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ABSTRACT                          

Recently, fabrication of miniature electronic devices that can be used for wireless 

connectivity becomes of great interest in many applications. This has resulted in many small and 

compact wireless devices that are either implantable or wearable. As these devices are small, the 

space for the antenna is limited. An antenna is the part of the wireless device that receives and 

transmits a wireless signal. Implantable and wearable antennas are very susceptible to harmful 

performance degradation caused by the human body and very difficult to integrate, if not designed 

properly. A designer need to minimize unwanted radiation absorption by the human body to avoid 

potential health issues. Moreover, a wearable antenna will be inevitably exposed to user 

movements and has to deal with influences such as crumpling and bending. These deformations 

can cause degraded performance or a shifted frequency response, which might render the antenna 

less effective. The existing wearable and implantable antennas’ topologies and designs under 

discussion still suffer from many challenges such as unstable antenna behavior, low bandwidth, 

considerable power generation, less biocompatibility, and comparatively bigger size. The work 

presented in this thesis focused on two main aspects. Part one of the work presents the design, 

realization, and performance evaluation of two wearable antennas based on flexible and textile 

materials. In order to achieve high body-antenna isolation, hence, minimal coupling between 

human body and antenna and to achieve performance enhancement artificial magnetic conductor 

is integrated with the antenna. The proposed wearable antennas feature a small footprint and low 

profile characteristics and achieved a wider -10 dB input impedance bandwidth compared to 

wearable antennas reported in literature. In addition, using new materials in wearable antenna 
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design such as flexible magneto-dielectric and dielectric/magnetic layered substrates is 

investigated. Effectiveness of using such materials revealed to achieve further improvements in 

antenna radiation characteristics and bandwidth and to stabilize antenna performance under 

bending and on body conditions compared to artificial magnetic conductor based antenna. The 

design of a wideband biocompatible implantable antenna is presented. The antenna features small 

size (i.e., the antenna size in planar form is 2.52 mm3), wide -10 dB input impedance bandwidth 

of 7.31 GHz, and low coupling to human tissues. 

In part two, an overview of investigations done for two wireless body area network 

applications is presented. The applications are: (a) respiratory rate measurement using ultra-wide 

band radar system and (b) an accurate phase-based localization method of radio frequency 

identification tag. The ultimate goal is to study how the antenna design can affect the overall 

system performance and define its limitations and capabilities. In the first studied application, 

results indicate that the proposed sensing system is less affected and shows less error when an 

antenna with directive radiation pattern, low cross-polarization, and stable phase center is used. In 

the second studied application, results indicate that effects of mutual coupling between the array 

elements on the phase values are negligible. Thus, the phase of the reflected waves from the tag is 

mainly determined by the distance between the tag and each antenna element, and is not affected 

by the induced currents on the other elements.
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INTRODUCTION…. 

1.1 Research Motivation and Objectives 

Advancement in technology has made the wireless electronic devices play an essential rule 

in many applications such as the modern health monitoring systems. These systems can be either 

wearable (non-invasive) or implantable (invasive) where the former includes all the devices 

located outside the human body whereas the latter must include at least one in-body or implanted 

device [1]. As shown in Fig. 1.1, smart shirt and headband to track blood oxygen levels, blood 

pressure, skin temperature, activity level, heart rate and respiratory rate [2], health patches for 

temperature measurements [3], electroencephalogram (EEG) tattoo sensor [4] and motion sensor 

[5] are examples of non-invasive wearable devices. As shown in Fig. 1.2, deep brain 

neurostimulators, gastric stimulators, foot drop implants, cochlear implants, pacemakers, and 

insulin pumps are examples of implantable devices [6]. These devices can collect the health 

parameters and may send them to a central unit that is located either on- or off- the body. The 

central unit may then send these data to the doctor's computer using Wi-Fi or Bluetooth. Using the 

above technique will save the medical specialist and patients a lot of time, will make the life of 

patients comfortable by increasing their mobility, will reduce the cost associated with healthcare 

and will improve the quality of healthcare provided.  

Such network of the communicating wireless devices, shown in Fig. 1.3, that are 

implantable and wearable is called wireless body area network (WBAN). Some other terms which 

are commonly used for the WBAN are body sensor network (BSN) or body-centric wireless 

communication [7]. 
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Fig. 1.1: Examples of non-invasive wearable devices [2]-[5]. 

 

     

Fig. 1.2: Examples of invasive implantable devices [6]. 

 

As a critical component in wearable and implantable devices, an antenna plays a key role 

for the wireless communication between the devices in the WBAN. The communication takes 

place either through the body or over the body as in the implantable and wearable devices, 

respectively. This is different from the communication between a mobile phone and a base station 

where the communication channel is mostly through the air. Human body is considered as a hostile 

environment for radio due to its high tissue parameters (i.e., permittivity and conductivity) at 

Smart shirt and band [2] 

 

Thermometer patch [3] 

 

EEG Tattoo sensor [4] 

 

Motion sensor [5] 
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microwave frequencies [1]. The signal loss is much higher than through the air. The reason for this 

is that the tissues of the human body can absorb and attenuate the signal radiated by antennas.  

Hence, a reliable wireless link between wearable and implantable devices in the WBAN can be 

designed by having knowledge of the signal loss in the communication channel (i.e., human body), 

and the use of a proper antenna. The existing implantable and wearable antennas’ topologies and 

designs under discussion still suffer from many challenges such as unstable antenna behavior, low 

bandwidth, considerable power generation, less biocompatibility, and comparatively bigger size.  

 

 

Fig. 1.3: Classifications of wireless body area communication.    

 

This research has two main parts and will focus on two main objectives:   

 Part I: to design, implement, and characterize antennas of improved characteristics for 

wearable and implantable devices intended for biomedical applications. The 

wearable/implantable antennas design constraints, requirements and challenges will be 

discussed in section 1.2.  

 Part II: to introduce experimental and numerical investigations on the antenna effect on the 

system performance in two different applications. First, antenna selection criteria for the use 

in a non-contact respiratory rate measurement system based on ultra-wide band (UWB) radar 
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communication 
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technology. The ultimate goal of studying this system is to address the limitations and 

capabilities of using it as a non-contact respiration-rate measurement device from antenna and 

propagation point of view. Second, antenna topology (i.e., single antenna element and antenna 

array) effects on the phase measurement of a backscattered signal from a semi-passive radio 

frequency identification (RFID) tag. The phase information is then used for three dimensional 

(3D) localization purposes. The ultimate goal of studying this system is to address the 

limitations and capabilities of using it as a wearable 3D human localization device.  

1.2 Design Constraints, Requirements, and Challenges  

In order to perform the design of an antenna for implantable and wearable systems, several 

requirements in terms of physical and electromagnetic constraints summarized in Fig. 1.4, must 

be taken into account. A brief discussion is drown as follows: 

 

Fig. 1.4: Constraints and requirements of wearable and implantable antennas design.    
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Body phantom: usually it is not possible to initially test wearable and implantable 

antennas on/in an actual human due to ethical and safety issues. However, unlike free-space, the 

human body is lossy and frequency dependent as the electrical properties of the tissues have a large 

dynamic in the microwave frequency range. As an example, Table 1.1 shows the electrical 

properties in terms of the relative permittivity (εr) and conductivity (σ) of muscle and fat tissues at 

different frequencies, large variations can be observed as the frequency changes. Thus, the 

surrounding body tissues can strongly affect the antenna performance. They can modify the 

electrical size of an antenna. Given fixed dimensions, a lower resonant frequency (fr) can be 

obtained, if compared to the free-space case , according to the following relation [8]: 

                                                          𝑓𝑟 =
𝑓0

√𝜀𝑟
                                                                 (1.1) 

where f0 is the resonance frequency in free-space. Moreover, the attenuation of the electromagnetic 

wave (EM) when traveling through the tissues also changes accordingly. The attenuation 𝛼𝑎𝑡𝑡𝑛 in 

Neper/m (1 Neper = 8.686 dB) of the EM waves in a lossy medium is given by [7]:  

                                           𝛼𝑎𝑡𝑡𝑛 = 𝜔√
𝜇𝜀0𝜀𝑟

2
(√1 + (

𝜎

𝜔𝜀0𝜀𝑟
)
2

− 1)                                         (1.2) 

where 𝜇 = 𝜇0 = 4π×10-7 H/m is the permeability of the free-space as the human tissues are non-

magnetic, 𝜀0 = 8.85×10-12 F/m is the permittivity of the free-space, 𝜀𝑟 is the relative permittivity 

of the tissue,  𝜎 is the conductivity in S/m, and 𝜔 = 2𝜋𝑓 with f being the frequency in free-space. 

The attenuation in dB/m for fat and muscle tissues at different frequencies is shown in Table 1.1.  

Human body phantom is used which can be a numerical model of actual human at the 

design and optimization stage of the antenna in simulation software for more realistic scenario or 

a physical phantom mimicking the characteristics of the biological tissues at the verification stage 
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of the antenna performance. The choice of the numerical body phantom affects both the design 

and performance of implanted and wearable antennas, as it is almost impossible to separate the 

performance of these antennas from the investigated body phantom.  

Table 1.1: Characteristics of muscle and fat tissues at different frequencies [9].   

Frequency Tissue Relative permittivity (εr) Conductivity (σ), S/m Attenuation (αattn), dB/m 

915 MHz 
Fat 5.459 0.051 35.565 

Muscle 54.99 0.948 206.30 

2.45 GHz 
Fat 5.280 0.104 75.391 

Muscle 52.72 1.738 388.84 

5.8 GHz 
Fat 4.954 0.293 214.44 

Muscle 48.48 4.960 1151.9 

 

A simulated biological body could be a simple homogeneous model having the average 

electrical properties of the different tissues, or a more complex and anatomically phantom having 

almost all different tissues of a human body. The simplified body models describe the human body 

with different accuracies in terms of geometry, composition, and dimensions. Canonical 

geometries, as shown in Fig. 1.5,  such as rectangular [10], cylindrical [11], and spherical [12] 

shapes can be used. On the other hand, muscle [13], averaged arm properties [11], and multilayered 

phantoms [14] are examples of different body phantom compositions. Dimensions of the body 

models adopted by researchers can vary in a wide range from a minimum of 8.5 mm to a maximum 

of 1000 mm [15].  

                    

                                        (a)                                                    (b)                                        (c) 

Fig. 1.5: (a) Rectangular [16], (b) cylindrical [17], and (c) spherical [18] body models.  
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The highest inhomogeneity in terms of the aforementioned body model parameters is 

provided by Virtual family phantoms with more than 84 different tissues obtained from the high 

resolution magnetic resonance imaging (MRI) of real human beings. They are provided by ITIS 

foundation [19]. The virtual family phantoms consist of four phantoms, a male phantom named 

Duke of age 34 year, a female phantom named Ella of age 26 year, a phantom of a girl named 

Billie of age 11 year, and a boy phantom named Thelonious who is 6 years old. The body model 

of Ella is illustrated in Fig. 1.6. It is worth mentioning that one of the limitations of using whole 

body phantoms with different tissues is a long simulation time due to large number of meshing 

cells in simulations. Hence, in order to accelerate the overall antenna design process, the phantom 

can be truncated to include the area of interest in the simulation domain. For example in [20], only 

the arm has been used for on body antenna performance evaluation. 

                          

                                                         (a)                                (b)                         (c) 

Fig. 1.6: Human body model of Ella; (a) 3D, (b) side, and (c) front views [19].  

 

While the numerical analysis is extremely rich of body phantoms, more limitations appear 

when realizing a human body model to test the antenna. Physical phantoms are intended to make 

the evaluation of antenna performance in a controlled laboratory environment. They can be 

classified on the basis of the tissue types they represent. They can represent low-water content 
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tissue, such as bones and fats, having low permittivity and low loss. They can also represent high-

water content tissues such as brain, skin and muscles, which have higher permittivity and loss [1]. 

Physical phantoms can be classified based on their final state as solid (dry) [21], semisolid (gel) 

[22] and liquid [23] phantoms. Fig. 1.7 shows different types of the skin tissue phantom.  

      

                             (a)                                                     (b)                                                        (c) 

Fig. 1.7: Physical skin phantoms; (a) solid [21], (b) semisolid [22], and (c) liquid [23].  

 

Safety regulations: due to the fact that the propagation of the electromagnetic field will 

be through/on the human body, electromagnetic power absorbed by the human body may pose 

potential health risks in case of long-term irradiation of the human body causing tissue damage. 

Hence, in order for the wearable/implantable antenna to adhere the health and safety requirements, 

the radiation from the antenna should present the least power absorbed per unit mass that is 

quantified by specific absorption rate (SAR). The amount of power absorbed by the human body 

can be expressed as [24]:  

                                                     
𝑃

𝜌
=

𝜎𝐸2

2𝜌
=

𝐽2

2𝜌𝜎
                                                      (1.3) 

where, 𝑃 is the power loss density (W/m3), 𝐸 is the electric field strength (V/m), 𝐽 is the current 

density (A/m2), 𝜌 is the mass density (Kg/m3) and 𝜎 is the conductivity (S/m). SAR levels should 

be controlled to be at the safety levels of the electromagnetic fields defined by the commonly used 



9 

SAR standards. For IEEE C95.1-2005 standard, a maximum value of 2 W/kg for the 10-g averaged 

SAR is stipulated [25]. On the other hand, IEEE C95.1-1999 standard restricts the 1-g averaged 

SAR to be less than 1.6 W/kg, the specification of which is more stringent [26]. 

Biocompatibility and material selection: biocompatibility implies that an antenna 

operating inside/on the body won’t react with the surrounding tissues in order to preserve patient 

safety and, in case of implantable antenna, to prevent rejection of the implant. Furthermore, human 

tissues are conductive, and would short circuit the antenna if they were allowed to be in direct 

contact with its metallization. Biocompatibility and prevention of undesirable short-circuits are 

especially crucial in the case of antennas that are intended for long-term implantation [27]-[28]. 

For implantable antennas, different techniques have been explored in literature to achieve 

biocompatibility, including use of biocompatible materials [29], coating with thin biocompatible 

polymers [30], and addition of superstrates to cover the exposed metal parts [31]. The effect of the 

biocompatible encapsulation layer on the impedance matching and gain of the antenna is 

significant, therefore it should be taken into consideration when designing implantable and antenna 

[32]. 

In addition, in case of wearable antenna, to maintain easy wearing and less discomfort 

when antenna is mounted onto the human body, the antenna has the requirement of being 

reasonably flexible, low profile, and conformal to the human body. In addition, the robustness of 

the wearable antenna performance against various types of structural deformations such as bending 

and crumpling conditions should be guaranteed. Therefore, flexible and textile materials have been 

widely adopted in the wearable antenna design. Examples of used materials in literature are listed 

in Table 1.2.  
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Table 1.2: Examples of textile and flexible materials used in wearable antenna design. 

Ref. Material (dielectric/conductive) 

[33] Textile: wood felt/nylon  

[34] Textile: felt/shieldit Super 

[35] Textile: cotton/ NA  

[36] Textile: leather/conductive threads 

[37] Textile: jeans/NA  

[38] Textile: felt/zelt 

[39] Flexible: polyimideKapton and vinyl/NA 

[40] Flexible: jeans/flexible copper sheets 

[41] Flexible: RO3003/copper 

[42] Flexible: commercial papers/copper sheet 

[43] Flexible: latex/silver Nano-particle ink 

[44] Flexible: polydimethylsiloxane (PDMS)/silver Nano-wires 

 

Frequency band: the operational frequency band for implantable and wearable antennas 

should be chosen properly taking into the account several factors such as the desirable application, 

antenna size, and signal attenuation through the biological tissues. In general, selection of the 

operation frequency involves several trade-offs. Specifically, low frequencies tend to be more 

attractive as they are associated with low signal attenuation (see Table 1.1), but at the same time 

will result in a relatively large antenna size. Moreover, the available bandwidth is low which limits 

the communication speed. A choice of high frequency band will result in small antenna size and 

high bandwidth but on the downside, it will have high attenuation (see Table 1.1). So at low 

frequencies the antenna becomes an inefficient radiator, and at high frequency tissue absorption 

losses dominate. Table 1.3 shows the characteristics of the frequency bands that could potentially 

be used for wearable and implantable antenna designs [7].  
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Table 1.3: Potential frequency bands for wearable and implantable devices [7], [45].  

Freq. (MHz) Acronym Merits Demerits 

402 – 405 MICSa Good propagation characteristics 

Wearable applications not 

Allowed, large antenna size, limited 

bandwidth 

401 – 406 

413 –  419 

426 –  432 

438 –  444 

451 –  457 

MedRadiob 

Worldwide availability, good 

propagation characteristics, quiet 

channel, medical only 

Large antenna size, limited bandwidth 

433.05 – 434.79 
General 

telemetry 
Good propagation characteristics 

Crowded spectrum, large antenna, 

limited bandwidth 

608 – 614 

1395 – 1400 

1427 – 1432 

WMTSc 
Good propagation characteristics, 

medical only 
Limited spectrum, heavily used 

868 – 870 
General 

telemetry 
Good propagation characteristics 

EU only, limited spectrum, heavily 

used 

902 – 928 ISMd Good propagation characteristics US/Canada only, crowded spectrum 

2400 – 2500 ISM 
Worldwide availability, small 

antenna, large bandwidth 

Crowded spectrum, many standards 

and technologies 

5725 – 5850 ISM 
Worldwide availability, small 

antenna, large bandwidth 

Existing standards and technologies, 

severe attenuation 

3100 –  10600 UWBe 
Worldwide availability, short range, 

low power, huge bandwidth 

Coexistence with high data rate 

multimedia applications, severe 

attenuation 

a. Medical Implanted Communication Service (MICS), b. Medical Device Radiocommunications (MEDRadio), c. Wireless 

Medical Telemetry Service (WMTS), d. Industrial, Scientific, and Medical (ISM), and e. Ultra-WideBand (UWB). 

 

Size restriction: as implantable and wearable devices are intended to be either worn on- 

or implanted inside the human body, respectively, the overall size of the device including the size 

of the antenna should be small. Several antenna miniaturization techniques proposed in the 

literature include the use of high-permittivity dielectric (substrate/superstrate) materials [12] such 

as ceramic alumina and Roger 3210, lengthening of the current-flow path in the radiating surface 

[46] such as meandered, spiral, waffle-type shaped radiating patch, inserting a shorting pin 

between the ground and patch planes to increase the effective size of the antenna, and, in turn, 

reduces the required physical dimensions [47], and using stacked structures [8]. It is worth 

mentioning that the actual process of antenna manufacturing has to be taken into account in order 



12 

to avoid extremely tight tolerances and to maximize the repeatability of the construction process 

itself. 

Bandwidth: identifies the frequency spectrum where the antenna is matched and the 

provided power is radiated. In general, the reflection coefficient (S11) describes the impedance 

mismatch between the feed line and the antenna feed point. It can be defined as the ratio of the 

power reflected back from the antenna at the feed point to the power fed to the antenna. If the 

power is completely reflected back at the feed point, S11 will equal to 1 or 0 dB. On the other hand, 

if the power is completely delivered to the antenna, the value will equal to 0 or - ∞ dB. -10 dB 

input impedance bandwidth (i.e., used in this dissertation) refers to the range of frequencies in 

which a certain level of S11 can be maintained. Usually it is determined as the frequency range of 

-10 dB level of S11, which is defined by the lower fl and the upper frequency fh band limits.     

The surrounding environment for wearable and implantable antennas changes significantly 

from person to person. Therefore, the antenna should have a wide bandwidth to withstand the 

frequency detuning due to the human body loading. This is illustrated by the case of a wearable 

antenna in [11] which is simulated when it is surrounded by its body phantom and free-space. 

Simulated S11 results are reported in Fig. 1.8. A 700 MHz downward frequency shift occurs when 

the dielectric constant of the surrounding medium changes from 1 to 21.2, with respect to the free-

space case. The selected dielectric value is used to mimic the averaged arm tissue at 5.8 GHz.  

Based on the aforementioned discussion, the antenna design requirements can’t be 

separated and the selection of one affects the others. Therefore, the design of miniaturized 

efficient antenna working in/on the human body for wearable and implantable applications 

becomes one of the greatest challenges. Other challenges are associated with the characteristics 

measurement setups of the wearable/implantable antennas in the laboratory (i.e., more details will 
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be provided in the following chapters). Open research issues related to wearable/implantable 

antennas design and characterizations leave much to be desired.      

 

Fig. 1.8: Simulated S11 of wearable antenna in free-space and on body phantom.    

 

1.3 Overview of the Thesis  

Wearable antenna design (CHAPTER 2 and CHAPTER 3): artificial magnetic conductor 

(AMC) structures are used in the antenna design, acting as a ground plane, due to several 

advantages. First, AMC structures can improve the antenna radiation characteristics, such as the 

antenna gain, due to their in-phase reflection property while maintain small antenna volume. 

Second, they can isolate the antenna from the human body. Hence, the effect of the high loss tissues 

on the antenna performance and the EM coupling to the human body can be minimized. The 

targeted frequency bands are 2.45 GHz and 5.8 GHz ISM bands to achieve antenna 

miniaturization. Flexible material such as dielectric RO3003 and textile materials such as dielectric 

Pellon and conductive Shieldit Super and Pure Copper Taffeta materials are used in the antenna 

design to achieve the flexibility, low profile, and conformity requirements of the wearable antenna. 

Assessments of the proposed wearable flexible and textile antennas are carried out in free-space 

and on body conditions for antennas in flat form and under deformation effects such as bending 
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and crumpling. SAR evaluations are carried out for different scenarios to account for the safety 

regulations. Finally, investigations on proposing new materials such as flexible magneto-dielectric 

(MD) materials and dielectric and magnetic layered substrate in wearable antenna design are 

presented.       

Implantable antenna design (CHAPTER 4): the design of antenna for implantable device 

of a capsule shape is of our interest due to the easy packaging process. As the antenna can be 

printed on the outer wall of the capsule, the inner volume can be used for the other electronic 

components. Biocompatible materials are used for the antenna and capsule designs. To achieve 

antenna miniaturization, meandered antenna shape is adopted. Wide band implantable antenna that 

is working within different frequency bands to consider different implanting scenarios is achieved. 

Investigated wireless body area network (WBAN) applications (CHAPTER 5): (1) 

Respiratory rate measurement using UWB radar system: the process of measuring respiratory rate 

should be simple, reliable, and comfortable for patients. The use of UWB radar as a mechanism to 

measure respiration is useful due to its non-contact form of use. To evaluate a radar-based sensing 

system using different antenna types for respiratory-rate measurement, antenna type selection is 

done by testing the performance of three types of antennas attached to a TimeDomain PulseOn ® 

410 UWB [48] radar system, measuring the movement rate of controlled movable device. 

Experiments are designed in order to assess the tradeoffs between antenna selection and the 

proposed sensing system’s accuracy. Results indicate that the proposed sensing system is less 

affected and shows less error when an antenna with directive radiation pattern, low cross-

polarization and stable phase center was used. Due to its good radiation characteristics and small 

form-factor this antenna is then selected to study the respiratory rates of ten test subjects to 

investigate whether it is possible to measure the respiratory-rate using this system. Reference 
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measurements are performed and the accurate values of the respiratory-rates of the test subjects 

are collected and compared with the radar setup results. (2) An accurate phase-based localization 

method of RFID tag: real-time indoor localization has recently received intensive interests for a 

large variety of applications. A simulation study of indoor localization method of a semi-passive 

RFID tag is presented. The localization method is based on the phase information of the 

backscattered signal from a semi-passive RFID tag. Simulations and measurements of the 

backscattered phase for different cases are studied and compared in this chapter. The phase 

information is then will be used for 3D tracking purposes. 

Conclusions, contributions, and future work (CHAPTER 6): this chapter will summarize 

the use of the research achievements/novelties and draw the main conclusions of this thesis. In 

addition, recommendations for future work will be included. 
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DESIGN OF FLEXIBLE WEARABLE ANTENNA  

2.1 Introduction 

The main goals of this chapter are: 

 To present the design cycle of a wearable textile-based monopole antenna integrated with a 

flexible artificial magnetic conductor (AMC) structure. The proposed design covers the ISM 

2.45 GHz band. An AMC reflector is utilized to isolate the human body from undesired 

electromagnetic radiation and to improve the antenna radiation characteristics. Modeling and 

numerical analysis were carried out using full-wave electromagnetic simulation software, CST 

Microwave Studio (MWS) [49]; 

 To realize and characterize the proposed wearable antennas, i.e., textile coplanar-waveguide 

(CPW) fed monopole antenna and flexible AMC antenna, in flat form and free-space 

conditions;   

 To perform flexibility tests on the proposed wearable antennas, based on numerical analysis 

and prototypes measurements, in order to study effects of structural deformation, i.e., different 

crumpling conditions, on the input impedance matching and radiation characteristics of the 

proposed wearable antennas;  

 To study effects of structural deformation, i.e., crumpling conditions, on the in-phase reflection 

characteristics of the AMC reflector;  

 To perform numerical analysis of the proposed antennas mounted on different body models in 

order to discuss effects of human body loading in terms of frequency detuning and variations 
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of antenna radiation characteristics. A three-layered planer human body model was first 

considered, then a voxel body model was presented; 

 To evaluate effects of antenna-body separation distance, using the simplified layered body 

model, on the stability of the proposed antennas’ input matching characteristics; 

  To consider the safety concerns and limits imposed by the standards such as IEEE C95.1-1999 

[26] and the IEEE C95.1-2005 standards [25], when the proposed antennas are close to the 

human body. SAR assessments were carried out for the proposed wearable antennas in flat and 

crumpled forms.  

In order to reach these goals, this chapter is organized as follows: 

Section 2.2 presents a literature survey on different textile/flexible wearable antennas that 

were integrated with AMC reflectors. These antennas are operating within ISM 2.45 GHz band 

(2.4 GHz – 2.5 GHz). The design details and prototypes realization of the textile monopole antenna 

and flexible AMC reflector are presented in Section 2.3. Section 2.4 presents performance 

evaluation, based on numerical and measurement analysis, of monopole and AMC antennas in 

terms of reflection coefficient and radiation characteristics. Challenges during the simulation and 

measurement phases of the design are discussed in this section. Evaluation of the proposed 

antennas in free-space is carried out in flat form and under different crumpling conditions. Section 

2.5 presents a discussion on the performance evaluation of the proposed wearable antennas in the 

presence of different human body models. 
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2.2 Background 

The use of AMC in different textile/flexible wearable antennas has been investigated and 

presented in the literature. In [33], a circular ring slot antenna was integrated with a 3 × 3 

rectangular ring-shaped AMC array as shown in Fig. 2.1(a). The integrated antenna measures 81 

× 81 × 4 mm3 and implemented using dielectric wood felt and nylon conducive textile materials. 

The measured antenna gain and -10 dB input impedance bandwidth at 2.45 GHz are 7.3 dBi and 

14.7%, respectively. The maximum averaged 1 g SAR value with the AMC layer was 95.9% lower 

than that obtained using the stand-alone circular ring slot antenna. However, variations in the 

matching properties in terms of frequency detuning and a reduction in S11 levels were observed 

when the integrated AMC antenna was mounted on different parts of the human body such as leg, 

arm and stomach.     

In [39], a flexible polyimide Kapton and vinyl materials were utilized to design the M-

shaped monopole antenna and slotted Jerusalem Cross (JC) AMC structure, respectively, as 

depicted in Fig. 2.1(b). The AMC antenna has 18% -10 dB input impedance bandwidth, 3.7 dB 

increase in the antenna gain, and 64% reduction in SAR at 2.45 GHz. The total size of the antenna 

is 65.5 × 65.5 × 3.2 mm3. 

                  

                                                      (a)                                                                          (b)  

Fig. 2.1: AMC antennas based on (a) textile [33] and (b) flexible materials [39].  
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In [41], a folded slot antenna was integrated with a 3×3 rectangular shaped AMC unit cells, 

as depicted in Fig. 2.2(a). Both antenna and AMC were fabricated, using an etching process, on 

Rogers RO3003 flexible substrate. The antenna was placed, approximately λ/20 (at 2.4 GHz), 

above the AMC surface, and a flexible foam material was used to fill the space between the 

radiating element and the AMC surface as shown in Fig. 2.2(b). Hence, the antenna design resulted 

in a relatively large size of 88 × 83 × 9 mm3. In addition, the -10 dB input impedance bandwidth 

of 4% at 2.45 was relatively low for the ISM 2.45 GHz band. A significant reduction in the S11 

level was observed when the antenna was mounted and tested on a human leg.   

 

           

                                              (a)                                                                                 (b)  

Fig. 2.2: Fabricated prototypes; (a) folded antenna and AMC and (b) AMC antenna [41]. 

 

In [42], microstrip monopole antenna with single-ring resonators was inkjet-printed on the 

commercially available 0.23 mm-thick photo paper using conductive Nano-silver ink, as shown in 

Fig. 2.3. A 2.54 mm-thick spacer made of Styrofoam was inserted as between the AMC array and 

a copper sheet which was used as a metallic reflector, as shown in Fig. 2.3(c). The antenna 

measures 150 × 130 × 2.87 mm3. It is worth mentioning that, while the antenna with the AMC 

reflector was well matched within the ISM 2.45 GHz band with -10 dB input impedance bandwidth 

of 10%, in the absence of the AMC array, the antenna did not not resonate. The antenna gain of a 

conventional microstrip monopole on chest human phantom was as low as -9 dBi. On the other 
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hand, the gain of the proposed AMC backed monopole, measured on a human phantom was 0.95 

dBi.   

 

                     

                                                      (a)                                                                       (b)  

 

                                                                                            (c)                                                                                                  

Fig. 2.3: Fabricated prototype; (a) front view, (b) rear view and (c) entire antenna [42]. 

 

A dual band fractal based monopole patch was fabricated using dielectric jeans fabric and 

flexible copper sheets, as shown in Fig. 2.4(a) [40]. The integrated AMC antenna measures 150 

×150 × 3 mm3 with -10 dB input impedance bandwidth of 5.08% at 2.45 GHz. Due to the presence 

of AMC reflector, the back lobe of the antenna was reduced by 15.64 dB at 2.45 GHz. The antenna 

was evaluated under different bending and crumpling conditions to test the flexibility of the 

proposed design. In general, a frequency detuning effect was observed under these conditions.  

In another design, Yagi–Uda antenna over an AMC reflector was printed on a flexible latex 

substrate using silver Nano-particle ink [43]. The antenna was separated from the upper AMC 

surface using flexible Styrofoam of thickness 0.044λo at 2.4 GHz. The resultant antenna size is 50 

× 50 × 9.5 mm3. The antenna suffered from a very narrow -10 dB input impedance bandwidth of 

Antenna plane 

AMC structure plane Thickness of 2.54 mm 

Copper sheet 
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1.8% at 2.4 GHz. Antenna gain of 0.12 dBi in the end-fire direction was obtained when antenna 

was mounted on human chest. A photograph depicting the antenna on human chest is shown in 

Fig. 2.5. Performance sensitivity to bending conditions was observed in terms frequency detuning 

and radiation patterns widening.   

 

       

                                            (a)                                                                            (b)  

Fig. 2.4: (a) Fabricated prototype and (b) antenna under bending conditions [40]. 

 

 

Fig. 2.5: Flexible antenna mounted on the human chest [43]. 

 

In [44], authors are presenting an antenna utilizing a low-loss composite 

polydimethylsiloxane (PDMS) and silver Nano-wires, used as the dielectric and conductive 

materials, respectively, of a flexible ring monopole antenna integrated with AMC reflector. The 

antenna topology is shown in Fig. 2.6. A foam spacer was used between the antenna and the AMC 

structure resulting in a 50 × 50 × 5.5 mm3 antenna size. The integrated antenna features antenna 



22 

input impedance bandwidth and gain of 11.3% and 5.2 dBi at 2.44 GHz, respectively. Robustness 

of the antenna was evaluated under different bending conditions and on body scenarios.  

In the last example we present here the AMC unit element was designed based on the 

rectangular patch structure, which was then integrated using slots and slits for bandwidth 

broadening [34]. Meanwhile, the combination of the slits and L-shaped parasitic elements applied 

at four edges of the rectangular antenna structure enabled unidirectional radiation outwards from 

the body. The antenna shown in Fig. 2.7 measures 100 × 100 × 6 mm3 and was fabricated using 

dielectric felt and conductive Shieldit Super textile materials. Although the antenna features light 

weight and small size properties, the antenna has a low gain and -10 dB input impedance 

bandwidth of 2.42 dBi and 9.85% at 2.45 GHz, respectively.  

 

           

                                                          (a)                                                           (b)                                                               

Fig. 2.6: (a) Fabricated AMC antenna and (b) flexibility test [44]. 

 

         

                                                                  (a)                                                  (b)                                                               

Fig. 2.7: (a) AMC structure and (b) proposed antenna [34]. 
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2.3 Antenna Topology and Materials  

The monopole antenna configuration was designed based on the proposed design in [50] 

and was optimized to operate in the ISM 2.45 GHz band. The radiating element and the CPW 

feeding line were located on the same side of a Pellon fabric substrate with a thickness of 3.6 mm, 

relative permittivity (εr) of 1.08, and loss tangent (tanδe) of 0.008. Fig. 2.8 depicts the dimension 

details of the monopole antenna. It is worth noting that the separation between the two arms (W3) 

in addition to the slot width (W1) were selected to achieve the minimum reflection coefficient (S11 

< -10 dB). Pellon fabric was chosen as the antenna’s substrate since it exhibits a low profile and 

flexible characteristics, which enable stacking multiple layers to control the thickness of the 

substrate while the antenna is conformal to the user’s body [51]. A 0.17 mm-thick electro-textile, 

Shieldit Super from LessEMF [52], was used to fabricate the conductive layers.  

                             

Fig. 2.8: Configuration of CPW-fed monopole antenna (right) and dimension details (left). 

 

The AMC reflector was designed by reflection phase characterization. AMC acts as a 

perfect magnetic conductor (PMC) in a specific frequency band in which it provides in-phase 

reflection characteristics. The proposed monopole antenna was placed on a symmetric 4 × 4 AMC 

array, measuring 124 mm × 124 mm. The AMC unit cell has a size of 31 mm × 31 mm, and it was 

Parameter Dimension (mm) 

W 32.1 

W1 1.00 

W2 3.00 

W3 0.30 

W4 14.0 

L 57.0 

L1 32.0 

L2 20.0 
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printed on a 1.52 mm thick RO3003 flexible material with εr = 3 and tanδe = 0.0013. Fig. 2.9 shows 

the configuration along with the dimension details of the proposed AMC unit cell. Fabrication of 

the textile antenna process was performed using Silhouette®, and CNC machine was used for the 

flexible printed circuit board (PCB) materials. Prototypes of the fabricated monopole antenna and 

AMC reflector are shown in Fig. 2.10.  

                  

Fig. 2.9: Configuration of AMC unit cell (right) and dimension details (left). 

 

                                              

                                    (a)                                                     (b)                                                           (c) 

Fig. 2.10: Photograph of fabricated (a) monopole, (b) AMC reflector, and (c) AMC antenna. 

For the AMC reflection phase characterization procedure we followed the same 

methodology applied in [53]. In order to find the AMC in-phase band (i.e., within ±90° phase 

values), a single cell with periodic boundary conditions (PBC) in the x- and y-directions was 

simulated in CST MWS. For the proposed cell, as shown in Fig. 2.11, the exact point of zero 

reflection phase is located at 2.45 GHz with a bandwidth of 138 MHz (2.34 GHz to 2.48 GHz) 

within ±90° phase values.      

Parameter Dimension (mm) 

A 31.0 

A1 12.0 

A2 5.50 

A3 1.30 

B 31.0 
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Fig. 2.11: Reflection phase diagram of AMC unit cell. 

 

2.4 Performance of Wearable Antennas in Free-space 

2.4.1 Performance of Wearable Antennas in Planar Configuration 

In order to decide on the alignment of the monopole antenna on the AMC reflector, a 

comparison of two cases, one when the monopole antenna was placed at the center and the second 

one when it was at the edge of the AMC structure, was carried out. The comparison was based on 

simulations of the antenna on a flat plane. Results are summarized in Table 2.1. Although the AMC 

reflector was designed to have the in-phase reflection property at 2.45 GHz, it can be seen that if 

the monopole antenna was placed at the edge of the AMC structure, the 2.45 GHz frequency point 

did not show much improvement in the performance. On the other hand, when antenna was placed 

at the center of AMC structure, a higher gain value was achieved at 2.45 GHz.   

Furthermore, a study on the advantage of using the AMC structure in improving the 

antenna performance at a relatively small size was carried out. Four different cases were studied 

for comparison purposes and results are shown in Table 2.2.  
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Table 2.1: Performance summary of monopole placed at different locations on the AMC. 

Parameter Monopole placed at the edge Monopole placed at the center 

Resonance frequency (fr), GHz 2.42 2.46 

S11 at fr, dB -21.79 -23.63 

Gain at fr, dBi 4.65 8.55 

Front-to-back ratio (FBR) at fr, dB 13.95 16.16 

S11 at 2.45 GHz, dB -2.56 -11.87 

Gain at 2.45 GHz, dBi 2.54 8.41 

FBR at 2.45 GHz, dB 22.14 22.16 

 

Table 2.2: Performance summary of studied scenarios. 

Parameter Case1 Case2 Case3 Case4 

Resonance frequency (fr), GHz 2.16 NAa 1.91 2.46 

Input impedance bandwidth, GHz 2.58 NA 3.40 0.047 

Lower frequency (fl), GHz 1.75 NA 1.66 2.43 

Upper frequency (fh), GHz 4.33 NA 5.06 2.48 

S11 at fr, dB -16.92 NA -17.77 -23.63 

Gain at  fr, dBi 2.23 NA 7.43 8.55 

Front-to-back ratio (FBR) at  fr, dB 0.008 NA 15.73 16.16 

S11 at 2.45 GHz, dB -15.81 -1.19 -11.62 -11.87 

Gain at 2.45 GHz, dBi 2.45 1.39 7.91 8.41 

FBR at 2.45 GHz, dB 0.009 23 15.13 22.16 

a. Antenna does not show a -10 dB S11 value. 

 

Where the wavelength (λ) is calculated at 2.45 GHz, these cases were defined as follows:  

1. Case 1: Monopole antenna without ground plane or AMC layer, 

2. Case 2: Monopole antenna with ground plane at zero distance, 

3. Case 3: Monopole antenna with ground plane at λ/4 distance,  

4. Case 4: Monopole antenna with the proposed AMC structure. 

As expected, the addition of ground plane at λ/4 (30.6 mm at 2.45 GHz) distance away 

from the monopole antenna has improved the antenna gain and front-to-back-ratio (FBR) 

compared to the stand-alone antenna case, due to constructive effect of antenna’s image. However, 

placing the ground plane at zero distance away from the antenna resulted in a non-resonating 

radiator due the destructive image. Also as expected, AMC reflector of 3.6 mm thickness at zero 
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distance away from the antenna showed a significant improvement in antenna gain and FBR. In 

case of using a ground plane, the separation distance between antenna and ground plane is 

important to get the constructive addition of image, which can be achieved when the ground plane 

is approximately at λ/4 distance away from the antenna. However, this can result in a large antenna 

size, which is not feasible in case of wearable antennas. On the other hand, the antenna operating 

frequency should be within the ±90° reflection phase bandwidth of the AMC reflector in order to 

get the constructive effect, with the best performance can be achieved at 0° phase point.    

Reflection coefficient (S11) was simulated and measured with and without the AMC 

reflector as shown in Fig. 2.12. Measurements were conducted using Keysight E5071C vector 

network analyzer with (300 kHz – 20 GHz) frequency operating range. Discrepancies between 

first set of simulations (simulation 1) and measurements were observed that might be attributed 

due to errors during simulation, fabrication, and measurement phases of the study. Despite the fact 

that the measured results confirmed our design approach for the wearable antennas operating 

within ISM 2.45 GHz band, the proposed wearable antennas did not provide the expected 

performance in terms of matching characteristics, therefore we started looking for the error sources 

in our investigation. The most significant potential source of error we found was the error in the 

assumption of material properties used during the simulation phase. In the first set of simulations 

(simulation 1), for simplicity we used copper with the conductivity of 5.8 × 107 S/m as the 

conductive material in monopole antenna simulation. However, the conductivity of the electro-

textile materials is different from that of a good conductor such as copper. To validate this 

conclusion, a parametric study on the conductivity of the electro-textile material was carried out 

based on simulations. Good agreement with the measurement results was obtained with the 

assumption of 500 S/m as the conductivity of electro-textile material (see simulation 2).  
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Simulation 2 of monopole antenna yields a wide -10 dB input impedance bandwidth of 4.88 GHz 

(1.32 GHz – 6.20 GHz) with a good impedance matching at 2.45 GHz (S11 = -12.82 dB). 

Measurement result showed a good agreement with the simulation 2 result within the ISM 2.45 

GHz band showing -10 dB input impedance bandwidth of 1.40 GHz (2.3 GHz – 3.7 GHz). On the 

other hand, measurement result of AMC antenna showed a wider -10 dB input impedance 

bandwidth of 400 MHz (2.2 GHz – 2.6 GHz) compared to simulation 2 results (2.38 GHz – 2.48 

GHz). It is worth mentioning that the reported simulation results of the rest of simulations in this 

chapter are based on assumption of a conductive material of 5.8 × 107 S/m conductivity. 

 

(a) 

 

(b) 

Fig. 2.12: Simulated and measured S11 of (a) monopole and (b) AMC antennas in free-space.  
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Many challenges were faced during the measurement phase due to the stiffness of the 

vector network analyzer cables and SMA connectors and the flexibility of the textile material. We 

could not firmly fix the antenna and we noticed a large variation in the resonances and S11 level 

when we changed the position of the antenna and the cables during the setup of the test. Also, a 

large variation in S11 with the pressure on the antenna connector while moving the cable was 

confirmed. Some problems in terms of misalignment of the monopole antenna on the AMC 

structure and air gap between monopole antenna and AMC structure were also faced. The impact 

of a thin air layer in the proposed AMC antenna, representing a layer between textile antenna and 

AMC structure, was studied via electromagnetic simulation. Results showed a degradation in the 

return loss of the antenna, and variations of the resonance frequency (fr) and -10 dB input 

impedance bandwidth. 

The effectiveness and usefulness of the AMC reflector can be assessed by comparing 

antenna radiation characteristics in presence and absence of an AMC reflector. The normalized 

far-field radiation patterns of the principal planes, E-plane (yz-plane) and H-plane (xz-plane), were 

measured inside the University of North Dakota anechoic chamber with an automated antenna 

movement platform. Radiation patterns of monopole and AMC antennas at 2.45 GHz are depicted 

in Fig. 2.13 and Fig. 2.14, respectively. The three-dimensional radiation pattern is quasi-

hemispherical when the AMC reflector was integrated, while the original pattern is close to 

omnidirectional radiation. This shows an increase in the FBR and antenna directivity, achieved by 

the in-phase reflection of the AMC reflector. The measured antenna gain was improved from 2.6 

dBi for monopole antenna to 4.6 dBi for monopole on AMC reflector. 
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                           (a)                                                                                                  (b) 

Fig. 2.13: Co-pol radiation of monopole antenna at 2.45 GHz in (a) E-plane and (b) H-plane.  

 

                    

                           (a)                                                                                                  (b) 

Fig. 2.14: Co-pol radiation of AMC antenna at 2.45 GHz in (a) E-plane and (b) H-plane.  

 

2.4.2 Performance of Wearable Antennas under Crumpling Effects 

In wearable applications, many types of crumpling may take place. Four typical forms of 

crumpling were selected as the main investigation targets in two perpendicular planes of the 

antenna, namely the E-plane (yz-plane) and H-plane (xz-plane). Dimensions of the antenna in each 

crumpling case are described in Table 2.3 for antenna crumpling in E- and H-plane directions. On 

the human body, cases 1 and 2 are typical for general clothing distortion most likely to appear 

when the antenna is placed on the chest or the back of the wearer. Crumpling in cases 3 and 4 is 
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likely to be observed near the knee or the elbow. Crumpling profile is defined by crumple depth 

(N) and crumple period (M). A central part of the antenna (0.5 mm) was kept flat for the feeding 

requirements imposed by the simulation program when antenna crumpled in E-plane direction. On 

the other hand, antenna crumpling in H-plane started from the center of the feeding line. 

 
Table 2.3: Dimension details of crumpled monopole antenna. 

  Antenna width(mm) Antenna length(mm) N(mm) M(mm) Crumpling profile 

 Flat 32.10 57.00 - - 

 
 
 
 
 
 
 
 
 
 

 

E-plane 
bending  

Case1 - 54.37 6.00 31.00 

Case2 - 50.25 6.00 24.00 

Case3 - 44.92 11.00 31.00 

Case4 - 40.40 35.00 60.00 

H-plane 
bending 

Case1 30.00 - 6.00 31.00 

Case2 31.00 - 6.00 24.00 

Case3 27.13 - 11.00 31.00 

Case4 25.70 - 35.00 60.00 

 

Reflection coefficients were  measured for crumpling cases 1 and 2 in E- and H- plane 

crumpling directions, as shown in Fig. 2.15 and Fig. 2.16, respectively. In general, a good 

agreement between simulated and measured S11 of crumpled monopole antenna was achieved. A 

summary of performance of all studied crumpling cases, based on simulations, is given in Table 

2. In case of E-plane crumpling, stable input impedance matching within the ISM 2.45 GHz band 

and a slight upwards shift in fr were observed under different crumpling conditions. 

It is worth mentioning that although the antenna was bent almost 90° in case 4, which is 

the most severe crumpling scenario, the -10 dB input impedance bandwidth was slightly reduced 

compared to that obtained when the antenna was flat, with fr  shifted upward by 58 MHz. 

Significant changes in S11 were observed due to antenna crumpling in H-plane. The -10 dB input 

impedance bandwidth was increased due to crumpling in cases 1, 2, and 3, with the maximum 

bandwidth obtained in case 2 (1.67 GHz – 5.65 GHz) as compared to the flat antenna (1.76 GHz 
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– 4.35 GHz). In contrast, the -10 dB input impedance bandwidth was halved due to crumpling in 

case 4. All crumpling cases studied in E- and H- planes successfully yield a wide -10 dB input 

impedance bandwidth that covers the ISM 2.45 GHz band of interest. 

 

 

(a) 

 

(b) 

Fig. 2.15: S11 of crumpled monopole antenna based on simulation (S) and measurement (M) results in E-

plane; (a) case1 and (b) case2. 

 

 

Antenna radiation characteristics in free-space at 2.45 GHz under crumpling conditions in 

the E- and H-planes are summarized in Table 2.4 based on simulation results. Antenna crumpling 

in the E-plane caused less distortion in radiation characteristics compared to crumpling in the H-

plane. The most significant degradation in antenna gain and total efficiency was observed in the 
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crumpling of case 4 along the H-plane. Crumpling in case 4 in H-plane direction showed the 

highest amount of ground plane excitation, as shown in Fig. 2.17. Radiation patterns measurement 

of crumpled monopole antenna at 2.45 GHz were conducted for crumpling cases 1 and 2 in the E- 

and H-planes as shown in Fig. 2.18 and Fig. 2.19, respectively. A good agreement between 

simulation and measurement results was observed. 

 

 

(a) 

 

(b) 

Fig. 2.16: S11 of crumpled monopole antenna based on simulation (S) and measurement (M) results in H-plane; (a) 

case1 and (b) case2. 
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Table 2.4: Performance summary at 2.45 GHz of crumpled monopole antenna. 

 Parameter Flat Case1 Case2 Case3 Case4 

E-plane 
crumpling 

fl
 a

 (GHz) 1.75 1.92 2.08 2.32 1.91 

fh
b

 (GHz) 4.33 4.08 5.04 5.54 3.83 

S11 (dB) -16.92 -16.06 -15.83 -11.42 -16.58 

Gain (dBi) 2.45 2.45 2.32 2.21 2.32 

Directivity (dBi) 2.67 2.66 2.50 2.58 2.50 

Efficiency (%) 95 95 95 92 95 

H-plane 
crumpling 

fl (GHz) 1.75 1.94 1.69 1.15 2.04 

fh (GHz) 4.33 5.27 5.65 3.50 3.06 

S11 (dB) -16.92 -16.03 -12.30 -13.86 -17.68 

Gain (dBi) 2.45 2.53 2.62 2.00 0.69 

Directivity (dBi) 2.67 2.85 2.85 2.86 2.86 

Efficiency (%) 95 93 95 82 61 

a. fl represents the lower -10 dB frequency band limit and b. fh represents the higher -10 dB frequency band limit.  

 

         

                                                       (a)                                                                     (b) 

Fig. 2.17: Monopole current distribution; (a) flat form, and (b) crumpling case 4 in H-plane. 

 

Because of the limitations imposed by the simulation program to build a crumpled AMC 

antenna structure due to the total thickness of the structure and the feeding requirements to keep 

enough distance between the crumpling point and feeding line, performance of AMC antenna 

under crumpling conditions was studied only in the E-plane direction. Crumpling profile is defined 

in the same manner as for monopole antenna crumpling, where (M) is the crumpling periodic 

length and (N) is the crumpling depth. The effects of change in crumpling profile parameters on 

the performance of AMC antenna was studied. AMC antenna crumpling was investigated for two 
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series. Series 1 had three crumpling cases where M was 30 mm and N was 5 mm, 6 mm, and 7 mm. 

In series 2, M was 31 mm while N had the same values as in series 1. Dimensions of the AMC 

antennas for these crumpling series are shown in Table 2.5. The AMC antenna aperture was 

reduced due to crumpling from 124 mm × 124 mm (flat) to a minimum value of 111.60 mm × 124 

mm obtained when M = 30 mm and N = 7 mm. 

                                

                          (a)                                                                                                   (b) 

                                 

                          (c)                                                                                                     (d) 

Fig. 2.18: Co-pol radiation at 2.45 GHz of monopole antenna crumpled in E-plane; (a) case1_E-plane, (b) case1_H-

plane, (c) case2_E-plane, (d) case2_H-plane. 
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                       (a)                                                                                                         (b) 

                                      

                       (c)                                                                                                           (d) 

Fig. 2.19: Co-pol radiation at 2.45 GHz of monopole antenna crumpled in H-plane; (a) case1_E-plane, (b) case1_H-

plane, (c) case2_E-plane, (d) case2_H-plane. 

 

Table 2.5: Dimension details of crumpled AMC antenna. 

  Antenna length(mm) N(mm) M(mm) Crumpling profile 

 Flat 124.00 - -  
 
 
 
 
 
 
 
 
 

 

Series1 

Case1 116.78 5 30 

Case2 114.25 6 30 

Case3 111.60 7 30 

Series2 

Case1 117.48 5 31 

Case2 114.97 6 31 

Case3 111.89 7 31 

 

Reflection coefficients of AMC antenna due to crumpling in series 1 and series 2 are 

depicted in Fig. 2.21. In general, due to crumpling the AMC antenna, a shift in fr and a reduction 
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in the -10 dB input impedance bandwidth were observed. The effect of changing M value from 30 

mm to 31 mm can be seen as a shift in fr toward higher values. On the other hand, it can be 

concluded that changing N value had less impact on AMC antenna performance. Crumpling in 

series 2 showed better matching within the frequency range of interest, S11 being less than -10 dB, 

as compared with crumpling in series 1.  

S11 was measured for crumpled AMC antenna for case 2 of series 2. It is worth mentioning 

that despite our best efforts to fix the monopole antenna on the surface of crumpled AMC structure, 

we noticed an air gap layer that might have caused discrepancies in the obtained results. In 

addition, S11 for crumpled AMC antenna in H-plane was measured for the same selected crumpling 

case, i.e., case 2 of series 2. Reflection coefficient results, as shown in Fig. 2.21, showed that there 

was no significant changes compared to the case of E-plane crumpling.   

Radiation characteristics of AMC antenna at fr and 2.45 GHz frequencies for crumpling 

conditions in series 1 and series 2 are summarized in Table 2.6. For the cases in which the AMC 

antenna experiences a multi-resonance behavior, fr that was chosen for investigation was the 

closest one to the ISM 2.45 GHz band. Radiation characteristics of the AMC antenna for crumpling 

cases 1 and 2 in both series at fr were in comparison to those obtained when the antenna was flat, 

while a degradation in the antenna performance was noticed due to crumpling in case 3 with the fr  

being shifted out of the ISM 2.45 GHz band.  

The most noticeable crumpling effect at 2.45 GHz was a significant reduction in the 

antenna gain and efficiency of 6.69 dB and 41%, respectively, due to crumpling in case 1 in series 

1. Please note that in this case the resonance frequency is no longer at 2.45 GHz. Crumpling in 

case 2 in series 2, which represents the typical crumpling case that may take place in reality, 

showed acceptable performance when compared to the antenna in flat form. 
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(a) 

 

(b) 

Fig. 2.20: Simulated S11 of crumpled AMC antenna (a) series 1 and (b) series 2. 

 

Fig. 2.21: Simulation (S) and measurement (M) results of crumpled AMC antenna of (E) E-plane crumpling and 

measurement results of (H) H-plane crumpling in case 2 from series 2. 

-30

-20

-10

0

2.2 2.4 2.6 2.8

S
1
1

(d
B

)

Frequency (GHz)

Flat

Case1

Case2

Case3

-30

-20

-10

0

2.2 2.4 2.6 2.8

S
1

1
(d

B
)

Frequency (GHz)

Flat

Case1

Case2

Case3

-30

-20

-10

0

2.2 2.4 2.6 2.8

S
1
1

(d
B

)

Frequency (GHz)

S_Flat S_E Crumpled
M_E Crumpled M_H Crumpled



39 

Table 2.6: Radiation characteristics summary for AMC antenna crumpling in E-plane. 

 Parameter Flat Case1 Case2 Case3 

Series1 

fr (GHz) 2.46 2.40 2.41 2.36 

Gain at fr (dBi) 8.55 7.27 7.46 2.01 

Directivity (dBi) 10.17 9.43 9.60 6.07 

Efficiency (%) 70 61 61 40 

FBR (dB) 12.50 15.88 20.27 6.85 

Gain at 2.45 GHz (dBi) 8.41 1.72 3.50 6.23 

Directivity (dBi) 9.86 7.34 8.35 8.86 

Efficiency (%) 71 30 33 55 

FBR (dB) 8.50 9.81 10.08 18.00 

Series2 

fr (GHz) 2.46 2.41 2.41 2.70 

Gain at fr (dBi) 8.55 7.29 7.41 5.33 

Directivity (dBi) 10.17 9.57 9.28 6.61 

Efficiency (%) 70 59 65 74 

FBR (dB) 12.50 19.91 16.75 15.10 

Gain at 2.45 GHz (dBi) 8.41 3.75 6.80 5.64 

Directivity (dBi) 9.86 7.49 9.15 8.16 

Efficiency (%) 71 42 58 56 

FBR (dB) 8.50 14.82 14.58 13.00 

 

In order to explain changes in AMC antenna radiation characteristics and input impedance 

matching due to crumpling conditions, the effect of AMC reflector crumpling on ±90° reflection 

phase bandwidth was simulated and results are summarized in Table 2.7. It can be concluded that 

crumpling the AMC reflector shifts the point of zero phase reflection that represents the maximum 

constructive effect of antenna’s image that can be achieved using AMC reflector, which is not at 

the resonance frequency of the crumpled AMC antennas nor at 2.45 GHz frequency point. One 

may expect that a significant improvement in antenna performance should still be achieved since 

these frequency points are within ±90° reflection phase bandwidth for most of the studied 

crumpled AMC antennas. However, the achieved performance of crumpled AMC antenna was not 

as good as that obtained when AMC antenna is in flat form.   
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Table 2.7: Zero reflection frequency point of crumpled AMC structure. 

  fl 
a (GHz) Zero reflection point (GHz) fh 

b (GHz) 

Series1 

Case1 2.302 2.435 2.443 

Case2 2.404 2.452 2.531 

Case3 2.325 2.486 2.523 

Series2 

Case1 2.365 2.456 2.514 

Case2 2.406 2.477 2.480 

Case3 2.406 2.500 2.701 

a. fl represents +90° phase point and b. fh represents -90° phase point 

 

2.5 Performance of Wearable Antennas on Human Body Models 

Two scenarios were considered for antenna performance assessment on human body, that 

were based on simulations using CST MWS. Antennas were initially placed on a simplified three-

layered planar rectangular human tissue model, in order to minimize the computational costs and 

simulation times. It was assumed that the curvature of the body could be neglected for physically 

small antennas. The simplified human body model consisted of three tissue layers: skin, fat, and 

muscle, with an overall surface size of 200 mm × 200 mm, which was more than 3 times the surface 

area of the designed antenna. This layered body model represented most of body regions quite 

well. Since fat tissue has similar properties to bone tissue and the electrical parameters of muscle 

tissue and many inner organs are similar [54]. Thickness and dielectric properties of the layers 

considered in the body model [55] are tabulated in Table 2.8. Antennas were subsequently 

simulated considering Ella model which represents a 26 year old female with a height of 1.36 m 

and weight of 57.3 kg. Ella belongs to the Virtual Family [19]. A layer of Pellon fabric (εr = 1.08, 

tanδe = 0.008) of 3.6 mm thickness was placed between the antennas and the presenting body 

models during simulation in order to account for clothing.  

Analysis of frequency detuning, antenna radiation characteristics, and SAR values were 

performed and results are summarized in the following subsections. Moreover, the effect of the 
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antenna-body separation was studied to find its effects on the antennas’ matching and performance. 

 
Table 2.8: Electrical properties of the body tissues at 2.45 GHz [55]. 

Layer Thickness (mm) Relative permittivity (F/m) Conductivity (S/m)  

Skin 3 38.01 1.46400 

Fat 7 5.28 0.10452 

Muscle 60 52.73 1.73880 

 

2.5.1 Frequency Detuning 

Reflection coefficients of monopole and AMC antennas for free-space, layered body 

model, and Ella body model conditions are shown in Fig. 2.22. In general, the high permittivity 

and losses of human tissue affects the matching properties of the monopole antenna, causing both 

attenuation and frequency detuning. A reduction of 79% and 75% in the -10 dB input impedance 

bandwidth, in addition to the antenna not resonating within ISM 2.45 GHz band, were observed 

when the conventional monopole antenna was placed close to the layered and Ella body models, 

respectively. On the other hand, the AMC antenna retained its impedance matching for both 

scenarios. A small shift to lower frequency of 2.464 GHz was observed for the AMC antenna when 

placed close to human body models, as compared to its resonance in free-space at 2.468 GHz. This 

shows that AMC antenna is nearly 100% tolerant to the positioning on lossy material, such as the 

human body. Moreover, these performances confirm the validity of the choice and the 

effectiveness of the simplified layered body model. 

In order to consider the applicability of the AMC reflector on different wearable antenna 

operational scenarios, a parametric study on antenna-body separation distance (d), using the 

simplified layered body model, was performed to examine the stability of the antenna’s matching 

properties. The distance between antenna and tissue model (d) varied from 2 mm to 20 mm. As 

shown in Fig. 2.23, monopole antenna resonance frequency was shifted when antenna was placed 
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closer to the surface of the tissue model. In addition, poor impedance matching within ISM 2.45 

GHz band was observed. On the other hand, AMC antenna showed steady impedance matching 

similar its operation in free-space. 

 

 

(a) 

 

(b) 

Fig. 2.22: S11 of (a) monopole and (b) AMC antennas on different body models.  
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(a) 

 

(b) 

Fig. 2.23: S11 (a) monopole and (b) AMC antennas at different separation distances. 

 

2.5.2 Radiation Characteristics 

Table 2.9 summarizes the radiation properties of monopole and AMC antennas evaluated 

when placed on human body models and when it was left in free-space. Important observations 

can be made from the presented results. The first is that the presence of the human body 

deteriorates the gain and efficiency of the antenna when the AMC reflector is not present. The 

second observation is that AMC reflector effectively isolates the human body from the radiating 

antenna since the radiation characteristics in terms of gain and efficiency remained comparable in 
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the presence and the absence of the human body. Results of S11 in combination with the radiation 

characteristics of studied antennas demonstrated the necessity of the AMC reflector in order for 

the antenna to be effectively and efficiently used for wearable applications, since it reduces the 

effect of human body on the antenna’s performance. Moreover, despite larger discrepancies found 

when focusing on antennas radiation performances considering the simplified layered and Ella 

body models in comparison with matching properties, the simplified layered body model is a 

satisfactory representation of the human body.  

 
Table 2.9: Radiation characteristics for wearable antennas on human models at 2.45 GHz. 

 Scenario  Gain (dBi) Efficiency (%) 

Monopole Antenna 

Free-space 2.45 95 

Layered model -1.69 10 

Ella model 0.35 21 

AMC Antenna 

Free-space 8.41 71 

Layered model 8.40 66 

Ella model 9.08 68 

 

2.5.3 Analysis of Specific Absorption Rate (SAR) 

SAR analysis is essential to evaluate the performance of the antenna when it is close to the 

human body and to consider the safety concerns and limits imposed by the standards. The 

maximum SAR limit is 1.6W/kg for any 1 g tissue by IEEE C95.1-1999 [26] or 2W/kg for any 10 

g tissue by the IEEE C95.1-2005 standards [25]. SAR is a measure of the rate at which energy is 

absorbed by the human body when exposed to an electromagnetic field. Mass averaged SAR 

method (typically 1g and 10g), using the simplified layered body model, is used in the simulation 

for 1 Watt delivered power.  

SAR analysis was carried out for monopole and AMC antennas in flat form and under 

crumpling condition of N = 6 mm and M = 31 mm. This crumpling case was chosen for SAR 
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analysis since it is the common crumpling case among aforementioned crumpling cases of 

monopole and AMC antennas, which makes it easy for SAR comparison. Simulated averaged SAR 

values are summarized in Table 2.10, where “crumpled monopole 1” and “crumpled monopole 2” 

are monopole antennas crumpled in E- and H-planes, respectively, and “crumpled AMC” is AMC 

antenna crumpled in E-plane.  Fig. 2.24 shows the simulated averaged SAR for flat antennas. 

The mass-averaged method depends on the surface area of the human body model chosen 

for investigation; however, this method is still valid to show the benefit of using AMC reflectors 

in wearable antenna design. Maximum point SAR analysis was performed, and results are shown 

in Table 2.10. In addition, half power beam width (HPBW) and FBR values are summarised and 

listed in Table 2.10 in order to study effects of variations in the radiation characteristics on the 

obtained SAR.  

For the considered input power, a significant reduction in SAR at 2.45 GHz was achieved 

using an AMC reflector for the antenna in flat form and under crumpling conditions. The obtained 

SAR levels of AMC antenna were within the specified limits allowed by the aforementioned 

standards, which gives a reliable indication of the benefits of AMC being used as an antenna 

ground plane. In addition, antennas crumpling showed variations in the obtained SAR compared 

to the flat form. Crumpling antennas in E-plane resulted in a lower SAR values compared to SAR 

values of antennas in flat form. On the other hand, monopole crumpling in H-plane resulted in a 

higher SAR levels compared to SAR levels of the flat antenna. 
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Table 2.10: SAR analysis summary of wearable antennas at 2.45 GHz. 

 
1 g Tissue 

(W/Kg) 
10 g Tissue 

(W/Kg) 
Point 

SAR (W) 
HPBW in E-

plane (degrees) 
HPBW in H-

plane (degrees) 
FBR 
(dB) 

Flat Monopole 16.46 9.390 56.62 61.5 81.2 25.52 

Crumpled Monopole 1 11.71 6.704 40.49 57.5 80.3 30.61 

Crumpled Monopole 2 17.50 9.825 61.13 58.6 80.9 28.66 

Flat AMC 0.33 0.166 2.14 66.9 45.5 32.33 

Crumpled AMC 0.19 0.098 0.75 60.6 40.3 35.18 

 

 

                   

(a) 

                     

(b) 

 

Fig. 2.24: Simulated averaged SAR (W/Kg) at 2.45 GHz for monopole antenna (left) and AMC antenna (right); (a) 

1 g, and (b) 10 g. 
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2.6 Summary  

In this chapter, the design, realization and characterization of a wearable textile-based 

monopole antenna integrated with a flexible AMC structure was presented. The proposed design 

covers the ISM 2.45 GHz band. An AMC reflector was utilized to isolate the human body from 

undesired electromagnetic radiation and to improve the antenna radiation characteristics. A 

monopole antenna was backed with an AMC reflector and tested in free-space and on human body 

models. The in-phase reflection characteristic of the AMC structure significantly enhanced the 

FBR ratio and antenna gain in free-space. On the human body models, the AMC antenna provided 

stable performance compared to the conventional monopole antenna. The calculated SAR values 

for the AMC-based antenna were very low, with a reduction of more than 90% compared to the 

SAR values of the same antenna without an AMC reflector. Moreover, performance of the antenna 

with and without AMC reflector under different crumpling conditions was studied and presented. 

The effect of crumpling on reflection phase characteristics of the AMC reflector was analyzed as 

well.  
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DESIGN OF TEXTILE WEARABLE ANTENNA  

3.1 Introduction 

The main goals of this chapter are: 

 To present the design cycle of low profile, small size and fully textile based wearable monopole 

antenna integrated with artificial magnetic conductor (AMC) structure. The proposed design 

covers the ISM 5.8 GHz band. Modelling and numerical analysis of the entire work were done 

using full-wave electromagnetic simulation software, CST Microwave Studio (MWS) [49]; 

 To discuss challenges of realization and characterization processes of the proposed textile 

wearable antennas, i.e., CPW fed monopole and AMC antennas;   

 To perform flexibility tests on the proposed textile wearable AMC antenna, based on numerical 

analysis and prototypes measurements, in order to study effects of antenna bending on the input 

matching and radiation characteristics of the proposed AMC antenna. Antenna bending was 

investigated for two bending directions: bending in E- and H- principle planes of the antenna;  

 To perform flexibility tests on the proposed textile wearable AMC antenna, based on numerical 

analysis and prototypes measurements, in order to study effects of antenna crumpling on the 

input matching and radiation characteristics of the proposed AMC antenna; 

 To perform numerical analysis of the proposed wearable antennas in flat form and under 

different bending conditions when mounted on different body models in order to discuss effects 

of human body loading in terms of frequency detuning and variations of antenna radiation 

characteristics. In addition, to give a close study on the accuracy of on body evaluation for 
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wearable antenna using different human body models of different compositions, geometries, 

and homogeneity properties; 

 To present the in-vitro test results and a simple method in the lab to measure the robustness of 

the textile antennas performance in a scenario of realistic operation, the fabricated antennas 

were placed on the top of muscle tissue phantom; 

 To consider the safety concerns and limits imposed by the standards such as IEEE C95.1-1999 

[26] and the IEEE C95.1-2005 standards [25], when the proposed antennas are close to the 

human body. SAR assessments were carried out for the proposed wearable antennas in flat and 

bent forms;  

 To investigate the advantages of using flexible magneto-dielectric (MD) materials and 

dielectric and magnetic layered substrate in wearable antenna design.     

In order to reach these goals, this chapter is organized as follows: 

A survey on the proposed textile antennas, in literature, integrating AMC structures is 

discussed in section 3.2. These textile antennas are operating within the ISM 5.8 GHz band (5.725 

GHz – 5.875 GHz). Section 3.3 presents the design details and prototypes realization of the textile 

monopole and AMC antennas. Section 3.4 presents performance evaluation in free-space, based 

on numerical and measurement analysis, of monopole and AMC antennas in flat form and under 

structural deformation effects. Challenges during the simulation and measurement phases of the 

design are discussed in this section. Section 3.5 presents a discussion on the performance 

evaluation of the proposed wearable antennas in the presence of different human body models in 

flat and bent forms. Also, it discusses the results of experimental study of antennas on muscle 

phantom. The use of flexible MD material and dielectric and magnetic layered substrate in 

wearable antenna design is introduced in Section 3.6.   
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3.2 Background 

The following is a literature survey on different textile wearable antennas that are 

integrating AMC reflectors. In [56], as shown in Fig. 3.1(a), the radiating element of a U-shaped 

wearable antenna integrating AMC structure, fabricated using stretch conductive textile, is 

presented. The conductive parts of the antenna and AMC were printed on a felt and denim textile 

materials, respectively. The -10 dB input impedance bandwidth of the integrated antenna was 13% 

at 5.4 GHz with an overall antenna size of 8.5 × 8.5 × 3.6 mm3. In [57], a dual band textile antenna 

was designed using felt and Shieldit Super materials for the dielectric and conductive parts of the 

design, respectively. The AMC inclusion resulted in 90 × 90 × 6.51 mm3, 5.12 dBi and 12% as the 

antenna size, gain and -10 dB input impedance bandwidth, respectively, at 5.8 GHz.  

The antenna presented in [35], although possessed a light weight property, as it was 

implemented using dielectric cotton material, the gain of a conventional microstrip antenna at 5.4 

GHz was only improved from 6.17 dBi (without AMC) to 7.25 dBi (with AMC). In addition, the 

design resulted in a big size of 147 × 147 × 6 mm3. In [50], a textile hexagonal AMC shown in Fig. 

3.1(b) was integrated with a CPW fed monopole antenna. The design was implemented using 

dielectric felt and conductive Shieldit Super textile materials with an overall size of 87 × 77 × 8 

mm3.  The AMC antenna showed -10 dB input impedance bandwidth and gain of 18.1% and 5 dBi, 

respectively, at 5.5 GHz. It is worth mentioning that the proposed designs in [50], [56], and [35] 

were not evaluated in the presence of the human body or under deformation effects, which are the 

key issues that should be considered in wearable antenna context.  

The proposed textile circular patch antenna shown in Fig. 3.2 was designed using Shieldit 

Super conductive sewing threads and leather material for the conductive and dielectric parts of the 

design, respectively [36],. Antenna miniaturization was achieved at 5.8 GHz by integrating AMC 
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structure. The antenna diameter/thickness was reduced from 160/7 mm without AMC to 100/3 mm 

with AMC. The overall size of the AMC antenna is π × (502) [area] × 3 mm3 with input impedance 

bandwidth of 8.1% at 5.8 GHz. However, antenna gain at 5.8 GHz was reduced from 3.83 dBi in 

free-space to -0.55 dBi in the presence of a fabricated two-third muscle-equivalent phantom.  

                  

                                          (a)                                                                                          (b) 

Fig. 3.1: Textile (a) stretch AMC antenna [56] and (b) hexagonal AMC structure [50].  

 

 

                 

Fig. 3.2: Photograph of circular AMC textile antenna [36]. 

 

A dual band textile antenna was implemented using dielectric felt and conductive Shieldt 

Super materials as shown in Fig. 3.3 [58]. The inclusion of AMC reflector resulted in a low value 

of 10g averaged SAR of 0.03 W/kg at 5.8 GHz. The antenna measures 100 × 100 × 3 mm3, working 

at 5.8 GHz with 15.4% -10 dB input impedance bandwidth and 4 dBi gain. A shift in the resonance 

frequency and degradation in the reflection coefficient (S11) level were observed due to antenna 

bending in free-space. SAR levels of the proposed AMC antenna in [38] were reduced by 96.5% 
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for 1 g tissues and 97.3% for 10 g tissues compared to the conventional coplanar patch antenna. 

The antenna, as shown in Fig. 3.4(a), was realized using felt and zelt textile materials for the 

dielectric and conductive parts of the design, respectively. It measures 120 × 120 × 4.3 mm3, 

working at 5.8 GHz. In addition, the AMC layer reduced the radiation into the body by over 10 dB 

and improved the antenna gain by 3 dB compared to the conventional coplanar patch antenna. 

However, a reduction in the antenna resonance frequency by 2% was observed due to antenna 

bending in E-plane direction. Similar antenna configuration was designed  using conductive plate 

stitched on a jeans substrate, as shown in Fig. 3.4(b) [37]. The antenna working at 5.5 GHz is 

smaller in size measures 110 × 110 × 3.3 mm3. However, at 5.5 GHz the antenna -10 dB input 

impedance bandwidth was low and of 6% value.   

 

           

                                                          (a)                                                           (b) 

Fig. 3.3: (a) A textile slot antenna integrating (b) a square patch AMC structure [58].  

 

        

                                                   (a)                                                                (b) 

Fig. 3.4: AMC antenna using (a) felt/zelt [38] and (b) jeans/conductive plates [37].  
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3.3 Antenna Topology and Materials  

The proposed antenna consists of a CPW fed monopole antenna with dimensions of 27 × 

34 mm2. The monopole antenna was placed on an AMC layer of 4 × 6 units, with overall 

dimensions of 102 × 68 mm2. These structures were designed on a 1.8 mm-thick Pellon fabric 

substrate, with a relative permittivity (εr) and loss tangent (tanδe) of 1.08 and 0.008, respectively. 

A 0.08 mm-thick electro-textile, Pure Copper Taffeta from LessEMF [52] was used to fabricate 

the conductive layers. Its estimated conductivity (σ) is 2.5 × 105 S/m. Geometries of the monopole 

antenna and AMC unit cell are based on the proposed designs in [59] and [60], respectively. By 

tuning the geometrical dimensions of both monopole antenna and AMC unit cell, the desired 

impedance matching and radiation properties of the AMC antenna were achieved in the operation 

ISM 5.8 GHz band.  

It is worth mentioning that in order to determine the size of AMC reflector, the AMC array 

was increased by one row and one column at a time during the simulation phase of the antenna 

design. This increment was stopped until a satisfactory performance in terms of high gain, high 

FBR, and good impedance matching was achieved within ISM 5.8 GHz frequency band. However, 

a relatively small antenna size is maintained. The optimized dimensions of monopole antenna and 

AMC unit cell are presented in Fig. 3.5 and Fig. 3.6, respectively.  

Fabrication process was performed using Silhouette® cutting machine and simple 

dimensioning tools. Prototypes of fabricated monopole antenna and AMC reflector are shown in 

Fig. 3.7. Reflection phase characterization method was used to analyze the AMC structure. In the 

proposed AMC unit cell, as shown in Fig. 3.8, the exact zero-reflection phase point is at 5.8 GHz. 

Moreover, a bandwidth of 390 MHz (5.61 GHz – 6.00 GHz) was achieved within ±90° phase 

values. 
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Fig. 3.5: Configuration of CPW-fed monopole antenna (right) and dimension details (left). 

                  

Fig. 3.6: Configuration of AMC unit cell (right) and dimension details (left). 

 

 
                                                   (a)                                                                              (b) 

Fig. 3.7: Photograph of the fabricated (a) monopole and (b) AMC antennas. 
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W 27 

W1 19 

W2 3 

W3 0.4 

W4 11.6 

L 34 

L1 15.5 

L2 16.5 
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A 17 

A1 3.5 

A2 5.5 

A3 1.3 

B 17 
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Fig. 3.8: Reflection phase diagram of AMC unit cell.    

3.4 Performance of Wearable Antennas in Free-space 

3.4.1 Performance of Wearable Antennas in Planar Configuration 

It is worth mentioning that during the initial work on this design there was a main concern 

regarding discrepancies between S11 simulation and measurement results. Measurements showed 

that monopole and AMC antennas were resonating at 4.8 GHz while simulations showed 5.8 GHz, 

although 5.8 GHz was still within input impedance band of both antennas. After consulting with 

the technical support of CST Microwave Studio we found out that we did not have the right values 

of some of the parameters in simulations. A detailed discussion on the studied investigations can 

be found in Appendix A. Results shown in this chapter are based on the new corrected simulations.   

S11 of the proposed antenna measured in free-space, without, and with AMC reflector, 

named as “monopole” and “AMC” antennas, respectively, as depicted in Fig. 3.9. S11 

measurements were carried out using Keysight E5071C vector network analyzer with (300 kHz – 

20 GHz) frequency operating range. The inclusion of the AMC reflector resulted in a shift in the 

resonance frequency (fr) from 4.8 GHz (monopole antenna) to 4.7 GHz (AMC antenna) with a 

14.47 dB decrease in the S11 level. On the other hand, a robust -10 dB input impedance bandwidth 

(4.3 GHz – 5.9 GHz) was achieved in both cases.  

-180

-135

-90

-45

0

45

90

135

180

4 5 6 7 8
Frequency (GHz)

Reflection Phase (Degrees)



56 

 

Fig. 3.9: Measured S11 of monopole and AMC antennas in free-space. 

   

As shown in  Fig. 3.10, simulated and measured S11 are compared for both antennas. In 

case of monopole antenna, simulated -10 dB input impedance bandwidth of (3.60 GHz – 5.95 

GHz) was found to be wider than the measured bandwidth of (4.3 GHz – 5.9 GHz). On the other 

hand, compared to simulation results, a shift in the measured operating -10 dB input impedance 

bandwidth of 200 MHz toward lower frequencies was observed in case of AMC antenna. However, 

both antennas cover the entire ISM 5.8 GHz band (5.725 GHz – 5.875 GHz).  

It’s worth mentioning that difficulties were encountered during the fabrication and testing 

processes of textile antennas. Elastic properties of textile materials, where the variation of 

dimensions due to stretching and compression are typical for fabrics, can be a major source of 

inaccuracies. This dimension changes could lead to changes in the resonant length of the antenna 

and detune its frequency band. For example, the dielectric substrate height for monopole antenna 

was considered to be 1.8 mm in the simulation. However, when fabricated, the Pellon fabric did 

not give the constant thickness. The thickness of the fabric may change at different parts. In 

addition, during fabrication, when the electro-textile material was cut into the shape of the patch, 

a simple cutting machine and scissor were used. The manual cutting does not provide very clean 

straight edges and some threads might be fringed. Keep the constant spacing between patch surface 
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and the AMC layer, and cutting the precise and straight edges of the conductive elements were 

very challenging when fabricating the textile antenna manually. For a better result a laser cutting 

method can be utilized. 

 

(a) 

 

(b) 

Fig. 3.10: Simulated and measured S11 of (a) monopole and (b) AMC antennas in free-space. 

 

The normalized far-field radiation patterns of the principal planes, E-plane (yz-plane) and 

H-plane (xz-plane), were measured inside the University of North Dakota anechoic chamber with 

an automated antenna movement platform. Radiation patterns of monopole and AMC antennas at 

5.8 GHz are depicted in Fig. 3.11 and Fig. 3.12, respectively. The measured radiation patterns in 

both planes as well as gain values agreed well with the simulated results, for both antennas. The 

monopole antenna retains a dipole like pattern in its E-plane and an omni-directional pattern in its 
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H-plane. In both planes, measured and simulated cross-polarization radiation levels are below -20 

dB. Addition of the AMC resulted in a quasi-hemispherical radiation patterns and increase in the 

FBR achieved by the in-phase reflection property of the AMC structure. The measured gain for 

the proposed AMC antenna is 6.12 dBi compared to 2.65 dBi for the monopole antenna. The 

simulated gains are 3.18 dBi and 7.34 dBi for the monopole and AMC antennas, respectively.    

3.4.2 Performance of AMC Antenna under Structural Deformation Effects 

In a practical on-body application, the textile antenna may change its shape and dimensions 

due to conformability with the surface of the human body. Therefore, it is essential to study the 

performance of the antenna under structural deformation conditions such as bending and 

crumpling. In such conditions, fr and S11 need to be evaluated since they are prone to change due 

to impedance mismatch and change in the effective electrical length of the radiating element [39]. 

For bending analysis, the AMC antenna was placed on a foam cylinder with a radius of 50 mm. 

This radius was carefully chosen to emulate the antenna conformed on an average human arm. 

AMC antenna bending was studied for two bending configurations, i.e., antenna bending in the E-

plane (around y-axis) and the H-plane (around x-axis), as shown in Fig. 3.13(a). The flexibility test 

setup where the bent AMC antenna was connected to the Keysight E5071C network analyzer for 

S11 measurements is shown in Fig. 3.13(b).  
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                      (a)                                                                                                            (b) 

Fig. 3.11: Co-pol radiation of monopole antenna at 5.8 GHz in (a) E-plane and (b) H-plane. 

                                      

                     (a)                                                                                                             (b) 

                                      

                     (c)                                                                                                             (d) 

Fig. 3.12: (a) co-pol radiation in E-plane, (b) cross-pol radiation in E-plane, (c) co-pol radiation in H-plane, and (d) 

cross-pol radiation in H-plane of AMC antenna at 5.8 GHz. 
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                                              (a)                                                                (b) 

Fig. 3.13: Photograph depicting (a) bending configurations and (b) S11 measurement setup. 

 

Fig. 3.14 shows S11 results in both bending directions. Despite our best effort, some 

discrepancies between simulations and measurements, particularly in case of E-plane bending, 

exist. This may be due to fabrication inaccuracy discussed earlier, as well as the antenna 

misalignments, which are unavoidable, since it is impossible to reach an ideal uniformity of the 

bending radius across the antenna structure as accurate as in simulations [61]. Bending AMC 

antenna in E-plane direction caused a slight fr shift, of order of 10 MHz, to a lower frequency, 

within frequency band of interest. On the other hand, more stable fr was observed in case of E-

plane bending. Both bent antennas retained their -10 dB input impedance bandwidth as achieved 

in the flat AMC antenna. Variations in the radiation characteristics of the AMC antenna due to 

bending conditions at 5.8 GHz are summarized in Table 3.1. These results are based on simulation, 

and they show that antenna’s radiation characteristics are sensitive to both E- and H-plane bending, 

causing a reduction in the antenna gain and FBR. In addition, due to bending conditions, changes 

in the radiation patterns were observed.   

E-plane bending 

H-plane bending 
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(a) 

 

(b) 

Fig. 3.14: S11 results of bent AMC antenna in (a) E-plane and (b) H-plane directions. 

 

Table 3.1: Radiation characteristics summary of AMC antenna at 5.8 GHz. 

Scenario Gain (dBi) HPBWa: E-plane HPBW: H-plane FBR (dB) 

Flat 7.53 46.70 26.70 27.75 

E-plane bending 4.18 44.30 39.50 17.87 

H-plane bending 6.36 54.90 29.10 17.04 

aHPBW given in degrees. 

 

For crumpling analysis, the crumpling profile was defined by the crumple depth (N) and 

the peak distance between the two troughs (M). In this study, N is chosen to be 6 mm and M is 

chosen 31 mm and 24 mm, for crumpling cases 1 and 2, respectively, as shown in Fig. 3.15(a). The 

crumpling profiles were manufactured using foam material. In measurements, the AMC antenna 
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was crumpled in the H-plane direction (along x- axis). As depicted in Fig. 3.15(b), a shift in fr and 

a wider -10 dB input impedance bandwidth were observed with a good impedance matching within 

frequency band of interest. 

    

(a) 

 

(b) 

Fig. 3.15: (a) Crumpling profiles and (b) S11 measurement results of crumpled AMC antenna. 

 

3.5 Performance of Wearable Antennas on Human Body Models 

To validate the on-body performance and investigate effects of human body loading on the 

proposed antennas, we performed full-wave simulations using monopole and AMC antennas in 

the vicinity of three different human body models. First, we used a body model of averaged human 

arm phantom properties of εr = 21.2 and σ = 3.38 S/m, at 5.8 GHz [62]. Second, a multilayer human 

tissue model was employed to mimic the human arm. This model consists of four layers 

representing skin, fat, muscle, and bone. Properties of dispersive tissue layers were obtained from 

the material library in CST MWS. Finally, the proposed antennas placed on the arm of Ella voxel 
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model. These body models are named “BM_equivalent”, “BM_layered”, and “Ella”, respectively. 

Since the antennas may be bent and worn on the user’s arm, their performance on the proposed 

human body models was studied under two bending configurations in addition to the flat one: 

bending in the E- and H-planes. 

For this purpose, we designed BM_equivalent and BM_layered body models in cubic and 

cylindrical forms, respectively. The total size of the cubic tissue body model is 177.2 × 177.2 × 50 

mm3 (length × width × depth), which is equivalent in volume to the cylindrical tissue body model 

that has 200 mm height and 50 mm radius. The numerical setups for the different human body 

models are shown in Fig. 3.16. The same cylindrical topology was used when antennas bent around 

Ella’s arm, as shown in Fig. 3.16(e). To reduce the simulation time, a reasonably sized portion of 

Ella’s arm (sectional area of about the same size as other models) was selected for simulation, 

instead of simulating the antenna on the entire numerical body model. In all studied scenarios, 

antennas were separated from the skin layer by an additional layer of Pellon fabric of 1.8 mm 

thickness to account for clothing.  
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                                           (a)                                                                                           (b) 

 

                       

                                  (c)                                                            (d)                                                   (e) 

Fig. 3.16: Cross sections (a) Cubic BM_layered, (b) Cylindrical BM_layered, (c) Cubic BM_equivelent, (d) 

Cylindrical BM_equivalent, and (e) Ella; dimensions are in mm. 

 

3.5.1 Performance of Wearable Antennas in Planar Configuration 

A comparison between antennas’ performances, i.e., monopole and AMC antennas, in free-

space and on the body models, while antennas are in flat form, is presented in this subsection. 

Simulation results for S11 are shown in Fig. 3.17. In the case of monopole antenna, similar loading 

effects due to different human body models were observed. These effects are frequency detuning 

toward lower frequencies, and a reduction in the -10 dB input impedance bandwidth, compared to 

the free-space case. The detuning of frequency is due to the high dielectric constant values of 

various tissues that are considered in the human body models. The maximum shift in the resonant 

frequency was observed in the case of BM_equivalent body model, from 4.70 GHz (in free-space) 
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to 4.10 GHz (on body). While the maximum bandwidth reduction was observed in the case of 

BM_layered body model from the bandwidth of 3.60 GHz – 5.95 GHz (in free-space), to the 

bandwidth of 3.18 GHz – 5.10 GHz (on body). 

 

(a) 

 
(b) 

Fig. 3.17: Simulated S11 of flat (a) monopole and (b) AMC antennas. 

 

On the other hand, as shown in Fig. 3.17(b), AMC antenna showed a robust impedance 

matching characteristics, compared to monopole antenna. However, a slight bandwidth broadening 

within frequency band of interest was observed, when it was placed on the Ella body model. 

Radiation characteristics summary, i.e., antenna gain, HPBW, and FBR are given in Table 3.2 at 

5.8 GHz. For monopole antenna, placing antenna on different human body models caused an 
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improvement in the antenna gain and FBR, and a reduction in the HPBW. In contrast, with the 

presence of AMC structure stable results and improvement in the FBR were observed. 

 
Table 3.2: Radiation characteristics summary for flat antennas at 5.8 GHz. 

Scenario  Gain (dBi) HPBWa: E-plane HPBW: H-plane FBR (dB) 

Monopole Antenna 

FSb 3.18 54.10 165.60 12.70 

BM_equivalentc 5.00 44.00 89.30 29.05 

BM_layeredd 5.85 42.40 71.50 36.94 

Ella 6.05 50.20 85.50 33.53 

AMC Antenna 

FS 7.34 48.50 28.60 27.57 

BM_equivalent 8.29 45.90 25.30 44.88 

BM_layered 8.15 45.30 24.70 41.39 

Ella 7.89 44.78 23.65 26.86 

aHPBW given in degrees, bFree-space (FS), cEquivalent human body model (BM_equivalent), and dLayered human body model 

(BM_layered).  

 

3.5.2 Performance of Wearable Antennas in Bending Configuration 

For comparison purposes, results of antennas bending in free-space condition are presented 

to examine the impact of human body loading on the bent antennas. S11 results are shown in Fig. 

3.18 and Fig. 3.19 for monopole and AMC antennas, respectively. In general, the impact of human 

body loading on the bent monopole antenna, in both directions, was similar. A shift in the resonant 

frequency toward higher values, as well as a reduction in the impedance bandwidth were observed. 

The monopole antenna was prone to bending. On the contrary, with the presence of AMC structure, 

the antenna retainsed its impedance matching properties with a slight detuning of the resonant 

frequency. Therefore, AMC provides a good insolation layer. Radiation characteristics of 

monopole and AMC antenna for all the studied bending configurations are summarized in Table 

3.3 at 5.8 GHz. In the case of monopole antenna, the presence of different body models resulted 

in improvement in the antenna gain and FBR and reduction in the HPBW. On the other hand, 
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stable results with improvement in the FBR were observed in case of AMC antenna. 

 

 

(a) 

 

(b) 

Fig. 3.18: Simulated S11 of bent monopole antenna in (a) E-plane and (b) H-plane directions. 
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(a) 

 

(b) 

Fig. 3.19: Simulated S11 of bent AMC antenna in (a) E-plane and (b) H-plane directions. 
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Table 3.3: Radiation characteristics summary for bent antennas at 5.8 GHz. 

Scenario  Gain (dBi) HPBWa: E-plane HPBW: H-plane FBR (dB) 

Monopole Bending in E-plane 

FSb 2.98 55.50 146.4 5.66 

BM_equivalentc 3.81 45.20 108.20 26.13 

BM_layeredd 4.69 43.40 91.00 37.26 

Ella 3.98 40.32 96.36 29.68 

Monopole Bending in H-plane 

FS 3.90 53.20 134.6 5.81 

BM_equivalent 4.33 44.30 82.30 35.66 

BM_layered 4.90 48.50 83.80 22.16 

Ella 4.89 43.36 93.96 10.46 

AMC Bending in E-plane 

FS 4.05 45.10 40.30 19.40 

BM_equivalent 4.39 48.00 40.40 21.68 

BM_layered 4.22 43.50 40.50 21.66 

Ella 4.36 30.96 39.90 20.36 

AMC Bending in H-plane 

FS 5.40 56.60 31.00 18.83 

BM_equivalent 5.29 52.00 29.70 33.82 

BM_layered 6.29 53.50 29.70 25.20 

Ella 5.96 53.97 28.64 17.68 

aHPBW given in degrees, bFree-space (FS), cEquivalent human body model (BM_equivalent), and dLayered human body model 

(BM_layered).  

 

3.5.3 SAR Validation 

The SAR level of wearable antenna must be validated in the antenna design stage to ensure 

conformance to safety regulations. Moreover, SAR was utilized in order to address the health risks 

imposed by wearable antennas to the human body. Hence, the radiofrequency energy absorbed by 

human tissues should not exceed critical values of 1.6W/kg for any 1 g tissue or 2W/kg for any 10 

g tissue according to the guidelines of the IEEE C95.1-1999 [26] and the IEEE C95.1-2005 

standards [25], respectively. SAR was calculated based on the root mean square (rms) of the 

electric field strength inside the human body and the human body tissue properties such as 

conductivity and mass density [63]. Researchers have been using the numerical evaluation of SAR 
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as the mean of design validation due to the equipment scarcity and costs involved in experimentally 

evaluated SAR. In the area of textile antennas, such simulations have been shown to agree well 

with measurements [64].  

A series of numerical SAR investigations based on mass-averaged method were performed 

using IEEE C95.1 standard provided in the CST MWS software. The input power to the antennas 

for SAR calculations was set at 1 W (rms). The calculated SAR results are summarized in Table 

3.4 for monopole and AMC antennas located on different body models in flat form and under 

different bending conditions. For 10 g SAR analysis, despite the use of three different body models 

of different tissue composition, the obtained SAR values of the proposed antennas (individually) 

in flat form and under bending effects were comparable. This suggests that for the proposed 

antennas; 10 g SAR analysis was less sensitive to antenna deformation and shape and body tissue 

composition. Same discussion can be applied to 1 g SAR analysis of monopole antenna.  

On the other hand, in case of AMC antenna, 1 g SAR values showed sensitivity to bending 

conditions. The minimum 1 g SAR value of 0.37 W/Kg was achieved due to AMC antenna E-

plane bending on Ella model and the maximum value was observed due to AMC antenna H-plane 

bending on Ella model. It is worth mentioning that the body models surface area was larger than 

that for the monopole antenna. For example, the surface area of the BM_layered body model in a 

cubic form was about 51 times the surface area of the monopole antenna. Most importantly, all 

evaluated SAR values for the AMC antenna were far below the regulated SAR thresholds, while 

this was not true for the monopole antenna. The reason could be in the fact that monopole antenna 

provides an omnidirectional pattern while the AMC antenna has a directive radiation characteristic. 

SAR analysis demonstrated the superiority of the AMC antenna for operation in close proximity 

to the human body. Thus, it can be concluded that maintaining the SAR values within the regulated 
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levels will not be an issue for future applications of the proposed AMC antenna. 

  
Table 3.4: SAR analysis summary of antennas at 5.8 GHz. 

Scenario 1 g Tissue (W/Kg) 10 g Tissue (W/Kg) 

Flat Monopole Antenna 

BM_equivalenta 47.26 12.59 

BM_layeredb 48.59 11.90 

Ella 45.97 13.19 

Monopole Antenna Bent in E-plane 

BM_equivalenta 49.05 11.32 

BM_layeredb 48.61 10.56 

Ella 46.23 12.35 

Monopole Antenna Bent in H-plane 

BM_equivalenta 45.42 14.17 

BM_layeredb 47.88 11.60 

Ella 48.32 11.89 

Flat AMC Antenna 

BM_equivalenta 0.60 1.18 

BM_layeredb 0.61 1.49 

Ella 0.56 1.18 

AMC Antenna Bent in E-plane 

BM_equivalenta 0.59 1.64 

BM_layeredb 0.37 1.76 

Ella 0.53 1.54 

AMC Antenna Bent in H-plane 

BM_equivalenta 0.93 1.77 

BM_layeredb 0.88 1.40 

Ella 0.97 1.32 

aEquivalent human body model (BM_equivalent), and bLayered human body model (BM_layered).  

 

3.5.4 Experimental Analysis of Antennas Performance on Body Phantom 

In order to get an initial insight into the human body loading effects in a scenario of realistic 

operation, the fabricated antennas were placed on the top of muscle tissue phantom. A cylindrical 

container of 45 mm radius and 25 mm length was filled with the muscle tissue phantom as shown 

in Fig. 3.20(a). The details of phantom preparation can be found in [65]. The dielectric constant 

and loss tangent of muscle tissue phantom were measured using Keysight 85070E high-



72 

performance dielectric probe, for frequency range of 1 GHz – 6 GHz. Results are shown in Fig. 

3.20(b), where εʹ=εr ε0. 

 

(a) 

 

(b) 

Fig. 3.20: Muscle phantom dielectric property measurements; (a) setup and (b) results. 

 

As can be seen in Fig. 3.21(a), the presence of muscle phantom caused a 400 MHz shift in 

the resonant frequency toward a higher value, in addition to about 25 dB increase in the S11 level, 

for the monopole antenna. On the other hand, in the presence of the AMC reflector, the antenna 

was able to maintain a good impedance matching when positioned on muscle tissue phantom as 

shown in Fig. 3.21(b). 
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(a) 

 

(b) 

Fig. 3.21: Measured S11 of flat (a) monopole and (b) AMC antennas on body phantom. 

 

3.6 Application of Magneto-Dielectric Material in Wearable Antenna Design  

3.6.1 Background 

The knowledge of the electric and magnetic properties of materials over a broadband 

frequency range is an essential requirement for accurate modeling and design in several 

engineering applications. Such applications span printed circuit board design, electromagnetic 

shielding, biomedical research and determination of EM radiation hazards [66]. The electric and 

magnetic properties of materials usually depend on several factors: frequency, temperature, 
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linearity, isotropy, homogeneity, and so on. In particular, the antenna response is affected by the 

frequency dependent permittivity and permeability of the material. The dispersive behavior 

exhibited by these materials can be represented by a complex permittivity and magnetic 

permeability which depend on frequency as [67]: 

                                            (3.1) 

being  the angular frequency, are the real parts, and are the imaginary parts 

of the complex electric permittivity and magnetic permeability, respectively. The real part takes 

the ability of the medium to store electrical (or magnetic) energy into account, the imaginary part 

describes the dielectric (or magnetic) energy losses. The complex permittivity is used to describe 

the interaction of a material in the presence of an external electric field, such material is called 

dielectric material, i.e., glass. On the other hand, the complex permeability is used to characterize 

the interaction of a material in the presence of an external magnetic field, such material is called 

magnetic material, i.e., nickel. Another way to construct permittivity and permeability of a given 

material is in terms of the electric and magnetic loss tangents given as [67]:  

                            (3.2) 

 where  are relative permittivity and permeability of the medium, respectively,  

are free-space permittivity and permeability, respectively, and are electric and 

magnetic loss tangents of the medium, respectively.   

Magneto-dielectric (MD) materials are another type of materials that exhibit both magnetic 

as well as dielectric properties at the same time.  Such materials are not available readily in nature 

and need to be realized through material synthesis. Examples of MD materials in microwave 
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frequencies reported by literature are listed in Table 3.5 along with their properties. Details on 

material preparation and methods of measurement can be found in the mentioned references. 

 

Table 3.5: Examples of MD materials reported in literature [68] - [69]. 

Ref. Dielectric Properties Magnetic Properties Frequency 

[68] 4r  , tan 0.02e   3.5r  , tan 0.04m   (300 - 700) MHz 

[70] 3.5r  , tan 0.001e   5.5r  , tan 0.01m   (400 - 1000) MHz 

[71] 4.81 0.06j    4.88 0.18j    400 MHz 

[71] 6.51 0.9j    2.8 0.16j    400 MHz 

[69] 3.5 0.15j     4 0.2j    (100 - 700) MHz 

[72]   
Complex permittivity at 10 GHz 

Complex permeability at 9.86 GHz 

 

Considerable efforts have been devoted toward development of MD materials in antenna 

design. MD material has been used for microstrip antenna miniaturization [73]. As shown in Fig. 

3.22, initially a conventional microstrip antenna with the high-permittivity dielectric superstrate 

was designed. Then, using a periodic structure of metallic patches, acting as an AMC, the antenna 

size was reduced. Furthermore, another size reduction method was achieved using MD material. 

MD material both relative permeability and permittivity are assumed to be . A 

performance summary of the proposed microstrip antenna configurations is listed in Table 3.6. 

 

                                        (a)                                      (b)                                            (c) 

Fig. 3.22: Microstrip antenna with (a) superstrate, (b) AMC ground, and (c) MD material [73].  

7.678 0.000689j   1.1634 0.065j  

10r r  
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Table 3.6: Performance summary of proposed microstrip antenna configurations [73]. 

Scenario Air-gap height (g) (mm) fr
a (GHz) Antenna gain (dBi) 

Antenna with superstrate 18.9 7.280 15.15 

Antenna with AMC ground plane 12.5 7.275 14.64 

Antenna with MD material 8.9 7.240 14.15 

aResonance frequency.  

 

Another example is presented in [74], where MD material was used for enhancing the 

isolation performance, thus, reducing the mutual coupling of a folded monopole antenna array for  

multiple-input, multiple-output (MIMO) applications. As shown in Fig. 3.23, the single antenna 

occupies a compact volume of 7.5 × 18.5 × 3.4 mm3 was integrated with the main antenna substrate 

made of FR-4 material and a supporter made of MD material. The parameters of the MD material 

were and at 780 MHz. A performance summary of 

the proposed antenna system is listed in Table 3.7 for the cases antennas with/without MD 

supporter. A good impedance matching was achieved and the isolation performance between two 

antennas was improved by adding MD material. 

           

                                                             (a)                                                        (b) 

Fig. 3.23: (a) Side and top views of single antenna and (b) antenna array [74].  
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Table 3.7: Performance summary of proposed antenna array system [74]. 

Scenario Bandwidth (MHz) Mutual couplinga (dB) Radiation efficiencya (%) 

Antennas with MD  18.9 7.280 15.15 

Antennas without MD  8.9 7.240 14.15 

aMeasured at 790 MHz.  

 

New materials always raise the hope that the fundamental limitations, i.e., human body 

loading and structural deformation effects on wearable antennas might be abrogated. However, the 

current state of the art in wearable antenna design leaves much to be desired. In this section, the 

design of a wearable monopole antenna using flexible MD material is presented.  

3.6.2 Antenna Topology and Materials 

Different monopole antenna configurations were studied. First, the monopole antenna 

discussed in Section 2.3 was designed using dielectric substrate made of Pellon fabric with a 

thickness of 3.6 mm, εr = 1.08, and tanδe = 0.008. Second, the antenna was then backed with AMC 

structure discussed in Section 2.3 acting as a ground plane printed on 1.52 mm thick RO3003 

flexible material with εr = 3 and tanδe = 0.0013. Third, the dielectric material was replaced by MD 

material with a thickness of 3.6 mm, εr = μr = 4, and tanδe = tanδm = 0.008. 

3.6.3 Performance of Antennas in Planar Configuration 

Performances of the studied antennas were evaluated at 2.45 GHz as summarized in Table 

3.8 and Fig. 3.24. It can be observed that using MD material in the antenna design did not improve 

the antenna gain that much. In addition, it resulted in a reduction in the antenna -10 dB input 

impedance bandwidth compared to the antenna on a dielectric layer. However, the integration of 

a ground plane (GP) of copper material at a distance of 4 mm away from antenna, which was 

designed using MD substrate, showed an improvement in the antenna gain comparable to that 

obtained using AMC structure. Moreover, a higher -10 dB input impedance bandwidth value was 
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achieved compared to the antenna integrated AMC structure. In order to verify that the addition of 

the GP has in fact superior effects when the antenna design was based on MD material, another 

scenario was studied while integrating the GP with the antenna on a dielectric layer. Results 

demonstrated that the antenna gain did not improve as much as antenna on MD layer. In addition, 

the -10 dB input impedance bandwidth shifted out of band of interest.  

  
Table 3.8: Performance comparison of studied antennas at 2.45 GHz.  

Antenna Topology Size (mm2) Gain (dB) B.W.a 

  Monopole, Dielectric 32×57 2.447 2.59 GHz 

  AMC Antenna 124×124 8.410 40 MHz 

  Monopole, MD b 32×57 2.487 1.05 GHz 

  Monopole, MD, GP c 84×107 8.120 350 MHz 

  Monopole, Dielectric, GP 84×107 3.671 NAd 

     a. Bandwidth (B.W.), b. Magneto-Dielectric (MD), c. Ground Plane (GP), and d. Antenna does not show a -10 dB S11 value. 

 

 

Fig. 3.24: Simulated S11 of antennas in free-space. 

 

3.6.4 Structural Deformation Effects 

Investigation of the antenna performance on the dynamic body environment such as under 

bending conditions is one of the important factors to be considered. Bending radii (R) chosen in 

our investigation were: 40 mm, 100 mm and 140 mm to approximate a human adult’s arm, leg and 
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thigh. Moreover, investigations of antenna performance were executed for two bending directions: 

E- and H-planes, as shown in Fig. 3.25 and Fig. 3.26, respectivly. It is worth meantioning that 

monopole 1 and monopole 2 refer to the monopole antenna designed using dielectric and MD 

materials, respectivly. In case of monopole2, the antenna was backed with a GP at 4 mm as 

decricbed earlier in this section. S11 for E- and H-planes bending conditions of studied antennas 

are shown in Fig. 3.27 and Fig. 3.28, respectivly. Radiation performance summary within ISM 

2.45 band of studied monopole antenna configurations are summarized in Table 3.9 and Table 3.10 

for E- and H-planes bending conditions, respectively. The advantage of using MD material in 

realizing wearable antennas can be seen through the performance stabilization when the antenna 

was subject to different bending conditions. The MD material utilization helped to achieve the 

desired antenna functionality over the frequency range of interest.  

 
                                                     (a)                                  (b)                                        (c) 

Fig. 3.25: (a) Monopole1, (b) monopole2, and (c) AMC antennas bent in E-plane. 

 
                                 (a)                                    (b)                                                           (c) 

Fig. 3.26: (a) Monopole1, (b) monopole2, and (c) AMC antennas bent in H-plane. 
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(a) 

 

(b) 

 

(c) 

Fig. 3.27: S11 of bent (a) monopole1, (b) monopole2, and (c) AMC antennas in E-plane. 
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(a) 

 

(b) 

 

(c) 

Fig. 3.28: S11 of bent (a) monopole1, (b) monopole2, and (c) AMC antennas in H-plane. 

 

-40

-30

-20

-10

0

1 2 3 4 5 6

S
1
1

(d
B

)

Frequency (GHz)

Flat
R= 40 mm
R= 100 mm
R= 140 mm

-40

-30

-20

-10

0

2.0 2.5 3.0 3.5 4.0

S
1

1
(d

B
)

Frequency (GHz)

Flat
R = 40 mm
R = 100 mm
R = 140 mm

-40

-30

-20

-10

0

2.3 2.4 2.5 2.6

S
1
1

(d
B

)

Frequency (GHz)

Flat
R= 40 mm
R= 100 mm
R= 140 mm



82 

Table 3.9: Performance summary of antennas (E-plane bending). 

 

Table 3.10: Performance summary of antennas (H-plane bending). 

 

 2.4 GHz 2.45 GHz 2.5 GHz 

 Gain (dBi) FBRa Gain (dBi) FBR Gain (dBi) FBR 

Monopole Antenna, Dielectric Material 

Flat 2.413 0.0089 2.447 0.0096 2.482 0.0108 

R= 40 mm 2.547 0.7162 2.580 0.7401 2.603 0.7680 

R= 100 mm 2.414 0.5940 2.403 0.6304 2.370 0.7836 

R= 140 mm 2.546 0.5598 2.539 0.6330 2.519 0.6960 

Monopole Antenna, Magneto-Dielectric Material 

Flat 7.610 9.4041 8.115 9.7870 8.152 10.265 

R= 40 mm 6.975 9.7563 6.930 9.7342 6.786 9.7723 

R= 100 mm 7.578 9.6801 7.640 9.8234 7.565 10.052 

R= 140 mm 7.544 9.6354 7.606 9.8247 7.524 10.102 

AMC Antenna 

Flat 1.937 10.882 8.410 22.4247 0.7752 8.4247 

R= 40 mm 6.475 12.086 -0.1179 8.05620 0.1721 7.5251 

R= 100 mm 8.802 17.224 2.6300 8.6005 1.2300 18.616 

R= 140 mm 9.470 19.264 0.4224 8.2606 2.2060 21.753 

 2.4 GHz 2.45 GHz 2.5 GHz 

 Gain (dBi) FBRa Gain (dBi) FBR Gain (dBi) FBR 

Monopole Antenna, Dielectric Material 

Flat 2.413 0.0089 2.447 0.0096 2.482 0.0108 

R= 40 mm 2.459 0.6097 2.526 0.6507 2.589 0.6987 

R= 100 mm 2.640 0.6152 2.706 0.6570 2.768 0.6945 

R= 140 mm 2.646 0.4014 2.697 0.4542 2.747 0.5162 

Monopole Antenna, Magneto-Dielectric Material 

Flat 7.610 9.4041 8.115 9.7870 8.152 10.265 

R= 40 mm 4.622 9.4182 5.002 8.0643 5.137 6.9332 

R= 100 mm 6.554 10.292 7.137 9.9807 7.318 9.9007 

R= 140 mm 6.580 10.192 7.349 10.044 7.664 10.088 

AMC Antenna 

Flat 1.937 10.882 8.410 22.424 0.7752 8.4247 

R= 40 mm 1.266 5.4520 0.500 2.6120 2.7130 20.890 

R= 100 mm 2.189 11.116 2.664 22.505 -0.8567 18.928 

R= 140 mm 4.352 24.404 2.791 17.242 0.3762 9.4850 



83 

3.6.5 Human Body Effects 

To validate the on-body performance, simulations of the proposed MD based antenna on 

body models, i.e., layered and Ella body models, were carried out.  Detials of these body models 

are discussed in Section 2.5. As shown in Fig. 3.29, stable S11 results were observed in the presence 

of different body models compared to the free-space case. In addition, radiation characteristics 

comparison in terms of the antenna gain and FBR with monoopole based dielectric and AMC 

antennas is summarized in Table 3.11. A robust antenna performance was achieved.  

 

Fig. 3.29: S11 of monopole_MD_GP.  

 

Table 3.11: Radiation characteristics summary at 2.45 GHz. 
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Monopole, dielecric 

Free-space 2.45 00.01 

Layered body model -1.69 25.51 

Ella model 0.35 17.88 

Monopole, MD, GP 

Free-space 8.14 10.27 
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AMC 

Free-space 8.41 8.42 

Layered body model 8.40 23.33 

Ella model 8.06 27.33 
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3.7 Application of Layered Substrate in Wearable Antenna Design 

As mentioned earlier, the process of engineering artificial MD materials using standard 

manufacturing methods and traditional solid MD materials is complex and very challenging. On 

the other hand, composites made using bulk Nano-ferrite inclusion in polymers can result in natural 

MD materials. Although, these materials are simple to synthesize, mostly cannot be used for high 

frequencies as the material losses become more pronounced with frequency [4]. In addition, 

material flexibility and comfortable embedding into the system are not guaranteed. In this section, 

we introduce investigations carried out on the use of thin layers of magnetic and dielectric 

materials, alternating in a sequence with horizontal or vertical arrangements to be utilized as the 

antenna substrate and in place of MD or dielectric substrate. This method offers less complexity 

and easier fabrication than AMC and MD methods with similar effect on antenna radiation 

characteristics.  

3.7.1 Antenna Topology and Materials 

Different Monopole Antenna (MA) configurations are studied and their performances are 

evaluated at their resonance frequency using CST Microwave Studio (MWS) [49]. The results are 

summarized in Table 3.12. Initially, the monopole antenna discussed in Section 2.3 was designed 

using dielectric textile material (i.e., Pellon fabric) with a thickness of 3.6 mm, εr of 1.08, and tanδe 

of 0.008. The first case we use as a reference for comparison is placed on GP made of copper 

material at a quarter wavelength distance (i.e., 34.7 mm at 2.16 GHz). The GP size is 84 × 107 

mm2 (width × length). In the next case the dielectric material is replaced by MD material with the 

same thickness with properties of εr = μr = 4 and tanδe = tanδm = 0.008. The GP in this case is 

placed at a distance of 4 mm away from antenna.  
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Table 3.12: Performance comparison of studied antennas at resonance frequency.  

Antenna Topology fr
a (GHz) Size (mm2) Gain (dB) B.W.b 

MA, Dielectric 2.16 32×57 2.23 2.59 GHz 

MA, Dielectric, GP c 1.91 84×107 6.73 3.43 GHz 

MA, MD, GP d 2.46 84×107 8.17 350 MHz 

MA, VS, GP d 3.19 84×107 9.63 433 MHz 

MA, HS, GP d 3.01 84×107 9.38 620 MHz 

     a. Resonance frequency (fr), b. Bandwidth (B.W.), c. Ground Plane (GP) 34.7 mm, and d. Ground Plane (GP) 4 mm. 

 

The dielectric layer has εr = 4 and tanδe = 0.008, and the magnetic layer has μr = 4 and 

tanδm = 0.008. Two cases include the monopole antenna (MA) on vertical layers (MA, VS, GP) 

and MA on horizontal layers (MA, HS, GP). It is worth mentioning that, for proof of concept, in 

addition to dielectric and magnetic material properties, the total thickness of the substrate of 3.6 

mm was kept the same as MD antenna configuration for easy of comparison. However, these values 

can be adjusted to meet the requirements of the targeted operating frequency band and antenna 

performance. As shown in Fig. 3.30, in the first sequence, 6 layers each of 0.6 mm thickness were 

arranged vertically along the z-axis to form the antenna substrate (MA, VS, GP). The layers divided 

equally as 3 layers of dielectric and 3 layers of magnetic materials. In the second sequence, 57 

layers each of 1 mm thickness were arranged horizontally along the y-axis (MA, HS, GP). The 

sequence consists of 28 layers of dielectric and 29 layers of magnetic materials. 

 

Fig. 3.30: Studied layered substrate sequences. 
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3.7.2 Results and Discussion 

Summary of results of the studied antenna configurations is provided in Table 3.12. In 

addition, variations in S11 along with the radiation patterns in the principle planes (i.e., E- and H- 

planes) of the antennas at their resonance frequencies are shown in Fig. 3.31 and Fig. 3.32, 

respectively. As expected, the integration of a GP at quarter wavelength distance (i.e., 34.7 mm at 

2.16 GHz) away from the MA improved the antenna gain compared to the stand-alone antenna. 

However, this resulted in a large antenna size. On the other hand, a superior performance was 

achieved when the GP is placed at only 4 mm distance away from the antenna. In addition, by 

using layered substrates, further improvements in the antenna radiation characteristics and 

bandwidth were achieved compared to MD based antenna with the advantage of ease of 

fabrication.   

 

Fig. 3.31: S11 of studied monopole antenna configurations. 
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Fig. 3.32: Simulated co-pol (left) and cross-pol (right) radiations of MA configurations in (a) E-plane and (b) H-

plane at fr. 

 

3.8 Summary 

In this chapter, the design, realization and characterization of a wearable textile antenna 

were presented. The antenna is a combination of monopole with AMC structure as a ground plane. 

The AMC antenna was fully fabricated using textile layers and working within ISM 5.8 GHz band. 

The AMC antenna features low profile and small footprint characteristics, with dimensions of 102 

× 68 × 3.6 mm3. In order to verify the simulation results, prototypes of the antennas were fabricated 
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and measured in different conditions. In free-space, the realized AMC antenna showed -10 dB 

input impedance bandwidth of 34% (4.30 GHz – 5.90 GHz), with a gain value of 6.12 dBi. 

Numerical simulations and experimental measurements further revealed that the proposed AMC 

antenna is robust in respect to impedance resonance frequency, showing minimal changes due to 

structural deformation such as bending and crumpling, as well as loading effects of human body. 

In addition, the inclusion of the AMC reflector considerably reduced the SAR values and the back 

radiation, making the AMC antenna far superior to a single monopole antenna. Finally, realizing 

antennas using flexible MD materials for wearable applications was proposed through numerical 

analysis. Effectiveness of using flexible MD materials in wearable antenna design was evaluated 

under bending conditions and on body scenarios. Stable antenna performance was achieved under 

the aforementioned conditions. Finally, the potential of using layers of magnetic materials in a 

sequence combined with dielectric layers was investigated. Improvements in the antenna radiation 

characteristics and bandwidth was observed. 
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DESIGN OF IMPLANTABLE ANTENNA  

4.1 Introduction 

The main goals of this chapter are: 

 To present the configuration of the proposed flexible biocompatible implantable antenna. 

Modelling and numerical analysis of the entire work was carried out using full-wave 

electromagnetic simulation software, CST Microwave Studio (MWS) [49]; 

 To investigate the effect of different body tissue models such as simplified layered body model 

and voxel body model on the proposed antenna performance; 

 To investigate the effect of internal capsule components integration such as the battery on the 

proposed antenna performance; 

 To discuss results of accurate assessment study of the antenna performance for near/far-field 

communication in biotelemetry applications. 

In order to reach these goals, this chapter is organized as follows: 

Section 4.2 presents a literature survey on antennas with similar antenna topology, which 

has a capsule shape design. The design details of the proposed implantable antenna is discussed in 

Section 4.3. In addition, the considered scenarios for antenna performance evaluation are presented 

in this section. Section 4.4 presents a discussion on the obtained results of the carried studies in 

terms of the antenna reflection coefficient and gain. Performance evaluation of the proposed 

antenna for near/far-field communication is presented in Section 4.5.   
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4.2 Background 

A flexible dual band implantable antenna, working within MICS 403 MHz and ISM 2.45 

GHz frequency bands, was printed on the inner wall of a capsule [32], as shown in Fig. 4.1(a). The 

capsule was made of biocompatible parylene-C material with a size of 10.2 mm × 25.2 mm, i.e., 

(diameter × length). The antenna was implanted at 3 mm depth in skin tissue cube of 100 × 100 × 

100 mm3 size. The implantable antenna size had a volume of 186.3 mm3. The obtained antenna -

10 dB input impedance bandwidths were (321MHz – 532 MHz), and (2.15 GHz – 2.74 GHz), 

within the MICS and ISM frequency bands, respectively. In addition, the antenna gains were -30.5 

dBi and -22.2 dBi within MICS and ISM frequency bands, respectively. In vitro measurements 

were performed using minced pork, as shown in Fig. 4.1(b), and frequency detuning effects were 

observed.   

 

                    

                                                                    (a)                                             (b) 

Fig. 4.1: (a) Geometry of implanted antenna and (b) In vitro measurement setup [32].  

 

 

The capsule antenna shown in Fig. 4.2(a) was implanted at 3 mm in skin tissue model of 

180 × 180 × 180 mm3 size [75]. A 0.15 mm-thick flexible and biocompatible polymide material 

was used to implement the capsule of 11 mm × 24 mm, i.e., (diameter × length) size. The antenna 

bandwidth was (358 MHz – 516 MHz), and its gain at 402 MHz was -37 dBi. Furthermore, when 
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the delivered power was assumed to be 1 W, the maximum SAR value was 485 W/kg at 402MHz. 

Therefore, the delivered power had to be decreased to 3.3 mW to meet the SAR standards. The 

fabricated antenna, shown in Fig. 4.2(b), was tested inside a skin mimicking gel to validate its 

performance. The followed recipe of skin gel consisted of 56.18% sugar, 2.33% salt, and 41.49% 

deionized water. 

 

                             

                                                (a)                                                                       (b) 

Fig. 4.2: (a) Geometry of implanted antenna and (b) fabricated prototype [75].  

 

 

Meander lines and inverse T matching branch were loaded to achieve antenna 

miniaturization and better impendence matching within the ISM 2.45 GHz band, as shown Fig. 

4.3(a) [13]. The antenna was implanted at 50 mm depth inside a muscle tissue cube of 100 × 100 

× 100 mm3 size. The antenna bandwidth was shifted from (2.38 GHz – 2.5 GHz) to (2.36 GHz – 

2.44 GHz), when measured for antenna implanted inside minced pork. Effects of different antenna 

orientations on the antenna performance were evaluated for different scenarios.   

A conformal capsule antenna of 66.7 mm3 volume was implanted inside a muscle tissue 

cube of 100 × 100 × 100 mm3 size at 50 mm depth and proposed for working within the ISM 915 

MHz band [76]. The antenna topology is shown Fig. 4.3(b). The antenna of helical shape was 

printed on the outer wall of a capsule to achieve circular polarization property. The capsule was 

made of biocompatible polyethylene material with the dimensions of 10.2 mm × 25.2 mm, i.e., 
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(diameter × length). The antenna showed 185 MHz (780 MHz – 965 MHz), and 222 MHz (900 

MHz – 1122 MHz) as the antenna input impedance bandwidth, and 3 dB axial ratio (AR) 

bandwidth, respectively.    

 

                      

                                                                               (a)                                                             (b) 

Fig. 4.3: Geometry of implanted antenna proposed in (a) [13] and (b) [76].  

 

4.3 Implantable Antenna Design and Simulation Setups 

The configuration of the proposed implantable antenna is shown in Fig. 4.4(a). The antenna 

is a conformal meandered antenna. To achieve miniaturization antenna was designed on the outer 

wall surface of a capsule, with a diameter of 11 mm and length of 24 mm. It was assumed that the 

capsule’s inner volume will be utilized for the necessary electronic circuits and sensors. A flexible 

biocompatible material, ultem of 0.5 mm thickness with εr and tanδe of 3.15 and 0.0013 S/m, 

respectively, was considered to be covering the outer layer of the capsule and was used as the 

substrate of the antenna. This material was chosen because it has stable properties not affected by 

the variations of different parameters, such as temperature and frequency.  

For easy optimization of the antenna, the antenna was first embedded in a three-layer body 

model i.e., named as Layered_Model, as shown in Fig. 4.4(b). This model consisted of skin, fat 

and muscle body tissues of 2 mm, 8 mm, and 80 mm thicknesses, respectively. The volume of the 
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body model was 100 × 100 × 90 mm3, and the depth of embedding the capsule was 40 mm. 

Properties of dispersive tissue layers were obtained from the material library in CST Microwave 

Studio software. The antenna in planar form has the volume of 12 × 6 × 0.035 mm3. The 

geometrical parameters of the antenna are shown in Fig. 4.5.  

                  

               (a)                                                                                               (b) 

Fig. 4.4: Proposed antenna; (a) conformal form and (b) implanted in layered body model.  

       

Fig. 4.5: Configuration of the proposed capsule antenna in planar form.  

 

When considering influence of the electrical components of the implantable system on the 

antennas, batteries are expected to have the most significant effects because of their size. In our 

simulations, batteries were simply represented as a perfect electric conductor (PEC) cylinder with 

a length of 8 mm and diameter of 10 mm inside the capsule, as shown in Fig. 4.6(a). The antenna 

Parameter Dimension (mm) 

W 12 

W1 3.5 

W2 1.5 

W3 2.0 

L1 3.5 

L 24 
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was implanted inside the layered body model and this configuration was named as 

Layered_battery. Moreover, the proposed capsule antenna was analyzed in the anatomical Ella 

voxel model (without the battery) at two different locations: chest and shoulder, named as 

Ella_shoulder and Ella_chest, respectively, as shown in Fig. 4.6(b). For the chest implanting, the 

proposed antenna was envisioned as a pacemaker antenna, and for the shoulder implanting the 

application was for patients suffering from osteoarthritis [32]. In order to reduce the simulation 

time, we only imported the upper part of the human body torso, excluding the head, into our 

simulation model.  

       

               (a)                                                                                        (b) 

Fig. 4.6: Capsule antenna; (a) considering the battery and (b) inside Ella model.  

 

4.4 Results and Discussion 

In order to test the robustness of the proposed antenna, S11 for the aforementioned 

simulation setups are compared in Fig. 4.7(a). The antenna input impedance bandwidth of the 

layered model implantation case was about 7.31 GHz (0.78 GHz – 8 GHz). Integrating the battery 

caused a slight shift in the resonance frequencies. The implanted antennas in Ella’s shoulder or 

chest also showed a reduction in the S11 level and a detuning effect. The most noticeable reduction 
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in the obtained bandwidth, which was about 800 MHz, was observed in the case of implanting 

antenna in the Ella’s chest. However, since the antenna is a wideband, these detuning effects did 

not cause a significant effect on the bandwidth variation. Antenna gain over its entire operating 

frequency band is shown in Fig. 4.7(b). Antenna gain at the center frequencies of the 902.8 MHz 

– 928.0 MHz, and 2.40 GHz – 2.50 GHz ISM bands are summarized in Table 4.1. These frequency 

bands were selected as they are commonly used for biotelemetry applications [76]. From Table 

4.1, it is clear that the antenna gain was higher within ISM 915 MHz for all the studied cases.  

 

(a) 

 

(b) 

Fig. 4.7: (a) S11 and (b) gain of capsule antenna for different configurations. 
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Table 4.1: Summary of the realized gain of the capsule antenna. 

Scenario  915 MHz 2.45 GHz 

Layered model -25.23 dBi -27.51 dBi 

Layered_battery -23.31 dBi -25.32 dBi 

Ella_shoulder -21.77 dBi -22.20 dBi 

Ella_chest -25.86 dBi -28.78 dBi 

 

4.5 Transmission Link Evaluation 

For accurate assessment of the antenna performance for near/far-field communication in 

biotelemetry applications, where the near-field boundary is approximated at λ/2π [77], the 

coupling strength (S12) between an external half-wavelength dipole and the proposed capsule 

antenna implanted in the layered body model was evaluated for two scenarios. First, the free-space 

distance (s) of the external dipole was changed in the range of 10 mm – 70 mm, while the 

implanting depth (d) is 40 mm. Second, distance d was changed in a range of 10 mm – 70 mm, 

while s is 10 mm. The simulation setup is shown in Fig. 4.8. For each of the studied frequency 

bands, a different dipole was adopted. As shown in Fig. 4.9 and Fig. 4.10, the coupling strength at 

915 MHz was higher than that at 2.45 GHz for both studied cases due to the larger obtained gain 

values at 915 MHz, with changing d and s. 

 

Fig. 4.8: Simulation setup of coupling strength for external half wavelength dipole. 
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(a) 

 

(b) 

Fig. 4.9: Different implanting depths (d); (a) coupling strength and (b) realized gain. 

 

Fig. 4.10: Coupling strength results for different free-space distances (s). 
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4.6 Summary 

In this chapter, the design and performance evaluation of a miniaturized wideband 

implantable capsule antenna was presented. The advantage of the wideband property of the 

proposed antenna was demonstrated through the performance evaluation of this antenna when it 

was implanted in a simplified layered body model and an anatomical realistic body model, as well 

as when it was integrated with a battery. Also, the near/far-field communication analysis was 

carried out at 915 MHz and 2.45 GHz for different free-space distances of the receiver and different 

implant depths parameters. 
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INVESTIGATED WIRELESS BODY AREA NETWORK APPLICATIONS  

5.1 Introduction 

This chapter provides an overview of investigations done for various wireless body area 

network (WBAN) applications during the course of this thesis. The applications are: (a) 

Respiratory rate measurement using ultra-wide band (UWB) radar system and (b) An accurate 

phase-based localization method of radio frequency identification (RFID) tag.  Although none of 

these studies used wearable and implanted antennas, they were chosen to show the importance of 

antennas in these applications and how the antenna design can affect the overall system 

performance. 

In Section 5.2, effects of antenna characteristics on ultra-wide band (UWB) radar-based 

respiratory rate measurement system for telehealth-monitoring applications were investigated. The 

performances of three types of antenna for a UWB radar respiratory rate measurement system were 

studied in this work. In this context, the proposed system was comprehensively evaluated using 

two experimental sets. First, a mechanical setup was used to provide a series of controlled 

frequency and distance motions to mimic the human chest movements while breathing for 

measurement test. Second, the reliability test of the UWB radar system was evaluated through 

respiration-rate measurements of ten test subjects. Measurement results were then compared to a 

reference measurements using a BIOPAC biological data acquisition [78] to confirm the study 

findings.  In Section 5.3, a full electromagnetic simulation model, using CST Microwave Studio 

[49] software, is presented for indoor localization system of a semi-passive radio frequency 

identification (RFID) tag demonstrated in [105]. The method is based on the phase measurements 

of the backscattered wave collected by transceiver antenna(s) attached to the RFID reader.  
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5.2 Respiratory Rate Measurement using UWB Radar System 

5.2.1 Background 

Respiratory rate is one of the most crucial vital signs used to assess human body functions 

and physiological stability. In fact, respiratory rate is helpful in predicting potential clinical events. 

For example, a sudden change in respiratory rate is considered a marker for cardiac arrest [79] and 

one of the strongest predictors of mortality [80]. Furthermore, respiratory rate is helpful in 

monitoring patient illness progression to determine the effective treatments that should be received 

[81]. The research community in the healthcare field has investigated different methods for 

respiratory rate measurement. Generally, existing work can be classified into two categories. The 

first category requires a physical contact with the patient while conducting the measurement. The 

operating principles of contact devices include the measurement of respiration air flow [82], sound 

[83], electrocardiogram signals [84], abdomen/chest movements [85], and 

photoplethysomography using oximetry-based probe [86]. As these techniques require direct 

contact with the patient during the entire measurement period, they can be inconvenient or even 

impractical in many situations; for instance, in long term sleep monitoring and respiration 

monitoring of patients with dermatological conditions or burn patients. Moreover, most of the 

aforementioned methods are affected by the changes in environmental factors such as ambient 

temperature and light interference, which may cause insufficient accuracy in respiration 

measurement [87]–[88]. 

To overcome these shortcomings, a second category of measurements using non-contact 

methods are proposed. Researchers have demonstrated the feasibility of radar-based sensing 

systems for detecting or monitoring human respiratory rate in many applications such as diagnostic 

tools in the biomedical field [89]–[90], rescue tools for finding survivors buried under snow cover 
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[91], and security devices [92]. Several radar systems have been proposed in the literature for 

detecting vital signs, e.g., continuous-wave (CW) [93] and ultra-wide band (UWB) [94] radars. 

CW radar falls into three basic subcategories: single-tone [95], frequency-modulated continuous-

wave (FMCW) [96], and stepped frequency-modulated continuous-wave (SFCW) [97].   

Single tone continuous-wave (CW) radars have a simple system architecture considering 

high-level chip integration, which transmits a single-tone frequency of narrow bandwidth. They 

have been widely used because of their high precision in displacement measurement. However, 

they can hardly detect range information. Hence, the vital sign detection becomes a challenging 

process, especially in the presence of high interference and rich multipath levels. In addition, the 

phase difference between transmitted and received waveforms is directly proportional to the 

target’s motion. Unlike single tone CW radar, FMCW radar is capable of providing range 

information. However, it still requires calibration, to compensate for the nonlinearities in 

frequency sweeping. SFCW radar combines the advantages of single tone CW and FMCW radars 

with the resolution being highly dependent on the transmission bandwidth. This often favors the 

systems that are working at high frequencies. Therefore, the SFCW radars require high costs, 

hardware complexity, and have to deal with high losses.  

UWB radar can overcome the aforementioned drawbacks. This method is based on the 

transmission of a very short duration pulse, which produces high bandwidth signals. Thus, it 

provides distance, and Doppler information measurements of the target with high accuracy. In 

addition, spreading of the transmitted signal across a large spectrum, is necessary to obtain a low 

transmit power density [98]-[99]. It is worth mentioning that, depending on the specific 

application, any of these radar systems may provide non-contact vital sign detection. 
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5.2.2 Experimental Setups 

Experimental set was designed to validate the performance of the proposed radar-based 

sensing system for respiratory rate measurement. First, we developed a mechanical setup of real-

time performance supported by Quarc [100] to provide a series of controlled frequency and 

displacement motions for measurement test. The mechanical setup consisted of SRV02 movable 

unit measuring 15 × 15 × 18 cm3, Q2-USB data acquisition device, and a voltage-controlled 

amplifier. The moving plate was made of paper and cardboard materials. To mimic the chest wall 

movement (i.e., by imitating the respiration of human), the mechanical setup was programmed to 

perform a simple back-and-forth motion toward the fixed position radar. At this stage the main 

goal was to compare and quantify the antenna performance and its effect on the system accuracy. 

The controlled moving unit was placed in front of the antennas attached to the radar. Therefore, 

we attributed any performance improvements and issues to the antenna effects, rather than the 

positioning of the moving unit. Three parameters were studied: frequency (f) and displacement (s) 

of the moving unit that simulated the chest movements, and distance (d) between the radar antenna 

and moving unit, as shown in Fig. 5.1. MATLAB® and Simulink® programs were used for data 

acquisition and signal processing. 

After selecting the best antenna among the three choices, a pilot study was conducted on 

ten human subjects. Volunteers were recruited and each of them were asked to sit on a chair, facing 

towards the radar, as shown in Fig. 5.2. The distance between the subject chest and the radar 

antennas was set to 1 m in all the measurements presented in this experiment. Subjects were asked 

to breathe normally, stay still and reduce their movements as much as possible, during the 

measurement. Simultaneously, BIOPAC biological data acquisition system [78] was used to obtain 

direct reading of the respiratory-rates of the test subjects. Pneumographs were obtained using 
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respiratory transducer (SS5L) attached around the test subject’s chest. All signals were recorded 

with commercial data acquisition hardware (MP35) and a personal computer (PC) software 

(BIOPAC BSL 4.0) at a sampling rate of 1000 samples/second [95].  

 

 

Fig. 5.1: Experimental setup for measuring the movement of a controlled moving unit. 

 

  

Fig. 5.2: The UWB radar is measuring respiratory rate from one subject. 

 

5.2.3 UWB Radar Configuration 

A commercially available UWB radar module that comprises one TimeDomain PulseOn 

® 410 transceiver was used [48]. The functional block diagram of PulsON ® P410 transceiver is 

shown in Fig. 5.3. As can be seen, a transfer switch, i.e., T/R switch, was used to allow user to 

configure antennas as one of the four available configurations:  
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1) Transmit/Receive on Port A; Monostatic radar configuration  

2) Transmit/Receive on Port B; Monostatic radar configuration  

3) Transmit on A, Receive on B; Bistatic radar configuration  

4) Transmit on B, Receive on A; Bistatic radar configuration 

The configuration that was used in the conducted experiments was Transmit on A, Receive 

on B; bistatic radar configuration. The module had a spectrum bandwidth of 3.1 GHz – 5.3 GHz, 

and a center frequency of approximately 4 GHz. The waveforms generated by the transceiver were 

in the form of Gaussian modulated sinusoidal pulse as shown in Fig. 5.4. TimeDomain PulseOn® 

UWB radar relies on low duty cycle transmissions, with coherent signal processing. Because the 

transmissions are coherent, the signal energy can be spread over multiple pulses, thereby, 

increasing the energy per bit and consequently the signal to noise ratio (SNR). The typical pulse 

repetition rate was 10 MHz, corresponding to a duty cycle of approximately 1%.  

Radar configuration parameters were adjusted using monostatic radar module 

reconfiguration and evaluation tool (MRM RET) [101]. MRM RET is a graphical user interface 

program that operates on a PC or microprocessor and exercises all of the radar application 

programming interface (API) commands. It provides a real-time display of the raw radar returns, 

filtered data, and detections within the scan range, and it can also log the radar data into a file for 

post-processing. Each scan of the target conducted by the radar system requires a certain amount 

of time to complete, including radio wave transmission and reflected wave reception. The step size 

defines the total number of the data points in each scan. Scan time is a function of pulse integration 

index (PII) and size of the scan window settings. 
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Fig. 5.3: PulseON ® 410 hardware functional block diagram [48].  

 

       

      (a)                                                                       (b)                                                       

Fig. 5.4: PulseON ® 410 generated waveform in (a) frequency and (b) time domains [48]. 
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These parameters are defined as [101]: Pulse Integration Index (PII): Since the MRM has 

been designed for coherent operation, it is possible to integrate multiple scans and thereby improve 

the received SNR. Each time the integration is doubled, the SNR of the received signal will 

improve by 3dB. Consequently, doubling the integration also doubles the amount of time it takes 

to produce a scan. Scan Start: This is the starting time in picoseconds of the first data point in the 

scan. Scan Stop:  This is the ending time in picoseconds of the last data point in the scan. Scan 

Window: This is the difference between the Scan Start and Scan Stop times. The radar scan data 

will be reported from the MRM to the MRM RET Host PC as a serial data stream. The update rate 

of the radar system measures how fast the system is, or alternatively, it defines the total number of 

the scans that the radar can achieve during the time of the experiment. 

PulseON ® 410 transceiver provides a software controlled adjustable, variable gain 

attenuator (i.e., transmit gain). This allows the user to reduce the transmit power of the PulseON 

® 410 unit (i.e., by as much as 30 dB below the regulatory limit) by setting the value of a register 

to number between 0 and 63. The relationship between the value selected for transmit gain and 

transmit power delivered to the antenna port is shown in Fig. 5.5. When transmit gain set to zero, 

the PulseON ® 410 unit will transmit at the minimum power supported by the PulseON ® 410 

transmitter. Setting the transmit gain to a value of 63 will set the PulseON ® 410 unit to maximum 

transmit power. The default setting is 44, which yields a transmit power of -14.78 dBm. In our 

experiments, the default setting of the transmit gain of 44; hence a transmit power of – 14.78 dBm, 

was used with all antenna types. Thus, a fair comparison on the impact of different antenna 

radiation characteristics on the obtained measurement accuracy was carried out.  

The PulseON ® 410 transceiver applies bandpass filtering with characteristics shown in 

Fig. 5.6. Different other filtering types can be applied through the radar software such as motion 
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and detection data filters. It should be noted that these filters are very general in nature as they are 

built-in options provided by the software. It is worth mentioning that all the parameter settings 

associated with PulseOn ® 410 radar were kept the same in all experiments in order to study only 

antenna selection effects on the measurements. The detailed description of the TimeDomain 

PulseOn ® 410 transceiver and its parameters settings can be found in [48] and [101].   

 

Fig. 5.5: PulseON ® 410 transmit gain setting vs. transmit power [101]. 

 

 

Fig. 5.6: Characteristics of bandpass filter applied by PulseON ® 410 transceiver [101]. 
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5.2.4 Antenna Selection 

Antennas such as single patch [87], Yagi [102], patch array [91], and horn antennas [95] 

have been widely used for several non-contact radar-based sensing systems of vital signs. In order 

to assess the tradeoffs between antenna characteristics and performance of the proposed radar 

sensing system for respiratory-rate measurements, three different antenna types were considered: 

1) Broadspec UWB antenna [103], 2) A-info JXTXLB-20180 double ridged horn antenna [104], 

and 3) a double layered Vivaldi antenna proposed in [105]. These antennas were named antenna 

1, antenna 2, and antenna 3, respectively, and shown in Fig. 5.7. Two identical antennas were used 

for transmitting and receiving in a bistatic setting. In order to compare and quantify effects and 

performance of different antenna types on respiration-rate measurement, each antenna was 

characterized and then used in the proposed non-contact radar sensing system.  

             

                      (a)                                                                    (b)                                                      (c) 

Fig. 5.7: Dimension details of (a) antenna 1, (b) antenna 3, and (c) antenna 2 given in cm.   

 

5.2.5 Evaluation of the Proposed Radar System in a Controlled Environment  

Experimental sets were designed using a mechanical setup to evaluate the accuracy of the 

radar sensing system. In the controlled environment experiment, three sets of experiments were 

conducted:  
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1) The movement frequency varied in range of 0.2 to 0.7 Hz, where s and d were 3 cm and 1 

m, respectively. We chose to study this frequency range as it is close to the reported typical 

respiratory rates [106]. Frequencies of 0.2 Hz and 0.7 Hz are corresponding to 12 and 42 

breaths per minutes, respectively. 

2) The unit displacement (s) varied in range of 1 to 5 cm, while f was kept at 0.3 Hz (18 

breaths per minutes) and d was 1 m. 

3) The measurement distance (d) varied in range of 1 to 3 m, while f was kept at 0.3 Hz and s 

was 3 cm. 

We chose to study this range of displacement and frequency based on the reported studies 

in the literature [87], [93]. In [87], a Doppler radar sensing system was used to sense the movement 

of an actuator mimicking the chest wall movements while breathing. The displacement was set 

from 0.1 cm to 4 cm, and the movement frequency was changed from 0.2 Hz to 2 Hz. In [93], a 

similar study was conducted using bistatic radar system where the displacement and the frequency 

were set at 2 cm and 0.2 Hz, respectively.  

The signal processing technique used for respiratory-rate extraction from radar received 

signal was based on the proposed an algorithm presented in [107]. The radar received signal was 

represented by a matrix. Each row of the matrix represents a sample of a complete radar scan. The 

first step in the signal processing was to remove the target movement effect. The time-domain 

autocorrelation of each radar scan was first calculated, followed by shifting the radar scan data to 

the point where they had the maximum correlation. In order to remove the background clutter, the 

mean of each column was subtracted from each scan data sample. Finally, by applying fast fourier 

transform (FFT) to the column of the maximum variance and using frequency domain peak 

detection, the respiration frequency was detected. Fig. 5.8 shows a sample of processing result of 
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the SRVD2 unit moved at  s of 2 cm and f of 0.3 Hz. The measured frequency at 1 m distance was 

0.3 Hz.  

 

Fig. 5.8: Result of frequency analysis of data received by the radar sensing system.  

 

Error in frequency measurements, when three different antennas were used, was calculated 

and is shown in Fig. 5.9. Measurement error is represented by the absolute difference between the 

average of five measurement trials using the radar system, for each of 10 seconds duration, and 

system reference frequency. In general, results demonstrate that the capability of the proposed 

sensing system depends on the antenna type. The error caused by antennas may be attributed to 

four possible reasons: (1) bandwidth, (2) cross-polarization, (3) directivity and gain, (4) phase 

center. The -10 dB input impedance bandwidth of the antennas was measured and results are shown 

in Fig. 5.10. Bandwidths of the studied antennas are 3.4 GHz – 10.4 GHz (101%), 2 GHz – 18 

GHz (160%), and 3.3 GHz – 10 GHz (100%), for antennas 1, 2, and 3, respectively. Antenna 

bandwidths of these three antennas are sufficient to cover the PulseON ® 410 transceiver spectrum 

3.1 GHz – 5.3 GHz. Hence, the other three factors were studied.  
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(a) 

 

(b) 

 

(c) 

Fig. 5.9: Absolute error values of radar-based measurement results using three different antennas for different (a) 

frequencies, (b) displacements, and (c) measurement distances. 
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(a) 

 

(b) 

Fig. 5.10: S11 of antennas; (a) [0-18] GHz and (b) [3.1-5.2] GHz frequency band.  

  

Radiation characteristics of the antennas were measured in anechoic chamber, for two 

principle planes, E-plane (yz-plane) and H-plane (xz-plane), at 4 GHz. Results are shown in Fig. 

5.11 and Fig. 5.12, respectively. This frequency was chosen to represent the operating frequency 

of these antennas that was compatible with the proposed PulseOn ® 410 UWB radar. Also 

antennas’ gain was measured over the frequency range of 2 GHz – 5.5 GHz and results are shown 

in Fig. 5.13.  
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(a) 

 

(b) 

Fig. 5.11: (a) Co- and (b) cross-polarization of antennas’ E-plane. 

 

The highest error levels occurred when antenna 1 was used. Antenna 1 has an 

omnidirectional radiation characteristic, which means that the antenna is radiating equally in all 

directions, resulting in transmitting power to the unwanted direction and receiving unwanted 

reflections from these angles. This antenna also has the highest cross-polarization level among 

three antennas; hence, it suffers from higher polarization losses compared to other antenna types. 

Antennas 2 and 3 are both directive. Antenna 3 has a medium gain and directivity and shows the 

least amount of cross-polarization level. Antenna 2 has the highest gain. 
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(a) 

 

(b) 

Fig. 5.12: (a) Co- and (b) cross-polarization of antennas’ H-plane. 

 

 

Fig. 5.13: Antenna gains versus frequency. 
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To compare the three antennas a figure-of-merit (FOM) was defined as follow: 

                      FOM= w1×G + w2×BW + w3×PR_E + w4×PR_H                                 (5.1) 

where G represents the average of antennas’ linear gain, shown in Fig. 5.13, BW represents the 

bandwidth percentage, PR_E and PR_H represent the ratio of antenna co-polarization over cross-

polarization field values (in linear scale) in E- and H- planes, respectively, measured along z-axis, 

where the antenna was pointing toward the target and at the center frequency of 4 GHz. 

Coefficients w1, w2, w3, and w4 are weight factors that were set at 0.7, 1, 0.06, and 0.07, 

respectively. These values were chosen to use antenna 1 as a reference and have each term of 

Antenna 1 around 1, and the FOM for antenna 1 would be close to 4. The values of these parameters 

along with calculated FOM are summarized in Table 5.1. The result showed that antenna 3 has the 

highest FOM. This is in agreement with the respiratory rate results. 

Table 5.1: FOM for three studied antennas. 

 Antenna1 Antenna2 Antenna3 

G 1.525 11.195 7.835 

BW 1.014 1.600 1.008 

PR_E 17.783 1148.154 5382.698 

PR_H 14.028 724.436 2728.978 

FOM 4.131 129.036 520.482 

 

Phase center is another important factor. UWB antennas are dispersive by nature and they 

usually radiate different frequency components from different parts of the antenna [108]. 

Dispersive behavior of such antenna type can cause ambiguity in measuring the distance and 

movement, and therefore, respiratory-rate. Phase center stability is often studied to show the 

accuracy of radar measurement when various UWB antenna types are used. The antenna phase 

center is the antenna vocal point from which the electromagnetic radiation spreads spherically 
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outwards [109]. The movement of the phase center, at different frequencies, will cause signal 

distortion when antenna is used for pulse transmission/reception. Consequently, it can cause error 

in distance measurements when they are used as a part of a radar system with UWB signals. An 

accurate knowledge of the phase center location is essential to the operation of UWB antennas, 

especially when they are used in radar systems. Numerical investigations of the phase center 

variations of antenna 3 was carried out using CST MWS [49]. Antenna dimensions along x-, y-, 

and z-axes are 6.9 cm, 0.25 cm, and 7 cm, respectively (see Fig. 5.7(c)). Results showed no 

variations along the x-axis. As shown in Fig. 5.14, the maximum observed variations along y- and 

z-axes were in range of 0.086 cm and 0.298 cm, respectively. In addition, the maximum standard 

deviation (σ) of the calculations of the phase center location are shown in Fig. 5.15. Small σ 

indicates that the phase is pretty much identical on all points of the considered calculation area. In 

simulations, both E- and H- planes of the antenna were considered in the calculations of the phase 

center location. Since antennas 1 and 2 are commercial antennas, we decided to compare antenna 

3 phase center variation with the phase center of similar antenna topologies as those we used, i.e., 

UWB monopole [110] and a horn antenna [49]. Large phase center movements at different 

frequencies of operation for these antennas were observed. 

Increasing measurement distance between the moving unit and radar increased the error 

levels, as shown in Fig. 5.9(c). This was more pronounced for antenna 1. As the distance was 

increased, although, in ideal situation it should not affect the phase measurement, there are more 

possibility of picking up the multi-path. Therefore, antenna 1 that has omnidirectional pattern 

showed more increase in error. It is worth mentioning that the physical separation between the two 

ports of Tx/Rx antennas in the PulseOn ® 410 UWB radar is 1.3 cm. Antenna 3 has an end-fire 

radiation pattern that helps reduce the distance between the Tx and Rx antennas (Fig. 5.7(c)).  
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(a) 

 

(b) 

Fig. 5.14: Phase center variations vs. frequency of antenna 3 along (a) y-axis and (b) z-axis. 

 

Fig. 5.15: Maximum standard deviation of calculations of the phase center location. 
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this close proximity is important to ensure the object is in the main beam of end-fire radiation of 

both antennas.  

It is worth mentioning that, for comparison purposes, two more studies were conducted. 

First, a monostatic radar (i.e., single antenna for Tx and Rx) setting was used to do experiment 1 

(i.e., measurements of the movement frequency of the mechanical setup). The movement 

frequency varied in range of 0.2 Hz to 0.5 Hz, where the displacement and separation distance 

were 3 cm and 1 m, respectively. Error analysis showed that for all three antennas the bistatic setup 

provided less error compared to monostatic setup, as shown in Fig. 5.16. However, antenna 3 still 

outperformed the other two antennas, even in monostatic setup. Second, the impact of using 

metallic target, instead of cardboard plate, on the obtained measurement accuracy, was evaluated 

for experiment 1. Results using both targets were comparable for frequency ranges (0.2 Hz - 0.5 

Hz) using three antenna types, as shown in Fig. 5.17. However, at higher frequencies, the obtained 

error values using metallic target were higher than those obtained when using cardboard target. 

Overall, antenna 3 showed the least error in all conducted studies, therefore, it was chosen for the 

rest of the studies and experiments carried out on human subjects’ respiratory-rate measurements.  

  

5.2.6 Respiratory Rate Measurement with Human Subjects 

In an effort to evaluate the reliability of the proposed radar sensing system, respiratory-

rates of ten test subjects were measured. The participants for the study were recruited via an oral 

and email advertisements on Electrical Engineering department at University of North Dakota 

(UND) campus. The approval for experimentation was obtained from the Institutional Review 

Board (IRB) and Research Development and Compliance (RD&C), which approved the 

experimental protocols as a minimum risk protocol (i.e., IRB number is IRB-201708-030). 
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(a) 

 

(b) 

 

(c) 

Fig. 5.16: Comparison of monostatic and bistatic radars using antennas (a) 1, (b) 2, and (c) 3. 
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(a) 

 

(b) 

 

(c) 

Fig. 5.17: Results of cardboard and metallic targets using antennas (a) 1, (b) 2, and (c) 3. 
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Measurements were performed using antenna 3. Each subject was tested 5 times with a 

total measurement duration of 50 s. The average of these measurements was then compared to a 

reference respiratory rate measurement to verify the obtained results. Reference measurements 

were conducted using respiratory belt transducer (SS5L). The detailed characteristics of the ten 

subjects and the respiratory-rate measurement values are summarized in Table 5.2 and Table 5.3, 

respectively. Respiration-rates determined by the proposed radar sensor had a generally high 

correlation with the reference rates measured by SS5L transducer over all subjects. The average 

of the obtained measurement error values on these subjects was calculated to be less than 0.03 Hz 

with statistical standard deviation of 0.03 Hz. Fig. 5.18 shows a sample of processing result of 

respiratory-rate measurements using radar system and SS5L respiratory belt transducer.  

Table 5.2: Information summary of 10 subjects. 

Subject Sex (M/F) Age Weight (kg) Height (cm) Chest Circumference (cm) 

S1 F 21 46 102 81 

S2 M 21 63 178 85 

S3 M 23 85 176 105 

S4 M 32 100 173 109 

S5 F 27 77 165 97 

S6 F 26 53 162 34 

S7 M 26 81 172 102 

S8 F 27 68 162 93 

S9 M 28 56 181 81 

S10 F 31 83 180 110 

 

Table 5.3: Evaluation of respiratory rate measurements for 10 subjects. 

Subject freference  (Hz) fradar  (Hz) Error (%) 
Reference value 

(breaths/min) 
Radar value 

(breaths/min) 

S1 0.49 0.5 1.14 29 30 

S2 0.24 0.2 18.08 14 12 

S3 0.34 0.3 2.07 20 18 

S4 0.21 0.2 2.45 12 12 

S5 0.18 0.2 4.02 10 12 

S6 0.24 0.2 2.89 14 12 

S7 0.40 0.4 4.58 24 24 

S8 0.27 0.3 1.78 16 18 

S9 0.35 0.3 1.71 21 18 

S10 0.32 0.3 1.16 19 18 
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In addition, a study on the effect of different measurement times (i.e., 10, 20, and 30 

seconds) on the measurement accuracy was conducted for two test subjects using PulseON ® 410 

radar system. Results were compared to the reference measurements using a BIOPAC biological 

data acquisition system.  As can be seen in Fig. 5.19, results obtained using PulseON ® 410 radar 

system with scanning times of 10, 20, and 30 seconds were comparable and close to the reference 

values. It is worth mentioning that for each scanning time, the reported results using PulseON ® 

410 radar system were the average of five measurements. Hence, we chose to have the 

measurement time set at 10 seconds in the previous reported studies (i.e., in this case the total time 

of measurement duration is 50 seconds) to avoid long time of measurement, which could cause 

subject discomfort. In addition, it was easier to have a constant and controlled experimental 

conditions spatially the surrounding environment within 10 seconds. 

 

Fig. 5.18: Example result of respiratory rate measurement of test subject (S6).  
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Fig. 5.19: Respiration-rates of two test subjects for four different scanning times. 

 

5.3 An Accurate Phase-Based Localization Method of RFID Tag 

5.3.1 Background 

Positioning is the process of determining positions of people, equipment, and other objects. 

It has recently been an active research area in which much of the research focuses on utilizing 

existing technologies to address the problem of positions’ determination. Positioning can be 

classified, according to the environment where the positioning is conducted, into two types: 

outdoor positioning and indoor positioning. Whereas outdoor positioning is performed outside 

buildings, indoor positioning is performed inside buildings (i.e., houses, hospitals, and malls). 

Location detection and tracking functions have been very successfully implemented at outdoor 

environments using global positioning system (GPS) technology. The GPS has made a tremendous 

impact on our everyday lives by supporting a wealth of applications in guidance, mapping, and so 
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In recent years we have witnessed a major interest and research efforts in developing an 

accurate RF-based indoor localization and tracking systems in a diverse range of applications 

involving telemedicine [102]. Currently, indoor positioning is central in the deployment of 

seamless emergency response services such as E911 in the U.S. For instance, the possibility to 

track patients while they are inside a hospital and especially in first aid area is becoming 

increasingly important. In these areas emergencies frequently occur and this causes a constant flow 

of doctors and nurses from one room to another. For example, specific mental disease such as 

Alzheimer disease, often leads to lost or forgotten patients around the hospital. Hence, knowing 

the right position of a person inside a medical facility at any time is a need that presents a problem 

within indoor localization research field. Unfortunately, application of such a service is hindered 

by the lack of common benchmarks and platforms. The medical scenario is a particularly hostile 

context for indoor localization because the transmitters and receivers usually adopted to locate 

objects have to deal with medical devices; indeed, these machineries often come with some 

limitation on the allowed radiofrequency range to be used near them. This has recently pushed 

different research entities worldwide to propose advanced and beyond state-of-the-art solutions in 

this domain. For example, in [113], indoor localization system based on RFID technology was 

proposed in a hospital environment. The infrastructure was deployed and evaluated in the 

emergency unit of a large Italian hospital (i.e., 48 rooms covering about 4000 m2) to detect the 

room where lost or forgotten patients lie. Extensive experiments showed the potential of such 

technology for indoor localization applications in terms of accuracy, precision, complexity, 

robustness and scalability. In 98% of cases the system localized the correct room (83%) or one of 

its adjacency (15%). In [114], investigations in indoor scenarios on UWB for human body 

localization were performed via numerical and analytical methods by placing wearable compact 
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sensors on the upper part of the body. This work succeeded in performing 3D localization using 

such sensors with localization accuracy of 2 cm to 3 cm.  

Accuracy, reliability, and estimation speed, are the key parameters for indoor localization 

and tracking system. In 2016, Alarifi et al., classified indoor positioning technologies according 

to the infrastructure of the system that uses them, as shown in Fig. 5.20. Indoor positioning 

technologies are classified into two main classes; building dependent and building independent. 

Building dependent indoor positioning technologies refer to technologies that depend either on an 

existing technology in the building or on the map and structure of the building. On the other hand, 

the building independent technologies do not require any special hardware in a building. Building 

dependent indoor positioning technologies can be further divided into two major classes: indoor 

positioning technologies that require dedicated infrastructure and indoor positioning technologies 

that utilize the building’s infrastructure. For example, most buildings contain WIFI while almost 

none contains radio frequency identification. Indoor positioning technologies that require 

dedicated infrastructure are radio frequency, that is either RFID [115] or UWB [116], infrared 

[117], ultrasonic [118], and Zigbee [119]. Indoor positioning technologies that utilize the 

building’s infrastructure are WIFI [120], cellular based [121], and Bluetooth [122]. On the other 

hand, the building independent technologies are dead reckoning [123] and image based 

technologies [124]. In dead reckoning, an object can determine its current position by knowing its 

past position, its speed and the direction in which it is moving. Image based technologies mainly 

rely on a camera (i.e., sensor and image processing) [111].  
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Fig. 5.20: Classification of indoor positioning technologies. 

 

The appropriate indoor positioning technology should be selected carefully in order to 

make the right balance between the complexity and the performance of the indoor localization 

system. Among the proposed localization and tracking technologies, RFID technology provides 

an accurate tool for indoor localization with advantages of high resolution of position estimation, 

flexibility, and low-cost of system installation. RFID is a technology that uses radio waves to make 

a specialized circuit produce a response containing a unique identifier; as the circuit could be 

attached to people, animals, or objects, it provides a method for identifying and tracking them 

[112]. It is based on exchanging different frequencies of radio signals between two main 

components: readers and tags. Tags emit radio signals that are received by readers and vice versa. 

Both tags and readers use predefined radio frequencies and protocols to send and receive data 

between them. There are two types of tags; active tags and passive tags [111]. Passive RFID tags 

operate without a battery. They are mainly used to replace the traditional barcode technology and 

are much lighter, smaller in volume, and less expensive than active tags [125]. On the other hand, 

an RFID reader consists of different components; including an antenna, transceiver, power supply, 

processor, and interface, in order to connect to a server [111].  
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5.3.2 System Overview 

A commercially off-the-shelf 3D positioning RFID-based system from Lunantech Inc. 

[126] was used. This system operates within the industrial, scientific, and medical ISM 2.45 GHz 

band and capable to find the (x, y, z) coordinates of a semi-passive RFID tag with a precision of 

0.1 mm and under 10 ms response time. Two studies were performed to compare the theoretical, 

measured and simulated phase of the backscattered signal from the RFID tag. First, for simplicity, 

the module was used to evaluate the phase data of a single transceiver antenna. Second, antenna 

array of four elements was used for enhanced system performance. The two measurement setups 

are shown in Fig. 5.21 and Fig. 5.22 for a single antenna and antenna array transceivers, 

respectively.  Antennas connected to the RFID reader were inset fed patch antennas with 48 mm × 

48 mm (length × width) dimensions and placed at a distance along the z-axis from the RFID tag. 

They were made of a 1.6 mm-thick FR4 substrate, with εr and tanδe of 4.14 and 0.025, respectively. 

The tag antenna had similar specifications. It is worth mentioning that antennas in the array were 

numbered as shown in Fig. 5.22. The antenna on the right was antenna 1 and the rest are numbered 

counter-clockwise. The tag antenna was numbered as antenna 5. Antennas 1 and 3 were 

horizontally polarized, while antennas 2 and 4 were vertically polarized. The tag antenna was dual 

polarized. 

 



128 

              
                                                    (a)                                                                                            (b) 

Fig. 5.21: Localization using single antenna; (a) measurement and (b) simulation setups. 

 

    
                                                    (a)                                                                                            (b) 

Fig. 5.22: Localization using antenna array; (a) measurement and (b) simulation setups. 

 

 

The RFID tag backscattered and encoded the waves transmitted by the transceiver 

antenna(s) (i.e., a single antenna in case of the first setup and four elements antenna array in case 

of the second setup) using a battery-operated encoder. The transceiver calculated the phase of the 

backscattered wave from the tag with respect to the transceiver antenna(s). The phase of the 

backscattered changed based on the distance of the tag from the transceiver antenna(s). This 

property was used to find the tag location by having the phase data from the transceiver antenna(s) 
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[126]. In order to distinguish the backscattered tag wave from the rest of the waves received by 

the transceiver antenna(s), the tag impedance was encoded with a unique pseudo noise code (PN). 

The transceiver was factory calibrated to provide zero phase value when the tag is located at x = 

0, y = 0, z = 15 cm. This distance represents the minimum distance of the tag to the RFID reader 

to achieve the normal operation of the system. The detailed description of the system as well as 

the theory of operation can be found in [126]. In simulations, antennas attached to the RFID reader 

in both setups and the tag antenna were modeled with the same specifications as those used in the 

measurement setup.  

5.3.3 Results and Discussion  

Using setup 1 (Fig. 5.21), the phase of the backscattered signal from the tag antenna was 

recorded for three different scenarios based on simulations and measurements. In the first scenario 

the separation distance between the transceiver antenna and tag antennas in z-direction (i.e., 

perpendicular to transmitter antenna) was changed from 15 cm to 45 cm with increments of 1 cm. 

In the second scenario the distance in z-direction was kept at 15 cm while the tag antenna was 

moved in x-direction (i.e., horizontal to transceiver antenna) between -15 cm to 15 cm, with 

increments of 1 cm. Finally, in the last scenario, the distance in z-direction was kept at 30 cm while 

the tag antenna was moved in x-direction between -15 cm to 15 cm with increments, of 1 cm. These 

scenarios were named as case 1, case 2, and case 3, respectively.  In addition, the expected values 

of the phase (i.e., theoretical) were calculated using (6.1) and results are shown in Fig. 5.23: 

                                                  𝑑 =
𝜆

2
(
𝜑

2𝜋
+ 𝑛)                                                             (6.1) 

where d is the distance between transmitter and tag antennas, λ is the wavelength, φ is the received 

phase, and n is an integer number due to the periodic change in the phase.  
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Using setup 2 (Fig. 5.22), the phase of the backscattered signal from the tag antenna was 

recorded for two different scenarios, using the antenna array, based on simulations and 

measurements. In the first scenario the separation distance between the transceiver array and tag 

antennas in z-direction (i.e., perpendicular to transmitter antenna) was changed from 15 cm to 25 

cm with increments of 1 cm. In the second scenario the distance in x-direction (i.e., horizontal to 

transceiver antenna) was kept at 4 cm while the tag antenna was moved in z-direction between 15 

cm to 25 cm, with increments of 1 cm. These scenarios were named as case 4 and case 5, 

respectively. Results of backscattered phases recorded using the four antennas in the array are 

shown in Fig. 5.24 and Fig. 5.25 for cases 4 and 5, respectively.  

A good agreement between theoretical, simulation, and measurement values of the 

backscattered phase was achieved using both setups. The slight disagreement between actual phase 

and simulation results can be attributed to the error in the tag placement or the reflections by the 

nearby objects around the transceiver antenna(s).      
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(a) 

 

(b) 

 

(c) 

Fig. 5.23: Phase results of (a) case 1, (b) case 2, and (c) case 3. 
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                                           (a)                                                                                             (b) 

          

                                           (c)                                                                                            (d) 

Fig. 5.24: Phase results of case 4; (a) antenna1, (b) antenna2, (c) antenna3, and (d) antenna4.  
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                                                      (a)                                                                                             (b) 

          

                                           (c)                                                                                             (d) 

Fig. 5.25: Phase results of case 5; (a) antenna1, (b) antenna2, (c) antenna3, and (d) antenna4.  

 

In addition, based on simulations, a study on the effects of mutual coupling between the 

array elements in the second setup on the phase measurements was carried out and results are 

shown in Table 5.4. The backscattered signal phase was recorded by antenna 1 in presence of the 

other array elements (i.e. scenario 1) and the absence of the other array elements (i.e. scenario 2). 

The slight differences in the phase values were observed due to the coupling effects. Fig. 5.26 

shows the transmission coefficient when the tag was placed at x = 4 cm, y = 0, z = 15 cm, over the 
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Table 5.4: Simulated antenna 1 phase for scenarios 1 and 2.  

a.Scenario1: antenna array and b. Scenario2: single antenna. 

 

 

Fig. 5.26: Simulated transmission coefficients of antenna array elements. 
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antennas attached to a TimeDomain PulseOn ® 410 UWB radar system, measuring the movement 

rate of controlled movable device. Experiments were designed in order to assess the tradeoffs 
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displacement and measurement distance, was performed. Different system scenarios were 

considered for evaluation such as monostatic vs. bistatic radar configurations, cardboard target vs. 

metallic target, and different scanning time windows.  Results indicated that the proposed sensing 

system is less affected and shows less error when an antenna with directive radiation pattern, low 

cross-polarization and stable phase center is used. Due to its good radiation characteristics and 

small form-factor this antenna was then selected to study the respiratory rates of ten test subjects 

to investigate whether it is possible to measure the respiratory-rate using this system. Reference 

measurements were performed and the accurate values of the respiratory-rates of the test subjects 

were collected and compared with the radar setup results. The mean error value of the respiratory 

rate measurements was 0.03 Hz with a statistical standard deviation of 0.03 Hz.  

Second, an accurate electromagnetic model of indoor localization system of a semi-passive 

RFID tag was presented. Simulation and measurement results of the backscattered wave phase 

demonstrated the capability of the proposed simulation model to provide an accurate estimation of 

the phase measurements in a realistic scenario. Moreover, it was found that the effects of mutual 

coupling between the array elements on the phase values were negligible. Thus, the phase of the 

reflected waves from the tag was mainly determined by the distance between the tag and each 

antenna element, and was not affected by the induced currents on the other elements.  
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CONCLUSIONS, CONTRIBUTIONS, AND FUTURE WORK  

This chapter presents an overview of the research conclusions, challenges, and 

contributions to the research fields discussed in the previous chapters. In addition, a general 

discussion on thoughts for the future work are presented. 

6.1 Research Conclusions and Challenges 

6.1.1 Wearable Antenna Design 

The design, realization, and characterization of flexible and textile wearable antennas were 

presented. The proposed wearable antennas consisted of monopole antennas integrated with AMC 

structures, acting as a ground plane. The main conclusions and achievements of the flexible 

wearable antenna design, working within ISM 2.45 GHz band, are explained as follows:  

 The proposed AMC antenna featured a small footprint, with dimensions of 124 × 124 × 3.6 

mm3, and provided -10 dB input impedance bandwidth of 16% (2.2 GHz – 2.6 GHz). 

 The in-phase reflection characteristic of the AMC structure enhanced the radiation 

characteristics of the antenna in terms of antenna gain and FBR. The achieved AMC antenna 

gain and FBR were 4.6 dBi and 22.16 dB, respectively. On the other hand, the monopole 

antenna had a 2.6 dBi antenna gain and 0.009 dB FBR values.    

 A robust matching properties of the proposed AMC antenna were observed compared to the 

stand-alone monopole antenna in the presence of different human body models such as the 

simplified layered and voxel body models. AMC antenna showed steady impedance matching 

similar to when it functioned in free-space for different studied scenarios.   
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 The calculated SAR values for flat and crumpled AMC antenna were very low, with a reduction 

of more than 90% compared to the SAR values of the stand-alone flat and crumpled monopole 

antenna. The obtained SAR levels of AMC antenna were within the specified limits allowed 

by SAR standards, which give a reliable indication of the benefits of AMC being used as an 

antenna ground plane. 

However, although the proposed flexible antenna showed performance superiority in terms 

of the wide -10 dB input impedance bandwidth compared to some of the reported wearable 

antennas in literature, as shown in Table 6.1, flexibility tests in terms of monopole and AMC 

antennas’ performance under crumpling conditions showed that AMC antenna was more 

susceptible to crumpling conditions. Also, the chosen substrate flexible material (i.e., flexible 

RO3003) was adding more limitations to the overall antenna flexibility. As the ultimate goal is to 

design miniaturized efficient wearable antenna, but at the same time to achieve flexibility, low 

profile, and conformity requirements of the wearable antenna. Hence, the research was directed 

toward entire textile based wearable antenna design.  

 
Table 6.1: Comparison of the proposed wearable antenna with reported work in literature. 

Ref. Year 
Freq. 

(GHz) 
Volume (mm3) 

B.W.a 

(GHz) 

B.W. 

(%) 

Gain 

(dBi) 
Material (dielectric/conductive) 

[44] 2017 2.44 50×50×5.5 2.37 – 2.64 11.3 5.20 PDMS/Silver Nano-wires 

[41] 2017 2.45 88×83×9 2.40 – 2.50 4.00 6.40 RO3003/Copper 

[34] 2016 2.45 100×100×6 NA 9.85 2.42 Felt/ShieldIt Super 

[43] 2016 2.4 50×50×9.5 2.42 – 2.47 1.80 4.12 Latex/Silver ink 

[39] 2013 2.45 65.5×65.5×3.2 NA 18.0 4.00 PolyimideKapton and vinyl/NA 

[40] 2013 2.48 150×150×3 2.38 – 2.50 5.08 NA Jeans/Flexible copper sheets 

[42] 2012 2.45 150×130×2.87 2.36 – 2.61 10.0 NA Commercial papers/Copper  

Proposed 2016 2.40 124×124×5.12 2.20 – 2.60 16.0 4.60 
Pellon and RO3003/Shieldit 

Super 
     a. Bandwidth (B.W.). 
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The main conclusions and achievements of the textile wearable antenna design, working 

within ISM 5.8 GHz band, are explained as follows: 

 The proposed compact low-profile AMC antenna featured a small footprint, with dimensions 

of 102 × 68 × 3.6 mm3, and achieved -10 dB input impedance bandwidth of 34% (4.30 GHz – 

5.90 GHz), with a gain value of 6.12 dBi. 

 For on body performance, different numerical body models of different compositions, 

geometries and homogeneity properties were proposed in order to give a close study on the 

accuracy of the numerical on body evaluation of wearable antennas. Results demonstrated that 

when focusing on the matching performances of the antennas, different body models can be 

satisfactory representations. The presence of different tissues is instead of crucial importance 

for a precise assessment of the radiation performances of the antennas. Hence, antenna 

simulation requires a realistic model (or at least of a portion of it). 

 Numerical simulations and experimental measurements revealed that the proposed textile 

AMC antenna was robust in respect to impedance resonance frequency, showing minimal 

changes due to structural deformation such as bending, as well as loading effects of human 

body.  

 Comprehensive SAR analysis was carried out for monopole and AMC antennas in flat and 

bent forms using different body models. The inclusion of AMC reflector considerably reduced 

the SAR values and the back radiation compared to stand-alone monopole antenna for all 

studied scenarios.  

 In vitro test was carried out in the laboratory.  Antennas were placed on top of a semisolid 

muscle tissue phantom contained in a cylindrical container. The measured dielectric properties 

of the prepared muscle phantom at 5.8 GHz were εr = 45.41 and tanδe = 0.48. Measurements 
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showed that AMC antenna was able to maintain a good impedance matching while more 

variations were observed in case of monopole antenna. 

Table 6.2 compares the proposed textile antenna with antennas reported in literature in 

terms of the resonance frequency, volume, antenna bandwidth, gain, and material type. These 

antennas are working within the ISM 5.8 GHz band. It is evident that the proposed textile antenna 

provides the largest antenna bandwidth to account for the frequency detuning that might take place 

due to human body loading and/or structural deformation effects. In addition, it has small occupied 

volume and high antenna gain. 

Table 6.2: Comparison of the proposed wearable antenna with reported work in literature. 

Ref. Year 
Freq. 

(GHz) 
Volume (mm3) 

B.W.a 

(GHz) 

B.W. 

(%) 

Gain 

(dBi) 

Material 

(dielectric/conductive) 

[127] 2017 5.8 147×147×8 5.62 – 5.90 4.83 6.08 PDMS/NA 

[56] 2016 5.4 8.5×8.5×3.6 5.15 – 5.87 13.0 NA Felt/NA 

[57] 2016 5.8 90×90×6.51 5.46 – 6.18 12.0 5.26 Felt/Shieldit Super 

[35] 2016 5.4 147×147×6 NA 6.70 7.25 Cotton/ NA  

[36] 2015 5.8 π×(50)2 [area]×3 5.56 – 6.03 8.10 3.83 Leather/Conductive threads 

[58] 2014 5.8 100×100×3 5.04 – 5.94 15.4 4.00 Felt/Shieldit Super 

[128] 2013 5.5 40×50×2.1 5.00 – 6.00 18.0 6.20 Photo paper/Silver ink 

[50] 2012 5.5 87×77×8 5.04 – 6.04 18.1 5.00 Felt/Shieldit Super 

[37] 2012 5.5 110×110×3.3 NA 6.00 9.80 Jeans/ NA  

[129] 2010 5.5 102×102×7 NA 12.4 5.20 Polyethylene foam/Zelt 

[38] 2009 5.8 120×120×4.3 5.40 – 6.15 12.0 5.20 Felt/Zelt 

Proposed 2018 4.8 102×68×3.6 5.30 – 5.90 34.0 6.12 Pellon/Pure Copper Taffeta 
     a. Bandwidth (B.W.). 

 

Many challenges were faced during the measurement phase of the proposed AMC based 

wearable antennas as discussed in Sections 2.4.1 and 3.4.1. Hence, the potential of using new 

materials such as flexible MD material and dielectric and magnetic layered substrate in wearable 

antenna design were investigated.  

Different monopole antenna configurations were studied and their performances evaluated 

at 2.45 GHz based on numerical analysis. Monopole based MD antenna integrated a ground plane 
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at a distance of 4 mm away from the antenna showed a comparable performance to the monopole 

integrated flexible AMC structure and a superior performance compared to the monopole based 

dielectric antenna. Effectiveness of using MD materials in wearable antenna design is revealed to 

stabilize antenna performance under bending and on body conditions. In addition, by using layered 

substrates, further improvements in the antenna radiation characteristics and bandwidth are 

achieved compared to MD based antenna with the advantage of ease of fabrication.   

6.1.2 Implantable Antenna Design 

The design and characterization of a wideband biocompatible small capsule antenna was 

presented. The main conclusions and achievements are explained as follows: 

 The proposed antenna featured small size (i.e., the antenna size in planar form is 2.52 mm3), 

wide impedance bandwidth of 7.31 GHz (i.e., 0.78 GHz – 8 GHz, for -10dB reflection 

coefficient), and low coupling to human tissues.  

 The near/far-field communication analysis was carried out at 915 MHz and 2.45 GHz for 

different free-space distances of the receiver and different implant depths. Findings of this 

study suggested that the proposed capsule antenna support the functionality of wireless data 

transmission and wake-up receiver signal within 902.8 MHz – 928.0 MHz and 2.40 GHz – 

2.50 GHz ISM bands, respectively. The wake-up receiver signal is necessary to save power by 

transmitting data only when is needed.  

Table 6.3 compares the proposed implantable antenna with antennas reported in literature 

of similar topology (i.e., capsule antenna). Among the mentioned antennas, the proposed antenna 

provides the largest antenna bandwidth of 7.31 GHz and the least occupied volume of 2.5 mm3. In 
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terms of antenna gain the proposed antenna provides a comparable antenna gain with that obtained 

using bigger size antennas.   

 

Table 6.3: Comparison of the proposed implantable antenna with reported work in literature. 

Ref. Implantation tissue  Depth (mm) B.W.a Vol. (mm3) Gain (dBi) 

[32] Skin 3 
MICS: (321–532) MHz 

ISM: (2.15–2.74) GHz 
186.3 

MICS: -30.5 

ISM: -22.2 

[75] Skin 3 MICS: (358–516) MHz N/A MICS: -37.0 

[13] Muscle 50 ISM: (2.38 – 2.5) GHz N/A ISM: -32.4 

[76] Muscle 50 ISM: (780–965 MHz) 66.7 ISM: -19.4 

Proposed Layered 40 (0.78– 8) GHz 2.5 
ISM 9.15: -25.2 

ISM 2.45: -27.5 
     a. Bandwidth (B.W.). 

 

6.1.3 Investigated Wireless Body Area Network Applications  

Antenna Effects on Respiratory Rate Measurement System: Experiments were designed in 

order to assess the tradeoffs between antenna selection and the proposed radar based sensing 

system’s accuracy as a non-contact respiration-rate measurement tool. Three antennas of different 

antenna characteristics such as bandwidth, cross-polarization, and antenna gain and directivity 

were used. The sensing system was first evaluated using a controlled movable device when 

changing the movement frequency and displacement and the measurement distance parameters 

using the three antennas. The obtained results suggest that better system’s performance can be 

provided using an antenna with high polarization purity, small physical separation between Rx and 

Tx, and stable phase center.  

The system was then evaluated, using the antenna that provided the least error values, 

through a pilot study on respiration-rate measurements of ten subjects. Reference measurements 

are performed and the accurate values of the respiratory-rates of the test subjects were collected 
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and compared with the radar setup results. The mean error value of the respiratory rate 

measurements was 0.03 Hz with a statistical standard deviation of 0.03 Hz. 

The main challenge of the used radar system was the sensitivity of the received radar 

waveform to the surrounding environment, specially the moving objects, in terms of changing the 

signal strength and SNR value calculated by the software. 

An Accurate Phase-Based Localization Method of RFID Tag: An accurate electromagnetic 

model of indoor localization system of a semi-passive RFID tag was presented. Results 

demonstrated that the proposed simulation model comparatively provided an accurate estimation 

as well as assessment tool of phase measurements for indoor localization application. In addition, 

effects of the mutual coupling of the transceiver antenna array elements on the phase measurements 

found to be negligible due to the robustness of the proposed system. 

6.2 Future Work 

Wearable antenna based on flexible MD material: the development of MD materials is 

a study in mechanical and chemical engineering fields, as one must attempt to satisfy multiple of 

antenna goals that focus on minimizing material losses and designing materials for low cost 

production. Realizing flexible MD materials is challenging using the standard manufacturing 

methods and traditional solid MD materials. Future research will continue investigating the 

possibility of fabricating flexible MD materials. Afterward, antenna testing under different 

deformation effects and on body performance evaluations will be considered.    

Implantable antenna design: preliminary investigations on the design of a wideband 

implantable antenna stated the formulation of an efficient implantable antenna design strategy. 

Several steps need to be taken for a complete design and assessment phases of the antenna, 

discussed as follows:   
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 In order to reduce the coupling between the EM field and the surrounding biological 

tissues, antenna biocompatibility should be satisfied. The current state of the proposed 

capsule antenna design involves a biocompatible capsule with the antenna of copper 

material in a direct contact with the body tissues. Coating the antenna with thin 

biocompatible polymers technique will be adopted to achieve entire antenna 

biocompatibility. Effects of the insulating layers on the antenna performance will be 

investigated. In addition, new materials such as biodegradable materials are of our interest. 

The main attraction of a biodegradable antenna, to both surgeons and patients, is that it 

harmlessly degrades over time. This means that there is no need for an additional removal 

operation.  

 SAR assessment is of great importance to consider the human body safety. Future research 

will continue to carry out SAR analysis in order to define the maximum allowed antenna 

input power levels that meet the safety regulations.    

 Performance evaluation of the implanted antenna under different operation scenarios 

include different positions and orientations inside the human body is of interest. The 

objective of the study is to propose recommendations on the optimum position of 

implantation and antenna orientations from antenna and propagation point of view. The 

optimum selection criteria are defined by the largest antenna gain and bandwidth and 

smallest SAR levels. 

 Antenna miniaturization is an endless need for implantable antenna design. More research 

efforts will be dedicated to achieve further antenna miniaturization.   

 Antenna fabrication and performance evaluation based on in-vitro measurements are 

necessary to validate the proposed numerical studies. Solutions to the well-known 
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problems of measuring electrically small antennas including the interaction between a 

feeding cable (i.e., used for testing purposes) and the body phantom should be investigated. 

 Wireless power transfer is always of interest to save the pain and cost of replacing or 

charging the implant battery. Hence, in order to extend the life time of an implant and 

reduce its volume, wireless data transmission can include, or work side by side with, power 

transfer. This capability calls for the design of antenna that share different working 

functionalities or coexist with different EM systems. Future research will continue to 

address the capability of the current antenna design to support or coexist with wireless 

power transfer system.     

An Accurate Phase-Based Localization Method of RFID Tag: further investigations 

will be carried out in terms of using antenna of different types and topologies and to evaluate the 

system performance to address the antenna selection criteria. Possibility of using the proposed 

system (i.e., measurement setup and simulation model) for human localization is of our interest as 

well.   
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APPENDIX A 

The monopole antenna was designed for 5.8 GHz. Then based on the dimensions given by 

the design we did the fabrication process. As mentioned earlier, the fabrication process of 

monopole antenna and AMC reflector was performed using Silhouette® cutting machine and 

simple dimensioning tools. In order to quantify the accuracy of the fabrication process, during the 

measurement phase of the antenna design, three different prototypes of monopole antenna were 

fabricated and their performances were evaluated. These antennas are named Monopole 1, 

Monopole 2, and Monopole 3. The measured S11 of these antennas along with the simulation 

results are compared and showed in Fig. A1. In addition, this comparison is summarized in Table 

A1. The three fabricated antennas were resonating around 4.8 GHz with a slight difference in the 

S11 levels and antenna bandwidths.  

 

Fig. A1: S11 of simulation and three fabricated monopole antennas in free-space.   

 

Table A1: Matching characteristics summary of fabricated monopole antennas. 

a. fl represents the lower -10 dB frequency band limit, b. fh represents the higher -10 dB frequency band limit and c. fr represents the 

resonance frequency.  
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For the AMC antenna, Monopole 3 was integrated with three different fabricated AMC 

structures. These antennas are named MA3_AMC1, MA3_AMC2, and MA3_AMC3. The 

measured S11 of these antennas along with the simulation results are compared and showed in Fig. 

A2. Despite the fact that the measured S11 results confirmed our design approach for the monopole 

antenna, (see results of Monopole 3), and AMC antenna, (see results of MA3_AMC1), operating 

within ISM 5.8 GHz band, the measured S11 results did not exactly agree with the simulation 

results. 

 

Fig. A2: S11 of simulation and three fabricated AMC antennas in free-space.   

 

For the validation verification of the antenna simulations, ANSYS high frequency structure 

simulator (HFSS) software [130] was used to compare the simulation results of CST MWS for 

monopole and AMC antennas. Results are compared to those given by CST MWS software, and 

shown in Fig. A3. Similar performance in terms of -10 dB input impedance bandwidth can be seen 

from the two simulations. A slight shift in the resonance frequency was observed in case of 

monopole antenna from 5.63 GHz using CST MWS software to 5.35 GHz using ANSYS HFSS 

software. The discrepancies between ANSYS HFSS and MWS CST results are basically due to 

the difference in the computation methods and discretization. CST MWS is based on finite 

integration technique (FIT) while ANSYS HFSS is based on finite element method (FEM). 
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(a) 

 

(b) 

Fig. A3: Simulated S11 by CST MWS and HFSS for (a) monopole and (b) AMC antennas. 

 

We searched in literature and found out that similar problem of simulation-measurement 

discrepancies was addressed for textile antennas. A CPW-fed textile UWB disc monopole antenna 

was designed using conductive Nylon fabric-Nora and dielectric acrylic fabric [131]. The antenna 

prototype and S11 results are shown in Fig. A4. Discrepancies in S11 results were observed when 

comparing simulated and measured S11 of the two fabricated CPW textile prototypes, i.e., MCPW1 

and MCPW2. Authors attributed these discrepancies mostly to manufacturing problems. In 

particular, two main parameters were discussed. First, since only a simple cutting tool was used, 

the definition of conductor edges might not be precise. Second, since the antenna was composed 
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of several pieces of the conductive textile, it was not easy to ensure all dimensions were correct 

during the attachment to the dielectric. For example, distance between the central line and ground 

plane, measures 0.5 mm, as shown in Fig. A4(a). The paper did not report any simulation or 

measurement results to support these suggestions. On the other hand, results of radiation patterns 

at different studied frequencies showed that a good agreement between simulation and 

measurement results was observed, with small discrepancies within an acceptable level. These 

findings are similar to the results obtained in our design in terms of radiation properties agreement 

between simulation and measurement results.   

 

                             (a)                                                                                             (b) 

Fig. A4: CPW-fed textile UWB disc monopole antenna; (a) photograph and (b) S11 results. MCPW1, MCPW2: two 

prototypes of this textile antenna [131]. 

 

Three different structures of UWB antennas for wearable applications were fabricated and 

tested [132]. Antennas were made of Jeans and copper tape materials as the dielectric and 

conductive materials, respectively. Prototypes of antennas 1, 2, and 3 are shown in Fig. A5. 

Antenna 1 is a circular UWB antenna with small radius, antenna 2 is a circular UWB antenna with 

large radius, and antenna 3 is a circular UWB antenna with center hole. Discrepancies were 

observed in S11 results shown in Fig. A6. It is worth mentioning that there is no explanation or 
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investigation reported in the paper regarding the observed discrepancies and the rest of the studies 

were carried out based on these prototypes.   

 

                         (a)                                                        (b)                                                       (c)  

Fig. A5: UWB antenna prototypes: (a) antenna 1, UWB wearable antenna with small radius, (b) antenna 2, UWB 

wearable antenna with large radius, and (c) antenna 3, UWB wearable antenna with center hole [132]. 

 

Two antennas were constructed using felt fabric sandwiched between a ground plane and 

a slotted radiating patch [133]. Two different conductive materials were used; copper textile and 

Shieldit Super conductive fabric. Prototypes of the antennas are shown in Fig. A7. Antennas were 

named FLSL and SHSL using copper and Shieldit Super conductive materials, respectively. As 

shown in Fig. A8, discrepancies can be observed between simulated and measured S11 results in 

the free-space condition. Authors attributed these discrepancies to the slight differences in the 

fabricated dimensions between simulations and measurements, and the effect of the SMA 

connector represented by a simplified model in the simulation. The rest of the studies were carried 

based on these prototypes.   
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                                     (a)                                                                                    (b)                                                                 

 

(c) 

Fig. A6: Simulated and measured S11 of (a) antenna 1, (b) antenna 2, and (c) antenna 3 [132]. 

 

       
 

                                                 (a)                                                             (b) 

Fig. A7: Textile antennas; FLSL (right) and SHSL (left); (a) radiating elements and (b) ground planes [133]. 
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(a) 

 

(b) 

Fig. A8: S11 of textile antennas; (a) FLSL and (b) SHSL [133]. 

 

A CPW fed multi-stacked patch with a full reflector is proposed, as shown in Fig. A9 [134]. 

The antenna consisted of a parasitic patch added beneath the radiating patch and backed with a 

reflector. The conductive components of the antenna, i.e., radiating and parasitic patches, and 

reflector, were built using Shieldit Super conductive textile and the substrate layers were formed 

using felt fabric. Authors attributed the differences in S11 results shown in Fig. A10 to the 

fabrication tolerances, as the antenna was made by hand, and numerical errors. The rest of the 

studies carried out in this paper were based on the discussed prototype.  
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Fig. A9: CPW fed multi-stacked antenna components from left to right; radiating patch, parasitic patch, and full 

reflector [134].  

 

 

Fig. A10: Simulated and measured S11 of  the CPW fed multi-stacked antenna in free-space (FS) [134].  

 

A novel integrated inverted–F antenna (IIFA) with a CPW feed was proposed [135]. 

Initially, for testing purposes, three different materials were used to realize three different versions 

of the proposed antenna. Antenna 1 was made of a material of 4.4 permittivity and 0.78 mm 

thickness, antenna 2 was made of a material of 2.2 permittivity and 1.58 mm thickness, and antenna 

3 was made of similar material as antenna 1 resonating at 5 GHz. Antenna prototypes and S11 
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results of the three antennas are shown in Figs. A11 and A12, respectively. Authors attributed the 

discrepancies between simulation and measurement results to the connector solder effect on the 

CPW line and the ground plane since these (the line and ground plane) were parts of the antenna. 

The antenna was then integrated on a denim substrate using a copper tape. Antenna prototype and 

S11 results are shown in Fig. A13. A shift in the resonance frequency and a wider impedance 

bandwidth were observed in measurement results compared to the simulation results. There was 

no explanation provided by the authors on these discrepancies.       

 

 
 

Fig. A11: IIFA antenna prototype in [135].  

 

 
 

Fig. A12: S11 of proposed antennas in [135].  
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                                         (a)                                                                                    (b) 

Fig. A13: Textile IIFA; (a) prototype and (b) S11 results [135]. 

 

After the validation of measurement and simulation procedures and a deep study in the 

literature, we started looking on the possible discrepancy reasons as follows: 

First, we looked at the discrepancy in the properties of the used textile material and 

dimensions of the monopole antenna simulation and measurement based prototypes. Investigations 

on the effects of changing these parameters on the monopole antenna performance in terms of S11 

results were performed using CST MWS software through a parametric study. Results of changing 

the substrate thickness (hs), the feeding line width (W2), the gap width between the feeding line 

and the ground plane in the CPW transmission line (W3), and the material permittivity (εr) are 

shown in Figs. A14 and A15. Please refer to Fig. 3.5 for the monopole antenna dimension details. 

It is worth mentioning that similar studies were performed on the other parameters of the monopole 

antenna and results showed no effect on the antenna performance similar to those obtained when 

changing the substrate thickness (hs). In general, as a result of changing these selected parameters, 

two resonance frequencies at 4.6 GHz and 5.6 GHz were observed. However, none of these 

resonances match the measurement resonance frequency at 4.8 GHz. Furthermore, we tried a 

combination changes of the most design sensitive parameters, W3 and εr, as shown in Fig. A16. 

Similar observation can be made for most of the tried cases.   
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(a) 

 

(b) 

 

(c) 

Fig. A14: Parametric S11 of monopole antenna for different (a) hs, (b) W2, and (c) W3. 
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Fig. A15: Parametric S11 of monopole antenna for different εr. 

 

(a) 

 

(b) 

Fig. A16: Parametric S11 of (a) monopole and (b) AMC antennas. 
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In simulations, the antenna was fed directly with a signal source, i.e., through SMA 

connector, without using a feeding cable. However, the feeding cable was used to connect the 

fabricated antenna to the measurement system. According to [136], in small antennas, currents 

may flow back to the outer surface of the feeding cable, resulting in secondary radiation. This leads 

to discrepancies between simulated and measured performance of the antenna and creates 

uncertainties to the design of the antenna. In order to investigate effect of the cable presence on 

the antenna measurements, two new monopole antennas were fabricated as shown in Fig. A17, 

i.e., the original antenna was no longer available for comparison due to oxidization of the 

conductive surface. S11 of these two newly fabricated antennas was measured using Keysight 

E5071C vector network analyzer (300 kHz – 20 GHz frequency operating range) for two scenarios: 

1) using the feeding cable (i.e., PE3VNA1801 SMA male to SMA male cable assembly is 

constructed with PE-VNA-R coax and the maximum VSWR is 1.25:1) and 2) directly connected 

to the network analyzer. Measurement setups for these two scenarios are shown in Fig. A18. 

 

Fig. A17: New fabricated monopole antenna (MA) prototypes.  

 

MA1: monopole #1 MA2: monopole #2 
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                                   (a)                                                                                           (b) 

Fig. A18: S11 measurement setups; (a) scenario 1 (using the cable) and (b) scenario 2 (direct contact to the VNA). 

 

S11 results of the two antennas are compared to the original results, denoted as “original 

antenna”, and the simulation result, as shown in Fig. A19. Antennas 1 and 2 were connected to the 

VNA through the same feeding cable used previously in the measurements. As you can see, based 

on measurements, a shift in the resonance frequency was observed from 4.8 GHz (original design) 

to 5.2 GHz (MA2), which might be attributed to the accuracy of the fabrication process. 

Measurement results were still similar to the original antenna, however, differences between 

simulation results and new set of measurement results were still observed.  

 

Fig. A19: S11 results of new fabricated monopole antennas.  
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In order to see the effect of the feeding cable on the measurements, results of the discussed 

scenarios were compared for MA1 and MA2, as shown in Figs. A20 and A21, respectively. Results 

show that the feeding cable has negligible effects on the measurements results. Results shown in 

Figs. A19, A20 and A21, confirmed the measurement and fabrication approaches followed for this 

design.    

 

Fig. A20: S11 results for MA1.  

 

Fig. A21: S11 results for MA2.  

 

Errors due the fabrication process were further investigated for the fabricated prototypes 

focusing on the smallest and/or most affecting parameters on the antenna performance. These 

parameters are shown in Fig. A22. Errors due to fabrication process are listed in Table A2 for the 
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original antenna and the new fabricated prototypes. S11 results, as shown in Fig. A23, showed they 

have a negligible impact on the antenna performance.  

 

Fig. A22: Antenna parameters investigated for the fabrication accuracy.  

 

Table A2: Errors due to fabrication process. Dimensions are in mm. 

 

 

In order to see the effect of electro-textile material selection on the antenna performance, 

monopole antenna was fabricated using another electro-textile material, i.e., Shieldit Super textile 

[52]. As summarized in Table A3, properties of the new material were compared with those for 

Pure Copper Taffeta electro-textile used in the design. As shown in Fig. A24, the electro-textile 

materials were made of individual threads. The non-continuous surface of the material, hence, 

might have led to a non-uniform current distribution on the textile surface. It is worth mentioning 

that in simulations, due to limitations, the conductive material of the antenna was modeled as a 

uniform surface. Two antenna prototypes named as Shieldit Super 1 and Shieldit Super 2 were 

fabricated using Shieldit Super material, as shown in Fig. A25(a). In order to address effect of the 

Parameter Simulation Original ant. Error MA1 Error MA2 Error 

wf2 0.40 0.43 7.5% 0.42 5% 0.42 5% 

L 17.44 17.04 2.2% 17.42 ~ 0 17.33 ~ 0 

w 1.50 1.25 16% 1.38 10% 1.40 6.6% 

y 0.50 0.51 ~ 0 0.50 0% 0.53 6% 
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non-uniform surface of the material on the antenna performance, monopole antenna was 

implemented using copper tape as the conductive material. Two antenna prototypes named as 

“Copper tape 1” and “Copper tape 2” were fabricated, as shown in Fig. A25(b).  

 

(a) 

 

(b) 

Fig. A23: S11 results of monopole antenna when changing; (a) y and (b) w parameters.  
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Table A3: Properties of electro-textiles [50]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                             (a)                                                                     (b) 

Fig. A24: Microphotographs of (a) Pure Copper Taffeta and (b) Shieldit Super fabrics [50]. 

 

       

                                      (a)                                                                                         (b) 

Fig. A25: Photograph of fabricated monopole antennas using (a) Shieldit Super and (b) Copper tape materials. 

 

Paramater Pure Copper Taffeta Shieldit Super 

Measured resistance (Ohm/sq) 0.031 0.025 

Surface resistance (Ohm/sq) 0.05 < 0.1 

Conductivity (S/m) 2.5 × 105 6.67 × 105 

Thread pitch (mm) 0.232 0.146 

Conductive element Cu Ni and Cu 

Thickness  (mm) 0.08 0.17 

Weight (g/m2) 80 230 

Shieldit Super 1 Shieldit Super 2 Copper tape 1 Copper tape 2 



172 

Fabricated antennas were tested using Keysight E5071C vector network analyzer (300 kHz 

– 20 GHz frequency operating range) for S11 measurements. Results are shown in Figs. A26 and 

A27 for Shieldit Super and Copper tape materials, respectively, where M1 refers to measurement 

results and S refers to simulation results. As can be seen in Fig. A26, a wider -10 dB input 

impedance bandwidth was obtained using Shieldit Super textile (4.2 GHz – 6 GHz) compared to 

using Pure Copper Tafetta textile (4.2 GHz – 5.6 GHz) with almost similar S11 response. On the 

other hand, using the copper tape resulted in -10 dB input impedance bandwidth (4 GHz – 6.5 

GHz) closer to the simulation results (3 GHz – 6.6 GHz) spatially at the higher frequency limit, as 

shown in Fig. A27.     

 

Fig. A26: S11 results of new fabricated monopole antennas using Shieldit Super material.  
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Fig. A27: S11 results of new fabricated monopole antennas using Copper tape material.  

 

Another investigation was carried out to study effect of the dielectric textile on antenna 

performance. Dielectric textile used in the paper, i.e., Pellon fabric, was replaced with foam 

material of similar thickness. Foam has a permittivity value close to air and similar to that for the 

textile substrate that we used. In both cases, copper tape was used as the conductive material. 

Antennas used for testing and measurement results are shown in Fig. A28. Results showed that the 

change of substrate material had a negligible effect on the antenna performance.   

In order to further confirm measurements accuracy, all fabricated antennas were tested 

using another Keysight E5063A vector network analyzer (100 kHz – 18 GHz frequency operating 

range). The results of the second round of measurements are donated as M4. Results showed a 

good agreement using both measurement setups as depicted in Fig. A29 for monopole antenna 

fabricated using Pure Copper Tafetta textile. Other antennas that were tested showed very similar 

results, but for brevity the results are not shown here.  
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    (a)                                                                                           

  

(b) 

Fig. A28: (a) Antennas using Pellon and Foam substrates and (b) S11 results. Where (M1) is measurement and (S) is 

simulation.   

 

 

Fig. A29: S11 results of monopole antenna using E5071C NA (M1) and E5063A NA (M4). 
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