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ABSTRACT 

Wireless body and personal area networks have become commonplace in recent years 

in industrial, medical, and consumer-based applications, allowing a collection of 

devices such as medical sensors to be distributed around a person’s body or within their 

direct vicinity, to communicate with each other or a network controller to provide 

convenient personal services. Distributed devices are typically compact and can even 

be located within the human body. This produces several bottlenecks relating to RF 

ability and power availability which are addressed here. 

In this thesis, two antennas are developed. The first is designed for implantable and 

ingestible applications offering robust wideband performance, covering all the useable 

licenced operating bands, in the complex material characteristic environment of the 

human body. The radiation characteristics of the proposed antenna outperform other 

published work with a smaller size, achieved through the novel application of split-ring 

resonators. The second is an off-body antenna which concurrently provides 

appropriately polarised bands for indoor and outdoor localisation and data 

communication. For its minimised size and wide bandwidth, this antenna also 

outperforms other antennas for WPAN applications published in the literature. 

Two methods for simultaneous wireless information and power transfer have been 

proposed in this work, based on novel theoretical ideas and hardware implementations. 

A symbol splitting system separates the information- and non-information- carrying 

components of a signal, using each for data reception and energy harvesting, 

respectively. The second method makes use of the characteristic of the requisite rectifier 

in the power conversion from RF to DC, recycling the inevitable third harmonic for 

data reception. The hardware required to achieve both methodologies utilise couplers 

and each architecture has been proven feasible through simulation and measurement. 

They provide comparable performance to other published systems, offering a compact, 

efficient, and convenient route to simultaneous wireless information and power transfer. 
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CHAPTER 1. INTRODUCTION 

This thesis contains a body of research which aims to produce novel enabling 

technologies that lead to improvements in the delivery of wireless communication and 

power transfer for devices operating in body and personal area networks. This begins 

with a realisation of the challenges in the field and the derivation of research questions 

through an analysis of the required theoretical background and current state of the art 

in the research and industrial environments. These questions bring about the 

formulation of novel solutions through a rigorous research and development process, 

leading to a robust set of conclusions. The thesis sees the development of antennas able 

to support such systems and the formation of a novel hardware receiver implementation. 

This chapter sets out the research motivation by providing background to the area of 

study, allowing the derivation of a clear set of aims and objectives, which steer the 

focus of the work. An overview of the thesis content is also provided at the end of this 

chapter. 

1.1 Research Background 

Body area networks (BANs) and personal area network (PANs), as key elements in 

body-centric communications, have attracted a growing level of research interest in 

recent years together with the boom in the number and types of wireless body sensors 

[1]. Generally, a BAN represents a short-range low power network operating in the 

direct vicinity of, or inside of, the human body; connecting implantable or wearable 

devices that collect bio or other personal information from the person [2]. In contrast to 

a BAN, a PAN normally refers to a network with portable sensors or devices located 

around an individual within a wider coverage area (e.g., inside a room). Apart from the 

extended coverage, applications involved in a PAN system often not only monitor 

physiological changes collected from the human body but also provide information 

about the user’s surroundings or environment. To offer a smart, user-friendly, and 

ergonomic technology to the user, wireless communications and related technologies 
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have been adopted in the implementation of these networks, which has moved the 

general trend towards wireless BAN (WBAN) and wireless PAN (WPAN). The main 

benefit of WBAN and WPAN is that dynamic networks can be realised, allowing users 

to add or remove any sensors or devices freely. Accordingly, the growth in potential 

applications in the fields of WBAN and WPAN such as healthcare, monitoring and 

position tracking has developed rapidly. Fig. 1-1 shows a generalised architecture of a 

WBAN/WPAN for healthcare application. 

 

Fig. 1-1: A general architecture of WBAN/WPAN in healthcare application (adapted 
from) [3]. 

 

Among the abovementioned applications, research on biomedical telemetry has become 

intensive due to its importance for treatment and healthcare in the WBAN domain. 

Implanted or ingestible sensors can sense and collect vital bio-signals such as 

temperature, heart activity (electrocardiogram (ECG) sensor), muscle activity 

(electromyography (EMG) sensor), brain electrical activity (electroencephalography 

(EEG) sensor), blood pressure and blood glucose level from the human body and 

transmit the collected information to an external device for further post-processing by 

a medical expert, potentially in real-time. This application could allow medical 

emergencies or other time-critical health issues such as stroke, heart attack or even 
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cancer to be detected and diagnosed as early as possible [4]. In any wireless system, the 

antenna is a key component. In the cases of WBAN and WPAN, an antenna must be 

able to transmit and receive signals wirelessly between implantable or ingestible 

sensors and external devices. A well-designed implantable or ingestible antenna helps 

to reduce the overall system size and establish a robust wireless communication link. 

To achieve these goals the following five aspects should be carefully considered: 

1. Operating frequency band: 

Currently, frequency bands allocated for use in implantable and ingestible applications 

include the Medical Implant Communication Service (MICS) band, Medical Device 

Radio Communication (MedRadio) band, Wireless Medical Telemetry Services 

(WMTS) band, and some of the Industrial Scientific Medical (ISM) bands. These bands 

are allocated and regulated by the U.S. Federal Communications Commission (FCC) 

and the European Telecommunications Standards Institute (ETSI). The frequency range 

of each band is provided in Table 1-1. Among them, MICS 403 MHz is commonly used 

for low-power communication to support diagnostic or therapeutic operations 

associated with medical implant devices [5] and ISM 433 MHz is mainly used for 

wireless power transfer from external sources to implant devices [6]. ISM 2450 MHz 

is commonly used when size restrictions are paramount to the system such as for a 

retinal implant, as typically, lower frequency leads to larger antenna size. Conversely, 

using higher frequency bands results in larger signal attenuation by body tissues [7]. 

Thus, the selection of an appropriate frequency band for any implantable or ingestible 

device requires careful consideration. 
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Table 1-1: Licensed Frequency Bands for Implantable/Ingestible Antenna 

 Frequency Band Full Name Range (MHz) 

MICS Medical Implant Communication Service 402~405 

MedRadio Medical Device Radio Communication 

401~406 

413~419 

426~432 

438~444 

451~457 

WMTS Wireless Medical Telemetry Services 1395~1400 

ISM Industrial Scientific Medical 

433.1~434.8 

868.0~868.8 

902.8~928.0 

2400~2480 

 

2. Operating bandwidth: 

Distinct from free space, the environment inside a human body is more complex as it 

is composed of a variety of non-uniform body tissues such as skin, fat, and muscle. 

These tissues have different material properties (e.g., dielectric constant and 

conductivity), which vary with frequency and are distributed asymmetrically. The 

consequent influence such as attenuation inside a tissue layer and reflection among 

different tissues can result in operating frequency shifts, due to antenna detuning and 

further losses [8]. Therefore, an antenna’s operating bandwidth should be sufficiently 

wide to compensate to some extent for these influences from the human body. 

3. Size miniaturisation: 

Physical limitations such as weight and size for implantable and ingestible antennas 

provides a significant challenge to the antenna designer. Generally, resonating at a 
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lower frequency requires a larger size [9]. For example, the wavelength at 403 MHz in 

free space is 744 mm, typically an antenna has dimensions on the order of half/quarter 

a wavelength and hence an antenna in this case with a size on the order of several 

hundred mm would be physically beyond the tolerable size for an implantable or 

ingestible antenna. Even finding sufficient and convenient space for such an antenna 

on-body would be difficult, hence, miniaturisation is necessary. The relatively high 

dielectric coefficients of human body tissues, aid in reducing overall antenna size, 

however, the high conductivity of the human body results in a significant drop in 

radiation efficiency and hence antenna gain [10]. Therefore, a trade-off between size, 

radiation efficiency, and gain needs to be considered. 

4. Biocompatibility: 

To avoid direct contact between an implant and body tissues, appropriate biological 

properties are required. Two methods have been employed in the literature: the first is 

to use biocompatible conductors such as Titanium, silver palladium and gold [11]; the 

second is to use a thin biocompatible insulating film wrapped around the antenna such 

as polyamide, zirconia, ceramic alumina, and polyether ether ketone (PEEK) [12]-[15]. 

The latter method is cheaper and offers comparable performance to the former. 

5. Adherence to safety regulations: 

Specific absorption rate (SAR) is a measure of how much energy is absorbed by the 

human body [16]. Implantable and ingestible antennas are required to follow SAR 

standards to avoid hazardous heating of body tissues. Two international standards have 

been generated to regulate SAR levels by the Institute of Electrical and Electronics 

Engineers (IEEE). According to IEEE C95.1-1999 standard, averaged SAR (AVG SAR) 

over 1 g of body tissue in the shape of a cube (1 g-AVG SAR) is limited to less than 

1.6 W/kg [17]. Another standard called IEEE C95.1-2005 restricts the averaged SAR 

over 10 g of body tissue in the shape of a cube (10 g-AVG SAR) to less than 2 W/kg 

[18]. Designs of antennas to be applied on or within the human body must satisfy these 

standards. 
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Different from WBAN applications, WPAN applications integrate healthcare 

monitoring and location tracking. They collect not only the bio-information from the 

body but also the environment of the user. Such implementation has a great potential 

capability for long-term patient monitoring, localisation, and rescue [19]. For example, 

doctors or carers can easily monitor their recipients’ or their patients’ health situations 

and can help to guide or locate them if they get lost. As a result of these merits, recently 

there has been an upsurge in the development of devices able to provide both indoor 

and outdoor localisation functions using a single antenna [20], [21]. These devices 

make use of the allocated Global Navigation Satellite Systems (GNSS); the commonly 

used bands for localisation are summarised in Table 1-2. 

Table 1-2: Allocated GNSS Frequency Bands for Localisation 

 Frequency Band Full Name Range (MHz) 

GPS Global Positioning System 

L1:1575 

L2: 1230 (military) 

L5: 1175 

Galileo European Galileo 

E1: 1575 

E5: 1191 

E6: 1279 

Beidou Chinese Beidou B1-2: 1589 

 

Considering batteries are commonly used by distributed sensors like those used in 

WBAN/WPAN applications, as well as in a variety of other transceivers, the integration 

of energy harvesting technologies into wireless communication networks to extend 

battery life has become a new technology paradigm. A promising energy harvesting 

technology is wireless power transfer (WPT), by which the receivers harvest energy 

from electromagnetic (EM) radiation provided by a dedicated source in a fully 

controlled manner. The combination of communication system and wireless power 
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transfer is referred to as simultaneous wireless information and power transfer (SWIPT). 

It represents a compact approach to providing power and transmitting information to 

distributed sensors or other independently powered communication devices 

concurrently [22]-[24]. It helps with charging the main power elements in a distributed 

sensor or device (such as a battery) or even providing adequate energy to drive the 

whole system standalone. For example, wireless implants can be calibrated and 

powered simultaneously with the same received waves, eliminating the need for regular 

battery replacements. In the case of an implantable medical device, this would mean 

avoiding surgical operation for patients, potential infection risks, saving expenses, and 

improving user convenience/experience. Therefore, applications in WBAN/WPAN 

areas could become self-sustainable with integrated information and power transfer. 

1.2 Research Motivation 

This research is focussed on the development of enabling technologies for WBAN and 

WPAN communication and power transfer. For WBAN applications, biomedical 

telemetry plays a role in improving the quality of diagnosis and healthcare. Implantable 

and ingestible antennas as key components have been researched for years. However, 

none of the published designs satisfies all of the five requirements using a single 

radiation structure as the antenna for both implantable and ingestible devices discussed 

above with robust performance. For example, the conformal patch antenna proposed in 

[25] is of very narrow bandwidth, centred at 1.2 GHz, which suffers frequency detuning 

after implantation in an in vivo environment. Designs in [26], [27] achieve small size, 

however, the radiation efficiencies and gains are relatively low in an anatomical body 

model. Therefore, designing a flexible antenna that covers multi-bands with adequate 

bandwidth and good radiation performance for both implantable and ingestible devices 

is of interest. 

For WPAN applications, there is a trend in designing antennas able to provide 

indoor/outdoor location tracking functionality. Published designs in [20], [21] show a 

dual-band characteristic (1.575 GHz and 2.45 GHz) for indoor/outdoor localisation. 
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The operational bandwidths in [20] are 1.84% (29 MHz) at 1.575 GHz and 0.736% 

(17 MHz) at 2.45 GHz, which are relatively narrow and fail to satisfy typical modern 

communication system bandwidth requirements. Polarisation characteristics should 

also be considered. Localisation-enabled applications typically transmit and receive 

circular-polarised (CP) signals as CP waves are not sensitive to the influences of 

Faraday rotation introduced by the ionosphere [28], [29]. Some designs, such as the one 

described in [30], provide sufficient bandwidth but with linear polarisation (LP). 

Furthermore, the provision of an additional frequency band that can be used to provide 

the wireless communication link used in WBAN/WPAN has been neglected by these 

studies. 

Implementing a SWIPT system for WBAN and WPAN applications requires 

consideration of both information detecting/decoding (ID) and power transferring (PT) 

as the electromagnetic energy received by the antenna is used for both decoding 

information as well as harvesting energy to power the device. Popular techniques 

proposed for SWIPT function by separating the received signal into two streams in a 

variety of different domains: time, power, frequency, and antenna [31]-[35]. Common 

drawbacks of these techniques are an inevitable loss of information or available power. 

In addition, although much research on this topic has been published, the majority of 

the focus is on system algorithm optimisation rather than hardware implementation [33], 

[39]. Therefore, there is a need to develop hardware implementations that achieve the 

information transmission and power transfer concurrently with less information and 

power loss. 

Two possible scenarios of this work are given in Fig. 1-2 and Fig. 1-3. The first system 

scenario is using a WPAN device as the personal server, which transmits data and 

power to other WBAN/WPAN devices (utilising SWIPT). Meanwhile, providing  

indoor and outdoor localisation functionality. The distributed sensors within the 

WBAN/WPAN network can work as SWIPT receivers as well as transmitting collected 

data from, for example the human body, to the personal server for further processing. 
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Fig. 1-2: WPAN device as a personal server contacts with WBAN devices around 
human body. 

Another system scenario would be where both WBAN and WPAN devices are 

controlled by an external personal server, such as a mobile phone. In this case both 

devices receive data and power from the server, and can transmit collected information 

to the server for processing. In the case of a WPAN device, this may also provide 

localisation information to the network server. 

 

Fig. 1-3: An external server contacts with both WBAN and WPAN devices. 
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1.3 Aims and Objectives 

The main targets of this work relate to the development of SWIPT enabling 

technologies for WBAN/WPAN applications. The two primary aims are: firstly, to 

develop novel antenna designs to meet the outcomes of a needs analysis for 

WBAN/WPAN antennas, and secondly, to design and implement a novel receiver 

hardware system capable of facilitating SWIPT functionality. To address these aims the 

following six objectives have been formulated to provide a structured approach to this 

research: 

1) Develop a foundation for implantable/ingestible antennas, antennas equipped with 

GPS capability, and current techniques used for SWIPT, through researching the 

current state-of-art to determine present limitations: Chapter 2. 

2) Develop a flexible implantable/ingestible antenna that can operate over multiple 

bands of interest with good radiation performance. This multi-band or broadband 

antenna should take into consideration of size miniaturisation, detuning 

desensitisation for the body environment (through bandwidth enhancement), 

biocompatibility, and user safety: Chapter 3. 

3) Develop a compact multiband antenna that can be used for indoor/outdoor 

localisation and medical telemetry services. Polarisation should be designed 

carefully to allow CP waves to be received for tracking: Chapter 4. 

4) Develop novel hardware-based splitting techniques for simultaneous 

communication and power transfer while minimising information and power loss: 

Chapter 5. 

5) Provide critical analysis and comparison of simulation and experimental results 

with an understanding of error sources, together with comparisons with other state 

of the art works: Chapter 3, 4, and 5. 

6) To critically analyse the outcomes of this research and provide suggestions for 

further work: Chapter 6. 
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1.4 Chapter Outline 

This thesis includes six chapters with the main research contributions provided through 

the design of two novel antennas optimised for WBAN/WPAN applications and the 

development of novel splitting mechanisms for SWIPT applications achieved through 

a hardware implementation. The structure is outlined in the following: 

Chapter 2 – Presents an overview of the developments of implantable/ingestible 

antennas, GPS-equipped WBAN/WPAN antennas, and SWIPT technologies, with a 

detailed literature review of previous work and the state of the art in similar areas. 

Chapter 3 – A wideband flexible antenna with split-ring resonators is presented for 

implantable and capsule applications in the WBAN domain. This design covers the 

entire MedRadio band and four ISM bands of interest. The novelty of adopting a split-

ring resonator is analysed to elaborate how it helps with impedance matching, radiation 

gain and efficiency. The proposed antenna in this chapter is the first published work 

that can offer appropriate radiation performance in both muscle-located implantation 

and ingestible environment. 

Chapter 4 – A novel compact wideband dual-polarised antenna with Indoor/outdoor 

localisation capabilities for WPAN communications is proposed in this chapter. This 

antenna has a comparably wide impedance bandwidth covering the GNSS L1/E1, GPS 

L5, WMTS, and the ISM 2450 MHz bands. Different from most published designs, the 

CP property is enabled in the GNSS L1/E1, GPS L5, and the ISM 2450 MHz bands for 

indoor and outdoor localisation. 

Chapter 5 – Novel splitting techniques for SWIPT are presented, and two hardware 

implementations are designed and constructed. A proposed Symbol-Splitting technique 

aims at separating the information carrying received signal components from the non-

information carrying components for data extraction and energy harvesting. Another 

technique utilises the typically rejected or supressed third harmonic generated by the 

rectifier necessary for energy harvesting to provide a route to the signal data 
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demodulation. The hardware implementations of the two proposed techniques are 

achieved through the utilisation of two common RF components and traditional phase 

shift keying (PSK) modulation, a commonly used modulation scheme for 

WBAN/WPAN, is employed for verification of the functionality. These methods 

reduce information loss and sustain relatively high-power conversion efficiencies for 

energy harvesting. 

Chapter 6 – Provides conclusions in view of the research aims and objectives and 

highlights some ideas for further development and improvement related to this research 

topic. 
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CHAPTER 2. LITERATURE REVIEW 

The purpose of this chapter is to present a general overview of antennas for 

WBAN/WPAN applications and current hardware implementations related to 

simultaneous information and power transfer (SWIPT). It is an essential point of 

departure as it offers a full picture for the motivation behind this research while 

presenting a useful insight into the research field and its current trends. 

Overviews of implantable and ingestible antennas for WBAN are given in Section 2.1.1 

and Section 2.1.2. In Section 2.1.3, metamaterials used for biomedical applications are 

described. WPAN, antennas equipped with localisation and tracking capabilities are 

discussed in Section 2.2. Current progress in merging wireless power transfer (WPT) 

into wireless data communication networks in terms of hardware realisations is 

reviewed in Section 2.3.1. This is followed by a discussion of WPT architecture in 

Section 2.3.2 which helps with the construction of a simultaneous wireless information 

and power transfer system. 

2.1 Overview of Antennas for WBAN 

WBAN technology is playing an important role in revolutionising biomedical telemetry 

systems, including facilitating health monitoring and medical aids [1]-[3]. Most of these 

devices belong to one of two categories, implantable, or ingestible, on basis of the way 

they are placed onto, or inserted into, a human body. As shown in Fig. 2-1, implantable 

devices are normally placed inside the human body via surgical operation and include 

devices such as pacemakers, blood glucose monitors, and brain implants [5]-[7]. 

Ingestible devices are commonly capsule-shaped that they to be swallowed like regular 

medical pills [8], [9]. Antennas are key elements for these devices, enabling 

bidirectional communications with other control units. General design challenges for 

such antennas include size miniaturisation, detuning desensitivity to the body 

environment (bandwidth enhancement), biocompatibility, and user safety. Current 
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solutions to these challenges on implantable and ingestible antennas are discussed in 

Section 2.1.2 and Section 2.1.1. 

 

Fig. 2-1: Implantable and ingestible devices for biomedical telemetry [4]. 
 

2.1.1 Implantable Antennas 

For physiological acceptability, the overall size of an implantable antenna should be 

miniaturised. There are four common miniaturisation methods for implantable antennas. 

The first is to select an appropriate substrate and superstrate material, each with a high 

dielectric constant (εr) property. A high dielectric constant leads to a shorter effective 

wavelength and results in the lowering of a design’s resonant frequency. Rogers 3010 

(εr = 10.2, loss tangent tanδ = 0.0035), Rogers 3210 (εr = 10.2, tanδ = 0.003), and 

Rogers 6010 (εr = 10.2, tanδ = 0.0035) are preferred by most researchers [10]-[14]. 

These materials with high dielectric constants can not only reduce overall size but also 

decouple the antenna from the absorbing lossy body environment as well as stabilise 

against effective permittivity fluctuations in the various body tissues encountered by 

the antenna [15]. However, the input power of an implantable antenna may convert into 

surface waves if a material with a very high dielectric constant is used [16] and as a 

result, the radiation efficiency would be affected. 
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Another way to achieve miniaturisation is to select higher frequency bands such as the 

licensed ISM 2450 MHz band or even millimetre-wave frequencies [17]-[19]. Higher 

resonant frequencies lead to an overall smaller antenna size. The main concern here 

relates to losses, which influence the signal transmission from the antenna through the 

body as losses in human body tissues at RF frequencies generally increase with 

frequency [19]. 

The third method is to increase the lengths of current paths of radiators. Generally, 

increasing the current path length leads to a lower resonant frequency [13], [14], 

[20]-[22]. As shown in Fig. 2-2, shorting pins and open-ended slots on an antenna 

ground plane can be used to lengthen current paths leading to a significant reduction in 

antenna size. Moreover, radiator stacking can also increase current path length. Fig. 2-3 

shows how two radiators of an implantable antenna can be stacked either vertically or 

horizontally [22], in this case leading to a 33% reduction in required antenna size. 

Adopting stub loading and capacitive coupling can also help with size reduction as 

discussed in [12]. Inductive or capacitive loading can help with impedance matching at 

the desired frequency by adjusting the imaginary part of the impedance, thus facilitating 

size reduction for an implantable antenna [12], [23], [24]. Fig. 2-4 shows the influence 

of stub loading (case 2) and stub loading together with capacitive coupling (proposed 

design) on the reflection coefficient (S11) of the antenna. It demonstrates that the 

resonant frequency shifts down dramatically with the loading stubs on the radiator, 

verifying that the overall size can be reduced for a fixed operating frequency with the 

use of loading stubs. Adding capacitive coupling among the stubs leads to further size 

reduction (operating frequency shifts downwards in Fig. 2-4). 
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Fig. 2-2: Size miniaturisation by using shorting pins and open-ended slots on the ground 
plane: Antenna structure in (a) [13]; (b) [14]; (c) [20]. 
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Fig. 2-3: Size miniaturisation by radiator stacking to increase radiator current paths [22]. 

 

 

Fig. 2-4: Size miniaturisation by using stub loading and capacitive coupling [12]. 
 

Due to the heterogeneous environment inside a human body, sufficient operating 

bandwidth is an important demand for implantable antennas. An implantable antenna 

should have an adequate operating bandwidth to avoid being tuned away from the 

desired frequency band by the effects of the surrounding environment. Furthermore, 

dual- or multi- frequency band operation for a single antenna can enrich the variety of 

applications for which the antenna is equipped to support. For example, by cutting an 

open-ended slot on the ground plane of the antenna proposed in [14], two additional 

resonant frequencies appeared at 1.9 GHz and 2.45 GHz with corresponding operating 

bandwidths of 8.2% and 7.3%, respectively. This result is shown in Fig. 2-5(a). In this 
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case, the number of operating frequency bands has increased, however, the bandwidth 

around each resonance is still quite narrow and hence the antenna remains sensitive to 

detuning. Another example in Fig. 2-5(b) shows adding slots on the radiators and 

ground plane can also achieve dual-band operation but with improved bandwidths [22]. 

The bandwidths at 0.4 GHz and 2.4 GHz are 38.1% and 17.6%, respectively. However, 

to achieve this the overall antenna size (diameter = 20 mm, area = 2.517λ0
2) had to 

increase. A multi-band antenna example is depicted in Fig. 2-5(c). This antenna utilises 

a multi-layer structure to achieve multi-resonant frequencies. The bandwidths for the 

MICS and ISM bands are 28.1% and 2.8%, respectively. Overall, these mentioned 

techniques are beneficial, but in each case the structure of the implantable antenna 

becomes complicated and bulky, giving rise to the need for further improvement. 

Biocompatibility and prevention of undesirable short-circuit from the human body 

presents another challenge in the design of an implantable antenna. Direct contact 

between an implantable antenna and body tissues results in a short-circuit situation for 

the antenna as the human body is conductive. As has been mentioned in Chapter 1, two 

approaches are commonly utilised to overcome this challenge. The first approach is to 

use biocompatible materials such as Titanium, Teflon, and ceramic alumina as opposed 

to the commonly used copper conductor and low loss RF substrates. The main problem 

with this approach is that drilling, round cutting and hence accurate manufacture of an 

antenna using these materials is difficult [24], [25]. 

Another approach is to use a low-cost thin biocompatible insulating film wrapped 

around the antenna such as polyamide, zirconia, silicone, Silastic MDX-4210 

Biomedical-Grade Base Elastomer, or polyether ether ketone (PEEK) [26]-[28]. An 

example of coating a biocompatible insulating film is depicted in Fig. 2-6. Materials 

with high dielectric constant and low loss-tangent tanδ contribute to lower power loss 

by concentrating the near fields of the antenna inside the low-loss coating layer. The 

selection of the material is typically related to ease of handling and availability. 
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Fig. 2-5: Examples of bandwidth enhancement: (a) [14]; (b) [22]; (c) [23]. 
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Fig. 2-6: An example of achieving biocompatibility by coating the implantable antenna 
with a thin biocompatible insulating film [26]. 

 

User safety is a key issue for designers of implantable or ingestible antennas since these 

devices are positioned inside the human body. Careful consideration is required to 

minimise danger to the human body tissues due to electromagnetic (EM) exposure. The 

Specific Absorption Rate (SAR) is widely acknowledged as the most appropriate 

measure for evaluating the safety of body tissues under EM exposure. SAR is defined 

as the amount of energy absorbed per unit mass of body tissue and can be calculated by 

Eq. (2.1): 

 

2

= =
EP

SAR


   (2.1) 

where P (W/m3) is the power loss density, σ (S/m) is the conductivity of the selected 

tissue, E (V/m) is the effective value of the electric field intensity within the tissue, and 

ρ (kg/m3) is the mass density of the tissue [29]. 

From this equation, in a given material the maximum SAR value produced by an 

antenna will occur in the area where the electric field intensity is maximum. Currently, 

two widely accepted international standards for SAR are IEEE C95.1-1999 and IEEE 

C95.1-2005. The former limits the averaged SAR over any 1 g cubic volume of body 
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tissue to less than 1.6 W/kg [30]. The latter restricts the averaged SAR over any 10 g 

cubic volume of body tissue to less than 2 W/kg [31]. 

2.1.2 Ingestible Antennas 

One of the most common ingestible device applications is the wireless capsule 

endoscope (WCE). This is normally a capsule-shaped device that people swallow like 

taking a regular pharmaceutical capsule pill [32], [33]. This kind of device can collect 

data such as images while passing through the gastrointestinal (GI) tract and transmit 

them to a surrounding monitoring device for post-processing, facilitating medical 

diagnosis and directing therapy [34]. A typical WCE is illustrated in Fig. 2-7, which 

shows that an ingestible device passes through and operates within the entire GI tract 

(including oesophagus, stomach, small/ large intestine, and colon) after being 

swallowed. 

The components involved in a typical WCE are also depicted in Fig. 2-7. Generally, it 

contains a dome, light-emitting diodes (LEDs), a sensor pack, batteries, and an antenna 

system [35]. The antenna plays a key role for ingestible devices as it enables EM waves 

to be radiated and/or received. Allowing images to be transferred instantaneously 

reducing the need for data storage capacity within the device and speeding up medical 

processing. Compared to implantable antennas, ingestible antennas are more sensitive 

to detuning as they pass through a dynamically varying environment. To guarantee a 

robust communication link, a straightforward approach is to design a wideband antenna 

with sufficient bandwidth covering the possible detuning range hence achieving 

insensitivity to the lossy body environment. Basic requirements and challenges 

discussed before such as size miniaturisation and user safety for implantable antennas 

remain key for ingestible antennas. 
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Fig. 2-7: Overview of a typical WCE operational path [49]. 

 

There are generally two categories of ingestible antennas regarding size requirement, 

namely embedded structure, and conformal structure. In an embedded structure, the 

antenna is placed inside the capsule cavity with the other components. Some examples 

are depicted in Fig. 2-8 and Fig. 2-9. 

In Fig. 2-8 a capacitance-loaded embedded antenna is connected to a transceiver inside 

the capsule cavity. For simulation purposes, a cylinder with 2 mm height was used to 

represent the LED, and the camera and battery were replaced by perfect electrical 

conductors (PECs). The results in Fig. 2-8(c) show two phenomena. Firstly, the antenna 

reflection coefficient varies when the antenna is in the vicinity of different organs which 

is caused by the different dielectric constants of each organ, directly giving rise to the 

frequency shift. Another phenomenon is that placing the antenna inside the capsule 

cavity (with WCE) affects performance. The matching performance becomes worse 

compared to the case without the WCE system model. 
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Fig. 2-8: Example of a capacitance-loaded embedded antenna for WCE [36]: 
(a) Geometry structure of the antenna; (b) Geometry structure of the WCE model; 
(c) Performance in different organs. 

 

Loop and spiral antennas have also been used for embedded structures. A small loop 

antenna operating at 315 MHz and a conical helix operating at 450 MHz in Fig. 2-9(a) 

and (b) are placed inside the capsule cavity. The bandwidth in [37] is about 2 MHz 

which is likely insufficient to overcome the potential frequency detuning as the capsule 

passes through the GI tract. The resonant frequency for [38] is at 450 MHz which is not 

in the licensed frequency range for WBAN devices. Moreover, two vital features, 

radiation efficiency and realised gain, were not reported on in either example. 
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Fig. 2-9: Examples of embedded antenna for WCE: (a) [37]; (b) [38]. 

 

The second design approach takes full advantages of the capsule surface. This structure 

is a conformal structure, which adopts flexible substrate material to achieve 

conformality with the shell of the capsule. Conformal antennas for WCEs can be 

categorised according to the wrapping location, which can be either on the inner surface 

of the capsule shell (inner wall) or on the outer surface of the capsule shell (outer wall). 

The common advantage of wrapping on the inner wall of the capsule is that direct 

contact with body tissues is prevented [39]-[44]. Two examples are depicted in Fig. 

2-10 presenting capsule antennas wrapped on the inner wall. The problem of the first 

of these antennas is its narrow bandwidth. The conformal microstrip antenna shown in 

Fig. 2-10(a) operates at 434 MHz with an overall size of 17 mm in length and 7 mm in 

diameter. In three liquid phantoms with muscle-equivalent, maximum, and time-

averaged GI EM properties which were used to simulate the antenna operating 

environment, the antenna achieved an operating bandwidth of around 17 MHz. Fig. 

2-10(b) is a conformal loop antenna with an overall size of 15 mm in length and 10 mm 

in diameter operating at 2.45 GHz with 31.58% fractional bandwidth (from 2.08 to 



29 
 

2.86 GHz). The gain is -29.1 dBi which is relatively low compared with others 

operating in the same frequency band. 

 

Fig. 2-10: Examples of conformal antennas placing on the inner wall of a WCE: 
(a) microstrip antenna [39]; (b) loop antenna [40]. 

 

Unlike an inner capsule wall antenna, wrapping on the outer wall requires careful 

consideration of the surrounding environment. Magnetic type antennas (loop antennas) 

are preferred over electric type antennas as they are less susceptible to the varying 

environment [37]. Wrapping loop antennas on the outer wall of the capsule commonly 

realises wide bandwidth [45]-[47]. The outer-wall loop antenna in Fig. 2-11(a) is placed 

inside a cylindrical homogeneous body model and has a resonant frequency of around 

350 MHz. The realised bandwidth is 785 MHz from 215 MHz to 1 GHz, which can be 

regarded as ultra-wide. However, the radiation efficiency, gain, and matching 

behaviours of this design when placed in a realistic operating environment were not 

studied. Another example is depicted in Fig. 2-11(b). This antenna also has a wide 

bandwidth of 260 MHz (from 370 MHz to 630 MHz) which can contribute to robust 
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performance against the probable frequency detuning previously discussed. Despite 

these good characteristics, the size of the capsule is 28 mm in length and 11 mm in 

diameter, which is over the standard limitation of a WCE dimension (26 mm in length 

and 11 mm in diameter). Neither radiation efficiency nor gain was studied for this 

antenna. 

 

Fig. 2-11: Examples of the conformal antennas with loop structure placing on the outer 
wall of a WCE: (a) [45]; (b) [46]. 

 

Helix and PIFA structures have also been used for outer-wall wrapped style antennas 

[48]-[50]. The helix shape was verified to be less sensitive to the varying organ 

environments [50]. Such an antenna shape can be easily wrapped along the capsule 

shell while maintaining its geometry. An example of a helix-shaped antenna is provided 

in Fig. 2-11(a). The desired resonant frequency is 433 MHz with 20 MHz bandwidth. 

The simulated gain was -40.9 dBi and the simulated radiation efficiency -41.16 dB 

(0.007%), which are not sufficient to support convenient system functionality. The 
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example in Fig. 2-11(b) uses a planar inverted-F antenna (PIFA) structure. This antenna 

resonates at 403 MHz and the fractional bandwidth is 134.2% (284 MHz~825 MHz). 

However, the capsule operating environment was not described and evaluation of its 

performance in terms of reflection coefficients, radiation efficiencies and gains in 

different organs was not studied. 

 

Fig. 2-12: Examples of conformal antenna placing on the outer wall of a WCE: (a) helix 
antenna [48]; (b) PIFA antenna [49]. 

2.1.3 Metamaterials for Bio-medical Applications 

Artificial electromagnetic materials (metamaterials) have attracted increasing attention 

after a practical evaluation of split-ring resonators (SRRs) by the Pendry group [51] and 

an experimental demonstration by the Shelby group [52]. The dual counterparts of 

SRRs are complementary SRRs (CSRRs). The most prominent property of (C)SRRs is 

their ability to provide a negative permeability or permittivity near their resonant 

frequency [53]-[55]. Adopting (C)SRRs on bio-antenna designs brings a new approach 
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to size miniaturisation, multiband operation, and circular polarisation (CP). For 

example, a single-fed implantable antenna with four C-shaped slots and a CSRR 

loading on the radiator is shown in Fig. 2-13. The circular CSRR consists of two 

concentric metallic slot rings with two slits cut in opposite directions at the centre of 

the radiator as depicted in Fig. 2-13(a). This structure offers negative permeability, 

which contributes to a decreased electrical length for this unit cell at the desired 

resonant frequency [56]. The resonant frequency shifts from 4.5 GHz (case 1) to 

2.45 GHz (case 2). In addition, adopting the CSRR introduced two more resonant 

frequencies which can be seen in Fig. 2-13(b). By carefully tuning the geometrical 

parameters, CP radiation is realised in [56] and the received CP bandwidth is 60 MHz 

(from 2.42 GHz to 2.48 GHz). 

 

Fig. 2-13: Example of a compact CSRR loaded CP implantable antenna: (a) antenna 
structure; (b) Reflection coefficients [56]. 

 

An example of adopting an SRR is shown in Fig. 2-14. A square slot etched on the front 

side of the substrate offers a resonant frequency of 2.5 GHz. The reflection coefficient 

plots in Fig. 2-14 show that the impedance matching improves, and more resonant 

frequencies are generated by adding strips inside the slot. The SRR in this design 

produces the lowest resonant frequency at 1.8 GHz, which helps with size 
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miniaturisation. Meanwhile, the excitation of the SRR provides CP radiation at this 

frequency. It should be acknowledged here that this design is not for WBAN/WPAN 

applications. The exploitation of the SRR/CSRR for implantable or ingestible 

applications has not been previously investigated in the literature and is a key 

innovation of this research. 

 

Fig. 2-14: Example of a compact SRR loaded slot antenna [57]. 

 

2.2 Design of Antennas for Localisation in WPAN 

Applications 

WPAN applications are designed to not only provide relevant data but are often also 

able to provide information about a user’s locality as explained in Chapter 1. The GNSS 

allows position and time information to be trackable, normally for outdoor scenarios 

[58]. The utilisation of CP antennas for GNSS is beneficial as it can prevent signal 

attenuation, multipath distortion, absorption losses and polarisation mismatch losses 

from Faraday rotation influences when transmitting or receiving waves [59]. Owing to 

the insufficient signal penetration into rooms or buildings, the ability of positioning for 
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GNSS-enabled devices is constrained from indoor scenarios, therefore, an additional 

frequency band is required to provide this information. 

Developing capabilities of localisation for both indoor and outdoor scenarios for 

WPAN applications has become highly desirable and attractive in recent years. 

Considering the types of signals available inside rooms or buildings and those allowable 

for WPAN applications, the 2.45 GHz ISM band has been selected for indoor tracking 

[60]-[62]. It is thus desirable to design a multiband antenna covering the mentioned 

bands with CP ability. Examples of such antennas found in recent literature are 

discussed in the following. 

A truncated patch antenna integrated into a military beret in [63] is designed for indoor 

and outdoor positioning. As shown in Fig. 2-15(a), this antenna is composed of a 

truncated patch, a circular ring patch with four shorting pins and a ground plane on the 

bottom side of the substrate [63]. The truncated patch realises a resonant frequency at 

1.575 GHz for positioning outdoors with left-hand CP (LHCP). The circular ring patch 

with four shorting pins resonates at 915 MHz for indoor positioning. For outdoor 

positioning, the simulated AR bandwidth of the truncated patch is 2.4% (~37 MHz). 

Meanwhile, Fig. 2-15(b) also shows that this antenna can operate in different worn 

positions. Reflection coefficients in Fig. 2-15(d) indicate that impedance matching at 

both resonant frequencies is good. Overall, the performance of this design is 

satisfactory at the expense of a complex feeding mechanism, that two radiators achieve 

dual-band performance fed by two separate SMA connectors. The AR beamwidth at 

1.575 GHz was not studied, which is vital for GNSS usage. 

A dual-band antenna was proposed for indoor and outdoor positioning in [61]. The 

patch shaped radiator in Fig. 2-16(a) has a truncated pair of diagonal corners allowing 

CP performance to be attained. To achieve dual-band performance with a single feed 

port, four rectangular slits are cut from all four corners of the patch. By tuning the upper 

corners of the patch, it can resonate at 1.575 GHz. Similarly, tuning the lower corners 

is able to operate at 2.45 GHz. The measured operating bandwidths of this antenna are 



35 
 

185 MHz and 440 MHz at 2.45 GHz and 1.575 GHz respectively, shown in Fig. 

2-16(b). The measured AR bandwidth is 9% at 1.575 GHz as shown in Fig. 2-16(d). 

The main problem of this work is that the AR beamwidth at 1.575 GHz was not studied. 

The overall physical size is 85.5 mm × 85.5 mm (electrical length = 

0.4λ0 × 0.4λ0 × 0.02λ0) which is relatively large compared to other designs. 

 

 

Fig. 2-15: Example of a GNSS-enabled dual-feed antenna [63]: (a) Antenna geometry; 
(b) Simulated AR for three different conditions; (c) Fabricated antenna and torso 
phantom (wearing the antenna integrated into the military beret); (d) Measured and 
simulated reflection coefficients. 
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Fig. 2-16: Example of a GNSS-enabled single-feed antenna [61]: (a) Antenna geometry; 
(b) Measured and simulated reflection coefficients; (c) Fabricated prototype; (d) 
Simulated and measured AR in dB. 

 

A dual-band antenna with CSRR and a single Y-shaped electromagnetic coupled feed 

line is proposed for indoor and outdoor positioning in [62]. Adopting a CSRR allows a 

size reduction to be realised as well as CP performance to be produced at the low 

resonant frequency instead of employing truncations, shorting pins, or a dual feed 

structure such as in [61] and [63]. Fig. 2-17(c) indicates that the operating bandwidths 

are from 1.564 GHz to 1.593 GHz (1.837%) and from 2.439 GHz to 2.457 GHz 

(0.735%) for indoor and outdoor scenarios. The AR plot in Fig. 2-17(d) shows the AR 

bandwidth is from 1.569 GHz to 1.581 GHz, which is narrow. The AR beamwidth at 

1.575 GHz is 97.5°, which fails to meet the beamwidth requirement for GNSS. 
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Fig. 2-17: Example of a GNSS-enabled antenna with CSRR [62]: (a) Antenna geometry; 
(b) Fabricated prototype; (c) Measured and simulated reflection coefficients; (d) 
Simulated and measured AR in dB. 
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2.3 Previous Studies of SWIPT 

Due to size restrictions, battery-powered WBAN/WPAN applications (such as implants) 

have a limited energy storage capacity and hence require an inevitable battery 

replacement. This leads to constraints on the design of a reliable and self-powered 

communication module within the device. A promising solution to prolonging battery 

life and facilitate a sustainable communication network is to merge wireless power 

transfer (WPT) technology into the communication system [64]-[66]. WPT is one of 

the energy harvesting (EH) technologies in which EM radiations are captures and used 

to charge or directly power devices in a wireless system. WPT can be categorised into 

three types [65]: 

1. Near-field WPT: 

This technology uses coupling effects (e.g., inductive/capacitive coupling) to transfer 

power over a short distance, typically on the order of a meter. The power transfer level 

is in the range of tenths of Watts. 

2. Far-field Directive Power Beaming WPT: 

This technology uses directive antennas to transfer power. The power transfer level is 

in the range of milli-Watts, covering ranges of several meters in indoor and outdoor 

environments. 

3. Far-field RF WPT: 

This technology aims at providing power to low power devices, transferring power on 

the order of micro-Watts over longer distances up to several kilometres dependent on 

field energy density and without a specifically directed energy source. 

Among these WPT technologies, the far-field RF WPT is the most suitable selection 

for powering low-power WBAN/WPAN applications as connected devices operate on 

RF bands to communicate with each other [67]. With this technology, the RF energy of 

the propagating waves can be collected and accumulated at the device’s receiving 
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terminals to compensate for the energy consumption of the device itself. Such a network 

has the ability to utilise the received RF radiation in the most efficient manner and 

realise a self-sustaining distributed device communication network. This is called 

wireless information and power transfer (WIPT). There are three types of WIPT as 

illustrated in Fig. 2-18. 

 

Fig. 2-18: Types of WIPT: (a) SWIPT; (b) WPCNs; (c) WPBC [68], [69]. 

 

The first type is called simultaneous wireless information and power transfer (SWIPT) 

[68], [69], which allows data and power to be received simultaneously via the same EM 

wave in the downlink. The second type is the wirelessly powered communication 

network (WPCN) [68], [69], these enable energy to be transferred in the downlink and 

information collected from the receiving terminal to be transferred in the uplink. The 

last type is wirelessly powered backscatter communication (WPBC) [68], [69]. 

Backscatter modulation at a tag is used to reflect and modulate the received RF wave 

for communication. SWIPT is considered as the extension of far-field RF WPT for 
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WBAN/WPAN applications in this work, allowing an implanted or ingested device to 

receive power and communication control signals from a source simultaneously. 

2.3.1 Techniques for SWIPT 

Conventionally, processing EH and information decoding (ID) on the same RF waves 

simultaneously is impossible because performing EH on incoming waves destroys the 

information carried. Therefore, received waves should be separated into two streams 

for the EH and ID processes. There are four commonly adopted splitting techniques for 

an integrated receiver (IR) system to practically perform SWIPT as follows: 

A. Separate Receivers 

Early hardware implementations for SWIPT adopted two separate receivers as 

demonstrated in Fig. 2-19. This structure is easy to construct and current receiving 

topologies for ID and EH can be utilised to process the received signals. The major 

drawback of this scheme is that the system is cumbersome and hence is not suitable for 

wireless sensors or other devices [70], [71], which should be compact. This technique 

can be optimised by using an antenna switching architecture which is explained in part 

B below. 

 

Fig. 2-19: Separated receivers technique for SWIPT [70]. 
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B. Time Switching (TS) 

The TS scheme switches between EH and ID modes in successive time slots as shown 

in Fig. 2-20. The main advantage is that this scheme shares the same antenna for EH 

and information reception. The hardware implementation is relatively simple as a 

switch is employed to select EH and ID modes periodically [70], [72]. Thus, the 

majority of research on this technique is about optimising the switching period 

[72]-[78]. Owing to periodically switching modes, technically this is not a SWIPT 

system. Meanwhile, precise time synchronisation and information/energy scheduling 

are required to reduce information and power losses. 

 

Fig. 2-20: TS technique for SWIPT [70]. 

 

C. Power Splitting (PS) 

The PS scheme aims to split the received signal into two power streams for EH and ID 

separately according to a pre-defined splitting ratio as demonstrated in Fig. 2-21. The 

information rate and the amount of energy to be harvested depend on this PS ratio. By 

optimising the ratio, a balance between EH and ID could be reached. The main benefit 

of this scheme is that the received signal can be simultaneously exploited for both EH 

and ID processes [70]. Overall, the IR system is passive which means time 

synchronisation is no longer problematic. Major challenges of the PS scheme are the 

optimisation of the PS ratio to reduce information and power losses and maximising 
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efficiency as a radically wide gap exists between the required amounts of power for 

communication and WPT [72], [79]-[82].  

 

Fig. 2-21: PS technique for SWIPT [70]. 

 

D. Frequency Splitting/Antenna Switching (FS/AS) 

The operating mechanisms behind FS and AS are similar as they separate signals in the 

frequency domain. The AS technique typically employs antenna arrays to achieve 

SWIPT as demonstrated in Fig. 2-22. The antenna arrays at the receiving terminal are 

divided into two groups where one aims at ID and the other collects waves for EH 

[83]-[85]. The major challenge of AS is the optimal allocation of antenna units for ID 

and EH. The FS technique normally has one dual-band antenna with one band used for 

EH and the other for ID [86] or it employs coils that allocate the power signal to a 

single-tone centre frequency and information to the spectrum around the centre 

frequency [87], [88]. The common problem of both techniques is that they use two or 

more frequency bands to perform ID and EH independently instead of dealing with the 

same signal concurrently. 
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Fig. 2-22: AS technique for SWIPT [70]. 
 

2.3.2 RF WPT Architecture 

A typical far-field RF WPT architecture is depicted in Fig. 2-23. The overall 

performance of a receiver is dependent on each element shown in this figure, such as 

the antenna (or array), matching network, and rectifying circuit (RF to DC converter). 

The general process is that firstly the antenna captures the RF signals and then these 

signals are delivered to a rectifying circuit through a matching network. The rectifying 

circuit is used to convert RF into direct current (DC) and the DC voltages can be used 

for various applications, such as powering loads and batteries (storage management). 

The overall performance of the system is evaluated by the actual DC voltage levels and 

the RF-to-DC power conversion efficiency (PCE). The PCE can be calculated by Eq. 

(2.2): 

 

2
DC DC

in in L

P V
PCE

P P R
   (2.2) 

where PDC is the output DC power, Pin is the input power, RL is the load impedance, 

and VDC is the output DC voltage. 
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Many surveys have been conducted on the optimisation of the performance of each 

element, especially in terms of PCE and Table 2-1 summarises relevant literature 

reviews [89]-[96] with their PCE optimisation stages (a) to (e) shown in Fig. 2-23. 

 

Fig. 2-23: General hardware implementation of a far-field RF WPT system [89]. 
 
Table 2-1: Summary of Published Research on Optimisations of an RF WPT System. 

Stage Power type Optimised element Ref. 

(b) RF Antenna radiation properties [89] 

(b) & (c) RF Antenna & matching network 
[89], [90] 

[91], [92] 

(c) & (d) RF Rectifying circuit topologies 
[90], [91] 

[93], [94] 

(d) Unregulated DC Power management circuitry [94], [95] 

(e) Regulated DC Load & network architecture [90], [96] 

 

The impedance matching network in Fig. 2-24 affects the amount of power captured by 

the antenna that can be delivered to the rectifying circuit. A good matching network 
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helps to minimise the transmission loss from the antenna to the rectifying circuit. When 

the impedances are matched, maximum RF-DC power transfer is obtained for the 

rectifier design. 

The rectifying circuit is used to convert the input RF power into a DC output. It consists 

of at least one non-linear component such as a diode. Considering WBAN/WPAN 

applications in this work function at low power, the selection of diode should be for 

low power consumption and low forward bias voltage. Schottky diodes such as the 

SMS7630 from Skyworks are proven to be the best choice as their forward bias voltage 

is low and saturation current is high (60-120 mV at 0.1 mA) [97], [98]. They can work 

well at low power levels (typically from -30 to 5 dBm) and have a fast-switching action 

[65]. Due to the non-linearity of rectifying circuits, the input impedance of a rectifying 

circuit is dependent on frequency, input power level and load impedance. Hence, 

designing a suitable impedance matching network is a significant and important 

challenge. 

Commonly, designs of antennas are matched with a 50 Ω feeding network, therefore, 

the main challenge in designing impedance matching networks becomes transforming 

the input impedance to the rectifier’s input impedance at the desired frequencies, within 

the desired power levels and load range [89]. Four typical impedance matching 

scenarios are demonstrated in Fig. 2-24. The common matching network for scenarios 

in Fig. 2-24 (a) and (b) are lumped element LC matching networks [99], [100]. For 

scenarios in Fig. 2-24 (c) and (d), matching networks with hybrid lumped elements 

(especially series inductors and capacitors) and distributed elements are commonly 

used to reduce the complexity of the circuit [101]-[105]. 
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Fig. 2-24: Four typical impedance matching scenarios: (a) A single band rectenna; (b) 
A multiband rectenna with matching network and rectifying circuit per frequency band; 
(c) A broadband rectenna with a broadband matching network; (d) A broadband 
rectenna with separate matching networks for each frequency band [89]. 

 

2.4 Summary 

This chapter has outlined and discussed the basic requirements regarding designs of 

antennas for WBAN/WPAN applications and provided foundational knowledge for 

SWIPT including splitting techniques and hardware implementations, which are 

essential to understand the remaining content of this thesis. 

An overview of implantable and ingestible antennas for WBAN regarding the four 

major challenges (size miniaturisation, detuning ability for body environment, 

biocompatibility, and user safety) was set out. Section 2.1.2 and Section 2.1.1 have 

provided details on current works and discussed their limitations. It was found that the 

majority of existing implantable and ingestible antennas for WBAN in the literature can 

only operate within one allowed licensed band for a particular function, and none of 

them satisfies all requirements due to the difficulty and complexity of their structure. 
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Therefore, a more general compact wideband antenna that satisfies all of these 

requirements with robust performance for multi-usage (implantable and ingestible 

applications) is of interest. 

Section 2.1.3 has highlighted the opportunities afforded by the use of metamaterials in 

the design of implantable and ingestible antennas. Current achievements include 

increasing the number of resonant frequency points, bandwidth enhancement, and size 

reduction. Impacts of metamaterials on radiation performance and power loss have not 

been well studied according to the existing literature, which becomes an interesting 

research aspect that will be examined in this thesis. 

Current designs of antennas for localisation have been discussed in Section 2.2. They 

aim at WPAN applications, however, only their localisation ability has been researched. 

The expansion of this to provide multifunctioning operation such as in the monitoring 

of user physiological changes has not been investigated. Furthermore, the AR 

beamwidth for these current designs was either not mentioned or does not meet the 

required standards. 

Studies of merging WPT technology into a communication system in Section 2.3 have 

broadened the horizons of this research. Commonly adopted splitting techniques 

(Separate receivers, TS, PS, AS/FS) for an IR system have been outlined and evaluated 

in Section 2.3.1 in terms of their benefits and drawbacks. Architecture for the EH 

process has been illustrated and analysed in Section 2.3.2. The literature review for this 

part highlights that inevitable information and power loss existing in these splitting 

techniques provides the motivation to develop a new splitting technique that can 

improve on this current situation. 

The state of art presented in this chapter offers a solid groundwork to identify research 

problems, current solutions, and remaining challenges and researching these to develop 

novel solutions becomes the main goal in this work. 
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CHAPTER 3. A NOVEL COMPACT WIDEBAND 

ANTENNA WITH SPLIT-RING RESONATORS FOR 

IMPLANTABLE/INGESTIBLE APPLICATIONS 

Having examined the development of implantable and ingestible antennas and 

highlighted the possibility and benefits of utilising metamaterials for these applications 

in Chapter 2, it is now necessary to focus in detail on the design of a general antenna 

structure utilising metamaterials that is able to operate for both implantable and 

ingestible WBAN applications with robust performance. 

In this chapter, a compact wideband loop antenna with split-ring resonators (SRRs) is 

proposed for both implantable and ingestible applications. The operating frequency 

band of this antenna is from 307 MHz~3500 MHz, which covers all licensed frequency 

bands that could be used in applications requiring implantable or ingestible antennas, 

as discussed in Chapter 1. This wideband coverage enables the accommodation of 

frequency detuning, and hence provides stable performance inside a realistic body 

environment. The characteristics of SRRs have been explored regarding radiation 

performance, which verified their ability to aid in reducing power loss and hence 

improve radiation efficiency. 

Considering the operating conditions for ingestible applications (for example the 

wireless capsule endoscope (WCE)) are more complex, a capsule-shaped structure is 

selected as it is commonly used in these applications. By careful tuning and optimising, 

this novel antenna design is the first to offer such a wide impedance bandwidth, good 

radiation efficiency, and can work be utilised in both ingestible and implantable 

applications (e.g., WCE and blood glucose monitoring implant) without requiring 

remodelling or testing. 
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3.1 Antenna Background 

Research relating to biomedical telemetry has become intensive owing to its importance 

for therapy and healthcare monitoring in the WBAN domain [1], [2]. One popular 

application is the wireless capsule endoscope (WCE), which is a capsule-shaped device 

that can collect information while passing through the GI tract and transmitting it to a 

nearby monitoring or controlling device for post-processing [3]. Antenna design 

requirements for such an application include sufficient operating bandwidth, compact 

size, good isolation from body tissues, and adherence to strict human safety restrictions.  

Different from an implantable device, a typical WCE is composed of a dome, light-

emitting diodes (LEDs), a sensor pack, batteries, and an antenna [4]. The device’s 

antenna’s operating characteristics are more sensitive to detuning than in other 

applications due to the dynamically varying material properties of the environment the 

capsule must pass through. Among the licensed allocated frequency bands listed in 

Chapter 1, the MICS 402~405 MHz, MedRadio 433.0~434.8 MHz, and ISM 2.45 GHz 

bands are often used by WCEs [5]-[8]. Considering the volume and types of potential 

data that could be obtained from the human body and the fact that data types would 

differ concerning factors such as gender, age, or other physical conditions, it is of 

interest to maximise the available bandwidth to ensure that any detuning due to the 

variable environmental factors does not severely affect performance. 

In comparing the two common structures of ingestible antennas in terms of achievable 

bandwidth in Chapter 2, adoption of a conformal loop structure (bent onto the outer 

shell of the capsule) with a flexible substrate material is the most suitable selection in 

this work, since it commonly realises wide bandwidth [9]-[11]. As for size reduction, 

some designs have made use of high permittivity substrates, fractal structures, or 

shorting pins to miniaturise the size such as [12]-[17]. However, most of these are 

optimised only for a single frequency band to maintain a relatively high radiation 

efficiency. 
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Recently, the synthesised metamaterial SRR and complementary split-ring resonator 

(CSRR) have gained increasing attention for use in biomedical applications. Their 

ability to provide a negative permeability or permittivity near their resonant point brings 

a new approach to size miniaturisation and multiband operation [18]-[20]. The 

influence on power loss and radiation performance over a wideband inside body tissues 

will be further investigated and exploited in this research. 

This chapter addressed four main aspects as follows: 

1. Design and optimise a SRR equipped loop antenna with flexible substrate material 

to achieve a wide operation bandwidth, covering all bands of interest. 

2. Investigate the possibility of using the antenna model for implantable applications. 

3. Examine the use of SRRs on impedance matching to achieve robust performance in 

both an anatomical body model and real-world environment. 

4. Explore the use of SRRs to achieve an overall improvement in radiation efficiency 

and a general decrease in SAR around the antenna over the frequency bands of 

interest. 

To fulfil the above goals, this chapter is structured as follows: Section 3.2 provides 

detailed information on the proposed design including the determination of the basic 

antenna structure. The optimisation process is outlined and the effects of various factors 

on antenna performance such as SRRs and typical implantable device characteristics 

are also discussed in this section. Section 3.3 investigates the antenna radiating 

properties and associated SAR values. Measurement setups and experimental outcomes 

are presented in Section 0 and the novelty of this design is summarised in Section 3.5. 

The main achievement of the work presented in this chapter is a compact loop antenna 

utilising SRRs for both ingestible and implantable applications. The desired licensed 

frequency bands covered by the antenna are the MICS band (402~405 MHz), the 

MedRadio bands (401~406, 413~419, 426~432, 438~444, and 451~457 MHz), and the 

ISM bands (433.1~434.8, 868.0~868.8, 902.8~928.0 MHz, and 2.4~2.48 GHz), 
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offering the ability to provide various operating functions such as wireless 

communication and/or wireless charging on different bands. 

3.2 Design Optimisation 

The loop antenna, as a magnetic type antenna, is proposed as the starting point for the 

design of an antenna for ingestible/implantable applications. Having a smaller E-field 

than an electric type of antenna in the antenna near field region reduces the power 

absorbed by human body tissues and correspondingly increases the power radiated, 

leading to higher power efficiency inside the human body. Considering the 

requirements of an efficient bio-used antenna discussed above, a general design 

methodology has been formulated as detailed in Fig. 3-1. 

 

Fig. 3-1: Schematic of the optimisation process. 

 

The first step is to determine the original dimensions of the antenna according to the 

regular capsule size (within 26 mm in height and 5.5 mm in radius). The proposed 

antenna structure can then be optimised in a simplified homogeneous human body 

material phantom with aid of the CST Microwave Suite 2017 software (CST 2017). 

This software can provide results of reflection coefficients and E-/H-field strengths 

which helps with the optimisation process. Initially, a simplified phantom is used 
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enabling an initial set of optimised parameters to be found within a relatively short 

simulation time. Based on this initial set of optimised parameters, the proposed antenna 

can be placed in an accurate anatomical body model at different locations and in various 

orientations, with the corresponding feedback being used for evaluation and re-

optimisation. The optimisation of the SRRs (parameters including a, lb, gap, w1 and 

wf2 defined in Fig. 3-2) is mainly based on the reflection coefficients (S11) and radiation 

efficiencies at 403, 433 MHz, and 2.45 GHz as they are often chosen by researchers as 

representative of the bands of interest. A trade-off between S11, realised gain, and 

radiation efficiency has been carefully considered to ensure robust performance in the 

human body, where detuning may occur as well as maximising the potential link budget 

of the intended communication system. Furthermore, SAR and power limitations have 

also been considered at this stage to prevent hazardous heating of the body’s biological 

tissues. 

The proposed antenna is designed on RO3010 substrate with relative permittivity 

εr = 10.2, loss tangent tanδ = 0.0035, and thickness 0.6 mm. The proposed design is a 

three-layer structure from inside to outside composed of substrate, copper, and 

superstrate (the superstrate uses the same material as the substrate). The copper layer is 

0.035 mm thick. As is shown in Fig. 3-2, SRRs are adopted at both sides around the 

loop structure, whose cell dimensions are mainly limited by the available physical space 

within the loop structure. The dimensions of the SRR unit cell are optimised and tuned 

to provide maximum antenna matching and radiation efficiency with S11 < - 10 dB for 

403, 433 MHz, and 2.45 GHz. The overall dimension of the planar antenna is 

18 × 18 × 1.235 mm3 (including superstrate) and the 3-dimensional (3-D) size of the 

conformal shape (bent onto the outer wall of a capsule case) is 18 mm in height and 

3.2 mm in radius. Table 3-1 provides the optimised geometrical parameters of this 

design after conducting parametric studies with the aid of CST 2017. 
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 (a) (b) 

Fig. 3-2: (a) Planar design of the proposed antenna. (b) 3-D conformal model of the 

designed antenna (substrate colour here is set to be transparent blue for display purpose). 

 

Table 3-1: Optimised Antenna Dimensions (Millimetre) 

As previously discussed, a simplified homogeneous human body phantom was initially 

used in the optimisation process to shorten simulation time. This initial phantom was 

an elliptical cylinder 120 × 80 ×100 mm3 with εr = 56 and conductivity σ = 0.8 S/m [8], 

[21]. To verify the influence of SRRs, both structures (with and without SRRs) are 

simulated in the simplified homogeneous human body phantom. The simulated S11 of 

the original loop structure with and without SRRs in a cylindrical geometry with an 

internal radius of 3.2 mm is depicted in Fig. 3-3 and it shows that employing SRRs 

reduces loop inductance and therefore improves matching. The operating band 

Parameter Value Parameter Value Parameter Value 

L 18 lc 3.5 wf1 0.5 

W 18 w1 1.8 wf2 0.5 

la 3.5 w2 6.5 gap 0.5 

lb 7.0 w3 4.0 a 0.6 
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(S11 <-10 dB) is wide, covering all licensed frequency bands used for implantable and 

ingestible applications (MICS band, MedRadio bands, and ISM bands). 

 

Fig. 3-3: S11 with and without SRRs in the simplified body phantom. 

 

 

Fig. 3-4: Top view of the E-field distribution around the proposed antenna in the 

simplified body phantom at 403 MHz: (a) with SRRs, (b) without SRRs. 

 

Fig. 3-4 provides cross-sectional contour plots of the scalar electric near field (E-field) 

across the centre of the antenna with and without SRRs. The E-field is reduced when 

the SRRs are added to the design, resulting in a drop in the absorbed power and SAR 

value (only shown at 403 MHz for brevity but the conclusion is general to other 

frequencies). The radiated power increases due to the reduction in power absorbed by 

body tissues and therefore radiation efficiency and antenna realised gain are enhanced 
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inside a lossy human body model. This is verified by the numerical results and can be 

seen in Section 3.3. 

3.2.1 Influence of Capsule Dimensions 

According to [21], [22], attaching a conformal antenna to the outer wall of the capsule 

case can save space for other essential components inside the shell. Therefore, the 

effects of bending curvature on the antenna performance are evaluated to ensure the 

antenna is suitable for use in a range of capsule-based systems. More particularly, it is 

important to know the minimum radius at which the antenna still functions within 

design requirements. To test the influence of varying the radius, the proposed antenna 

is bent on to capsule shells of the same height and radii values of 3.0, 3.5, 4.5, 5.0, and 

6.5 mm. Corresponding results of S11 are shown in Fig. 3-5. These show that the 

performance of the antenna is stable across all design bands for capsule radii under 

6.5 mm. For a radius of 6.5 mm, this antenna still meets the design requirements for the 

MICS band (402~405 MHz) and some of the ISM bands (433.1~434.8, 868.0~868.8 

and 902.8~928.0 MHz). After carefully tuning within the optimal range, the best 

operation occurs at a radius of 3.2 mm. Therefore, this is the radius used in the 

following simulations and experiments. 

 

Fig. 3-5: Effects on S11 with varying radii. 
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3.2.2 Influence of Internal Batteries 

Considering the internal components mentioned previously, the battery is the main solid 

component and is conducting which may influence antenna performance [21], [23]. 

Therefore, it is necessary to investigate the impact of locating a battery inside the shell. 

To simplify the corresponding model, a perfect electric conductor (PEC) is inserted to 

represent the battery. Simulated S11 results with and without a battery are illustrated in 

Fig. 3-6 for two different battery sizes. The inclusion of a battery is seen to result in a 

frequency shift. The lower resonant frequencies are shifted from 477 MHz and 

0.96 GHz to 577 MHz and 1.28 GHz respectively, and the resonant frequency at 

2.5 GHz is upshifted by 150 MHz. The operating bandwidth of the proposed antenna 

though remains almost the same and still covers all frequency bands of interests despite 

the frequency shifts. 

 

Fig. 3-6: Simulated S11 with internal batteries of different heights. 

3.2.3 Influence of Biocompatible Insulation 

To avoid direct contact between the radiator and body tissues and provide electrical 

isolation, a biocompatible polyamide layer is added to the capsule surface in real 

implantation cases. This is also required as the substrate material used, RO3010, which 

is not biocompatible. The low-loss biocompatible polyamide used has the material 
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properties εr = 3.5, tanδ = 0.004. It is wrapped around the outer surface of the designed 

antenna to offer the necessary isolation from the body tissues. This encapsulation layer 

reduces the conducting effects of the human body and coupling between the implant 

and the surrounding human tissue [24]. Effects of different coating thicknesses are 

plotted in Fig. 3-7, which illustrates frequency shifts increase with coating thickness. 

The thickness of polyamide providing optimal antenna performance is found to be 

17 μm. 

 

Fig. 3-7: Effects on S11 with different thicknesses of the coating material.  

 

An alternative to using a coating would be to use a biocompatible material for the 

antenna design directly as discussed in Chapter 2 [24]. The substrate and copper could 

be replaced with Al2O3 (ϵr = 9.8, tanδ = 0.008) and silver palladium (AgPd) 

respectively. Fig. 3-8 illustrates the result of making these changes and shows that the 

resonant frequencies are shifted upwards to some extent. One reason is that the relative 

permittivity of Al2O3 is slightly lower than that of RO3010. The change observed in 

impedance bandwidth is approximately 40-55 MHz, though the antenna still covers all 

bands of interest. However, the RO3010 substrate remains the preferred choice due to 

the relative ease of manufacture and costs. The biocompatible structures could be 

studied as future work. 
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Fig. 3-8: Effects on S11 with Al2O3 substrate and superstrate. 

3.2.4 Influence of Different Organs 

The influence of the various organ material properties that would be encountered by an 

ingestible antenna such as stomach (εr = 67.45, σ = 1.00 S/m), colon (εr = 62.54, 

σ = 0.86 S/m) and small intestine (εr = 66.06, σ = 1.90 S/m) on the antenna S11 using 

the same polyamide coating and elliptical cylinder shape body model is investigated in 

Fig. 3-9. The resonant frequencies for both the stomach and the small intestine are 

almost the same since their relative permittivities are close (a slight downshift in S11 for 

the stomach case). Moreover, there is a slight upshift in S11 for the colon case, which 

has a considerably smaller relative permittivity. 

 

Fig. 3-9: Effects on S11 with different biological tissues. 
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The dielectric properties of the selected human tissues vary with frequency. For 

example, the dielectric properties of the small intestine are εr = 66.06, 65.29, 59.71, 

59.39, 54.43 and σ = 1.90, 1.92, 2.14, 2.17, 3.17 S/m at 403, 433, 868, 915, and 

2450 MHz respectively. The trend of εr decreases and the trend of σ increases with 

frequency. However, this does not invalidate the use of a single frequency material 

property for the selected human tissue model. Based on the investigation above, a 

bandwidth that covers all bands of interest is maintained whilst resonant frequencies 

slightly shift as dielectric properties vary. Therefore, it is reasonable to design it in a 

homogeneous tissue (using its dielectric property at a single frequency) for simplicity 

as the antenna maintains acceptable performance with dielectric property variation 

within the ranges seen. 

3.2.5 Possible usage for implants 

The proposed antenna has also been evaluated using the same elliptical cylinder shape 

body model shown in Fig. 3-3 but with muscle equivalent dielectric properties (e.g., 

εr = 51.9, and σ = 1.74 S/m at 2.45 GHz) to explore the possibility for implantable 

applications. Fig. 3-10 depicts the corresponding S11 for both a simplified homogeneous 

human body phantom case and an anatomical body model case for comparison, which 

provides evidence supporting the use of the antenna for an implant device within muscle 

tissue (e.g., implant in the human arm as a blood glucose monitoring implant). Details 

of the selected anatomical body model are provided in Section 3.3, as well as radiation 

patterns to show whether the proposed antenna can provide robust and desirable 

performance in a human muscle environment. 
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Fig. 3-10: Simulated S11 when the antenna is implanted inside the human arm. 

3.3 Radiation Efficiencies and SAR Values 

3.3.1 Evaluation of Gain and Radiation Efficiency 

Accurate simulations of bio-EM propagation require accurate models of the complex 

anatomical structure and tissue properties, which are typically age, frequency and 

temperature dependant. Based on the previous 1-D analysis in the simplified 

homogeneous human body phantom, an anatomical body model, Gustav from the CST 

Voxel family, is used for further far-field simulations as it has a multilayer 

heterogeneous structure of much better resemblance to a real human body. This voxel 

model represents a male with a height of 176 cm and a weight of 69 kg. Both front and 

side views are given in Fig. 3-12. 

Radiation becomes directional in this model owing to the different absorption levels 

from different body tissues around the antenna. In general, the maximum radiation is 

achieved when the antenna radiates outwards from the body (in the off-body direction 

towards free space). As is stated in Section 3.2, the optimisation is about a trade-off 

between S11, realised gain, and radiation efficiencies at 403, 433 MHz and 2.45 GHz. 

After optimisation and selection of best-case geometry and coating, simulated two-

dimensional (2-D) polar plots of antenna patterns in the E-plane and H-plane at 403 
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and 433 MHz in the small intestine and at 2.45 GHz in the arm are depicted in Fig. 3-12 

(a), (b), and (c) respectively. 

 

 

Fig. 3-11: Gustav voxel body model for CST anatomical simulations. 
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Fig. 3-12: Simulated 2-D patterns of the proposed antenna over E-plane and H-plane at 

(a) 403 MHz; (b) 433 MHz in the small intestine; (c) 2.45 GHz in the arm. 
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It demonstrates that this antenna has near symmetrical patterns in the E-plane with 

maximum gain values of -34.3 dBi and -32.1 dBi at 403 and 433 MHz respectively 

when it is placed in the small intestine environment. For the arm-case, the target gain 

value, which is proportional to the antenna radiation efficiency directly, is required to 

be equal to or larger than -20 dBi at 2.45 GHz inside an anatomical body model in order 

to build a reliable communication link of 2 m according to [25]. From Fig. 3-12(c) the 

maximum gain equals to -18.4 dBi, which meets the target. Larger radiation efficiencies 

and gains are achieved at higher frequencies, which is in agreement with findings 

published in [26]. Radiation efficiency and realised gain with and without SRRs have 

also been computed and have been summarised in Table 3-2. It indicates that the 

radiation efficiency and realised gain increase when the SRRs are employed. 

 

Table 3-2: Radiation Efficiency and Realised Gain with and Without SRRs 

f (MHz) 

Radiation Efficiency (%) Realised Gain (dBi) 

With Without With Without 

403 0.025 0.023 -34.3 -35.7 

433 0.039 0.033 -32.1 -33.9 

868 0.248 0.116 -26.6 -27.6 

915 0.264 0.190 -26.0 -28.0 

2450 0.414 0.284 -18.4 -22.2 
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3.3.2 Evaluation of Specific Absorption Rate 

Water, which forms 70% of a cell’s mass, absorbs energy from an electromagnetic field, 

converting that energy into heat. This could possibly lead to damage to the 

characteristics of cells. To avoiding hazardous tissue heating problems, implantable 

devices require certification by governmental authorities, and these certifications are 

mainly based on SAR. The SAR standards determine how much energy is allowed to 

be safely absorbed by the human body. According to IEEE standards, SAR averaged 

over any 1 g of tissue in the shape of a cube is restricted to 1.6 W/kg [27]. Thus, the 

maximum applied/received input power on the antenna should satisfy this limitation. 

One common method used to calculate SAR values is to use the E-field strength [28]. 

Thus, SAR (W/kg) can be calculated by (3.1): 

 

2

= =
EP

SAR


   (3.1) 

where P (W/m3) is the power loss density, σ (S/m) is the conductivity of the selected 

tissue, E (V/m) is the effective value of the electric field intensity within the tissue, and 

ρ (kg/m3) is the mass density of the tissue. 

Computations of SAR values for this work are conducted by CST 2017 using the 

Gustav anatomical body model and are summarised in Table 3-3. The simulated 

maximum 1 g average SAR value for a transmitter are 216 and 203 W/kg at 403 MHz 

and 2.45 GHz respectively at an input power of 1 W. Use of SRRs here decreases the 

SAR by 88 and 62 W/kg at 403 MHz and 2.45 GHz respectively, allowing increased 

transmit powers of 7.41 and 7.88 mW (8.70 and 8.97 dBm) respectively, with SAR 

limits of 1.6 W/kg. 
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Table 3-3: SAR Values for the Proposed Antenna 

f (MHz) 403 433 868 915 2450 

Max 1g-avg SAR 

(W/kg) without SRRs 
304 284 278 272 265 

Max 1g-avg SAR 

(W/kg) with SRRs 
216 213 211 205 203 

Allowed transmitted 

power level (mW) 
7.41 7.51 7.58 7.80 7.88 

 

3.4 Realisation and Measurements 

The optimised design was manufactured using an LPKF milling machine (S103) on 

RO3010 substrate and then rolled onto a 3-D printed model to form a cylindrical shape. 

The cylindrical prototype and the fabricated antenna with its superstrate are presented 

in Fig. 3-13(a). Measurements of its performance are conducted using the homogeneous 

liquid phantom mixture method proposed in [29]. The recipes for the tissue-simulating 

liquid at 403 MHz and 2.45 GHz for WCE are summarised in Table 3-4 and both are 

used for measurements to decrease possible errors. The prototype is connected to a 

calibrated Agilent E5071C vector network analyser (VNA) port with a standard 50 Ω 

RF cable. The measurement setup is shown in Fig. 3-13(b), where the antenna is placed 

at the centre of a plastic beaker filled with the tissue-simulating liquid. 
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(a)         (b) 

Fig. 3-13: (a) Photograph of the fabricated superstrate and antenna (b) Measurement of 

the proposed antenna in the tissue-simulating liquid. 

 

Table 3-4: Recipes for the Tissue-Simulating Liquids 

f (MHz) Sugar NaCl 
De-ionized 

water 
HEC 

Diacetin 

and Glycol 

Triton 

X-100 

403 45.17% 2.98% 51.3% 0.5% 0.05% -- 

2450 -- -- 58.2% -- 5.1% 36.7% 

Reflection coefficient results from the VNA are shown in Fig. 3-14 compared with the 

simulation results. The blue dotted line represents S11 using the liquid phantom recipe 

at 403 MHz and the green dashed line shows S11 with the 2.45 GHz liquid recipe. The 

resonant frequencies shift in comparison to the simulated values and some 

discrepancies are seen to exist while both the simulated and measured results are well 

below -10 dB and in good agreement at all frequencies of interest. Frequency shifting 

may be caused by the air gap between the superstrate and antenna. Fabrication errors 

and connectivity issues may also give rise to differences. 
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Fig. 3-14: Measured and simulated S11 of the proposed antenna. 

 

3.5 Novelty 

Although there are some metamaterial-based designs proposed for implantable 

antennas published in previous studies [18], [30], [31], they were only used to 

miniaturise the antenna and obtain resonances at additional frequencies by coupling to 

another radiator (e.g., SRR coupled to a spiral). In this work, SRRs are utilised to 

improve the overall radiation from the antenna regardless of the multiple operating 

frequency bands. This is an interesting path of investigation as normally SRR and 

CSRR are introduced to reduce the structure size. Moreover, it has been shown in this 

work that a metamaterial-based structure SRR can reduce the E-field, SAR value, and 

increase efficiency. Table 3-5 lists comparisons of this work to others in terms of 

SRR/CSRR functionality. 
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Table 3-5: Comparisons of the Proposed Antenna with Other Metamaterial Work 

Ref. f (MHz) Type Function of metamaterial units 

[32] 1200 CSRR Miniaturise size 

[30] 2400~2480 CSRR Miniaturise size 

[31] 
402~455, 

2400~2480 
SRR 

Miniaturise size & 

obtain a new resonance frequency by 

coupling to a spiral 

This 

work 
307~3500 SRR 

Reduce E-field & power loss 

& enhance radiation efficiency 

Some of the published SRR or CSRR based antennas including those in [30] and [32] 

exhibit narrow bandwidths. In this work, the designed antenna is wide in bandwidth 

and has a relatively good radiation efficiency. It brings about the opportunity to be 

applied in both ingestible and implantable WBAN applications. 

According to the discussions in Section 3.2.4 and Section 3.2.5, this design functions 

as per design requirements in different human body tissues such as the small intestine, 

stomach, colon and human arm. To the best knowledge of the author, this bio-antenna 

which can be used for both wireless capsule endoscopy and monitoring implant with a 

reasonable and desirable wideband performance is the first of its kind in published 

materials. The final dimension of the structure has been fully considered for those 

operating environments. Besides, a comparison table with other recent published work 

in terms of size, realised gain, and SAR values is provided in Table 3-6. This antenna 

has a reasonably wide operation frequency band, with relatively low SAR and 

comparable realised gain. Therefore, it can be treated as a potential candidate for 

WBAN communication due to its overall good performance. 
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Table 3-6: Comparisons of the Proposed Antenna with Other Work 

Ref. f (MHz) 

Size 

(L x R) 

mm2 

Realised Gain 

(dBi) 

Radiation 

Efficiency 

Max 1g-avg 

SAR (W/kg) 

[8] 284~825 17 × 3 -31.5 (at 403) NA 913 (at 403) 

[33] 2290~2530 15 × 5 -44.5 (at 2450) NA 
368.7 (at 

2450) 

[34] 902~928 26 × 5.5 -35.7 (at 915) NA NA 

[35] 721~1705 22 × 5.5 
-28.2 (at 915) 

-29.4 (at 1400) 

0.11% (at 915) 

0.04% (at 1400) 
NA 

[36] 296~589 15 × 4.6 -33.6 (at 434) NA 

340.6 at port 1 

322.3 at port 2 

(at 434) 

[37] 1400 26 × 5.5 -26.1 0.05% NA 

This 

work 
307~3500 18 × 3.2 

-34.3 (at 403) 

-32.1 (at 433) 

-26.6 (at 868) 

-26.0 (at 915) 

-18.4 (at 2450) 

0.025% (at 403) 

0.039% (at 433) 

0.248% (at 868) 

0.264% (at 915) 

0.414% (at 2450) 

216 (at 403) 

213 (at 433) 

211 (at 868) 

205 (at 915) 

203 (at 2450) 

(*NA: not available) 
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3.6 Summary 

In this chapter, a wideband flexible loop antenna with SRRs for ingestible and 

implantable applications in the WBAN domain has been proposed, designed, fabricated 

and tested. The designing procedure methodology has been discussed, which includes 

optimisation in a simplified homogeneous human body phantom followed by further 

fine tuning in an anatomical body model. The optimisation at the first step has given a 

set of parameters to obtain the best reflection coefficients and maximum possible 

radiation efficiencies at 403, 433 MHz and 2.45 GHz within a relatively short 

simulation time. Evaluation in the anatomical body model has been carried out with 

these values of parameters. Antenna gain at potential positions of practical implantation 

has been compared to the pre-defined value according to the design requirement (equal 

to or larger than -20 dBi at 2.45 GHz). Trade-off’s between various characteristics have 

been carefully considered to ensure robust performance inside the human body where 

detuning happens. 

The structure of the proposed antenna has been simulated in homogeneous tissue 

phantoms and evaluated regarding the possibility for implantable application usage and 

the effects of capsule dimensions, internal batteries, biocompatible insulation, and 

material properties of different organs. The Gustav human body model has then been 

utilised to further improve performance. 

A homogeneous mixture has been made and a calibrated VNA with a 50 Ω RF cable 

has been utilised for the practical measurements. Results achieved from measurements 

showed good agreement with the simulations. The novelty of exploiting SRRs has been 

analysed and comparisons have been made with other related published works. The 

SRRs not only allow miniaturisation of overall antenna size but also improve matching 

and enhance radiation efficiency. This proposed design works over the MICS band, the 

MedRadio bands, and the ISM bands, which makes it suitable for use in low power or 

passive implant communication systems with acceptable performance. 
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CHAPTER 4. A COMPACT DUAL-POLARISED 

ANTENNA FOR WPANS WITH INDOOR/OUTDOOR 

LOCALISATION 

Chapter 3 presented a novel wideband implantable/ingestible antenna with desirable 

characteristics regarding operation bandwidth, realised gain, radiation efficiencies, and 

SAR for healthcare in the field of WBAN communication. To develop this theme 

further by considering the requirements of WPANs in which localisation of devices is 

often desirable, this chapter focuses on a novel wideband dual-polarised antenna for 

medical telemetry and indoor/outdoor localisation. This antenna operates in the WMTS 

band (1.395 GHz~1.4 GHz) for medical services, the Global Navigation Satellite 

System (GNSS) L1/E1 band (1.57 GHz) and Global Positioning System (GPS) L5 band 

(1.17 GHz) for outdoor localisation, and an ISM band (2.45 GHz) for indoor 

localisation. 

To ensure a reliable communication link, the antenna is designed with an operational 

bandwidth for S11 <-10 dB from 1.15 GHz to 2.62 GHz, which is wide in comparison 

to other published works as will be detailed later. This helps to avoid system failure due 

to frequency detuning of the antenna as a result of manufacturing tolerances and 

variable operating environments. The electrical length of the antenna is 

0.25λ0 × 0.25λ0 × 0.006λ0 on FR4 printed circuit board (PCB). Meanwhile, a vacant-

quarter printed ring structure is employed as a 90° phase delay line to realise circular 

polarisation (CP). The measured axial ratio (AR) bandwidths (AR < 3 dB) for the 

manufactured antenna are from 1.05 GHz to 1.23 GHz (6.84%), from 1.42 GHz to 

1.78 GHz (19.11%), and from 2.29 GHz to 2.47 GHz (11.25%). Simulated and 

experimental outcomes are in good agreement, which illustrates this design operates 

with LP radiation at 1.4 GHz for wireless medical telemetry, and CP radiation over 1.17, 

1.57, and 2.4 GHz for indoor and outdoor localisation. Therefore, this antenna is 

capable of continuous and integrated communication and tracking for WBAN/WPAN 

applications. 
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4.1 Introduction 

WPAN represents a type of dynamic personal network which enables people to 

interconnect any devices located within their direct vicinity and communicate or 

transfer data amongst them with aid of wireless communication technologies [1]-[5]. It 

is considered to cover a range of approximately 10 m around the user, extending the 

communication link from around 2 m for WBAN [2]. One typical application is the 

remote health monitoring WPAN, which aims at monitoring and collecting vital bio-

information from the human body whilst simultaneously tracking its location. The 

GNSS, which provides people with both autonomous geo-spatial positioning and time 

information of a user’s location [6], [7], is accessible for positioning applications. 

GNSS-enabled systems typically transmit and receive CP waves to avoid sensitivity to 

the influence of Faraday rotation as mentioned in Chapter 1. Considering the feed 

configuration of a CP antenna, the single feed configuration is preferable and suitable 

as it eliminates the need for additional power dividers, which are commonly used in the 

dual-feed structure [8], [9]. Hence, the antenna for WPAN applications discussed in 

this chapter is equipped with dual-polarised characteristics and powered by a single 

feed structure. 

The general solution to achieving CP behaviour is to generate two orthogonal current 

paths with the same amplitude but 90° phase difference flowing on the antenna. A 

popular antenna structure utilised to obtain a CP characteristic is the patch. This is 

commonly achieved by truncating the patch corners or adding slits aligned in the 

diagonal directions [10]-[15]. Despite easy completion, a common problem identified 

with this configuration in published work is the relatively narrow fractional impedance 

bandwidth. Furthermore, a practical antenna with GPS capability should meet the 

operational requirement, that is, the 3 dB AR beamwidth (ARBW) is required to be no 

less than 120° [6]. Wide 3 dB ARBW ensures the stability of communication and good 

positioning accuracy. In some recent publications [13]-[15], the 3 dB ARBW is not 

mentioned, and antennas in these papers operate with 1%, 1.4% and 1.84% equivalent 
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fractional bandwidth at 1575 MHz, 1575 MHz, and 1760 MHz, respectively. 

Consequently, these antennas require a high fabrication precision and could suffer from 

mismatch due to frequency shifting. In addition to these requirements, an antenna for 

WPAN should be compact to meet the needs of typical device’s, hence consideration 

must be made towards antenna size miniaturisation. 

Contemplating the aforementioned aspects, the target of this chapter is to design a 

compact LP/CP antenna, which covers the WMTS band (1400 MHz) for wireless 

medical telemetry and GNSS L1/E1 band (1575 MHz), GPS L5 band (1176 MHz), and 

2.45 GHz ISM band for indoor and outdoor localisation. Instead of adopting a patch 

structure, a dual cross dipole is selected as the starting point. A novel single feed 

topology is utilised with an annular ring to achieve the desired CP behaviour and reduce 

antenna size. Furthermore, the CP bandwidth of the proposed design should be 

relatively wide enabling coverage of the operating bands of interest discussed above. 

The structure of this chapter is as follows: firstly Section 4.2 begins with a description 

of why the crossed dipole is selected for the initial study and how a multi-loop structure 

is achieved. This section also offers a discussion of design configuration and operating 

mechanism, including detailed parametric analysis and CP behaviour. Section 4.3 then 

provides both simulation and measurement outcomes. Comparisons with other works 

are also made in this section. Finally, concluding remarks are provided in Section 4.5. 

4.2 Design Configuration and Working Mechanism 

An elliptical-shaped cross dipole structure has been studied as the starting point of this 

work because of its wide operating bandwidth. As is depicted in Fig. 4-1(a), two pairs 

of elliptical cross dipoles that are orthogonal to each other are printed on both sides of 

the substrate. A novel feeding network as proposed in [16] is adopted to generate a 90° 

phase delay at specific design frequencies and therefore offer CP radiation behaviour. 

The overall board dimension is 64 × 64 × 1.57 mm3. The simulated S11 of this reference 

antenna is given in Fig. 4-2. The resonant frequency is at 1.14 GHz and the bandwidth 
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of this antenna for S11 <-10 dB is from 1.08 GHz to 1.23 GHz (150 MHz) and from 

1.79 GHz to 2.68 GHz (890 MHz). With the intention of covering the GNSS L1/E1 

band (1.57 GHz) and improving the matching performance at higher frequencies (up to 

2.4 GHz), the radiators of the reference antenna are modified to a multi-loop structure, 

which is shown in Fig. 4-1(b). The related S11 results in Fig. 4-2 demonstrate that the 

proposed multi-loop dipole antenna resonates at 1.17 GHz, 1.57 GHz, 2.1 GHz, and 

2.4 GHz with a wide bandwidth from 1.07 GHz to 2.61 GHz (1540 MHz), achieving 

the initial goal of band coverage. The detailed design process and evaluation are 

provided in the following sub-sections. 

 

Fig. 4-1: Evolution of the proposed structure: from (a) an elliptical cross dipole to (b) a 

modified multi-loop dipole. 

 

Fig. 4-2: Simulated S11 of the reference antenna and the proposed antenna. 
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Fig. 4-3: Geometry of the proposed antenna: (a) top view with feeding structure; (b) 

bottom view; (c) side view; (d) 3-D view. 

4.2.1 Antenna Design 

The configuration of the proposed antenna is depicted in Fig. 4-3 shown in top view, 

bottom view, side view, and 3-D view. It is printed on both sides of an FR-4 substrate 

with relative permittivity εr = 4.3 and thickness of 1.5 mm. A standard 50 Ω coaxial 

connector is used to feed the structure, with the core (inner conductor) extended through 

the substrate and connected to the top feeding line. The outer conductor of the connector 

is connected to the bottom feeding line. A vacant-quarter printed ring is employed as a 
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90° phase delay line to produce a dual CP behaviour, that is, the right-hand CP (RHCP) 

radiation from the top side and the left-hand CP (LHCP) from the bottom side of the 

antenna. The overall dimension is 64 × 64 × 1.57 mm3 with a corresponding electrical 

length of 0.25λ0 × 0.25λ0 × 0.006λ0 where the free space wavelength is λ0 = 256 mm at 

the lowest resonant frequency fL = 1.17 GHz (GPS L5 band). Table 4-1 summarises the 

optimised geometrical parameters of this antenna after conducting parametric studies 

using CST 2017. 

Table 4-1: Optimised Dimensions of the Proposed Antenna (Millimetre) 

Parameter Value Parameter Value 

L 64.00 wf 1.50 

W 64.00 w1 25.00 

R1 5.50 w2 35.40 

R2 7.00 w3 33.50 

hsub 1.50 w4 5.60 

dh 4.20 w5 0.38 

gap 0.98 w6 0.54 

4.2.2 Parametric Analysis 

The influence of the key parameters including w1, w2, w3, w6, and gap, on S11, is 

examined, and the corresponding results are demonstrated in the following. Fig. 4-4 

shows the relationship between S11 and w1. Overall, a wider bandwidth is obtained as 
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the width w1 is independently increased. The impedance bandwidth increases from 

910 MHz to 1126 MHz, 1561 MHz, and 1530 MHz as the value of w1 increases from 

17 mm to 21 mm, 23 mm, and 25 mm, respectively. Despite the slightly smaller 

bandwidth when w1 is 25 mm compared with 23 mm, the matching performance at the 

desired frequency of 2.45 GHz is much better, which can be seen from the results of S11 

(from -16.2 dB to -53.3 dB). When w1 reaches 27 mm, the radiators on the same side 

will be connected and the resonant frequency at 2.45 GHz is affected severely. As a 

trade-off, w1 = 25 mm is selected as the optimal value. 

 
Fig. 4-4: Effects on S11 with different values of w1. 

The values of w2 and w3 have also been evaluated and the corresponding results can be 

seen in Fig. 4-5. The first resonant frequency mainly depends on w2 and the fourth 

resonant frequency is mainly dependent on w3. The lowest resonant frequency shifts 

down as the value of w2 increases. Similarly, the resonant frequency at 2.4 GHz also 

decreases as w3 increases. By carefully selecting the values of w2 and w3, the desired 

resonant frequencies 1.17 GHz and 2.4 GHz can be covered, and the corresponding 

optimised results are w2 = 35.4 mm, and w3 = 33.5 mm. 
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Fig. 4-5: Effects on S11 with different values of w2 and w3. 

 

 
Fig. 4-6: Effects on S11 with different values of w6. 

The effect on S11 of varying w6 is demonstrated in Fig. 4-6. The operation bandwidth is 

1477.4 MHz when w6 is 0.18 mm. The bandwidths increase by 62.6 MHz, 117.8 MHz, 

and 122.2 MHz as w6 varies through to 0.54 mm, 0.91 mm, and 1.27 mm, respectively. 

This phenomenon indicates that the operating bandwidth becomes wider as the track 

width of the big loop w6 increases. Moreover, better impedance matching can be 

achieved by tuning the value of w6. The S11 results at the first desired resonant frequency 

(1.17 GHz) are -20.54 dB, -24.21 dB, -13.69 dB, and -10.50 dB when w6 is varied 

through 0.18 mm, 0.54 mm, 0.91 mm, and 1.27 mm, respectively. Meanwhile, S11 at 
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the fourth desired resonant frequency (2.4 GHz) in each case 

is -19.70 dB, -53.33 dB, -17.50 dB, and -16.53 dB, respectively. Therefore, the most 

suitable value of w6 is 0.54 mm, where both resonant frequencies are minimised. 

Finally, the gap between the two loop structures is evaluated in terms of S11. As is 

shown in Fig. 4-7, the fourth resonant frequency (2.4 GHz) is affected prominently by 

the gap. It shifts upwards from 2.34 GHz to 2.48 GHz with increasing values of gap. 

The results of S11 at 2.4 GHz are -38.27 dB, -53.33 dB, -28.24 dB, and -19.77 dB when 

gap is varied through 0.71 mm, 0.98 mm, 1.23 mm, and 1.48 mm, respectively. On the 

other hand, the first resonant frequency (1.17 GHz) appears independent of the gap. 

Following careful tunning, the optimised result for gap is set to 0.98 mm. 

 

Fig. 4-7: Effects on S11 with different values of gap. 

4.2.3 Circular Polarisation Mechanism 

Circular polarisation behaviour is achieved in three frequency bands through the use of 

the vacant-quarter printed ring structure as depicted in Fig. 4-3. The incoming current 

from the feed flows into the connected radiator first and then travels through the vacant-

quarter printed ring and reaches the secondary radiator. The 90° phase delay between 

the radiators is controlled by the length of the vacant-quarter printed ring structure. The 

surface current distribution at f = 1.57 GHz for the GNSS L1/E1 band is selected as an 
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example to show the CP mechanism. Fig. 4-9 demonstrates the phase progression at 

quarter wavelength time instants for the proposed antenna. Looking at the structure 

from the front, the magnitudes of the current distribution at 0° are equal to those at 180°, 

but the phases are opposite. A similar phenomenon is observed for the current 

distributions at 90° and 270°. The overall rotation of the current distribution looking 

from the front is anti-clockwise, hence, achieving RHCP behaviour. 

 

 
Fig. 4-8: Surface current distribution on the top side of the proposed antenna at 
1.57 GHz at (a) 0°, (b) 90°, (c) 180°, and (d) 270°. 

Looking at the whole structure from the back, the rotation of the current distribution is 

clockwise as is depicted in Fig. 4-9. Similar observations that the magnitudes of the 

current distribution at 0° and 90° are equal to those at 180° and 270°, respectively, and 

the phases at 0° and 90° are opposite to those at 180° and 270°, respectively. Therefore, 

it achieves LHCP behaviour from the back. 
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Fig. 4-9: Surface current distribution on the bottom side of the proposed antenna at 
1.57 GHz at (a) 0°, (b) 90°, (c) 180°, and (d) 270°. 

In addition to observing the surface current, another parameter used to evaluate the CP 

characteristic is AR, which is the ratio of the major to minor axes (magnitudes of 

orthogonal components) of the antenna’s E-field. Ideally, it equals to 0 dB for a perfect 

CP antenna. Practically, an antenna with an AR of less than 3 dB can be treated as a CP 

antenna. The simulated AR values at 1.57 GHz are evaluated on its two principal planes 

of phi = 0° and phi = 90°, respectively, and the corresponding results are depicted in 

Fig. 4-11. At boresight (theta = 0°), AR equals to 2.367 dB, which is less than 3 dB. 

Overall, the AR is less than 3dB for theta = ±60° and theta = ±66° from the main beam 

on the phi = 0° and phi = 90° planes, respectively. As a result, the realised 3 dB AR 

beamwidth is 120° at 1570 MHz, which meets the required AR beamwidth for GPS 
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usage. Therefore, this antenna has a sufficiently good CP behaviour for GPS 

applications. 

 
Fig. 4-10: Performance of simulated AR at 1570 MHz. 

4.3 Realisation and Measurements 

The proposed structure was fabricated on a 1.5 mm thick FR-4 board with an overall 

dimension of 64 × 64 × 1.57 mm3 using an etching process. The bottom and top views 

are depicted in Fig. 4-12. Its performance is validated and evaluated in terms of its 

return loss, radiation patterns, realised gains, AR, and radiation efficiency in this section. 

 

Fig. 4-11: Bottom and top views of the manufactured prototypes. 
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4.3.1 Evaluation of Return Loss 

The reflection coefficient (S11) of the proposed antenna was measured using a portable 

VNA (model N9917A FieldFox Microwave Analyser from Keysight) calibrated with a 

standard 50 Ω RF cable. The measurement setup is provided in Fig.4-12 and the 

corresponding impedance matching response is plotted in Fig. 4-13. 

 

Fig. 4-12: S11 measurement setup of the proposed antenna. 

Overall, the operating bandwidth for S11 <-10 dB is from 1.15 GHz to 2.62 GHz 

(1470 MHz), which covers all desired frequency bands with a slight reduction of 

70 MHz compared with the simulated results. The impedance matching remains well 

below -15 dB from 1.39 GHz to 1.74 GHz and from 2.18 GHz to 2.54 GHz, which 

covers most of the desired frequencies (1.57 GHz and 2.4 GHz). The lower resonance 

shifts up from 1.17 GHz to 1.27 GHz whilst the higher one at 2.4 GHz remains stable. 

Despite the upward shifts in the lower resonant frequencies, the matching performance 

at 1.40 GHz and 1.57 GHz improve in comparison to the simulation as the S11 

measurements are -15.24 dB and -22.65 dB, deepened by 2.82 dB and 5.68 dB. 

Probable reasons for these differences are fabrication errors and connectivity issues. 
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Fig. 4-13: Simulated and measured S11 of the proposed design. 

4.3.2 Evaluation of CP Characteristic 

Due to equipment limitations, the CP purity of the proposed antenna has been evaluated 

by comparing the far-field coupling strength for two orthogonal polarisations between 

the antenna under test (AUT) at 0° and 90° and a standard gain LP pyramidal horn 

antenna in an anechoic environment [17]. When the magnitudes of S21 for the two 

polarisations are equal or the difference between them is less than 3 dB, then it indicates 

that the AUT behaves with CP. The corresponding measurement setup is depicted in 

Fig. 4-14 (a) and the positions of AUT can be seen in Fig. 4-14 (b) and Fig. 4-14 (c). 

Reflection coefficients are recorded by an Agilent PNA-L network analyser (N5230C) 

and analysed with aid of a PC. 
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Fig. 4-14: (a) Schematic of the measurement setup; (b) AUT placed at 0°; and (c) AUT 
placed at 90°. 

The measured coupling strengths (|S21|) for the orthogonal polarisations and their 

difference are plotted in Fig. 4-15. Relatively good polarisation purity is achieved at 

around 1.13 GHz, 1.46 GHz, and 2.38 GHz as |S21|0° ≈ |S21|90°. Moreover, the measured 

3 dB AR bandwidths are around 180 MHz (from 1.05 GHz to 1.23 GHz), 360 MHz 

(from 1.42 GHz to 1.78 GHz), and 180 MHz (from 2.29 GHz to 2.47 GHz) over the 

frequency range. 
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Fig. 4-15: Measured |S21| when placing the AUT at 0° and 90° and their differences. 

Fig. 4-16 compares the simulated and measured AR characteristics. The simulated 

ARBWs of the proposed antenna for AR < 3 dB are 1.15~1.23 GHz, 1.45~1.75 GHz, 

and 2.20~2.47 GHz. Overall, the measured results show a good agreement with the 

simulated results. Moreover, the measured AR at the GNSS L1/E1 band (1570 MHz) 

is 2.506 dB, which is close to the simulated result of 2.367 dB. Therefore, the proposed 

antenna can be considered as having good CP performance and hence suitable for 

localisation applications. 

 
Fig. 4-16: Measured and simulated AR. 
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4.3.3 Evaluation of Radiation Patterns 

Measurements of the far-field radiating characteristics are conducted inside an anechoic 

chamber. Fig. 4-17 depicts the corresponding measurement setup. A standard gain LP 

pyramidal horn antenna is used as the transmitter and the proposed antenna under test 

(AUT) is placed 254 cm away as the receiver. A rotator controlled by a PC is connected 

to the AUT and an Agilent PNA-L network analyser (N5230C) is used to record the 

S-parameters. To conduct the measurements across the full frequency range of interest 

two standard LP pyramidal horns covering different frequency ranges (1-2 GHz and 

2-3 GHz) are used to measure the co-polarisation and cross-polarisation of the proposed 

antenna. The S-parameters are recorded for rotation steps of 1° allowing the radiation 

pattern to be plotted at the desired frequencies. 

 

Fig. 4-17: Schematic of the measurement setup. 

Four LP measurement sets have been obtained using each of the available standard gain 

horns in order to evaluate the CP radiation characteristics as described in Fig. 4-18. The 

four radiation patterns recorded are the copolar and crosspolar results on both H-plane 

and E-plane. Firstly, the AUT is set at P1 with the transmitting antenna placed 
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horizontally to the ground (H1) with the antennas on the boresight. The rotator rotates 

the AUT by 360° horizontally and the network analyser records transmission 

coefficients at all angles over 1 to 2 GHz. The second experiment is performed after 

rotating the AUT by 90° horizontally (P2) and then repeating the same process. The 

third and final experiments are conducted in the same way but with the transmitting 

antenna placed vertically to the ground (V1). Therefore, the recorded results are the 

copolar and crosspolar information on H-plane and E-plane. The entire process is 

repeated with the second standard gain horn over the frequency range from 2 to 3 GHz. 

 

(a) 

 
(b) 

Fig. 4-18: Measurement setup in the anechoic chamber: (a) place the AUT at two 
positions P1 and P2; (b) place the transmitting horn at two positions H1 and V1. 
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Simulated copolar and crosspolar data for the H-plane (xoz plane) and E-plane (yoz 

plane) are exported from CST 2017 for comparison. The measured and simulated 

normalised radiation patterns at 1.40 GHz are depicted in Fig. 4-19 with a 3D radiation 

pattern for illustration. It shows that this antenna has a maximum directivity of 2.37 dBi 

at 1.40 GHz. The measured 2D results are close to the simulated 2D results, which 

verify the good agreement between simulation and measurement. 

 
Fig. 4-19: 3D simulated radiation pattern and 2D simulated and measured radiation 
patterns over (a) xoz plane at 1.40 GHz, (b) yoz plane at 1.40 GHz. 

The measured and simulated normalised radiation patterns at 1.17 GHz, 1.57 GHz and 

2.40 GHz are depicted in Fig. 4-20. The radiation patterns at the desired frequencies 

are bidirectional with a relatively broad half-power beamwidth (HPBW). For example, 

the HPBW at 1.57 GHz is 121.5° for E-plane, and 120.5° for H-plane. The HPBW for 

other frequencies is summarised in Table 4-2. Overall, the measured outcomes agree 

well with the simulated outcomes, which confirm the theoretical evaluation. The 

difference between the measured and simulated results is most likely caused by 

fabrication inaccuracy and measurement limitations. 



105 
 

 

 

 

Fig. 4-20: Simulated and measured radiation patterns over (a) xoz plane at 1.17 GHz, 

(b) yoz plane at 1.17 GHz, (c) xoz plane at 1.57 GHz, (d) yoz plane at 1.57 GHz, (e) xoz 

plane at 2.40 GHz, and (f) yoz plane at 2.40 GHz. 
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Table 4-2: HPBW of the Proposed Antenna at Desired Frequency 

 1.17 GHz 1.57 GHz 2.40 GHz 

Phi=0° 353.8° 121.5° 80.9° 

Phi=90° 128.4° 120.5° 79.1° 

Another measurement using a pair of the proposed antenna was conducted to verify the 

dual CP characteristics. The measurement setup is described in Fig. 4-21, which is 

similar to the previous experiments but using two of the proposed crossed-dipole 

antennas. The two crossed-dipole antennas are placed on boresight, and the AUT is 

measured in two orientations with 90° difference (P1 and P2 as shown in Fig. 4-21). 

Numerical analysis was conducted using CST 2017 and the simulated and measured 

results are given in Fig. 4-22. 

 

Fig. 4-21: Measurement setup in the anechoic chamber with the proposed antenna used 
as transmitter and receiver. 

Fig. 4-22 (a) and (b) provide the simulated radiation patterns in the xoz and yoz planes, 

respectively. Broad unidirectional RHCP patterns are achieved in the positive z-

direction and broad unidirectional LHCP patterns are achieved in the negative z-

direction. The patterns are generally symmetric, which are the result of the symmetric 
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structure of the design. Measured radiation patterns for both cases (P1 and P2) are 

plotted in Fig. 4-22 (c) and (d). The received antenna radiates towards the boresight 

with low backlobes, minimising radiation towards the back side of the proposed antenna. 

A stable unidirectional RHCP is obtained in the positive z-direction with a close 

agreement between the simulated and measured radiation patterns in the working band. 

 

 

Fig. 4-22: Simulated radiation patterns at 1.57 GHz (a) on xoz plane, (b) on yoz plane; 

Measured radiation pattern at 1.57 GHz (c) when the received antenna places at P1, (d) 

when the received antenna places at P2. 
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4.3.4 Evaluations of Efficiency 

The simulated total efficiency of the proposed antenna over 1.0 to 2.5 GHz is plotted in 

Fig. 4-23. It demonstrates that the total efficiency is greater than 85% from 1.17 to 

2.50 GHz. Moreover, in the CP operating band 1.17 GHz, 1.57 GHz, and 2.40 GHz, the 

corresponding efficiencies are 85.6%, 90.5%, and 90.7%, respectively. 

 
Fig. 4-23: Simulated total efficiency of the proposed antenna. 

4.4 Novelty 

A performance comparison between the proposed broadband dual-polarised antenna 

and other recently reported designs is summarised in Table 4-3 in terms of basic 

structure, substrate material, operation frequency bands, electrical size, polarisation, LP 

and CP bands, LP and CP bands functions, AR, 3 dB ARBW, and HPBW for a fuller 

evaluation. Overall, the proposed antenna realises a compact size and relatively wide 

operation bandwidth. The WMTS band is reserved for medical telemetry services and 

is novel in its inclusion here as other published works do not provide this functionality. 

Three CP bands are achieved with a relatively wide AR (6.84%, 19.11%, and 11.25% 

at 1.17 GHz, 1.57 GHz, and 2.4 GHz, respectively) available to be used for indoor and 

outdoor localisation. The 3 dB ARBW around 1.57 GHz is 120°, which meets the 

requirement for GPS applications. Moreover, the proposed antenna can be printed on a 
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low-cost PCB such as FR-4 with a compact dimension and relatively wide impedance 

and CP bandwidth, which makes it suitable for localising and tracking applications. 

Table 4-3: Comparisons of the Proposed Antenna with Other Work 

Ref. [15] [18] [19] [20] This work 

Basic 
Topology 

Patch Patch 
Planar 

Monopole 
Patch Cross dipole 

Substrate RO3003C Felt RO4003C NA FR-4 

f (GHz) 
1.564~1.593 
2.439~2.457 

1.575 
2.45 

1.88 
2.5 

1.228 
1.575 

1.15~2.62 

Size 
(λ03) 

0.68 × 0.68 × 
0.053 

0.4 × 0.4 × 
0.02 

0.33 × 0.33× 
0.04 

0.368× 0.105 
(D×H) 

0.25 × 0.25 × 
0.006 

Polarisation CP/LP CP/LP 
RHCP 
/LHCP 

RHCP 
LP 

/RHCP 
/LHCP 

LP Bands 
(GHz) 

2.439~2.457 2.45 NA NA 1.4 

LP function 
Indoor 

localisation 
Indoor 

localisation 
NA NA 

Medical Telemetry 
Services 

CP Bands GPS L1 GPS L1 
ISM 

(2.4 GHz) 
GPS L1 
GPS L2 

GNSS L1/E1 
GPS L5 

ISM (2.4 GHz) 

CP function 
Outdoor 

localisation 
Outdoor 

localisation 
Outdoor 

localisation 
Outdoor 

localisation 
Indoor & Outdoor 

localisation 

% AR 
(GHz) 

0.70% @1.575 
9.00% 

@1.575 
2.66% @1.88 
2.00% @2.50 

NA 
6.84% @1.17 
19.11% @1.57 
11.25% @2.40 

3 dB AR 
beamwidth @ 

GPS L1 
97.5° NA NA 173° 120° 

HPBW 
(GHz) 

NA NA 
81°/111°@1.8

8 
90°/87°@2.50 

107° 
@1.575 

353.8°/128.4°@1.17 
121.5°/120.5°@1.57 
80.9°/79.1°@2.40 

(*NA: not available) 
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4.5 Summary 

In this chapter, a novel compact wideband dual-polarised antenna designed on a FR-4 

substrate has been proposed, optimised, fabricated and evaluated for medical telemetry 

and indoor/outdoor localisation applications. The proposed multi-loop radiators 

originated from an elliptical-shape cross dipole, which can generate two orthogonal 

current flows with similar magnitudes but 90° phase difference. Through parameter 

tuning of the radiators’ structure, the design achieves the target of operating over a 

wider frequency range than covered by other published work: WMTS band with linear 

polarisation, and GNSS L1/E1 band, GPS L5 band, and one ISM band (2.4 GHz) with 

circular polarisations. A vacant-quarter printed ring feeding network is utilised as a 90° 

phase delay line between the radiators on both sides of the substrate material. It allows 

two dipole pairs to be configured with a single feed and accomplishes CP behaviour at 

the desired frequency. The overall size is 64 × 64 × 1.57 mm3 

(0.25λ0 × 0.25λ0 × 0.006λ0), which can be regarded as a compact design compared to 

other work. 

Parametric evaluations of the structural parameters including w1, w2, w3, w6, and gap 

have been conducted in CST 2017 for optimisation. With the obtained optimised 

dimensions, the CP characteristic has been evaluated in terms of the surface current 

distribution and AR at f = 1.57 GHz as an example. The overall rotation of the current 

distribution on the top side of the antenna is anti-clockwise, which leads to RHCP. 

Meanwhile, a clockwise current distribution is observed on the bottom side, which 

indicates LHCP exists. The related axial ratio beamwidth is 120°, which meets the 

required beamwidth for GPS usage. 

Practical measurements have been conducted to analyse antenna performance. A 

portable N9917A FieldFox VNA is used to determine the impedance bandwidth and 

the operating bandwidth for S11 <-10 dB, which was 1470 MHz (from 1.15 to 

2.62 GHz), meaning all desired bands are covered. Further investigations in terms of 

AR, radiation patterns and HPBW have been realised inside the anechoic chamber. 
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Good polarisation purity was achieved at 1.13 GHz, 1.46 GHz, and 2.38 GHz as 

|S21|0° ≈ |S21|90°. The measured 3 dB AR bandwidths are around 6.84% (1.17 GHz), 

19.11% (1.57 GHz) and 11.25% (2.4 GHz). Moreover, good agreement is observed 

between the measured radiation patterns and the simulated results, which shows the 

proposed antenna has a relatively good quality of CP behaviour. Overall, with the 

features of low profile, compact size, wide impedance bandwidth and adequate CP 

bandwidth (CPBW), the proposed antenna has great potential for use in WPAN 

applications requiring multiple RF functions. 
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CHAPTER 5. TWO NOVEL SWIPT METHODS 

WITH HARDWARE IMPLEMENTATIONS  

In Chapter 3 and Chapter 4, two novel antennas were presented for WBAN and WPAN 

applications supporting multiband functionality and hence enabling multiple 

simultaneous services to be provided. This chapter aims at developing new techniques 

that allow data and power to be transmitted simultaneously with reduced receiver losses. 

Hardware implementations from a circuit perspective are realised to facilitate a 

sustainable SWIPT receiver. 

This chapter begins with a review of the four commonly used SWIPT receiver 

techniques. Limitations regarding these techniques are clarified and the direction in 

which this research will move is defined. Two novel techniques are proposed as 

alternative receiver approaches in this chapter. The first one is based on a technique 

named here as symbol-splitting (SS) and the second utilises a harmonic-recycling 

technique. 

Symbol Splitting 

The SS technique makes use of the fact that many common modulated signals have 

spectral components that represent the transmitted data and other spectral artefacts that 

contain only RF power. In this work SWIPT is realised by separating these spectral 

allowing data to be detected from the information carrying components and the power 

to be rectified and harvested from the remaining non-information carrying spectral 

components. The separation of the components is realised using a basic RF component, 

the rat-race coupler, between the antenna terminal and the rectifying circuit terminal. 

An advantage of this is that it can make use of commonly used modulations schemes 

such as amplitude modulation (AM), amplitude shift keying (ASK), phase shift keying 

(PSK). Some of these (e.g., AM) could be tweaked at the transmitter to directly adjust 

the amount of power the received signal would contain for rectification and hence meet 
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the receiver’s power needs on demand and additionally, the data detection can be 

performed in a straightforward manner. 

The integrated rectifier-receiver (IRR) realisation shows RF-to-DC PCE is over 60% 

when the system is supplied with an input power of -4 dBm. A PCE of around 50% is 

retained down to input powers of -10 dBm in measurements using both continuous 

wave signals and binary phase shift keying (BPSK) modulated signals with different 

data rates as inputs. The transferred data are correctly detected at the isolation port of 

the rat-race coupler. 

Harmonic Recycling 

The second compact hardware receiver implementation developed here is based on the 

unexploited third harmonics generated by the rectifying circuit required for the power 

transfer side of the receiver. This IRR fully utilises the entire received signal without 

splitting in time/power/antenna or frequency domain, the commonly applied 

approaches which will be discussed below. A branch-line coupler is adopted to deliver 

the incident waves to the rectifier and then to couple the third harmonics reflected at 

the rectifier input back to its isolation port. Mathematical analysis confirms the 

generation of third harmonics and analysis of the operating mechanism indicates the 

possibility of collecting the third harmonics for data reception. Measurements validate 

the recycling idea, and the fabricated IRR shows a maximum RF-to-DC PCE of 55.2% 

is reached at 920 MHz when the input power level is -7 dBm. 

Practical outcomes for both designs verify the proposed architectures, which therefore 

become suitable for achieving stable wireless communications with simultaneous WPT 

for WBAN/WPAN applications. 

5.1 Introduction 

The concept of SWIPT was proposed by the research community as a compact way to 

concurrently power distributed sensors or other devices whilst exchanging information 
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amongst them in the downlink [1]-[3]. The received signals are separated into two 

distinct parts using various splitting techniques to practically implement a SWIPT 

system [4]-[19]. A summary of the most popular splitting techniques is provided by Fig. 

5-1. 

The time switching (TS) technique in Fig. 5-1(a) often employs a switch at the receiver 

terminal and the received waves can be used for either information detection (ID) or 

energy harvesting (EH) at any given time. This technique is straightforward to 

implement but requires precise time synchronisation for information detection. 

The power splitting (PS) technique in Fig. 5-1(b) divides the received signal into two 

power streams for EH and ID separately. A power divider component with a designed 

power ratio is utilised. The major benefit is that the received signal is used for both 

functions in the same time slot. However, information loss is inevitable as some porting 

of the information part of the signal to PT occurs and vice versa. 

 
Fig. 5-1: Splitting techniques for SWIPT: (a) time switching; (b) power splitting; (c) 
antenna switching; (d) frequency splitting. 

The antenna-switching (AS) technique in Fig. 5-1(c) and the frequency-splitting (FS) 

technique in Fig. 5-1(d) are similar as they use two or more frequency bands to achieve 

ID and EH. The information loss decreases; however, the common problem of both 

techniques is that they use two or more frequency bands to perform ID and EH 
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independently instead of dealing with the same signal concurrently. It also means that 

any power contained within the modulated data signal is neglected. 

In this chapter, two novel techniques are proposed to achieve SWIPT with compact 

hardware implementations. In Section 5.2, the WPT module including analysis of 

several rectifier topologies and details of the circuit design process used for the rectifier 

are given. Section 5.3 provides a novel symbol splitting (SS) technique, which aims at 

separating the non-information carrying components from the information-carrying 

components of the received signal streams with the aid of a rat-race coupler for EH and 

ID, respectively. The concept of recycling reflected third harmonics generated by the 

rectifying circuit for ID is proposed in Section 5.4. IRR realisation and measurements 

are provided, analysed, and evaluated in Section 5.5 which validate the proposed 

splitting schemes. 

5.2 WPT Module 

A typical structure of the WPT receiver is depicted in Fig. 5-2. 

 

Fig. 5-2: General structure of a WPT receiver [20]. 
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It is composed of an impedance matching network, one or multiple rectifying elements 

(such as diodes) for RF-DC conversion, a DC-pass filter to smooth the ripples in the 

rectifier output, and a load to use or save the energy collected. The design of a suitable 

rectifier is critical because it influences the overall RF-to-DC PCE of the IRR system 

severely. Therefore, four common-used topologies for RF-DC conversion will be 

evaluated in this section. 

5.2.1 Analysis of Rectifier Topologies 

A. Conventional Half-wave Rectifier 

The conventional half-wave rectifier topology with a single series diode D1 is described 

by Fig. 5-3. The received RF wave passes through a matching network to the rectifying 

element (a diode in this case). The diode then converts the RF power to DC power. The 

capacitor C1 in parallel with the load functions as a low-pass filter allowing only DC to 

pass. This topology is simple to be constructed. However, the output voltage and PCE 

are low as only the positive half cycle of the received wave can be rectified by the diode 

and the negative half cycle is wasted blocked by the reverse biasing of the diode. 

 

Fig. 5-3: Configuration of a conventional single series diode topology. 

B. Bridge Rectifier 

An improved topology called a bridge rectifier is shown in Fig. 5-4. It consists of four 

diodes connected in a closed-loop configuration. During the positive half cycle, the 

received RF wave is rectified by the diodes D1 and D4, and diodes D2 and D3 are reverse 

biased. During the negative half cycle, diodes D2 and D3 become forward biased and 
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rectify the received wave and diodes D1 and D4 are reverse biased. This topology 

utilises the full cycle of the received wave and ideally the PCE is double compared to 

the single series diode case. However, the voltage drop becomes higher as more power 

loss occurs due to the increased number of diodes. 

 
Fig. 5-4: Configuration of a bridge rectifying circuit. 

C. Voltage Doubler 

A further improved topology, the voltage doubler, is depicted in Fig. 5-5. The shunt 

diode D1 rectifies the incoming wave and capacitor C1 stores the energy during the 

negative half cycle of the circuit. When the positive half cycle arrives, the received 

wave is rectified by the series diode D2 and energy is stored in capacitor C2. In addition, 

Capacitor C1 acts as an additional energy source in the positive half cycle transferring 

the energy it has stored to capacitor C2. As a result, the voltage across capacitor C2 is 

approximately twice the peak voltage obtained in the half-wave rectifier. The energy 

on C2 is released to the load in the following period. Ideally, the voltage level is double 

in comparison to the single series diode case. 

 

Fig. 5-5: Configuration of a voltage doubler rectifying circuit. 
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D. Greinacher rectifier 

The final topology considered here is shown in Fig. 5-6, a full wave rectifying circuit 

called Greinacher rectifier [21] [22]. It is composed of two voltage doublers formed in 

a bridge configuration with diodes placed in the opposite direction. Compared to the 

voltage doubler topology discussed previously, this circuit amplifies the voltage across 

the load.  The voltage on the load is expressed by VDC = |V+ – V-|. 

The RF-to-DC PCE can be calculated by Eq. (5.1): 

 

2
DC DC

input input L

P V
PCE

P P R
   (5.1) 

where PDC is the output DC power, Pinput is the input power, VDC is the total output DC 

voltage, and RL is the load impedance. 

 

Fig. 5-6: Configuration of a full-wave Greinacher rectifying circuit. 

5.2.2 Design Process of Rectifier in ADS2017 

Simulations are conducted using the RF circuit simulation software Advanced Design 

System 2017 (ADS 2017). 

The selection of the rectifying elements (such as diodes) is crucial for the overall 

performance of the rectifier circuit. In this work, the packaged Schottky diode 

SMS7630 is selected due to its low bias voltage requirement (60-120 mV at 0.1 mA) 

for a low power incident wave, a high saturation current, and low power loss [23]. The 

corresponding nonlinear Spice model with parasitic elements provided by Skyworks 
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Solutions Inc. [23] is adopted for simulation. The chip inductors and chip capacitors 

used in the matching circuits and the rectifier’s chip capacitors are simulated as their 

real product models including S-parameter files provided by suppliers Coilcraft and 

Murata to improve simulation accuracy. 

In addition to careful selection of the rectifying elements, the design of an impedance 

matching circuit is also important as it determines how much power can be transferred 

to the rectifying module from the antenna. The input impedance of the rectifying circuit 

varies when either frequency, input power or load impedance changes owing to the 

nonlinear property of the rectifying circuit. Therefore, the impedance matching network 

should assist the rectifying circuit to match the dynamic characteristics of the input to 

improve overall system performance. 

An EM/Circuit co-simulation has been conducted in ADS 2017. The general process is 

as follows. 

1. Circuit simulation 

The Harmonic Balance (HB) and Large-signal S-parameter (LSSP) simulators are used 

in the schematic to analyse the non-linear behaviour of the diodes and find the steady-

state solution in the frequency domain. The nonlinear input impedances of the rectifying 

circuit versus input power level are exported as touchstone S1P files and then 

Impedance Matching Toolkits are applied to find the initial values of the matching 

inductors and capacitors. Further optimisation of the impedance matching circuit is 

performed which aims to have a bandpass response, passing the fundamental frequency 

of received wave while rejecting the higher order harmonics generated by the rectifying 

circuit (nonlinear elements), further improving PCE. 

2. EM simulation 

Different from circuit simulation, EM simulation is used on the circuit layout. After 

optimisation in the schematic, a layout should be created based on the schematic, which 

contains all microstrip components created in the schematic. The general procedure at 
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this stage is: connect the pins in the layout, select the right Momentum simulator 

(Method of Moments), define the substrate, and setup the simulation frequency plan. 

The results obtained from the Momentum simulation are more accurate as it considers 

the potential effects such as coupling between the microstrip elements and the board 

edge. 

3. Co-simulation 

A co-simulation is required as EM solvers cannot simulated discrete components such 

as resistors, inductors, capacitors, and diodes. A layout component of the microstrip 

parts is created and then placed into the schematic, where the discrete components can 

be connected. The appropriate simulators (HB and LSSP) can then be set up in the 

schematic and the simulation performed. If the results are desirable, fabrication can be 

organised with the exported layout file. 

5.3 SWIPT by Symbol-Splitting Technique 

In this section, a compact SWIPT receiver architecture based on the novel SS technique 

is proposed. The purpose of this technique is to separate the non-information carrying 

frequency components from the information-carrying components of received 

modulated signals, with the aid of a conventional rat-race coupler. The block diagram 

of the IRR topology is given in Section 5.3.1 and theoretical analysis of the SS 

technique is explained in Section 5.3.2 followed by the design of rectifier in 

Section 5.3.3. 

5.3.1 Rat-race Coupler-based IRR Topology 

The proposed system topology is depicted in Fig. 5-7. A rat-race coupler is placed 

between a receiving antenna and a rectifying network. P1 to P4 in Fig. 5-7 represent the 

four ports of the coupler. P1 is connected to the antenna acting as the supply port to the 

system. P2 and P3 are connected to each branch of the Greinacher rectifying circuit each 

via matching networks. V+ and V- are the amplitudes of the output DC signals across a 
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load, rectified in different directions by the positive and negative sub-rectifiers, 

respectively. The voltage across the load is |V+ – V-|. P4 is connected to a digital 

oscilloscope where the extracted signal waveform can be detected. 

 
Fig. 5-7: Schematic of the proposed topology with a rat-race coupler. 

The rat-race coupler (also known as a hybrid ring coupler), is a 3 dB power splitter 

widely used in RF and microwave systems [24]. It has four ports, each spaced at a 

distance of λ/4 around half of the ring circumference. The total circumference of a rat-

race coupler is 1.5λ. As shown in Fig. 5-15, a wave entering port P1 will be equally 

divided into two waves travelling in opposite directions around the ring. These two 

waves have travelled distances of λ/4 and 5λ/4 respectively to reach port P2; meanwhile 

they have each travelled distances of 3λ/4 to reach port P3. The signals at ports P2 and 

P3 have a difference of λ/2, which mean the signal at port P3 is out-of-phase with that 

at port P2. The two waves travel around the ring λ/2 and λ respectively to reach port P4, 

which means they are out of phase and carry zero power to the output. Thus, port P4 is 

well-isolated from port P1. The S-parameter matrix for an ideal rat-race coupler is given 

in Eq. (5.2) according to the odd-even mode theory [25]. 
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j j
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The simulated S-parameters (in dB) of a rat-race coupler designed on RT/Duroid 5880 

(relative permittivity εr = 2.2 and thickness of 1.575 mm) substrate are shown in Fig. 

5-8. These figures demonstrate the possibility of differentially distributing the incident 

signal at fc (2.45 GHz is selected) from port P1 to ports P2 and P3 (S21 ≈ S31 ≈ -3 dB, 

S21 ≈ S31*), where port P1 is well matched (S11 ≈ -21 dB), and port P4 is well-isolated 

(S41 ≈ -46 dB, S44 ≈ -20 dB). 

 

Fig. 5-8: Simulated S-parameters of the rat-race coupler designed on RT/Duroid 5880: 
(a) magnitudes of S11, S21, S31, S41, S44 and (b) phases of S21, S31. 

5.3.2 Mechanism of SS 

BPSK is selected as an example to show how SS works as it is one of the most 

commonly utilised modulation schemes and is approved for low-rate wireless networks 

according to the IEEE Standard for Low-rate Wireless Network [26]. The expressions 

describing a BPSK modulated signal are given in Eq. (5.3)-(5.6): 

Binary ‘0’: 

  0 bsin(2 ), 0 Tm cs t V f t t    (5.3) 

Binary ‘1’: 

  1 bsin(2 + ), 0 Tm cs t V f t t     (5.4) 

and 
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 bT = TcN  (5.5) 

Transmission data rate Rb: 

  /b cR f N  (5.6) 

where fc is the carrier frequency, Tc is the carrier period, Tb is the bit duration, N is the 

number of carrier cycles in Tb, and Vm is the amplitude. 

Every Tb seconds, the modulator transmits one of these two carrier bursts corresponding 

to the information bit being ‘0’ or ‘1’. Eq. (5.3) and (5.4) can be re-written as in Eq. 

(5.7): 

    1 sin(2 ) rect( ) sin(2 ) sin(2 )m c m c cs t V f t V t f t f t        (5.7) 

and the rectangular pulse rect(t) is: 

 
0,

1,
b

b

T t
rect( )

0 T
t

t


   

 (5.8) 

Comparing Eq. (5.3) and (5.4) to Eq. (5.7), the common term between bit ‘0’ and bit 

‘1’ is the first term sin(2 )m cV f t  which is a pure sine signal. Hence, this term is 

defined as the non-information carrying component. The information carried entirely 

depends on the remainder of the expression  rect( ) sin(2 ) sin(2 )c ct f t f t    . 

As a result, this term is defined as the information-carrying component. 

From a frequency response perspective, the data sequence (base signal) is a continuous 

sinc() function over the frequency spectrum as shown in Fig. 5-9(a). The carrier in Fig. 

5-9(b) is an impulse centred at fc. The convolution of them becomes the corresponding 

frequency spectrum of the BPSK signal as depicted in Fig. 5-9(c). The core idea of the 

SS technique is to extract the impulse at fc for rectification and retain the remainder for 

data detection. Based on the principal behaviour of a rat-race coupler, the narrow-band 

band-stop property of the isolation port offers a route to SS. The impulse at fc will pass 

through ports P2 and P3 with the remainder rejected. The narrow-band band-stop 

property of the isolation port will reject the main impulse and reflect it back to ports P2 
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and P3 (which has been proved to further improve the PCE in [27]) and allow the 

continuous part to pass through. Therefore, an incoming wave that arrives at port P1 

will be equally divided and delivered to ports P2 and P3 with the information-carrying 

components being ‘filtered’ through port P4. A digital oscilloscope can be connected to 

port P4 to detect the output waveform. 

 

Fig. 5-9: Frequency response of (a) base signal; (b) carrier signal; (c) modulated BPSK 
signal [28]. 

5.3.3 Rectifier Design 

The Greinacher rectifier is selected for use in the IRR. The layout and optimised 

parameter dimensions for the rectifier circuit designed on RT/Duroid 5880 substrate are 

given in Fig. 5-10 and Table 5-1. 
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Fig. 5-10: Layout of the rectifying circuit. 

 

Table 5-1: Optimised Circuit Dimensions (Millimetre) 

Parameter Value Parameter Value Parameter Value 

l1 2.00 w1 2.78 L1 2 nH 

l2 1.70 w2 1.30 L2 2 nH 

l3 2.50 w3 1.00 C1 100 nF 

l4 2.00 w4 1.70 C2 100 nF 

l5 3.00 w5 1.00 C3 100 nF 

l6 2.00 w6 2.00 C4 100 nF 

l7 1.50 w7 0.79 Cblock 20 pF 

L 49.3 W 51.7   

 

5.4 SWIPT by Recycling Third Harmonics 

In this section, another novel data detection technique based on the recycling of the 

third harmonics generated and reflected by the rectifier is proposed, together with the 

design of a compact receiver architecture to facilitate the method for SWIPT. A 3 dB 
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directional coupler is employed here as it can deliver the incident received wave, at its 

fundamental frequency f0, to the rectifier and couple the third harmonic waves reflected 

from the rectifier input to the isolation port. This reflected third harmonic is verified to 

carry the same information as is contained in the received signal at the fundamental 

frequency. The IRR topology is provided in Section 5.4.1 and a detailed theoretical 

analysis of the third harmonic, including its generation and extraction is discussed in 

Section 5.4.2. Modulation schemes which can be adopted are discussed in Section 5.4.3 

and the rectifier design with detailed dimensions is provided in Section 5.4.4. 

5.4.1 Branch-line Coupler-based IRR Topology 

The proposed system topology is depicted in Fig. 5-11. A 3-dB branch-line coupler in 

which the phase of the coupled signals ideally differs by 90° is used. P1 to P4 in this 

diagram are the four ports of the branch-line coupler. The coupled ports, P2 and P3 are 

connected to rectifying circuits (rectifier 1 and rectifier 2 respectively as shown in Fig. 

5-11). V1 and V2 are the amplitudes of the output DC signals across a load, rectified by 

the positive-direction rectifier (Rectifier 1) and negative-direction rectifier (Rectifier 2), 

respectively. The isolation port P4 is connected to a digital oscilloscope to present the 

detected output waveform. 

 

Fig. 5-11: Block diagram of the proposed IRR topology based on a branch-line coupler. 
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The fundamental structure of a directional branch-line coupler is composed of four λ/4 

transmission lines with matched terminations at all four ports. As is shown in Fig. 5-11, 

the incident waves entering port P1 will be equally divided to ports P2 and P3 where P2 

is leading P3 by 90°. There is no output at the fundamental frequency f0 leaked to port 

P4, but signals at other frequencies can pass from P4. The S-parameter matrix of an ideal 

branch-line coupler at its fundamental operating frequency is given in Eq. (5.9): 

 

0 1 0

0 0 11
=

1 0 02

0 1 0

j

j
S

j

j

  
   
  
  

 (5.9) 

According to [29], the symmetry property and characteristic impedance of this coupler 

maintain the same operation for the frequency 3f0. The S-parameter matrix for 3f0 is 

expressed as Eq. (5.10): 
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0 0 11
=

1 0 02

0 1 0

j

j
S

j

j

 
  
 
  

 (5.10) 

The S-parameter results from EM simulations in ADS2017 of the branch-line coupler 

at f0 = 920 MHz are shown in Fig. 5-12. At f0 = 920 MHz, the designed microstrip 

coupler can equally distribute the input wave to ports P2 and P3 (S21 = -2.97 dB ≈ -3 dB, 

S31 = -3.08 dB ≈ -3 dB) with a 90° phase difference. There are almost no reflections at 

the input port P1 which is well matched (S11 ≈ -41.9 dB) and the isolation port P4 is 

well-isolated (S41 ≈ -45.6 dB). 
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Fig. 5-12: Simulated S-parameters of a branch-line coupler designed on RT/Duroid 

5880: (a) magnitudes of S11, S21, S31, S41, S44 and (b) phases of S21, S31. 

At 3f0 = 2740 MHz, the overall trend is similar to the phenomenon at f0. The 

transmission coefficients S21 = -2.9 dB and S31 = -3.2 dB, which are almost equal 

to -3 dB. The phase difference at 3f0 is around 90°. Reflection coefficients 

S11 ≈ -26.6 dB and S41 ≈ -27.2 dB indicate that there are almost no reflections found at 

the input port and the isolation port is well-isolated. Therefore, a branch-line coupler 

can work at its fundamental frequency f0 and the third harmonic frequency 3f0. 

5.4.2 Generation & Extraction of Third Harmonics 

The channel attenuation (channel fading) is normalised to one without loss of generality 

so as to clarify the key point of the proposed idea. Assume a single-tone RF signal r(t) 

is received at the input port P1 as shown in Fig. 5-11, it can be expressed by Eq. (5.11): 

 1 0( ) cos(2 + )r t k f t   (5.11) 

where k1 is the amplitude and θ is the initial phase value. 

According to the S-parameters matrix shown in Eq. (5.9), the streams distributed to the 

two rectifiers (connected to P2 and P3) can be expressed as Eq. (5.12) and Eq. (5.13): 

 2 =- ( ) / 2b jr t  (5.12) 
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 3 =- ( ) / 2b r t  (5.13) 

The output response of each rectifier can be modelled as a Taylor series [25], shown in 

Eq. (5.13) for V2 in terms of b3, and similarly for V1 in terms of b2: 

 
2 3 4

2 0 1 3 2 3 3 3 4 3 ...V p p b p b p b p b       (5.14) 

where p0 ~ p4 are the Taylor expansion coefficients. 

The nonlinear response of the two rectifiers will generate third harmonic reflections 

back to ports P2 and P3 as inputs to the coupler. These reflections then will be delivered 

to port P1 (input port) and port P4 (isolation port). According to Eq. (5.14), the third 

harmonics are generated from term p3 b3
3 (and p3 b2

3). Even though higher orders such 

as b3
5 (and b2

5) and b3
7 (and b2

7) can also generate 3f0 terms, the magnitudes are small 

compared to that of term b3
3 (and b2

3), and can therefore be neglected. 

According to trigonometric equalities, 

  33 3
3 1 0

1 1
( ) cos(2 + )

2 2 2 2
b r t k f t      (5.15) 

Thus, the third harmonics a2
’ and a3

’ exported to P2 and P3 are 

 
' 3

3 3 1 0

1
cos(6 3 )

8 2
a p k f t     (5.16) 

 
' 3

2 3 1 0cos(6 3 )
8 2

j
a p k f t    (5.17) 

Based on the branch line coupler discussed previously, the output received at ports P1 

and P4 are as follows. The reflections back to the source at P1 are out of phase and 

cancel with each other as shown in Eq. (5.18) and the third harmonic with 3 times the 

phase and regular amplitude changes is exported to and exits port 4 Eq. (5.19). 

 
' ' '

1 2 3

1
0

2 2

j
b a a    (5.18) 
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' ' ' 3

4 2 3 3 1 0

1 1
cos(6 3 )

82 2

j
b a a jp k f t        (5.19) 

Therefore, the third harmonic products which contain the transmitted information are 

coupled to the isolation port of the coupler and offer an opportunity to be used for ID. 

Compared to other splitting techniques discussed before, this technique allows all the 

received wave to be used for rectification and the generated products from the 

rectification to be used for ID instead of eliminating them. 

5.4.3 Viable Modulation Schemes 

Modulated signals that can be represented by Eq. (5.11) are adoptable for use in this 

technique, including, amplitude shift keying (ASK) and amplitude ratio shift keying 

(ARSK). Comparing the use of ASK and ARSK, the influence of the distance between 

the base station and the sensing device can be eliminated by using the ratio (K) instead 

of the absolute value of amplitude. A received two-tone ARSK modulated signal can 

be written as: 

 1 1 2 2( ) cos(2 ) cos(2 )r t k f t k f t    (5.20) 

where k1 and k2 are the amplitudes at frequency f1 and f2 respectively. Note that k1, 

k2 > 0 and k1 < k2. 

In this case, symbols are independent of the distance and channel attenuation to k1 and 

k2 are cancelled. Using the Taylor series expansion and considering the properties of 

the coupler, the third harmonic terms can be modelled as 

 
'

4 1 1 2 2cos(6 ) cos(6 )b r f t r f t    (5.21) 

The ratio 1 2/K r r  is with 3
1 3 1 / 8r jp k   and 3

2 3 2 / 8r jp k  . To decode the data 

the third harmonic signal must be sampled and processed by FFT. 
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5.4.4 Rectifier Design 

The voltage doubler rectifier topology is selected to be used for each branch of the 

branch-line coupler due to the relative size of the coupler. The layout is plotted in Fig. 

5-13 and the optimised geometrical parameters for RT/Duroid 5880 substrate are 

detailed in Table 5-2. 

 

Fig. 5-13: Layout of the rectifying circuit for the proposed system. 

Table 5-2: Optimised Circuit Dimensions (Millimetre) 

Parameter Value Parameter Value Parameter Value 

l1 1.2 w4 1.5 Lc 43 nH 

l2 1.7 w5 1.5 Ld 18 nH 

l3 4.1 w6 2 Ca 36 pF 

l4 4.5 w 3.9 Cb 9.9 pF 

l5 3.5 r 4.4 C1 100 nF 

w1 1.5 a 126° C2 100 nF 

w2 1.5 La 6.8 nH C3 100 nF 

w3 1.5 Lb 16 nH C4 100 nF 
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5.5 IRR Realisation and Measurements 

5.5.1 Validation of IRR for SS Technique 

The final topology of the proposed SS IRR is demonstrated in Fig. 5-14. The overall 

dimension of the optimised design is L × W = 51.7 × 49.3 mm2 and the inner space of 

the rat-race coupler is used to house the rectifier miniaturising the board size. The 

antenna is excluded from the design because the main goal here is to investigate the 

proposed SS receiving topology standalone. 

 
Fig. 5-14: Topology and fabricated prototype of the proposed IRR system. 

The validation setup is given in Fig. 5-15. Input Port P1 of the system is connected to a 

signal generator (Keysight EXG N5173B analogue signal generator or Agilent E4438C 

signal generator), and a Rohde & Schwarz RTO2044 oscilloscope is connected to the 

isolation port P4 for the purpose of observing the output waveforms of the information-

carrying components. A digital multi-meter is used across the load to measure the 

output DC voltage allowing the PCE to be calculated using Eq. (5.1). 
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Fig. 5-15: Realisation of experimental validation setup with the fabricated prototype. 

A. Data Detection Ability 

The same BPSK base sequence is used in both simulation and measurement 

(programmable from the signal generator) ‘010110’. The power of the input modulated 

signal is set to 0.2 mW (-7 dBm). According to the working principle of the coupler 

(S21 ≈ S31 ≈ -3 dB), the actual waves arrive at ports P2 and P3 depicted in Fig. 5-16(c) 

with a power of ≈ 0.1 mW (-10 dBm). Fig. 5-16(d) and Fig. 5-16(e) demonstrate the 

simulated and measured output waveforms captured at port P4 of the rat-race coupler, 

respectively. Both simulated and measured waveforms from port P4 only contain phase 

changes compared with the transmitted modulated waveform. The measured voltage 

level of the output waveform is 0.142 V at the transition point, which is around half of 

that of the transmitted signal. 
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Fig. 5-16: Voltage waveforms of the (a) simulated base signal, (b) simulated transmitted 

signal, (c) simulated incoming signal at ports P2 & P3, (d) simulated output signal from 

port P4 and (e) measured output signal from port P4 within 20 ns. 

B. System PCE Performance 

The simulated and measured PCE of the proposed circuit as a function of input power 

level is demonstrated in Fig. 5-17 when receiving a CW wave. PCE increases with 

increasing input power up to the point where the reverse breakdown voltage of the 

diodes is reached, with the maximum results for simulation and measurement being 

64.95% at -4 dBm and 64.60% at -3 dBm respectively. At this point, the efficiencies 

start to decrease due to the reverse voltage breakdown. In general, it remains over 40% 

for input powers > -15 dBm. The slight differences between simulation and 

measurement results are likely due to fabrication errors (e.g., manual soldering), the 

tolerance in parasitic behaviour of the SMD components, or higher loss of the 

components than the loss of the values set for the product models used in the simulation. 
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Fig. 5-17: Simulated and measured PCEs versus input power level for CW case. 

The measured PCE of the proposed system as a function of the input power level at bit 

rates of Rb = 49 Mbps, 81.6 Mbps, and 245 Mbps are demonstrated in Fig. 5-18 when 

BPSK signals are applied. Overall, PCEs for modulated signals are lower than those for 

CW signals. Maximum PCE occurs when Pin is set to be -4 dBm and is summarised for 

each Rb in Table 5-3. In addition, both Fig. 5-18 and Table 5-3 also show that the PCE 

of BPSK signals increases as the data rate decreases. PCE values remain over 40% for 

suitable input powers > -12 dBm for all three data rate cases before the reverse 

breakdown voltage of the diodes is reached. 

 

Fig. 5-18: Measured PCEs versus input power level and three data rates for BPSK cases. 
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Table 5-3: Relation of PCEs versus Rb with the same Input Power Level 

N Rb (Mbps) Max. PCE (%) 

10 245 59.19 

30 81.6 60.34 

50 49 61.39 

 

The proposed SS splitting technique presented here is a novel solution to the SWIPT 

receiver. A comparison with some recent reported SWIPT designs is summarised in 

Table 5-4 where the key parameters such as frequency, input power range, waveform 

types, PCE, and output voltage are presented for a better evaluation. Overall, the 

proposed system topology has a relatively high output voltage at low input powers, 

which can be regarded as good performance. Although PCE in this work is slightly 

lower than that in [32], a lower input power range (i.e. better power sensitivity) has 

been achieved in this work. 

Table 5-4: Comparison with Other Published SWIPT Systems 

Ref. f (GHz) Pin (dBm) 
Waveform 

Type 
Measured PCE 

(maximum) 
Published 

Year 

[30] 2.40 -15 to 20 
CW 

Pulse wave 
52% 

(-8 dBm) 
2019 

[31] 2.45 -10 PSK NA 2018 

[32] 2.58 6 to 26 
CW 

QPSK 

74.9% 
67% 

(10 MHz BW) 
2017 

This 
work 

2.45 -20 to 5 
CW 

BPSK 

64.6% 
59.19~61.39% 
(N=10/30/50) 

2020 

(*NA: not available) 
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5.5.2 IRR Realisation for Recycling Third Harmonics 

The fabricated branch-line coupler with two voltage doublers connected to ports P2 and 

P3 is shown in Fig. 5-19 where the packaged Schottky diode SMS7630 is utilised. The 

antenna is also excluded from this analysis as the goal is again to investigate the ability 

of the third harmonic recycling receiver topology proposed. 

 
Fig. 5-19: fabricated prototype of the proposed IRR system. 

The validation setup is given in Fig. 5-20. The pre-calibrated RF signal generator 

Keysight EXG-N5173B is connected to port P1 of the prototype and a Rohde & 

Schwarz RTO2044 digital oscilloscope is connected to port P4 to observe the output 

waveform. A digital multi-meter is used across the load to measure the output DC 

voltage allowing the PCE to be calculated using Eq. (5.1). 
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Fig. 5-20: Measurement setup of the fabricated system for validation. 

A. Detection of the Third Harmonic 

To validate the theoretical deductions about the third harmonic generation and recycling, 

an incident signal r(t) = A cos(2πft) with Pin = 0 dBm is provided to the input port P1 of 

the hybrid coupler. Waveforms of the incident signal and the output signal detected 

from the isolation port of the coupler are presented in Fig. 5-21. This shows that the 

third harmonic generated from the rectifiers flows back through the branch-line coupler 

and can be detected at the isolation port P4. Since the third harmonic is generated from 

the incident signal, it contains the same modulated information. This provides a solid 

basis for the application of the ASK modulation scheme and associated data recovery 

processes at the coupler isolation port for future work. 
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Fig. 5-21: Measured voltage waveforms of (a) the incoming signal and (b) the third 
harmonic in a transient period. 

 

B. System PCE Performance  

The simulated and measured PCE as a function of frequency at three input power levels 

are given in Fig. 5-22. Overall, the maximum PCE of the proposed topology occurs in 

the desired frequency band. The maximum simulated PCEs of the proposed topology 

at the desired frequency band are around 66.5%, 57.4%, and 44.8% when Pin 

is -5 dBm, -10 dBm, and -15 dBm, respectively. The maximum measured PCEs are 

around 66%, 56%, and 43% for the same input powers, respectively. Therefore, a good 

agreement between the simulations and measurements is achieved. 

 

Fig. 5-22: Measured and simulated PCE at three input power levels. 
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In addition, the simulated and measured PCE versus varying input power levels is 

shown in Fig. 5-23. The measured PCE is slightly lower than that of the simulated 

results up to the point where the reverse breakdown voltage of the diodes is reached. 

Possible reasons may be due to fabrication errors and the unknown parasitic behaviour 

of the SMD components used in the design. The maximum measured PCE is around 

66% when the input power level reaches -5 dBm, which fits the result obtained in Fig. 

5-22. PCE increases from around 27% at an input power level of -20 dBm to around 

66% at -5 dBm, which illustrates the proposed topology has a good power sensitivity 

and a relatively good performance over a relatively low range of input powers. 

 

Fig. 5-23: Simulated and measured PCE vs. CW at varying input power levels. 

5.6 Summary 

This chapter has focused on the development of SWIPT, and two novel receiver 

hardware implementations have been proposed and demonstrated as viable solutions. 

The first proposed technique uses symbol splitting (SS). The possibility of extracting 

data (e.g., phase information) using this technique has been presented, starting with a 

theoretical analysis. The BPSK modulation type is selected as an example because it is 

one of the main modulation schemes which has been used for low-rate wireless 

networks. The proposed splitting idea and the hardware design could be adopted to any 

modulation types with a spectral response with similar characteristics to BPSK (e.g., 
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analogue AM signals are also suitable for the system since the information concentrates 

on the side bands). 

The hardware implementation was fulfilled using a rat-race coupler and a Greinacher 

rectifier. Overall, experimental investigations support the simulation outcomes. The 

maximum measured PCE approximates 65% and 60% for CW waves and BPSK signals 

of varying data rates, respectively. Moreover, the communication capability has been 

verified by monitoring the information extracted from the isolation port of the rat-race 

coupler. Data is clearly extractable from the received wave whose voltage amplitude is 

about half that of the incident wave. 

The performance of this IRR has also been evaluated by comparison with other 

published papers in terms of input power range, waveform types, PCE, and output 

voltage. The implementation of this system configuration offers several advantages 

over the conventional circuits for simultaneous wireless power and information transfer, 

by means of a compact passive circuit topology. The ability to extract information from 

the received modulated signal for data detection, and a reduction in the loss of the non-

information carrying components for energy harvesting, certify that the proposed 

system design can be adapted as a promising candidate for simultaneous wireless 

communications and powering for WBAN/WPAN applications. 

The second SWIPT receiver was based on recycling the third harmonics generated by 

the RF rectification for ID. Due to the intrinsic nonlinearity of diodes, high-order 

harmonics are always generated during rectification. A directional branch-line coupler 

can pass the incoming fundamental frequency power to the rectifier and then couple the 

reflected third harmonic signals back to its isolation port. This isolated third harmonic 

signal carries the same information as is on the originally received signal, just shifted 

to the higher harmonic frequency. 

A branch-line coupler based IRR system has been designed and fabricated for 

validation. The generation and recycling of third harmonics have been shown through 

simulation and measurement. The maximum measured PCEs were around 66%, 56%, 
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and 43% when Pin is -5 dBm, -10 dBm, and -15 dBm, respectively. Due to equipment 

limitations, data detection with modulated signals becomes future work. 
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CHAPTER 6. CONCLUSIONS & FUTURE WORK 

The purpose of this chapter is to amalgamate all the essential outcomes of this research, 

to define what has been gained as a result of the work and to show how the aims and 

objectives originally identified have been addressed in terms of their achievement. 

Based upon the findings, a discussion of the direction in which this work can be taken 

forward and where the findings may be applied are presented as future work. 

6.1 Conclusions 

Driven by the rapid expansion in the use of distributed sensor networks and in particular 

those used for on- or in-body applications as elements of WBANs or WPANs this thesis 

has centred on the research and development of sensor and network enabling 

technologies that can complement or improve current capabilities. Common 

bottlenecks for the development of WBAN and WPAN devices, in particular for 

implantable or ingestible devices, are the limited energy provided by their finite energy 

storage capacity and the limited RF coverage of their antennas for communication and 

other needs have been identified. In addition, the lack of a miniaturised multi-band and 

multi-polarisation antenna that can support several simultaneous desirable functions 

such as data communication and localisation via GPS has also been identified as an area 

for improvement. 

Through the work in this thesis, two novel antennas have been designed. One utilising 

SRRs to meet the requirements developed through a detailed analysis for an 

implantable/ingestible antenna. The other one based on a compact crossed dipole 

structure is able to offer LP and CP spectral bands over an operating bandwidth that 

covers all licenced bands of interest for WPAN networks. This novel design offers 

excellent performance for its compact size, comparative to similar antennas published 

in the literatures. 
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SWIPT has been identified as the key technology for WBAN/WPAN devices, allowing 

their operating lifetime to be extended beyond that of the capability of their energy 

storage capacity. Two new passive receiver architectures have been proposed and 

realised based on novel splitting techniques to facilitate a high-efficiency SWIPT 

functionality. 

To achieve these contributions the thesis set out by reviewing the state-of-the-art 

technologies relating to the designs of implantable/ingestible antennas and antennas 

equipped with tracking capability, as well as current techniques used for SWIPT in 

Chapter 2. Five requirements, namely operating frequency selection, size 

miniaturisation, detuning desensitisation for the body environment (through bandwidth 

enhancement), biocompatibility, and user safety, essential in the design of WBAN 

antennas were identified and discussed. Moreover, the limitations of current WPAN 

antennas in relation to these requirements were established, offering an underpinning 

of the research challenges and needs. Four commonly used splitting techniques for 

SWIPT were also explained with their merits and demerits discussed, highlighting 

potential areas for improvement. 

For WBAN applications, implantable and ingestible devices for biomedical telemetry 

have attracted a large amount of research interest. However, most of the published 

designs fail to satisfy all five requirements with stable and robust performance due to 

the complex body environment in which they operate. The styles of structures for 

implantable and ingestible antennas are many and varied. Designing a single antenna 

that can satisfy all the requirements and is versatile in its use for both implantable and 

ingestible applications is desirable from both performance and cost perspectives. 

A flexible compact loop antenna with SRRs that can operate over multiple bands of 

interest with good radiation performance has been designed in Chapter 3. A thin layer 

of a low-loss biocompatible polyamide was wrapped around the outer surface of this 

antenna to isolate it from body tissues. The working frequency band was from 307 MHz 

to 3500 MHz, which covers all licensed frequency bands for implantable and ingestible 
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antennas. This sufficient operational bandwidth which extends beyond the licenced 

regions allows for the accommodation of any frequency detuning resulting from the 

dynamically variable operating environment. Hence the antenna retains good and 

robust performance inside the body environment. 

Use of the antenna for ingestible and implantable devices has been examined by 

evaluating the influence of the material properties of different organs (specifically in 

the GI tract) and other body tissues such as muscle. Whilst the operating bandwidth of 

the antenna was maintained the resonant frequencies experience slight shifts as the 

dielectric properties of the organs vary. Overall, observations indicate that this antenna 

structure is suitable for application within any region of soft body tissue. 

Investigations of using metamaterials (SRRs in this work) were conducted. 

Improvements in impedance matching, radiation efficiency, and a general decrease in 

SAR have been realised. Such observations offer beneficial insight into the use of 

metamaterials on implantable/ingestible antennas. 

An upsurge in the trend to equip antennas for WPAN applications with indoor and 

outdoor location tracking functionality has been witnessed in recent years. The main 

challenges for this include providing a sufficient AR beamwidth in the GNSS bands 

and the ability to communicate data for health monitoring applications with the same 

antenna. Chapter 4 proposed a novel wideband dual-polarised antenna for medical 

telemetry and indoor/outdoor localisation. This novel work is the first time an antenna 

for indoor/outdoor location tracking has been designed with an additional operation 

band reserved for medical telemetry. This antenna can operate in the WMTS band 

(1.395 GHz~1.4 GHz) for medical services, the Global Navigation Satellite System 

(GNSS) L1/E1 band (1.57 GHz) and Global Positioning System (GPS) L5 band 

(1.17 GHz) for outdoor localisation, and an ISM band (2.45 GHz) for indoor 

localisation. 

The miniaturised dimensions of the antenna designed are 0.25λ0 × 0.25λ0 × 0.006λ0 on 

FR4 PCB at a freespace wavelength of λ0=256 mm. The measured operational 
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bandwidth obtained by the design was from 1.15 GHz to 2.62 GHz, which is wide in 

comparison to other published works. Simulated and experimental outcomes were in 

good agreement, which illustrates this design operates with LP radiation at 1.4 GHz for 

wireless medical telemetry, and CP radiation over 1.17, 1.57, and 2.4 GHz for indoor 

and outdoor localisation. Meanwhile, the AR beamwidth was 120° which meets the 

required AR beamwidth for GPS usage. Therefore, this antenna is capable of 

continuous and integrated communication and tracking for WBAN/WPAN applications. 

In Chapter 5 two novel splitting techniques were proposed to achieve SWIPT with 

compact hardware implementations. The SS technique separates the non-information 

carrying components from the information-carrying components of the received signal 

streams with aid of a rat-race coupler with each component then used for EH and ID. 

The hardware implementation was completed with a rat-race coupler and a Greinacher 

rectifier. BPSK was selected to validate the proposed idea. The observed waveform at 

the isolation port of the rat-race coupler only contained the phase changes signifying 

the data content was preserved and could be decoded. The measured PCE for EH was 

around 65% and 60% when CW waves and BPSK waves were applied separately. 

Overall, experimental investigations support the simulation outcomes, which supported 

the proposed SS technique. 

The other proposed technique took advantage of the unexploited third harmonics 

generated during the rectification process. Instead of rejecting or suppressing the 

unavoidable third harmonics generated, they were channelled for data decoding. This 

was achieved using a branch-line coupler which halves the incident waves to the full-

wave rectifier inputs and then couples the reflected third harmonics generated by the 

rectifier back to its isolation port where data can be detected. Mathematical deduction 

verified the generation of the third harmonics and practical measurements further 

confirmed this idea. Overall, practical outcomes for the proposed two splitting 

techniques in this chapter confirmed the proposed ideas. The two compact hardware 

implementations are able to passively decouple received signals into the information-
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carrying and non-information-carrying spectral components in an efficient manner 

making them suitable for application in self-sustainable WBAN/WPAN devices. 

The elements and technologies developed during this research allow the systems 

described in Fig. 1-2 and Fig. 1-3 to be realised in a way that would not have been 

possible using existing published works. The WBAN antenna designed in Chapter 3 

can be applied for use in any implantable or ingestible device as it covers all currently 

licenced frequency bands, operates in all human body environments and is within 

typical size requirements. In particular, for the system described by Fig. 1-2, the antenna 

developed in Chapter 4 would satisfy the needs of a network server, providing sufficient 

bandwidth to communicate with the other devices in the network whilst at the same 

time being able to offer both indoor and outdoor localisation functionality. Finally, 

either of the two SWIPT receiver designs could be used at the WBAN device to allow 

power transfer to be achieved at the same time as communication. Both of the antennas 

developed offer sufficient bandwidth and bands to allow for such a system to be created. 

6.2 Original Contributions 

The motivation behind this work was derived from the desire to develop enabling 

technologies for WBAN and WPAN communications. The contributions of this 

research to date have been published in two journal papers and two conference papers. 

These are summarised as follows: 

1. A novel flexible compact loop antenna with SRRs for WBAN 

A compact loop antenna with SRRs that can operate over multiple bands of interest 

with good radiation performance has been proposed, designed, and verified through 

implementation and measurement. The bandwidth achieved was 307 to 3500 MHz 

which outperforms other antennas in the published work reviewed. A good radiation 

efficiency performance was achieved, and the radiation pattern of the antenna is near 

to omnidirectional. Hence this antenna is an excellent candidate for use in implantable 

or ingestible WBAN applications. 
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This work has been published in the following places: 

Z. Jiang, Z. Wang, M. Leach, Y. Huang, E. G. Lim, J. Wang, and R. Pei, "Wideband 

loop antenna with split ring resonators for wireless medical telemetry," in IEEE 

Antennas Wireless Propag. Lett., vol. 18, pp. 1415–1419, Jul. 2019. 

2. A novel wideband dual-polarised antenna for WPAN 

A crossed dipole-based antenna exploiting elliptical loop elements was designed for 

WPAN applications offering multi-band, multi- polarisation capabilities. Allowing a 

single antenna on a device to provide access to GNSS services for outdoor localisation, 

2.4 GHz ISM for indoor localisation and a set of other bands appropriate for PAN on 

which data can be communicated. The novel dipole design utilises a vacant-quarter 

printed ring to achieve the desired CP behaviour. 

Other antennas in the literature for WPAN applications do not offer such an overall 

wide bandwidth and AR bandwidth with such a compact size. They either focus on 

providing CP for localisation or data communication but not both and do not meet the 

beamwidth requirements for GPS application. These abilities make this antenna an 

excellent choice for WPAN applications in comparison to other works. 

This work has been submitted for publication in the following places: 

Z. Jiang, Z. Wang, M. Leach, Y. Huang, E. G. Lim, J. Wang, and R. Pei, "A compact 

dual polarised antenna for WPANs with indoor/outdoor localisation," under review in 

IEEE Access, Apr. 2020. 

3. A novel symbol-splitting technique for SWIPT 

Traditional SWIPT methods used to provide data and power to distributed sensors and 

devices employ a splitting mechanism to separate the received signal into two parts. 

There are immediate inefficiencies in all of the methods employed as the received signal 

content is not divided into the data and non-data carrying signal components. For 

example, in the PS method, the signal is divided by a power ratio. This means that when 
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demodulating the data from the ID stream, the power contained in this signal is 

automatically wasted. Here a novel splitting method based around dividing the received 

signal by spectral component function allows almost all of the power carrying 

components to be used for energy harvesting, whilst data components are detected 

which could be demodulated to obtain the communicated information. 

To achieve this novel splitting process a novel hardware implementation that makes use 

of the common rat-race coupler has been developed. Modelling and measurement of 

the system design confirm the feasibility of such a receiver to achieve SWIPT and the 

power transfer efficiencies achieved are comparable to other published works at 

comparable data rates. This technique and implementation provide an excellent 

alternative, choice to accomplishing SWIPT functionality for typical distributed sensors 

and devices in WBANs and WPANs based on a compact simple receiver design. 

This work has been published in the following places: 

Z. Jiang, Z. Wang, M. Leach, E. G. Lim, H. Zhang, R. Pei, and Y. Huang, “Symbol-

splitting-based simultaneous wireless information and power transfer system for 

WPAN applications,” in IEEE Microw. and Wireless Compon. Lett., vol. 30, no. 7, pp. 

713–716, Jul. 2020. 

Z. Jiang, Z. Wang, M. Leach, E. G. Lim, and Y. Huang, “Modelling and performance 

analysis of an efficient compact integrated rectifier-receiver for SWIPT,” in 2020 IEEE 

MTT-S International Microwave Workshop Series on Advanced Materials and 

Processes for RF and THz Applications (IMWS-AMP), Jul. 2020. DOI: 10.1109/IMWS-

AMP49156.2020.9199660. 

4. A novel third harmonic recycling technique for SWIPT 

A second novel SWIPT splitting mechanism has been developed and a hardware 

implementation has been designed and tested. In this case, the third harmonic 

unavoidably generated by the rectifier, a required component of any power transfer 

system, is recycled rather than suppressed or rejected as it is shown to contain the 
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modulated data in the received signal. This third harmonic can, if appropriately isolated, 

be demodulated to provide the communication data. 

The theoretical basis for this process and a passive hardware implementation again 

based on a common RF component, the branch-line coupler, is developed to provide 

the desired SWIPT functionality. Once again, the modelling and measurement of an 

optimised circuit design show the feasibility of the technique. The measurements show 

that comparable power transfer efficiencies to other methods in the literature are 

attainable. This technique and implementation provide an excellent alternative to 

accomplishing SWIPT functionality for typical distributed sensors and devices in 

WBANs and WPANs based on a compact simple receiver design 

This work has been published in the following places: 

Z. Jiang, Z. Wang, M. Leach, E. G. Lim, H. Zhang, and Y. Huang, “Simultaneous 

wireless power transfer and communications by recycling third harmonics for WPAN 

applications,” in 2020 IEEE MTT-S International Microwave Workshop Series on 

Advanced Materials and Processes for RF and THz Applications (IMWS-AMP), Jul. 

2020. DOI: 10.1109/IMWS-AMP49156.2020.9199669. 

6.3 Future Work 

Outcomes presented throughout this thesis have highlighted the novelty and value of 

the research undertaken. Considering the limitations of the current work, some future 

research directions have been indicated throughout the thesis and are considered in 

more detail here as follows: 

1. Biocompatible structures for ingestible/implantable antennas 

As discussed in Chapter 3, any antenna used inside the human body needs to be 

biocompatible with the body tissues. In this work, to achieve biocompatibility, an 

additional coating is applied to the antenna to isolate the non-biocompatible materials 

from the human body. Whilst the antenna achieves comparable performance with and 
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without the coating, this is an extra potentially unnecessary manufacturing step and 

could be avoided with a different selection of materials for the antenna structure. 

A full investigation of available biocompatible substrates (such as Al2O3 ceramic) and 

conductive materials (such as silver palladium Ag-Pd) could be made, and optimised 

designs produced and tested. If comparable performance can be obtained using such 

materials with lower manufacturing costs, these would offer a sensible alternative to 

the current design. 

2. Metamaterials for bio-applications 

The current work has only investigated the use of SRRs in reducing electric field 

strength and enhances radiation efficiency by reducing SAR. However, CSRRs or other 

metamaterial structures have not yet been explored in this manner. The potential of 

these structures to positively influence the characteristics of antenna designs for in-

body applications could be investigated regarding the five requirements set out in 

Chapter 2. 

3. Reflective metasurfaces for on-body antenna applications 

The WPAN antenna presented in Chapter 4 provides excellent performance for off-

body devices but has not been optimised for use in on-body applications. To realise on-

body functionality, the radiation directed towards the body should be either reflected or 

absorbed over a short distance from the antennas radiating planes to maximise useful 

out of body radiation and minimise SAR effects. Such functionality could be achieved 

through the application of metasurfaces such as electrical band gap (EBG) designs, 

artificial magnetic conductor (AMC) surface designs or high impedance surface (HIS) 

designs. These have been used together with other on-body LP antenna designs but 

could also be adaptable to the antenna designed for this work. Hence an investigation 

of these types of surfaces as reflectors could prove an invaluable addition to this 

antenna’s operating characteristics and therefore expand its potential application. 

4. Data recovery for the novel SWIPT mechanisms developed 
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For the two SWIPT mechanisms developed in Chapter 5, full receiver realisations 

should be developed that can provide demodulation of the modulated data stream 

components isolated. In both the SS and third harmonic techniques, the ability of the 

hardware implementation to separate power components and data components has been 

demonstrated; however, the integrated demodulation of the received data has not been 

realised. In each case, an appropriate modulation scheme that works with the SWIPT 

mechanism should be paired with an appropriate demodulator integrated into the 

SWIPT receiver to fully realise the SWIPT system. 

 


