axis direction shown in Figure 

11. In the case that the length of parasitic element is longer than the source monopole, the 

passive radiator acts as a reflector element and the directivity of the total radiation pattern 

increases in –z direction shown in Figure 11. 

3.3 Three element Yagi-Uda antenna can be a solution 

Yagi-Uda antennas have been used for different applications when a highly directive antenna 

is needed. The most common use is for VHF TV. It is made of a radiation source dipole and 
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some parasitic elements. In its simplest form there is a director element and a reflector 

element as shown in Figure 12. It can be seen in Figure 12 that adding the reflector and the 

director at the same time increases the directivity of the antenna to 9.6 dBi. The distance 

between the source radiator and the parasitic elements has a significant effect on the radiation 

pattern of the antenna. The length of director element  needs to be shorter than the source 

radiator to shape the radiation pattern in desired direction [93]. The structure of the Yagi-

Uda antenna can be used to improve the directivity of a wearable source radiator placed next 

to the human body. A parasitic element outside of the body next to a wearable antenna 

mounted on the body altogether can act like a three element Yagi-Uda antenna. Figure 12 

shows a driver element, a reflector element with one director element. The human body forms 

a conductive reflective back plane for wearable antennas which can play the role of a reflector 

element.  

 

Figure 12. Three-element Yagi-Uda antenna consisting of a driver of length 0.47 λ, a reflector of length 0.482λ, and a 

director of length 0.422λ, spaced 0.2λ apart. The wire radius for all is 0.00425λ [93], W.L. Stutzman and G.A. Thiele, 

Antenna Theory and design. Wiley, 2012.  

Adding suitable directive elements next to the source radiator would make a directive antenna 

using the wearable antenna as the driven element. The passive radiator would act as a director 

element, which has a resonant length slightly shorter than the driven element. Consequently, 

the radiation efficiency of the antenna of the sensor would improve. Finding the suitable 
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parasitic element is not an easy task because of the effects of the body tissues on the nearfield 

behaviour of the antenna of the sensor. Furthermore, the form and length of the parasitic 

element depends on the type of the source radiator (antenna of the wearable wireless sensor). 

The driver element for the first Yagi-Uda antenna was a 
2


 dipole [93], but different types 

of antennas are used for wearable wireless applications and the structure of a simple three 

element Yagi-Uda is not always applicable. For example in the device z-core introduced in 

chapter 1, the antenna of the sensor is a meandered monopole (see Figure 13.b). The whole 

sensor is also housed in a robust rectangular plastic case measuring 50 30 8mm mm mm 

(See Figure 13.a) that makes the structure even more complicated. 

 

Figure 13. z-core device with and without housing (left).Standard design monopole antenna (right).  

This meandered monopole antenna (Figure 13.b) is the source radiator of the sensor and the 

challenge was to find a proper parasitic element a specific distance from the meandered 

monopole antenna to shape the radiation pattern outward from the human body and match 

the input impedance for the desired frequency range. 

3.4 Monopole antenna as the driver element of a parasitic element 

Monopole antennas are widely used to excite parasitic elements for different applications in 

the literature. In [94], a monopole structure was used as the basic structure of a Yagi-Uda 

antenna. In [95], a monopole antenna was also used to excite an open circuited parasitic 

element in a switched parasitic structure. Parasitic elements act as directors when placed 

above a ground plane. Four other parasitic elements which are shorted to ground act as 

reflectors to shape the radiation pattern towards the directive element. Electronic switches 

were installed between the ground plane and parasitic elements to change the direction of the 

radiation pattern by changing the open circuited parasitic element. Figure 14 depicts the 
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configuration of one of the possible states of the switched parasitic antenna. In [96], a coaxial 

shorted monopole (semi-loop) was used as a driven element for an outer parasitic element to 

match the input impedance of the monopole antenna and increase the directivity of the 

antenna towards the parasitic element direction. 

 

Figure 14. Configuration of switched parasitic monopole antenna. 

In [97], as shown in Figure 15, a square shape planar conductor was placed in the vicinity of 

a planar monopole as a parasitic element to improve the impedance bandwidth of the antenna. 

Electromagnetic nearfield coupling between the antenna and the parasitic element was the 

key for bandwidth improvement of the planar monopole. 

 

Figure 15. Square conductor as a parasitic element next to a monopole antenna. 

The structure of the antenna of the z-core is similar to the planar monopole used in [97]. It is 

expected that the radiation pattern would be more directive outward from the body by placing 

a parasitic element close enough to the meander line monopole. The input impedance of the 



38 

antenna was also tunable to compensate the mismatch effects of the body tissues. As a result, 

the resonant frequency shifted back to 2.45 GHz. The device (z-core) is usually worn in a 

fabric armband with velcro fastening with a specially designed pouch to allow simple 

installation before and removal after use (See Figure 16). This gives the option of attaching 

the parasitic element to the armband and the fabric would act as the substrate supporting the 

parasitic element.  

 

Figure 16. Fabric armband and the method of installation of sensor (left) .The parasitic element which is added next to the 

antenna of the sensor (right). 

A straight parasitic element aligned parallel to the polarization of the monopole was the 

simplest option to start because the meander line monopole is linearly polarized. This 

parasitic element was placed parallel to the major axis of the meander line monopole (Blue 

dashed line in  

Figure 17) and the structure of the sensor in the box would force the boundary conditions 

depicted in Figure 18 because the closest that the parasitic element can be placed was a 

distance of 5.5 mm from the PCB  (This is the sum of an air gap (2.5 mm), the thickness of 

plastic housing (2mm) and the fabric thickness (1mm)). Parameter P shown in  

Figure 17, is the distance between the major axis of the meander line monopole and the major 

axis of the parasitic element. This parameter was used to determine the sensitivity of different 

characteristics such as gain or radiation pattern of the system to the slight movements of the 

parasitic element while worn on the armband.  
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Figure 17. Dimensions of the antenna and the optimized position of the parasitic element (mm).The red dashed lines show 

the step impedance parasitic element and the blue dashed lines show the straight line parasitic element. 

 

Figure 18. Cross section of the Z-core sensor showing the layers between the parasitic element and the meander line 

monopole antenna. 

3.5 Simulation of the model using CST Microwave Studio 

The start point of the study was a simulation process using CST Microwave Studio FEM 

package [98] to clarify the contribution of the antenna of the sensor in decreasing the signal 

level. To simulate the effects of the arm on the performance of the antenna, an arm model 
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recommended by [99] was used (See Figure 19). It includes four layers of 2 mm skin 

thickness, 4 mm fat thickness, 17.5 mm bone radius, centred 4 mm away from the ellipt ica l 

shape centre and the muscle fills the space between the fat and the bone. The electromagne tic 

properties of different parts of the arm model are shown in Fig.7 of [99]. In addition, two 

layers of fabric with the thickness of 1 mm were included beneath and on the top of the plastic 

case to simulate the fabric armband. The permittivity and loss tangent of the fabric were 

considered to be 1.63r   and tan 0.013   respectively.  

 

Figure 19. Simulated antenna next to the arm model in CST Microwave Studio showing the z-core box attached to an arm 

section by a fabric band. 

As discussed in section 2.4, the total radiation efficiency of the antenna is the best criterion 

to investigate the performance of the antenna next to the human body. So, the antenna was 

simulated in free space, in the plastic box in free space and in the plastic box next to the arm 

model and total radiation efficiency of the antenna in all three states was investigated. Results 

are depicted in Figure 20. The simulated s11 is also presented in Figure 21 to show the effect 

of the body on the resonant frequency of an antenna. An approximate 200 MHz shift occurred 

in the resonant frequency of the antenna because of the arm. The total radiation efficiency 

dropped from 85% to 15% at 2.45 GHz. 
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Figure 20. Simulated total radiation efficiency of the antenna next to the arm model. Note the very significant decrease in 

efficiency when the sensor is on the arm. 

The effect of the arm on the performance of the antenna is not negligible and was considered 

in the early stages of a revised design. At this stage, the challenge was how to improve the 

performance of the meandered monopole after observing the huge effects of the body on the 

performance of the sensor. 

 

Figure 21. Simulated return loss factor of the antenna next to the arm model. 

As shown in Figure 18, the structure placed between the antenna and the parasitic element is 

a stacked combination of fabric, plastic and air. As a consequence, it would be complicated 

to calculate the accurate effective permittivity and the length of the needed parasitic element 
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to be one half wavelength at 2.45 GHz. Using CST, an optimization was started using a 

simple straight parasitic element to maximize total radiation efficiency at 2.45 GHz by 

changing the length, width and position of the parasitic element on the top of the meander 

line monopole (See  

Figure 17). The optimization process was limited to three parameters of length, width and 

position of the parasitic element next to the meander line antenna. The radiation pattern also 

was very sensitive to the position of the straight line parasitic element (see Figure 22) because 

the meander line monopole antenna is not symmetric about its major axis (See  

Figure 17) and moving the straight line parasitic element was not the same for symmetric P 

values around the major axis of the meandered monopole. 

 

Figure 22. Changes in simulated realized gain of the antenna by changing the position of a simple straight parasitic element  

about major axis of meander line antenna. (XZ plane (left), YZ plane (right)) 

It also can be seen in Figure 23 that the straight line parasitic element cannot perfectly match 

the input impedance at 2.45GHz with a wide range of movement around major axis of 

meandered line antenna. A step-impedance resonator was chosen instead of the linear 

parasitic element because the results were not satisfactory with a linear parasitic element. 

The resonator was used with three degrees of freedom (length, width, position) in the 

optimization procedure. 
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Figure 23. Changes in simulated return loss of the antenna by changing the position of a simple straight parasitic element  

about major axis of meander line antenna. 

A step impedance resonator (SIR) is a discontinuity in a transmission line and in this case, 

both ends were open ended as shown in Figure 24. Three basic structures of the stepped 

impedance resonators were analyzed in [100]. The input admittance of a stepped impedance 

resonator from an open end is equal to [100]: 

2 1 2 1
2

2 1 1 2

tan . tan

tan tan
i

Y Y
Y jY

Y Y

 

 





     (9) 

 

 

Figure 24. Stepped impedance resonator model  

iY  is the input admittance from an open end while 1Y  and 2Y  are the characteristic admittance 

of two different sections of the model shown in Figure 24. 1  and 2  are the phase shift 
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corresponding to different sections shown on the model. The resonance condition 0iY   can 

be described as (10).  

1 2
1 2

2 1

tan tan
Y Z

Y Z
         (10) 

“Resonance conditions in the case of ordinary uniform impedance resonators (UIR’s) can 

be determined based solely on the length of lines; however, in determining resonance 

conditions of SIR’s, both the length and the impedance ratio must be taken into account. 

Therefore, SIR’s have more design parameters than UIR’s, and impedance ratio is an 

important parameter in investigating SIR’s”[100]. As a consequence a H-shape parasitic 

element was investigated.  

 

Figure 25. H-shape parasitic element placed next to the arm model. 

 

Figure 26. Changes in simulated return loss of antenna by changing the position of H-shape parasitic element about major 

axis of meander line antenna. 
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The H-shape parasitic element was placed next to the sensor on the arm model as seen in 

Figure 25. The simulation results showed that an H-shape parasitic element was able to 

perfectly match the input impedance of the antenna at 2.45GHz (See Figure 26). It also had 

a more stable radiation pattern when changing its position relative to the meandered 

monopole antenna. A parametric study was done using CST to check the sensitivity of the 

H-shape parasitic element to its relative position next to meandered antenna. The parameter 

P is horizontal position of the parasitic element about the main axis of the meander line 

antenna as shown in the  

Figure 17. Negative P is when the major axis of a parasitic element is at the right side of the 

major axis of the meander line antenna. Changing P from -15 mm to 15 mm, changes the 

gain of the antenna from -10 to 1.2 dB for H- shape parasitic element and from -15 to -1 dB 

for the straight parasitic element (Figure 22). The H shape parasitic element keeps the shape 

of the pattern stable and directive (Figure 27) compared to the straight linear parasitic element 

(Figure 22). 

 

 

Figure 27. Changes in simulated realized gain of antenna by changing the position of H-shape element about major axis of 

meander line antenna.(XZ plane (left), YZ plane (right)) 
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By replacing the linear parasitic element with H-shape parasitic element, six parameters (

1 2 3, , , , ,sL L L W W P ) can be used as degrees of freedom instead of three (length, width, 

position) to maximize the total radiation efficiency of the antenna at 2.45 GHz. An 

optimization was arranged using CST and the final optimized values are shown in Table III. 

The return loss of the antenna has been tuned to be matched at 2.45 GHz. 

Table IV: Optimized parameters of the parasitic element shown in  

Figure 17(All dimensions are in mm) 

 

Parameter 

 

W 

 

Ws 

 

P 

 

L1 

 

L2 

 

L3 

 

Optimized 

Value 

 

33.4 

 

11 

 

9.09 

 

13.7 

 

11.2 

 

18.6 

 

Figure 28 shows the variation in the resonant frequency of the antenna of the sensor before 

and after putting the antenna next to the arm model. Figure 29 also presents the total 

efficiency of the simulated antenna in the free space, in the box and next to the arm model 

with and without the parasitic element.  

 

Figure 28. Simulated S11 in different conditions. 
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Figure 30 clarifies that the total radiation efficiency of the antenna is increased at 2.45 GHz 

both because of shifting the resonance frequency and improving the gain. It can be obviously 

seen that the role of matching the input impedance is more important compared to increasing 

the directivity of the antenna. The radiation efficiency of the antenna has been improved by 

13% at 2.45GHz after adding the parasitic element. 

 

Figure 29. Simulated total efficiency of the z-core antenna in different conditions. 

 

Figure 30. Effects of adding parasitic element on the total radiation efficiency of antenna. 
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Radiation patterns of the antenna are plotted in Figure 31 and Figure 32 to show the 

improvement of the gain of the antenna. After adding the parasitic element, the peak gain of 

the antenna improved by 2.9 dB and shaped the pattern to the direction of outside the body. 

 

Figure 31. Simulated radiation pattern of the antenna next to the arm model with and without parasitic element (YZ- plane). 

 

Figure 32.Simulated radiation pattern of the antenna next to the arm model with and without parasitic element (XZ - plane). 

3.6 Measurement methods and results 

To check the validity of the results achieved from simulation process, a prototype of the 

parasitic element was made using an adhesive aluminum sheet (Tesa® 50565) which is 

moisture resistant with the thickness of 50μm. The advantages of this design was easy 
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installation and comfortable on the body, washable, flexible, and it also can operate 

successfully without wired connectors. 

There were some challenges in the measurement process of wearable antennas when a 

comparison is required with simulation outputs. First of all, the frequency response of the 

real human body is normally more complicated in comparison with the models of human 

body available in commercial packages. The size of people who wear the sensor also would 

be different, but the simulation results will provide a good approximation of real life 

situations.The final purpose is to find out the performance of wearable sensor in the vicinity 

of a mass of lossy medium. 

In Section 2.4 the best criterion for investigating the performance of a wearable antenna is 

total radiation efficiency. The Wheeler cap method is the most common method to measure 

antenna efficiency but because of the power lost in the body, a reverberation chamber is 

needed to measure the radiation and total efficiency of the antenna on the body [101], [102] 

.The author did not have access to a reverberation chamber at the time of this study,  so 

alternative pattern measurements were used to assess the improvement in the performance of 

the z-core by adding a parasitic element.  

3.6.1 Pattern measurement 

The sensor is waterproof and there is no access to the feed port of the antenna when installed 

on the sensor and worn on the body. This meant that it was not possible to measure the return 

loss or reflected power of the antenna using a network analyzer in this situation to investigate 

the changes in the input impedance after adding the parasitic element. The simplest way to 

see the improvement between the antenna with and without parasitic element was by 

measuring the received power by a spectrum analyzer at a specific distance from the body 

before and after adding the parasitic element. The z-core sensor was developed for sport 

applications and a grassed oval play field is a real life condition to test the sensor. It was also 

in an environment where there were few reflections. All pattern measurements were 

undertaken on the oval fields at Griffith University. A wooden rotator capable of supporting 

a human (see Figure 33) was fabricated at Griffith University to measure the radiation pattern 

of the wireless sensors in the open field. The setup was arranged as in Figure 33. A RF 

explorer handheld spectrum analyzer model 2.4G was placed on a wooden tripod to make 
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sure that tripod itself does not affect the received signal level. The distance between the body 

and the wooden tripod was fixed (3m) to guarantee a strong signal level to be able to see the 

changes in the signal level after adding the parasitic element. The person on the rotator was 

standing with a small offset to the center to keep the sensor on the arm in the middle of the 

rotator to avoid changes in the distance between the receiver and the transmitter. The received 

power was recorded every 15 degrees rotation. The measured pattern with and without the 

parasitic element are shown in Figure 34. It also shows a schematic diagram for the position 

of the body, the spectrum analyzer and the antenna on the arm. The power level was 

normalized to the maximum power received. The red curve shows the pattern without a 

parasitic element and the blue curve shows the power pattern after adding the parasitic 

element. The peak received power increased by 3 dBm, but the pattern was rotated slightly 

after adding the parasitic element. This can be explained by possible inaccuracy in the 

fabrication of the parasitic element or slight movements of the person or parasitic element 

during the test. 

 The overall performance of the antenna improved and the directivity of the pattern increased. 

While this result proved that the received signal in the spectrum analyzer increased, it does 

not give any idea about the changes in the power absorbed by the body or changes in the 

input impedance of the antenna. A two ray ground reflection model was used in MATLAB 

to prove that the amount of power coming from transmitter had increased by adding the 

parasitic element.  

 

Figure 33.Wooden rotator to measure the power pattern of the wireless sensors in CWMA (left). Measurement setup 

showing a human subject on the rotator wearing the sensor on the upper arm (right). 
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Figure 34. Measured normalized power pattern of the sensor on the body without the parasitic element (blue line) and with 

the parasitic element (red line)  (left), schematic of the setup to draw the radiation pattern (right). 

3.6.2 Two ray ground reflection model 

The two ray ground model is a simple model for propagation of a signal in an environment 

with a ground reflection only (See Figure 35). Its formulas can be used in MATLAB for 

calculating the transmitted signal level from the sensor for both states (i.e. with and without 

parasitic element) to see if it increases after adding the parasitic element. The received signal 

in both situations was measured and entered into the model as known parameters. The 

radiation pattern for the receiver is the same for both cases and if the difference between 

radiation pattern function in the transmitter is ignored, the improvement will be of the result 

of improved impedance matching. This model is compatible with the measurements done in 

the Griffith University open oval field because there is negligible side reflection in the open 

field. 

The received signal includes two components coming from different directions. First one is 

the incident wave coming directly from transmitter (line of sight) and the second is the 

reflected ray coming from the ground. The electric field that reaches the spectrum analyzer 

will produce a voltage proportional to [103]: 
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And the voltage produced by indirect wave from the ground is proportional to [103]: 
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Figure 35. Two ray ground reflection model for vertical polarization. 

where 1f  and 2f  are the factors for the radiation patterns of the two antennas, 1R  is the 

direct distance between the receiver and the transmitter, 1  and 
'

1  are the angles of direct 

path makes with horizon in the transmitter and the receiver respectively and 0k  is the wave 

number in free space. 2R  represents the reflection distance between the receiver and the 

transmitter, 2  and 
'

2  are the angles which the reflection path makes with horizon in the 

transmitter and the receiver respectively. The reflection coefficient 
je  

 is given by the 

Fresnel expression for vertical polarization [103]: 
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Where r  and   are the permittivity and the conductivity of the ground respectively,   is 

the grazing angle of the incidence, 0  is the permittivity in free space and   is angular 

frequency. The unknown parameters in the model were the permittivity and the conductivity 

of the grassed ground. The transmitted power, 1f  and 2f  (the radiation patterns of the two 

antennas) were also needed.  

The function 1f  is a factor in the formula to consider the changes of the received power 

because of changes in the   in radiation pattern of the antenna of the sensor. To find 1f , a 

curve was fitted on the measured power gain patterns of the sensor with and without the 

parasitic element (See Figure 34) to be added to the calculations in MATLAB. The fitted 

curve formula for both with and without the parasitic element was mathematically the same.  

This might have introduced an error in the calculations but CST model showed that the major 

part of the improvement in the total radiation efficiency after adding the parasitic element 

was because of the impedance matching (See Figure 30). Figure 36 presents the fitted curve 

on the measured patterns shown in Figure 34.  
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Figure 36. Fitted curve on simulated gain of the antenna to calculate f1 in equations 3, 4 and 5. 

In Figure 35, for the values of1 20d  , 1 1.12h m and 2 1.6h m , 2  changes between 7 

and 69 degrees. As the incidence angle equals the reflection angle, then it can be concluded 

that 2  . Thus,   changes between 7 and 69 degrees. The function 2f  is the radiation 

pattern of the antenna of the spectrum analyzer. This is a simple monopole so the function 

cos () was used to approximate the radiation pattern factor of the receiver. The next step 

was to find the conductivity and permittivity of the ground covered with grass and the 

transmitted power from transmitter. An optimization function in MATLAB was defined to 

accept four matrices of the parameters of conductivity and permittivity of the ground, 

transmitted power from sensor and measured electrical field strength. The mean square error 

between the measured data and the calculated data from formulas 12, 13 and 14 was the 

criteria to find the optimum values to fit the curve and so to find the unknown parameters. 

Outputs from the MATLAB optimization function were r ,  and 0E . The received signal 

was measured at 20 different distances (1 to 20 meters with a step size of 1 meter) from the 

transmitter and the results were entered to the optimization process to find the minimum root 

mean square (RMS) error. The positional inaccuracy in installing the parasitic element and 

moving of the sensor in the fabric pouch could change the direction of the peak gain of the 

radiation pattern. To tackle this problem, in each step, the maximum received power in the 
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spectrum analyzer was recorded by rotating the body to find the peak gain. The received 

power was recorded with and without the parasitic element. Figure 37 shows the recorded 

data and optimum two ray path model is compared with this data.  

The optimization was run for both states independently. The transmitted power 0E  from the 

sensor was obtained. As expected, after optimization, the values of r  and   were 

approximately the same for both states (with and without the parasitic element) while 0E  

increased with the addition of the parasitic element. Table V presents the outputs of the 

optimization routine. 0E  increased by 1.9 dB and both curve fits yielded the same values for 

r  and   as expected. The transmitted power based on the CST result should be increased 

by 3 dB but here in the calculations, the effect of function 1f  which was related to a more 

directive pattern after adding the parasitic element was ignored. 

 

Figure 37. Comparison of calculated power with two ray reflection model and measured power in the oval. 
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Table V. MATLAB optimised values for two ray ground reflection model 

  

r  

 

    

(S/m) 

 

0E   (V/m) 

 

0E   (dBm) 

With parasitic 

element 

 

7.1 

 

0.295 

 

8.7e-4 

 

-61.21 

Without 

Parasitic 

element 

 

7.1 

 

0.307 

 

7e-4 

 

-63.09 
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Chapter 4 
 

 

Slot antennas designed for wearable wireless 

sensors  

In this chapter, a novel antenna structure was suggested by the author to be 

implemented in the box of the wearable wireless sensor to reduce the negative 

body effects on the radiation performance. 

 

This work was published in the journal of IEEE Antenna and Wireless 

Propagation letters in July 2015 

Vatankhah Varnoosfaderani, M.; Thiel, D.V.; Jun Wei Lu, "A Wideband Slot 

Antenna in a Box for Wearable Sensor Nodes," IEEE Antennas and Wireless 

Propagation Letters, vol.14, pp.1494-1497, 2015. 
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4 Chapter 4: Slot antennas designed for wearable wireless sensors 

4.1 Shaping the radiation pattern using a parasitic slot element  

The complimentary relationship between wire and aperture antennas can be explained using 

Babinet’s principle. It states that when the field behind an opening in the screen is added to 

the field of a complimentary structure, the sum is equal to the field when there is no screen 

[28]. A centre fed half wavelength slot shown in Figure 38 is the complimentary element for 

the half wavelength dipole as explained in [9].  

 

Figure 38. Complimentary dipole antennas based on Babinet’s principle. 

If the dipole and its compliment are immersed in a medium with intrinsic impedance and 

have the terminal impedances of DZ  and CZ , the terminal impedances are related to each other 

by: 

2

4
D CZ Z


       (14) 

In chapter 3, a half wavelength parasitic element was used in the vicinity of a meandered 

monopole antenna to improve the radiation performance of the z-core. As discussed in [94], 

a slot in a finite ground plane can also be used as a parasitic element to change the radiation 
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and impedance characteristics of the feed antenna. A 
2


(1000 MHz) resonant slot was cut in 

a 
4


 wide conducting flange in front of a monopole type Yagi array antenna to reduce the 

foreground reflection. The slot was placed at the end of monopole array in the position that 

the next element of the array was expected to be placed to ensure that correct phasing was 

maintained along the array (see Figure 39).  

 

Figure 39. 1000 MHz model low delta antenna with optimised parasitic slot [94]. 

The same method can be used in the case of a wearable antenna to change the radiation 

characteristics of a wearable antenna to reduce the interaction with the body as discussed in 

the following section. 

4.2 The characteristics of a slotted cylinder parasitic element 

It was suggested in [22] that the low efficiencies due to power absorption by body could be 

mitigated using a fairly large conducting surface (or ground plane) which separates the user's 

body from the radiating element. It is paramount that the conductor does not increase 

radiation in the direction of the body. In [104], a rectangular patch antenna was completely 

enclosed with a conductive cylinder. The length of the cylinder was somewhat shorter than 

half of a wavelength in the free space for the patch antenna’s operating frequency. The 

aluminium cylinder must be placed where it will not be short-circuited by the ground plane. 

The patch acts as a parasitic element to increase the bandwidth of the monopole by adding 

another resonance using the length of the cylinder. The omnidirectional H-plane radiation 
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characteristics of the monopole patch remained the same because the current distribution 

measured along the surface was almost uniform around the axis. The length and inner 

diameter of the cylinder were 00.407 and 00.074 respectively. The patch width and length 

were 00.045 and 00.285 . Cutting a slot on the side of the cylinder parasitic element can 

change the current flow on the cylinder, and can be used to create a directive radiation pattern 

for the antenna to be used in wearable antenna applications. Consequently, it would reduce 

the body effects on the performance of the antenna. As mentioned in 2.3, a wideband antenna 

is necessary for wearable sensors to avoid negative effects of the shift in the resonance 

frequency of the antenna. The simple patch in [104], was replaced with a wideband patch in 

the new design to avoid bandwidth limitations by the centric antenna. Another advantage is 

the omnidirectional radiation pattern in free space that can be changed to directive radiation 

pattern using slotted parasitic cylinder. Figure 40 depicts the schematic of the wideband 

monopole which was used for a new design in the centre of the slotted cylinder parasitic 

element. The length of the patch was selected to be equal to 
2


 at the desired centre frequency 

of the antenna (3.5 GHz). 

A parametric study using CST was done on the value of ( F GL L ) to find the best input 

impedance match.  The return loss and radiation characteristics of the antenna are depicted 

in figures 39, 40 and 41. The omnidirectional radiation characteristic of the antenna can be 

easily seen in Figure 40 for three different frequencies. The final dimensions of the antenna 

are presented in Table VI. A slotted parasitic cylinder is assumed to be able to change the 

directivity of an omnidirectional antenna towards a desired direction to be used in wearable 

antenna applications. In [104], the bandwidth of a monopole patch with a full ground plane 

was increased using an aluminium cylinder without any slot. The coupling intensity between 

the patch and the cylinder, the radiation Q of the patch and the parasitic element are directly 

related to the impedance bandwidth of the antenna. 
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Figure 40. Schematic of the wideband monopole used as the feed antenna for cylinder parasitic element [104] 

 

Figure 41. Simulated return loss of the wideband monopole. 
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Figure 42. Simulated radiation patterns of wideband monopole feed monopole. 

Table VI. Dimensions of simulated wideband monopole antenna (Dimensions in mm) 

Parameter 
L W LPatch WPatch L

G 

LF WF 

Value 45 30 24.5 20 10 13.4 3 

 

Figure 43 shows the structure of the monopole patch antenna surrounded by the conductive 

parasitic cylinder [104]. The effect of implementing a slot on the cylinder parasitic element 

was investigated to see changes in the directivity of an omnidirectional antenna in a desired 

direction. The slot alters the current flow on the parasitic element to direct the radiation 

pattern towards a desired direction that can be used to decrease the body effect. The length 

of the cylinder was selected to be close to 42.8
2

mm

  at the centre frequency of the 

wideband monopole antenna (3.5 GHz) to have a resonant frequency close to the resonant 

frequency of the patch. It was increased to 45 mm to cover the whole length of monopole 

patch antenna.  
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Figure 43. Structure of the wideband monopole patch surrounded by the parasitic cylinder [104]. 

 

Figure 44. Structure of the cut slot on the parasitic cylinder. 

A rectangular slot, which covers part of the outer surface of the cylinder, was cut on the top 

center of the patch as shown in Figure 44. The diameter of the cylinder was 1mm more when 

compared to the width of the patch monopole to maximize the coupling between the slot and 

the patch. A 0.5mm gap was left on each side of the substrate to guarantee that the cylinder 

was not shorted to the patch ground plane. The schematic and parameters of the slot are 

presented in Figure 45, where W and L  are the length and the width of the slot respectively. 

CL  and CR  are the length and radius of the parasitic cylinder respectively. A parametric study 

on the size of the slot was done using CST microwave studio to investigate the effects of the 

changes in width and length of the slot on the directivity of the antenna. The directivity 
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parameter was selected to avoid including the effects of the return loss on the radiation pattern 

of the antenna. As can be seen in Figures 46-49, the directivity and front to back ratio (FTBR) 

of the antenna changes for different values of the width and length of the slot. As a 

consequence, the size of the slot can be used to change the radiation characteristics of the 

antenna [94]. This can be used to increase the directivity of the antenna to radiate away from 

the human body which decreases the near-field coupling between the antenna and the body 

tissues. This leads to an improved antenna efficiency while worn on the body.  

 

Figure 45. Schematic of the top view of the antenna inside the cylinder with the slot cut on the cylinder.  

The values of different parameters in Figure 45 are presented in Table VII. The centre of the 

patch was placed in the midpoint of the slot along x axis, where there was a 5.5 mm distance 

on the y axis between the centre of the patch and the slot. 
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Table VII. Values of different parameters in the parametric study of the slot size 

Parameter W L LC D RC 

Value 9-29 (step 4) 26-50 (step 4) 45 5.5 31 

 

Figure 46. Effect of slot length on the directivity of the antenna (XZ plane). 

 

Figure 47. Effect of slot length on the directivity of the antenna (XY plane). 
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Figure 48. Effect of slot width on the directivity of the antenna (XZ plane). 

 

Figure 49. Effect of the slot width on the directivity of the antenna (XY plane). 

Figures 46 and 47 show that the peak directivity of the antenna increased constantly by 

expanding the slot length, however the front to back ratio decreased at the same time. This is 

the result of the increased slot length impacting on the shrinking width of the conductor 
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underneath the antenna. As shown in Figures 46-49, after increasing the size of the slot 

greater than a presumed size (W=17mm, L=34mm), the radiation pattern forms one main 

lobe in XZ plane. The same phenomenon occurs when the width of the slot is altered. As a 

result, it is of paramount importance to determine the optimum values for length and width 

when considering a trade-off between the maximum peak gain and maximum front to back 

ratio. 

4.3 Implementing the parasitic element on the rectangular case a wearable 

wireless sensor 

It was discussed in the section 4.2 that cutting a slot in a cylinder parasitic element can change 

the directivity of the wideband monopole inserted inside. The author used the same structure 

in a rectangular plastic case to design an antenna for wearable sensor applications [105] (See 

Figure 50). The half-wavelength patch on a small ground plane was place face down inside 

the rectangular parasitic element to maximize the coupling to the rectangular parasitic 

element. A box (59 36 14mm mm mm  ) made from the ABS plastic was used as platform for 

the antenna. The ACHESON ELECTRODAG PM-500 conductive silver ink was painted 

inside on the bottom, top and side walls of the 3D printed box made of Acrylonitr i le 

Butadiene Styrene (ABS) plastic ( 2.8r  , tan =0.01). This leaves the desired radiating 

slot on the walls of the box. A wideband printed monopole patch on 1.6 mm FR4 substrate (

4.4r  , tan 0.009  ) was used to excite the slot as discussed in the section 4.2. The FR4 

substrate was suspended between the slot and the bottom of the box using two plastic screws 

to make sure that the parasitic rectangular parasitic element was not shorted to the ground 

plane of the patch (See Figure 50). A 50Ω Grounded Co-Planar Waveguide (GCPW) feed 

was used at the bottom of the Printed Circuit Board (PCB) to access the ground plane on both 

sides. The ground planes on both sides were connected using small metalized vias and the 

bigger non-metalized holes were used to suspend the PCB in a specific distance from walls 

using plastic screws. The GCPW line is followed by a 50Ω microstrip line. The gap size ( 3g

) was calculated in a way that the GCPW and the microstrip line had the same width ( FW ) 

and a characteristic impedance close to 50Ω. The length of the feed line ( FL ) was extended 

to the end of the board where the SMA connector was connected for antenna measurements.  
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Figure 50. Schematic of a wideband monopole antenna inserted into a rectangular parasitic element with a slot cut on top 

[105]. 

The final structure is presented in Figure 50. CST Microwave Studio [98] was used to 

investigate the effects of different parameters whilst optimizing the dimensions of  the slot 

and the monopole patch to achieve the best total radiation efficiency at the desired frequency 

range. A male voxel body model in CST was used to clarify the effects of the body on the 

performance of the antenna. The bottom wall of the antenna was placed on the body model 

with no gap between the antenna and the voxel model in the simulation process. The 

optimized values of the parameters shown in Figure 50 are presented in Table VIII. 
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Table VIII. Optimized values of parameters of the antenna presented in Figure 50 (all 
measurements are in mm)  

Parameter 
SG  1g  2g  3g  gL  PL  FL  SL  

Value 4 0.5 9.5 2.5 14 20 30.5 55 

Parameter 
1H  2H  3H  gW  SW  FW  PW  1W  

Value 14 9 3.4 10 30 3 21.4 36 

 

A prototype of the proposed antenna was fabricated using the optimized dimensions. Figure 

51 shows two different views of the 3D printed box. The interior walls of the plastic box 

were painted with the conductor silver ink and a 15 minute curing process was done at the 

temperature of 95 Co to increase the conductivity of the ink. 

 

Figure 51. Top and bottom view of the antenna. The slot was made on the interior wall of the plastic box using silver ink. 

A ZVL6 Rohde and Schwarz vector network analyzer was calibrated with the Short-Open-

Load-Through (SOLT) method over the frequency range of 1.5 GHz to 3.5GHz. The S11 of 

the antenna was recorded. Measurements were done in free space and on a male person (183 

cm height, 85 Kg weight) wearing the antenna on his arm without any gap between the arm 

and the antenna. This approximates the voxel model used in CST Microwave Studio. The 

S11 measurement setup in free space is presented in Figure 52. A comparison between the 

measured and the simulated return loss of the antenna in free space and on the body is 
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depicted in Figure 53. The comparison shows that putting the antenna on the body does not 

considerably affect the return loss of the antenna. 

 

Figure 52. The prototype antenna S11 measurement in free space. 

 

Figure 53. A comparison between the measured and simulated S11 of the antenna.  
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The simulated antenna achieved a 10 dB impedance bandwidth of 40% at the center 

frequency of 2.415GHz (1.93GHz-2.9GHz). This increased to 44% (1.9GHz-3.1GHz) after 

adding the voxel model to the simulation procedure. One potential reason for this 

improvement is due to the observation that the power loss in the body that decreases the Q 

factor of the resonator and so increases the bandwidth. The final measured result showed a 

39% impedance bandwidth in free space (2.1GHz-3.1GHz) which increases to 41% (2.1GHz-

3.21GHz) for measurement on the real arm. The measured S11 was at a slightly higher 

frequency compared to the simulation results. There are several factors that influence the 

outcome of this phenomenon. Firstly, the relative permittivity of the plastic box is quoted to 

be between 2.6 to 3.2 based on the datasheet. The authors considered the average number of 

2.8 in the simulation process. Secondly, the curing process of silver ink required the antenna 

to be heated in an oven for 15 minutes at 95 C° which can deform the walls and create some 

inaccuracy. The size of the plastic box used in this antenna is slightly bigger than the size of 

the z-core (50 30 8mm mm mm  ), but the final impedance bandwidth was much wider than 

the bandwidth of the meandered monopole antenna of the z-core. 

As discussed in [7] the total radiation efficiency of the antenna is a good criterion to explain 

the performance of the antenna next to the human body because it includes both the 

impedance mismatch and the body absorption at the same time. The total radiation efficiency 

of the antenna was simulated using CST in free space and on the arm of the voxel model to 

find the absorbed power and the impedance mismatch caused by the body tissues. The 

simulation results for the efficiency and the gain of the antenna are presented in Figure 54.  
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Figure 54. Simulated gain and total radiation efficiency of the antenna in free space and on the body model. 

The reduction in gain caused by the return loss is included in the reported numbers as total 

radiation efficiency. The peak gain of the antenna in XY plane was measured using a standard 

double-ridged horn antenna (DRH-0118) in an anechoic chamber which was 2.8 dBi at 2.5 

GHz and 3.2 dBi at 2.8 GHz.  

Radiation patterns of the antenna were measured in the anechoic chamber at 2.5 GHz and 2.8 

GHz. The normalized radiation patterns are presented in Figures 55-58. 

 

Figure 55. Radiation pattern of the antenna at XY plane (2.5 GHz). 
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Figure 56. Radiation pattern of the antenna at XZ plane (2.5 GHz). 

 

Figure 57. Radiation pattern of the antenna at XY plane (2.8 GHz). 
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Figure 58. Radiation pattern of the antenna at XZ plane (2.8 GHz). 

The peak gain of the antenna on the body model in Figure 54 increases at higher frequencies, 

while the efficiency drops because the directivity of the antenna increases considerably when 

wearing the sensor on the body. The human body acts as a big reflector and absorber at the 

same time which increases the directivity and decreases the peak gain of the antenna. Both 

efficiency and directivity affect the gain of the antenna. In this case the increase of directivity 

is stronger than the reduction of efficiency and so the gain increases.  

The radiation patterns are more directive in the XY plane in the measurement results 

compared to simulation. There are two main reasons for the discrepancy between simulated 

and measured radiation patterns in the XY plane. Firstly, the requirement to cure the silver 

ink at 95 C° for 15 minutes caused the back wall of the plastic box to curve toward the inside 

of the box, which reduced the distance between the monopole patch and conductor wall (see 

Figure 51-right). Secondly, the distance between the walls and the PCB (table 1, parameter 

h3) considerably affects the radiation pattern directivity. This is desirable as it reduces the 

body effects on the antenna due to the higher front to back ratio (FTBR). 
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Chapter 5 
 

 

Elevated patch antennas with a capacitive feed  

In this chapter, a compact and efficient antenna structure is suggested for 

wearable wireless sensors 

 

 

This work was presented in International Symposium on Antennas and 

propagation (ISAP 2015) in Tasmania and it will be published online on IEEE 

explore. 

Varnoosfaderani, M.V.; Thiel, D.V.; Junwei Lu, "A Wideband Capacitively 

Fed Suspended Plate Antenna for Wearable Wireless Sensors” International 

Symposium on Antennas and Propagation (ISAP2015), Nov 2015  
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5 Chapter 5: Elevated patch antennas with a capacitive feed 

5.1 PIFA antennas are compacted and suitable for wearable applications 

Several solutions was mentioned in the previous chapters to improve the performance of the 

antenna of wearable wireless sensors. The parasitic element solution suggested in [7], could 

not increase the total radiation efficiency of the antenna more than 25% and it had some other 

disadvantages such as sensitivity to body movement which could change the input impedance 

of the antenna. The parasitic slot design [106] was also large and needed another separate 

PCB for the antenna in addition to the substrate for the sensor. In 2.5.10, elevated patch 

antennas were introduced as a solution to reduce the negative effects of the body on the 

performance of wearable antennas. This type of antenna had the smallest size of the ground 

plane compared with other suggested structures.  

PIFA antennas have similar features to elevated patch antennas because of the distance 

between the ground plane and the radiator and that reduces the negative effects of the body. 

PIFA antennas were derived from the normal half-wavelength patch antennas. As can be seen 

in Figure 59, by shorting the 
2


 patch close to the midpoint of the patch, the field distribution 

on the first half of the patch remains the same and this was used to reduce the overall size of 

antenna. The shorting pin (plate) would zero out any power delivered to the antenna, but a 

parallel inductance was added to the input impedance of the patch at the higher frequencies. 

This can be used to tune the resonant frequency of the patch. The distance between the 

shorted edge and the open edge was roughly equal to a quarter of a free space wavelength at 

the resonant frequency of the antenna. The distance between the feed point and the shorting 

pin changes the input impedance of the antenna. PIFA antennas showed acceptable 

performance in the vicinity of human body, but the impedance bandwidth is fairly narrow for 

normal PIFA structures [60], [107]–[114]. As mentioned in 2.3.1, the shift in the resonant 

frequency of wearable antennas is one of the major issues after placing them close to the 

human body. Antennas with wide impedance bandwidth would reduce this impact because 

they will still operate properly in band even after the resonant frequency shifts. As a result, a 

wideband PIFA antenna would have all the needed characteristics mentioned in 2.5 for a 

good wearable antenna.  
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Figure 59. Comparison between the electric field distribution on a 
2

  normal patch antenna and a
4

 PIFA structure.  

5.2 Increasing the bandwidth of PIFA using proximity feed structure 

In [110], a L shape probe proximity feed was used for a PIFA antenna (see Figure 60) to 

achieve 39% impedance bandwidth. The capacitive coupling technique, used to feed the 

patch was the key factor to increase the bandwidth of PIFA structures. Some other techniques 

such as using parasitic elements or folded structures have been also used to improve the 

impedance bandwidth of PIFA structures. An elevated inverted L feed was 

electromagnetically coupled to a shorted patch on top of a 100 100mm mm  ground plane to 

achieve 3-12 GHz impedance bandwidth for ultra-wideband (UWB) applications [112]. In 

[113], two parasitic elements were placed close to the feed line and the shorted patch of a 

PIFA antenna on top of a ground plane ( 40 80mm mm ) to achieve the impedance bandwidth 

of 3.4 GHz to 10.4 GHz. The structure is shown in Figure 62. 
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Figure 60. Geometry of wideband shorted patch with L-probe proximity feed [110]. 

 

Figure 61. An elevated inverted L feed is electromagnetically coupled to a shorted patch [112]. 

A bandwidth of 125% (3GHz-13GHz) was achieved in [114] by adding a parasitic element 

close to the vertical feed line of a PIFA antenna. The size of the ground plane was reported 

as 50 50mm mm . The structure and distribution of the current in different parts of the 

antenna are presented in Figure 63. The simulated radiation efficiency of the antenna was 

studied at different frequencies in free space and in the vicinity of human body (1mm 

distance). The radiation efficiency drops from 90% to 40% at 3 GHz after placing the antenna 

close to human model.  
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Figure 62. Adding two parasitic elements in the vicinity of a PIFA antenna to increase the bandwidth [113]. 

 

Figure 63. Structure and current distribution of a low profile UWB antenna [114]. 

The structure presented in Figure 63 is suitable for wearable wireless sensors such as z-core 

because the radiator can be mounted on a corner of the PCB and there would be suffic ient 

space on the circuit board for the rest of the components, but the width of the ground plane 

for this design 0.5 is still bigger than the width of the ground plane of the z-core. Effective 

permittivity of the substrate attached to a ground plane will affect its size. Higher permittivity 

will shrink the physical size of the ground plane.
1

2

r
eff




 
 
 

 was used to estimate the size 

of the z-core ground plane which is covered by FR4 on one side and air on the other side. 

The manufacturing process for the structure suggested in Figure 63 is also thought to be too 

complicated for mass production purposes.  
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5.3 A compact capacitively fed PIFA antenna for wearable wireless sensors 

The author used the proximity feed technique to feed a shorted patch using an L shape feed 

(See Figure 64). The size of the ground plane was reduced to ( 0.47 0.28  ) compared with 

the antenna presented in [114] and the vertical parasitic element was eliminated which 

simplifies the manufacturing process. The measured bandwidth was more than 100% (2.1 

GHz- 6.4 GHz). The structure of the antenna is presented in Figure 64. 

 

Figure 64. Capacitively fed PIFA antenna for wearable wireless sensor applications.  

In the schematic presented, A is the top view of the main substrate (FR4, 1.6mm thickness, 

r =4.4, tan =0.02) of the wireless sensor which includes a full ground plane on the bottom 

layer and a microstrip feed line on the top layer. A large via in the middle connects the 

microstrip feed line to an SMA connector for antenna measurement purposes. The circle cut 

in the ground plane (radius = 2R ) was needed to avoid shorting the SMA centre pin to ground. 
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A row of vias were made in the PCB to connect the shorting wall to the ground plane of the 

sensor. B shows the top view of the suspended patch printed on a 1mm FR4 substrate layer 

and is shorted to ground plane of the sensor through several pin headers. The vertical shorting 

connection was made from 6 pin headers with the radius of 1R  (see D and E in). C depicts 

the side view of the antenna that clarifies how the patch is shorted using vertical vias and it 

also shows the capacitive inverted L feed of the antenna. D and E are the front and back view 

of the mounted antenna on the substrate of the sensor respectively. The final optimized values 

of the parameters shown in Figure 64 are presented in Table IX.  

Table IX. Optimized values of antenna parameters (dimensions in mm). 

Parameter 
GW  LPW  FW  SPW  PAW  CW  EW  ET  1R  

Value 2 22 3 22 12 14.3 20 6 1 

Parameter 
2R  1H  2H  3H  FL  VL  LPL  PAL  SPL  

Value 2.1 1 1.6 7 2 20 33 1.5 15.5 

 

The dominant mode for a normal rectangular patch is 010TM  which requires the length of the 

patch to be one half wavelength at the resonant frequency of the patch [28]. The length of the 

shorted suspended patch ( SPL in Figure 64) was a quarter of a wavelength as a normal PIFA 

structure. The lower resonant frequency of the antenna was determined by the length of the 

shorted patch and is approximately equal to quarter of a wavelength on a FR4 substrate at 

2.4 GHz considering equation (1). eff  is the wavelength in a medium with the permittivity of

r , and f  represents the frequency and c  is the speed of light in free space. 

5.3.1 Parametric study 

 A parametric study was conducted using CST software to see the effects of different 

parameters on the input impedance of the antenna. The lower resonant frequency of the 

antenna is determined by the length of the shorted patch and is approximately equal to a 

quarter of a wavelength on a FR4 substrate at 2.4 GHz. The higher resonance of the antenna 

is affected both by the height of the shorted patch 3 1( )H H . See view C and D in Figure 

64] and the length of coupling patch ( PAL  in view B of Figure 64). The length of the 
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suspended patch also influences the higher resonant frequency, because changing the length 

of the suspended patch alters the capacitive load on the small rectangular feed. As can be 

seen in Figure 65, increasing SPL  does not affect the higher resonant frequency further after 

a certain length because the open edge of the shorted patch goes far from the horizontal part 

of the L shape feed and the capacitive area between two plates no longer change significantly.  

 

Figure 65. Parametric study of the length of the shorted patch,
SPL  . 

The parametric study of SPL , PAL and 3 1( )H H explained that the lower resonant frequency 

of the antenna is mainly affected by the length of the shorted patch. As shown in Figure 66, 

the higher resonant frequency decreases by increasing the height of the inverted L shape feed 

because it is part of the main current path. This is similar to that presented in Figure 63-c. 

Figure 67 verifies this fact because the upper resonant frequency of the antenna decreases by 

increasing the horizontal length of the inverted L shape feed ( PAL ). 
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Figure 66.  Parametric study of the influence of the height of the shorted patch 
3 1( )H H  on S11.  

 

Figure 67. Parametric study of the effect of the horizontal length of the capacitive feed, PAL on S11. 

5.3.2 Simulation and measurement results 

A series of simulation and optimization steps were undertaken using CST studio and a voxel 

body model was placed in the distance of 1mm from the ground plane of the sensor in 

simulation process. A ZVL13 network analyzer was used to measure the s11 of the antenna 

in free space and on a real human body (183 cm height male). The return loss and total 

radiation efficiency of the antenna are depicted in Figure 68. The antenna features a wide 
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impedance bandwidth (2.2 GHz – 6.44 GHz) and the total radiation efficiency is better than 

90% in the range of 2.5 GHz-6 GHz in free space. The radiation efficiency of the antenna 

drops considerably at lower frequencies after inserting the voxel model in the simulation. As 

discussed in 2.3, the radius of the nearfield area of any radiator is smaller at higher 

frequencies and this causes less electromagnetic interaction between body and antenna at 

higher frequencies. The return loss of the antenna does not change considerably after putting 

the antenna on the body as can be seen in the following figure. 

 

Figure 68. Simulated return loss and total radiation efficiency of the antenna compared to the antenna in free space. 

The S11 of the antenna was also measured in free space and on the human body and the 

results were compared with the simulation results in Figure 69. There is a slight difference 

between the measured and simulated results but the input impedance of the antenna did not 

change considerably after putting the antenna on the body in the simulation model or 

measurement process. This satisfies one of the desired characteristics of a wearable antenna 

discussed in Section 2.3.1.  
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Figure 69. Comparison between measured and simulated s11 of the antenna in free space and on the human body . 

The simulated and measured radiation patterns of the antenna are presented at three different 

frequencies in Figure 70. The backward radiation of the antenna decreases with increasing 

the frequency and this can be also another reason to justify the considerable drop in the 

radiation efficiency of the antenna at lower frequencies (See Figure 68).  

5.4 Conclusion 

A compact, wideband antenna suitable for wearable wireless sensor applications was finally 

designed to have a 10 dB bandwidth of 98% (2.2 GHz-6.44 GHz). This range covers the 

needed frequency bands for wireless applications in the range of 2.4 GHz-6 GHz and 

guarantees that the shift in the resonant frequency of the antenna due to body effects would 

not considerably affect the performance of the antenna. The radiation pattern is directiona l 

and this is a benefit in the case of wearable applications to reduce the interaction between the 

body tissues and the wireless sensor. The simulated total radiation efficiency of antenna was 

more than 90% in free space which drops to 70% at 2.4 GHz and 80% at 5.8 GHz when the 

sensor is located next to a voxel model of the human body. Due to a bigger nearfield region 

radius at lower frequencies, the radiation efficiency dropped more at 2.4 GHz compared with 

5.8 GHz. 
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Figure 70. Radiation pattern of the antenna (simulated on left, measured on right).  
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Chapter 6 
 

 

Conclusion 

A brief review of the whole thesis is presented in this chapter. The advantages 

of the design is compared with previous work reported in the literature. 
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6 Conclusion 

The purpose of this project was to investigate the main factors that degrade the performance 

of a wearable wireless sensor after placing in the vicinity of human body. Then design 

antennas to avoid or minimize the effects of those factors. Nearfield coupling between the 

antenna of a wireless sensor and lossy materials of the body was reported as the main reason 

that created unwanted effects. The shift in the resonant frequency of the antenna occurs 

because of changes in the input impedance, power absorption and changes in the shape of the 

radiation pattern of the antenna. 

A main criterion was needed to decide if an antenna is suitable for wearable applications. 

Comparing the total radiation efficiency of the antenna before and after placing it around the 

body was found to be the best measure to investigate the performance of wearable antennas.  

Different methods were suggested in the literature to minimize the effects of body tissues. 

These methods were investigated in the second chapter of the thesis and the author 

categorized most of the solutions that were suggested in the literature. Each of these methods 

had some advantages and disadvantages and table III at the end of the second chapter 

summarized the best suggested techniques. The literature review in the chapter two was a 

guideline for the author to develop new ideas for rectifying disadvantages of the previous 

suggested techniques and the final result was the designs which were tested in chapters three, 

four and five. 

One wireless device (z-core[5]) with Wi-Fi connectivity (2.45 GHz) was developed at 

CWMA at Griffith university. A considerable signal level drop was observed after putting 

the sensor on a human arm. The start point of the project was finding solutions to avoid or 

minimize negative body effects by either changing the design or preferably adding some 

extra features to the current design. The sensor included a standard design meandered line 

monopole antenna [6]. The size of the antenna was 27mm 10mm and was connected to the 

nRF24L01+ transceiver chip using a lumped element matching circuit. While working in free 

space (i.e. not close to human body) for the output power of 0 dBm for the transmitter, a RF 

Explorer receiver model number 24G ISM combo with a whip helical antenna (2 dBi gain) 

received a signal with the power level of more than -70 dBm over a separation distance of 

20m above a flat, grassed sports field.  
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In chapter three, a step impedance resonator was used to improve the radiation efficiency of 

z-core from 12% to 25%. This technique used nearfield coupling to tune the input impedance 

of the wireless sensor without changing the design or structure of the sensor. It also changed 

the radiation pattern of the antenna in the direction away from the body to minimize power 

absorption. A set of simulation and measurements were done to prove the validity of the 

design. The results were published in the IEEE Sensors Journal. 

In chapter four the author used Babinet’s principle to design a parasitic slot antenna on the 

interior wall of the plastic box of the wireless sensor (A box (59 36 14mm mm mm  ) made 

from the ABS plastic was used as platform for the antenna). This design was a compliment 

for a half wavelength parasitic element. It had a better efficiency performance (45% at 2.45 

GHz on a voxel model arm) compared with the suggested parasitic element design in chapter 

three. The final measured result for this antenna showed a 39% impedance bandwidth in free 

space (2.1GHz-3.1GHz) which increased to 41% (2.1GHz-3.21GHz) for measurement on the 

real arm. This can reduce the negative effects of shift in the resonant frequency. 

A capacitively fed PIFA antenna was designed to develop a compact platform for wearable 

wireless sensors. The antenna features a wide impedance bandwidth (2.2 GHz – 6.44 GHz) 

and the total radiation efficiency was better than 90% in the range of 2.5 GHz-6 GHz in free 

space. The radiation pattern is directed away from the body and this is a benefit in the case 

of wearable applications to reduce the interaction between the body tissues and the wireless 

sensor. The simulated total radiation efficiency of the antenna was more than 90% in free 

space which drops to 70% at 2.4 GHz and 80% at 5.8 GHz when the sensor is located next 

to a voxel model of the human body. 

6.1 Critical review and future work 

As can be seen in Figure 68, the efficiency of the antenna dropped at the lower frequency 

band (2.45 GHz) compared with the efficiency of the antenna at 5 GHz frequency range.  

Nearfield coupling is stronger at lower frequencies because of a longer wavelength and that 

caused more power absorption to the body tissues. 2.45 GHz band is the most desirable 

frequency band for wireless communication and further work can be done to improve the 

efficiency of the antenna at lower frequencies either by changing the structure of the ground 

plane or increasing the radiator distance from the lossy material. 
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