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ABSTRACT 

 

Physiological signals in animals or humans, such as electrocardiogram (ECG), nerve 

activity, blood pressure, body temperature, need to be monitored continuously for various 

therapeutic and biomedical research purposes. Probably, rats are the most widely used 

animals in the laboratory experiments by the medical researchers to perform their research 

activities for the development of new drugs and treatment of diseases. They typically use 

wired systems to transmit biomedical data collected from various transducers to external 

monitoring or data-logging systems. These signal carrying wires through the skin often cause 

skin infections and restrict the freedom of rats in terms of their movement or socializing 

during the term of the experiment and hence weaken the value of the experiments. On the 

other hand, implantable medical devices for wireless biomedical telemetry systems have been 

emerging the market in recent years due to the availability of low-cost electronic chips such 

as RF modules.  Few implantable wireless telemetry systems available in the market are 

inflexible and expensive while the wireless telemetry systems designed for free space link do 

not work when implanted, primarily because their antennas get detuned due to the presence of 

the skin and/or other body material.  

To develop an implantable wireless biomedical telemetry system, a compact and 

efficient antenna is the most important and essential element of the system. However, the 

design and implementation of an electrically small implantable antenna is a challenging task, 

specifically, if it is implanted in a small animal such as a rat. Significant challenges exist in 

the UHF implementation because of the electromagnetic (EM) wave interactions with the 

surrounding biological tissue, complexity of the biological tissue, the need for antenna 

miniaturization, and power minimization of implantable device and biocompatibility 
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requirements. This dissertation presents the designs, implementations and validations of a few 

implantable planar inverted-F antennas (I-PIFAs). They all have full ground planes, as 

opposed to the partial ground plane of the original free-space antenna for a RFID system 

under development, to maximize the energy radiated out of the body and to minimize that into 

the body. Yet the developed antennas are much smaller than the original free-space antenna 

located on a RFID tag. The larger ground plane of RFID tag is utilised with the antenna 

ground plane to enhance the antenna performance. The antennas performances were evaluated 

by studying the bandwidth impedance, radiation pattern and input reflection coefficient 

characteristics inside the rat body model. To monitor a physiological signal (temperature) 

from rat skin remotely, one of the proposed antennas was attached with the implantable RFID 

tag circuit board. In addition, proximity feed technique was applied to the antennas for 

widening bandwidth (BW) as  detuning of the operational frequency of the implanted antenna 

occurs due to the effect of bio-compatible coating material as well as rat tissue.  

In order to get an idea on the range of detuning of an antenna because of its 

surrounding biological tissue environment, a preliminary experiment was conducted with a 

commercial antenna (ANT403-SP, Linx Technologies) in the 400MHz Medical Implant 

Communication Services (MICS) band. Two antenna feeds (co-planar, CPW and a micro-

strip, MS) were designed and implemented for the antenna. A decrease in resonance 

frequency between 15% and 20% (400MHz to 320MHz) is found. It was also noted that, at a -

10dB input reflection coefficient, the impedance bandwidth of the antenna was increased for 

both the feed schemes as a result of external (FR4 board and rat skin) loading.  

Due to frequency shifting downwards with implantation, a series of I-PIFAs were 

designed, and simulated by commercial antenna simulation software (CST Microwave Design 

Studio). An UHF RFID system under development for free space was chosen and three I-

PIFAs were fabricated to validate their functionalities for the implantable RFID telemetry 

system in the 900MHz Australian ISM band. At first, the RFID system was tested and it 
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worked well in free space in the UHF ISM band. However, the RFID system did not work at 

all once the RFID-tag PCB was covered with fresh rat skin samples collected from the 

Australian School of Advanced Medicine, Macquarie University, Australia. This initial 

investigation confirmed that the existing RFID-tag antenna is useless for an implantable 

system and motivated us to replace it with an implantable antenna with a larger BW so that 

the antenna can be functional in the desired UHF Australian ISM band. The fabricated 

antenna is compact with an approximate volume of 270mm
3
 while the bandwidth is about 

20%. The antenna was attached to a RFID-tag PCB, coated with MED 1134 (a medical-grade 

bio-compatible material) and placed under the fresh rat skin tissue. The implantable antenna 

was tested and the optimum RFID data reading range was determined to be 0.8m.  
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Fig. 7.23: Read range of the RFID system in the horizontal plane 
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Chapter 1 

Introduction 

1.1 Motivation 

Implantable antennas for wireless bio-telemetry applications are attracting more 

attention among antenna researchers in recent years due to their ability to transmit 

physiological signals from the body of a human or animal to an external base station 

without wires passing across the skin. However, one of the greatest challenges is the 

miniaturisation of the antenna, specially, if it is to be implanted in a small animal, for 

example, in a rat, generally used by medical researchers in the laboratory. The planar 

inverted-F antenna (PIFA) is a potential candidate for implantable devices for bio-

telemetry applications. PIFA is a low profile, compact antenna. It has gained significant 

attention from researchers and academia due to these advantages. However, a major 

drawback of the PIFA is its narrow operating bandwidth. Therefore, antenna researchers 

have developed several techniques recently to overcome this bandwidth limitation of the 

PIFA antenna. To overcome the narrowband drawback of PIFA, in this thesis all PIFA 

antennas have been designed with sufficient heights compared to radio-frequency 

identification (RFID) tag printed circuit board (PCB).  

Another challenge in our RF telemetry system arises from the effects of the body 

material of experimental rats, such as skin, fat and tissue. The bandwidth of the PIFA 

antenna is reduced further in some cases, for instance, when the relative permittivity of 

the rat skin is increased. Of course, the relative permittivity and the conductivity of the 

rat’s skin, fat and muscle are not constant all the time. Ageing, weather condition, stress 
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on its freedom etc. can change the relative permittivity and conductivity of rat’s body 

tissues and ultimately can de-tune the resonance frequency of the implanted antenna.  

During my PhD, few implantable PIFAs have been designed for a specific active 

(RFID) tag provided by our industry partner and one of them was fabricated and tested 

with the antenna covered by rat skin. Then a fabricated antenna was integrated to the 

RFID tag and the system was demonstrated with the new implantable antenna covered by 

rat skin. The functionality of the implantable PIFA antenna was validated by wirelessly 

monitoring the temperature, sensed by the RFID tag from a remotely located commercial 

RFID reader.  

 

 

1.2  Implantable Wireless Bio-Telemetry 

New technologies have been developed in the last decade to measure 

physiological parameters such as temperature, ECG, blood pressure in humans and 

laboratory animals. The rats are the most commonly used laboratory animals for pursuing 

medical research for testing and development of new medicine. However, majority of 

previous research had to be conducted using wired telemetry systems, limiting animal’s 

mobility during the experiments. Although few wireless (implantable) medical telemetry 

systems are, commercially available, they are too expensive for most medical researches 

and they are not flexible. Therefore, in this PhD project, I aimed to convert a wireless 

telemetry system designed to work in air to an implantable wireless telemetry system, to 

enable medical researchers, to measure and monitor the physiological signals in the body 

of rats. The most challenging part of this project was to design and fabricate a small and 

suitable implantable antenna that will fit into the small area available in the sensor tag 
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provided by the industry partner. Smaller antenna size, variations in electrical properties 

of rat's body tissue, rat’s behaviour and movement, size and weight of rats etc. imposed 

great challenges. ECG  signal rate in rats terms of beats per minute (BPM) is higher than 

that of humans and as a results higher data rate is necessary for transmitting readings 

from the implanted unit to external monitoring unit. Fig. 1.1 shows the block diagram of 

the implantable bio-telemetry system. 

 

 

 

 

 

 

Fig. 1.1: Block diagram of an implantable bio-telemetry system 

 

1.3  Goals of the Thesis 

• To convert an existing active UHF RFID tag from Global Safety Solutions and 

Management Pty Ltd (GSSM Active Tag V1.0), developed for free space bio-

telemetry applications by the industry collaborator, into an implantable RFID tag 

suitable for implantation in rats. 

• To design miniaturized implantable antennas for the said bio-telemetry application 

and test some of them.  
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• To attach the fabricated antenna to demonstrate operation of the RFID tag for the 

wireless bio-telemetry system, with the tag kept under rat skin. 

 

1.4  Organization of the Thesis 

Chapter 2 is a literature review of recent implantable small antennas for RF bio-

telemetry systems targeted for laboratory animals such as rats. Some wireless bio-

telemetry systems are also described in this chapter. Link budget for an implantable 

wireless telemetry is presented at the end of the chapter. 

 

In Chapter 3, frequency detuning study of a commercial antenna, when placed under rat 

skin is studied. A commercial antenna operating in the MICS band was selected and 

coplanar and microstrip feeds were designed to measure its return loss when it is covered 

by fresh rat skin samples collected from the research collaborators at the Australian 

School of Advanced Medicine. 

 

Design and simulation results of a new implantable partially folded PIFA for Australian 

UHF ISM band are presented in Chapter 4. Parametric studies on the antenna and its 

surrounding environment parameters were conducted and provided in this chapter. 

Optimised values for few parameters obtained from parametric studies are also described. 

Chapter 5 describes the designs of three implantable small PIFAs to be attached to the 

component-side of the RFID tag PCB provided for this project by the industry partner, 

BCS Innovations. Comprehensive parametric studies of the designed implantable 

antennas are also presented in this chapter. 
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The design and simulation results of a new implantable compact PIFA, to be attached to 

the ground-plane side of an RFID tag PCB, are given in Chapter 6. Results of antenna 

parametric studies and optimised simulation results are provided at the end of the chapter. 

 

In Chapter 7, a new compact implantable antenna design is presented. Fabrication of its 

prototypes and their measured results are also presented. After attaching the new antenna 

to the RFID tag, the operation of the telemetry system was demonstrated, with the RFID 

tag placed under the rat skin. The temperature reading taken by the sensor in the tag was 

transmitted wirelessly to a remote RFID reader for this demonstration. The rat skin 

temperature result of the bio-telemetry system is also given after attaching the fabricated 

antenna with the RFID tag circuit board.  

 

Finally, Chapter 8 concludes the project descriptions and recommends possible future 

work. 

 

 

1.5  Publications 

Some works of the thesis have been published or accepted for publication. The list 

of published or accepted papers is provided below.  

� (2014) M. S. Islam, Karu P. Esselle, David Bull, and Paul M. Pilowsky, “Antenna 

Design and Placement Options for an Implantable Wireless Medical Telemetry 

System,” Proc. 2014 IEEE International Symposium on Antennas and Propagation 

(APSURSI), Tennessee, USA, July 2014 (accepted). 

� (2014) M. S. Islam, Karu P. Esselle, David Bull, and Paul M. Pilowsky, “Implantable 

Compact Antennas for Wireless Bio-Telemetry: A Comparative Study,” IEEE -
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iWAT2014 International Workshop on Antenna Technology, March 2014, Sydney, 

Australia. 

� (2013) M. S. Islam, Karu P. Esselle, David Bull, and Paul M. Pilowsky, “Making a 

Telemetry System Implantable: Challenges and Opportunities in Antenna Design,” 

IEEE MTT-S IMWS -Bio 2013, RF and Wireless Technologies for Biomedical and 

Healthcare Applications, Dec 2013, Singapore . 

� (2013) M. S. Islam, Karu P. Esselle, Ladislau M., David Bull, and Paul M. Pilowsky, 

“An Implantable PIFA Antenna with a J-Shaped Proximity Feed for RFID 

Telemetry,” Proc.2013 IEEE International Conference on Applied Electromagnetics 

and Communications (ICECom), Dubrovnik, Croatia, October 14-16, 2013 

� (2013) M. S. Islam, Karu P. Esselle, Ladislau M., David Bull, and Paul M. Pilowsky, 

“An Implantable Hilbert PIFA Antenna for an RFID- Based Telemetry System,” Proc. 

2013 IEEE International Conference on Electromagnetics in Advanced Applications 

(ICEAA), Torino, Italy, September 9-13, 2013. 

�  (2013) M. S. Islam, Karu P. Esselle, David Bull, and Paul M. Pilowsky, “An 

Implantable PIFA Antenna with Slotted Ground Plane,” 13th Australian Symposium 

on Antennas, ASA 2013, Sydney, Australia. 

� (2012) M. S. Islam, Karu P. Esselle, David Bull, and Paul M. Pilowsky ,” Bandwidth 

enhancement of an implantable RFID tag antenna at 900 MHz ISM band for RF 

telemetry,” IEEE 12
th 

International Symposium on Communications and Information 

Technologies (ISCIT 2012), Australia, October 2012. 

� (2012) M. S. Islam, Karu P. Esselle, David Bull, and Paul M. Pilowsky, “A 

Miniaturized Implantable PIFA Antenna for Indoor Wireless Telemetry,” Proc. 2012 

IEEE International Conference on Electromagnetics in Advanced Applications 

(ICEAA 2012), pp. 526-530, Cape Town, South Africa, 2-7 September 2012. 
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� (2012) M. S. Islam, Karu P. Esselle, David Bull, and Paul M. Pilowsky, “Design of 

an implantable antenna to acquire physiological signals from rats,” Proc. 2012 IEEE 

International Symposium on Antennas and Propagation (APSURSI), ISBN978-1-

4673-0462-7, paper no. IF15.13, Chicago, USA, July 2012. 

� (2011) M. S. Islam, Karu P. Esselle, David Bull, and Paul M. Pilowsky,” Effects of 

rat skin on the resonance frequency: An experiment with a commercial antenna for an 

implanted telemetry system,” Proc. IEEE TENCON 2011, Nov 2011, Bali, Indonesia. 

� (2011) M. S. Islam, Karu P. Esselle, David Bull, and Paul M. Pilowsky and Haichao 

Jing, “An Implantable RF Telemetry System for Rats: Design Issues” 12th Australian 

Symposium on Antennas, ASA 2011, Sydney, Australia. 
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Chapter 2 

Background 

 

2.1 Introduction 

In this chapter, related works in the field of implantable antenna and wireless 

telemetry systems for small laboratory animals are reviewed. Challenges to implement 

such systems are highlighted with probable solutions are proposed by the author. 

Implantable wireless systems are a broad area of research and firstly we focus on this 

broad area. Secondly, we try to narrow down the literature review for our particular 

application that is, RFID-based wireless bio-telemetry in which RFID tag is to be 

implanted in a rat.  

Generally, implantable wireless systems for small laboratory animals may be 

divided into two major units: Internal unit and external unit. The internal unit is implanted 

inside the body of the animal and external unit is located outside the body. Typical 

separation between the internal and external units is few centimetres to few metres. 

Internal unit may be powered by a battery implanted with the unit. The implanted battery 

may be re-charged using inductive coupling. The external unit is not so challenging 

compared to its internal counterpart. The internal unit usually consists of sensors to sense 

the vital signs from the body of small animals, a pre-amplifier to amplify low level vital 

signs (signals), a micro-processor, a micro-storage device, RF module and most 

importantly a miniature, light-weight, efficient antenna. The link between the units may 

be unidirectional or bidirectional as required by the application. Our proposed system is a 

bidirectional RF implantable system for laboratory rats. Whether the power to this 
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implantable unit is from coupling or from a small battery, the power consumption of the 

unit must be minimised. 

The planar inverted-F antenna (PIFA) has attracted attention recently for several 

applications including mobile handsets and RF telemetry. It is a low-profile and compact 

antenna. Therefore, it is desirable for space-limited applications including implantable 

medical devices for small animals. In this study, one aim was to design a compact 

wideband PIFA antenna operating at 900MHz.  It will be integrated to an existing RFID-

based telemetry unit and will be implanted inside rats. Another aim was to assess antenna 

sensitivity to changes in the rat-body environment. Among small animals, rats are widely 

used in laboratory experiments where it is necessary to measure their physiological 

signals such as nerve activity, electrocardiography (ECG) waveforms, pH levels, 

temperature, blood pressure.  

     Antennas play an important role in any RF system. In telemetry, they make 

feasible transmitting and reception of signals between the implantable device and the 

external base station.  Since the antenna needs to transmit captured physiological signals 

to an external unit such as an RFID reader, an efficient implantable antenna is essential 

for RF telemetry. In [1], a study of a capacitively-fed microstrip antenna element has been 

conducted to demonstrate a bandwidth enhancement. However, the size of the antenna is 

considerably large. Capacitive matching of microstrip patch antennas is described in [2], 

exploring the improvement of antenna performance. Another capacitively-coupled 

microstrip antenna is presented in [3] to minimize the antenna input port return loss so 

that maximum power transfer from the RF chip to the antenna is ensured. A PIFA antenna 

fed by electromagnetic coupling has been analysed in [4]. Its authors have elaborated the 

benefits of capacitively-coupled approach for designing PIFA antennas. The key benefits 
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of capacitively-coupled feed approach to a PIFA are bandwidth enhancement, 

compactness and easier input impedance matching capabilities. In [5], a broadband PIFA 

with capacitively-coupled feed is proposed for free-space applications. This paper 

demonstrated the possibility to increase the bandwidth of a PIFA antenna with 

capacitively-coupled feed over a conventional PIFA antenna. Although these publications 

have contributed significantly for the development of compact and efficient PIFA 

antennas, the inherent narrow-bandwidth limitation of PIFA antennas is still a challenging 

task, in particular, for implantable antennas. In [6], the permittivity and conductivity of 

rat skin have been measured and implantable antennas have been designed for medical 

wireless telemetry. Three rat samples have been used for measurements. Design of an 

implantable PIFA antenna to acquire physiological signals in rats has been described in 

[8] with antenna’s surrounding environment model.  

Rodents (small animals), particularly rats, are probably the most widely used in 

the laboratory. RF telemetry systems are desirable to extract and transmit physiological 

signals from their body to a base station, which is connected to computers of medical 

researchers who analyse these signals for different purposes, e.g. for the development of 

new drugs even for human treatment. A battery-less implantable blood pressure 

monitoring system for laboratory rats [7] has been designed and implemented. In [11], a 

portable telemedicine system is described for biomedical applications. 

 

A space filling curve is defined as a continuous curve with the range of generally 

2-dimensional square unit or 3-dimensional cube unit. Space filling curves such as 

Hilbert, Peano etc. have been recently utilized with planar inverted-F antenna for various 

applications including RFID telemetry systems [9-10]. Space filling curves are preferred 
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because they provide compactness to the PIFA antenna. Moreover, the operating 

frequency of the antenna can be changed with the number of iterations of the space filling 

curves while maintaining a fixed dimension. Hence, optimization of the antenna 

parameters could be performed which are important requirements to design PIFA for 

space-limited RFID telemetry applications. For instance, the thickness of the space filling 

curve trace and/or the dimension of the gap between two adjacent traces can be 

considered in the cost function as variables to achieve the desired antenna characteristics, 

as already reported in the literature [9-10]. The effectiveness of space-filling fractal 

geometry in lowering resonant frequency is presented in [9]. A down-sized printed 

Hilbert antenna [10] for UHF band provides usefulness of such space filling curve for 

designing PIFA antenna. Furthermore, design and implementation of implantable 

antennas [12-17] have been reported for telemetry applications in the recent years. One 

objective of my study was designing a compact Hilbert PIFA antenna operating at 900 

MHz ISM band that can be interfaced with the-tag RFID-tag circuit board, I have been 

given by the industry partner. My implantable Hilbert PIFA antenna is to be implanted 

under the skin of experimental rats. This antenna design is novel in light of referenced 

implantable antennas since it is customized according to limited space available on RFID 

tag circuit board.  

 In recent years, several implantable and electrically small antennas have been 

designed and realized in wireless biomedical applications [18]–[22]. A dielectric loaded 

impedance matching for wideband implanted antennas has been presented in [23], in 

which a novel dipole antenna for implantable applications in ultra-wideband (UWB) is 

designed and numerically characterised. A miniature triple-band antenna for RF telemetry 

applications is presented in [15].  
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The main purpose of this dissertation is to design a compact implantable antenna 

to satisfy the space limitation on an existing RFID tag. After the illustration of the 

antenna physical and environment model, the reported results associated to an optimized 

geometry through a parametric study confirm the features of the proposed innovative 

geometry. However, design and implementation of an electrically compact implantable 

antenna is a major challenge due to the complex nature of rat’s body tissues between the 

transmitter and receiver. 

2.2 Challenges of Implantable Systems for Small Animals 

Designing and fabricating miniature antenna, impedance matching at the body-air 

interface, overall size of the implantable unit, biocompatibility with the body tissue, 

power consumption by internal unit, surgical procedure, smallest range of the link 

between the internal and external units are the most challenging tasks accounted with the 

design of implantable systems for small animals. Some compromises are necessary on 

cost, quality of service, the size of the implantable unit and the range of the link. Heart 

beats of small animals such as laboratory rats is much higher (average, 250 beats per 

minute) than larger animals, for example cows. This sets a higher data rate transmission 

requirement through the wireless link. Therefore, it is a difficult task to achieve the 

optimum value at the same time for all the variables associated with the implantable 

systems. The overall volume of the implant must be small enough to accommodate under 

the skin of rat and thickness of the implant should not exceed 10mm. Bio-compatible 

insulation of the implant must be thin so that it will not contribute significantly to 

thickness of the implant. RF chip/modules often have different impedance rather than 

50Ω input impedance of standard antennas and it needs to be transformed before 

connecting the antenna. Resonant frequency must be within the 900MHz ISM band. 
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Detuning effects due to coating and rat’s body tissues must be considered. IEEE standard 

for radiation must be followed. Power consumption of the antenna should be small. Rat’s 

body tissue model must take into account of the physical size of the rat. 

Implanted antenna design has the following challenges to be faced.  

• Characterization of antenna with a phantom or an equivalent solution similar to 

rats body tissue material. 

• Design and implementation of low-profile antennas matched to the environment 

of the rats’ body;  

• Preference for simplified geometries for low-profile antennas implanted in the 

rats’ body 

• Estimation of the performance of indoor wireless link of the implanted antennas 

with consideration given to the maximum Effective Radiated Power (ERP) and 

Specific Absorption Ratio (SAR) limitations. 

 

Table 2.1: A Comparison between MICS Specifications with  

the IEEE 802.15.4 Standard Used for WSNs [25] 

 

Parameter MICS IEEE 802.15.4 

Frequency 402-405 MHz 868 MHz (EU)  

916  MHz (US) 

2.4 GHz  (Worldwide) 

Bandwidth 300 KHz 62.5 KHz (for 2.4 GHz) 

Data rate  >250 kbps 250 kbps (for 2.4 GHz) 

Transmit power 25 µW 0.5 mW 

Maximum link range  2 meters 10 meters 
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With the time constraint of the project, I mainly focused on the implantable RF systems. 

Medical Implantable Communications Service standard and IEEE 802.15.4 are widely 

used to implement implantable RF systems. A comparison between MICS specifications 

[25] with IEEE 802.15.4 standard used for wireless sensor networks is shown in Table 

2.1. Of course, each of the two standards has some drawbacks compared to the other. 

Therefore, a trade-off is usually made for a particular application. 

 

2.3 Implantable Antennas 

Antenna is one of the essential components for RF systems. Some of them that are 

suitable for implantable RF systems are reviewed in this section in line with the system 

considered in our project. Reasons for wide variety of antenna types are the different 

requirements as:  

• Operating frequency 

• Power level (maximum voltage and current) 

• Efficiency 

• Bandwidth or operating frequency range 

• Cost 

• Size 

• Gain. 

• Technology.  

• Applications. 
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2.3.1 Implantable Loop Antenna 

In Fig. 2.1, an Implantable Small Loop Antenna [26] tag is proposed. It could be 

implanted under the skin of Steller’s sea lions for tracking purpose. The author measured 

the impedance of the antenna using two types of housing: alumina and Acrylonitrile 

Butadiene Styrene (ABS). However, tissue simulating material was used for this 

measurement. Power loss measurement and impedance matching are also proposed to 

improve the efficiency of the antenna. The antenna has been tested in sea lion after 

interfacing with an RFID tag. 

 

Fig. 2.1: An implantable small antenna and its housing [26] 

Simplicity of the design and the transmission power efficiency improvement by the 

impedance matching slab on the skin are the advantages of this implantable loop antenna. 

However, the perimeter of the loop antenna (single turn) is 10cm which is quite large to 

be implanted in a small animal. Because of the single turn its radiation efficiency is low 

and placing matching slab on outer surface of the animal skin is not practical. Therefore, 

this type of loop antenna is not suitable to be interfaced in our RFID tag as the space for 
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antenna is limited (15mm×33mm). In addition, it is also not suitable to be implanted in a 

rat because of the size and weight of the rat. 

 

2.3.2 Implantable Serpentine Antenna 

Fig. 2.2 shows an implantable serpentine dualband antenna (400MHz and 2.4 

GHz) with its operating environment (three-layer tissue model) whose parametric 

evaluation was performed within this human phantom [19]. A phantom consisting of 

three tissue layers (Fig. 2.2(b)),  

 

(a) 

 

(b) 

Fig. 2.2: An implantable dual-band antenna and its surrounding human tissue model;  

(a) Antenna geometry; (b) Skin-fat-muscle tissue model of human [19]. 
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equivalent to human body tissues (skin, fat, and muscle) was developed to simulate the 

performance of the antenna (Fig. 2.2(a)) in the presence of these tissue layers. The overall 

size of the antenna is 23mm×23mm×2.5mm and this is still considered to be a large 

antenna for implantation in human body. In addition, there are sharp corners at various 

locations of this micro-strip implantable antenna. For a freely moving humans or animals, 

it is desirable that the antenna has round corners. Another expectation of the implantable 

antenna is the biocompatibility. Simulated results matched well with the measurement 

results. Model of the human body was used instead of testing within real human body. 

The antenna parameters were optimized by particle swarm optimization method. 

 

2.3.3 Implantable Compact Patch Antenna 

A novel 434 MHz compact patch antenna (Fig. 2.3) was proposed in [27]. The 

dimensions of the antenna is 130mm×130mm×2.97mm including the substrate and this 

antenna is intended to be implanted in human body. The antenna is slightly larger to be 

implanted in human compared to recently presented antennas in literature. The radiating 

patch is composed of a circular patch and an annular ring. 

 

Fig. 2.3: A novel 434 MHz compact patch antenna [27] 

Ground 

plane 

side 

Radiating 

patch 

side 
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2.3.4 Implantable Planar Inverted-F Antenna (PIFA) 

In [28], a planar inverted-F antenna (PIFA at 402-405 MHz) for medical implant 

telemetry system (MITS) was proposed. The dimensions of the antenna were 

39mm×30mm×9mm including the ground plane while the actual size (radiating element) 

of the antenna is 35mm×20mm. The antenna was attached to cardiac pacemaker in order 

to monitor cardiac beat.  

 

(a) 

 

 

(b) 
 

Fig. 2.4: Implantable PIFA: (a) Antenna and Pacemaker Model;  

(b) Human Equivalent Model [28] 
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A 2/3 muscle-equivalent phantom model has been considered when the antenna was 

designed. In 2/3 muscle-equivalent phantom model, electrical constants of the body 

estimated from outside are equivalent to nearly 2/3 of the muscle tissue’s electrical 

constants. It was shown that a communication link with the external equipment which is 

located within 6m distance and 104 degree of altitude may be established efficiently by 

this antenna. Fig. 2.4 shows PIFA and its pacemaker model as well as human equivalent 

model. 

 

2.3.5 Implantable Folded Dipole Antenna 

In Fig. 2.5 an implantable folded dipole antenna is shown [29]. The dimensions of 

the antenna are 20.3mm×0.8 mm ×0.8mm (Fig. 2.5(a)) and it is coated by a glass material 

with relative permittivity of 5.0.  

 

(a) 
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(b) 

Fig. 2.5: Implantable Folded Dipole Antenna: (a) Antenna Geometry; (b) Antenna 

Surrounding Human Tissue Model [29] 

 

Table 2.2: Parameters of the Link Budget [29] 

Parameters Value 

Required Rx power: RP [dB] -155.9 

Bit error rate 1×10
-5

 

Eb/N0 (ideal-PSK) [dB] 9.6 

Required bit rate: Br [kbps] 7 

Noise power density: N0 4.04×10
-21

 

Boltzmann constant: k 1.38×10
-23

 

Ambient temperature T0[K] 293 

Available Rx power: AP[dB] -125.1 

Operation frequency: f [GHz] 0.953 

Tx power: Pt [W] 2.5×10
-5

 

Tx antenna gain: Gt [dBi] -35 

Rx antenna gain: Gr [dBi] 0 

Free space path loss: [dB] 44.06 

Margin [dB] 30.8 
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This antenna surrounding human tissue model is shown in Fig. 2.5(b). The 

parameters of the link budget are presented in Table 2.2. This antenna has been designed 

to be operated in the 900MHz Japanese ISM band for the RFID based short-range 

communications. The link budget requirements have been fulfilled successfully by this 

antenna. Cylindrical and box type human tissue models were developed and the antenna 

parameters were simulated with these models. 

2.4 Implantable RF Systems 

 

RF systems for medical applications may be classified broadly non-implantable 

(in free space) and implantable. A number of RF systems may be found in the literature 

[30-47]. In implantable RF systems, medical data may be transmitted from implant to 

implant, implant to free space or vice versa. In the following sub-sections two 

implantable RF systems are discussed. 

 

2.4.1 Reduction, Telemetry and Processing of Neural Data for Implantable System 

 

A bidirectional implantable RF system has been tested on several sheep [30]. The 

block diagram of system is shown in Fig. 2.6. Neural data from the brain of the sheep, 

digitised by Digitising Head Stage Module (DHSM), was sent to the Implantable Central 

Module (ICCM).  The implantable unit was powered up by induction coupling with the 

coils. The ICCM also has a FPGA for processing of data and a RF transceiver to link with 

base station, which is outside of the body of sheep. The base station is interfaced with a 

computer.  
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Fig. 2.6: A block diagram of the neural data acquisition system [30] 

The limitation of this system is that implantable unit and base station must be very 

close to maintain the power supply for the implantable unit as there is no dc battery 

connected the implanted unit. In addition to this, alignment of the internal and external 

power coils must be matched properly to transfer maximum power to the implantable 

unit. This is one of the difficult tasks when the implanted animal is moving freely. 

 

2.4.2 Implantable RF Blood Pressure Monitoring System 

Fig. 2.7 shows a novel implantable RF blood pressure monitoring micro system 

for small laboratory rats [7]. The size of the laboratory rat cage is 20cm×10cm×10cm. 

The operating frequency of the RF link between the implantable unit and external unit is 

433MHz. Although the absorption loss by the body material of rat is less at 433MHz, 

compared to 915MHz and 2.4GHz, the antenna size unit is larger. This is one of the 



24 

 

disadvantages of Medical Implantable Communication Service (MICS) standard when the 

implantable unit is used for small animal. The system requires for transmitter and receiver 

units to be placed properly at a fixed distance from each other with a constant RF power 

coupling coefficient. Due to the implantation of receiver unit inside the body of a freely 

moving laboratory rat, the received power by the implant will continuously change. 

Therefore, external unit controls the power level of implanted unit by an adaptive RF 

power controller. 

The overall implant dissipates 300µW, which is transferred from the external unit. 

The limitation of the system is that the animal cage must be small enough to power up the 

implanted unit from the RF power coil placed under the cage. This limits the mobility of 

the laboratory rat. The blood pressure may be different if the mobility range of the rat is 

expanded.  

 

Fig. 2.7: Implantable RF blood pressure monitoring micro-system for laboratory rats [7] 

In this system an elastic circular cuff is wrapped around a blood vessel of 

laboratory rats for real-time blood pressure monitoring. The cuff is made of soft bio-

compatible silicone material as shown in Fig. 2.7. It is filled with bio-compatible 

insulating fluid with an immersed micro-electromechanical systems (MEMS) pressure 

sensor and integrated electronic system to detect a down-scaled vessel blood pressure 

waveform. An inductively coupled power transfer is performed in this system to power up 
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the implantable unit in a laboratory rat and characterized the blood pressure waveform by 

the system. The implanted unit consists of following components: 

i. MEMS sensor interface circuitry  

ii. analog-to-digital converter (ADC)  

iii. system configuration and control unit, for signal conditioning and coding 

iv. wireless data telemetry to an external receiver 

v. an adaptive RF to DC power converter 

Laboratory rats were chosen for the testing of prototype cuff implanted around the 

vessel size (1 mm in diameter). Experiments are conducted before and after the drug 

injection into the body of rats to characterize the miniature implantable monitoring cuff. 

The average heart rate of laboratory rat is 250 bpm. However, heart rate has increased to 

330 bpm after 10min of the drug injection. 

In summary, the authors presented a compact, lightweight, long-term, reliable bio-

sensing implantable system with full-duplex RF telemetry capability to monitor real-time 

blood pressure from a “free” roaming rat housed in its home cage. The system also 

validated the capability of measuring blood pressure waveform with high fidelity. 

 

2.5 Implantable Medical Devices 

 Implantable medical devices (IMDs) in biomedical applications [48-59] have 

been around for a long time, nearly a century. Biology and electronic engineering are the 

two main disciplines that should be considered when IMDS are designed and developed. 

Laboratory equipment such as X-ray, medical imagers, pacemakers is widely used for the 

analysis medical data in humans. Implantable pacemaker, which was developed by 

Wilson Greatbatch and William M. Chardack in the middle of last century, probably the 
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pioneer IMD successfully embedded into the human body. It is important to make 

implants more acceptable in general public in terms of cost and benefits. However, great 

advances in micro technology and nanotechnology have opened the door of miniaturised 

IMDs, for example, a device to be implanted in human eye for blind people, known as 

vision implant. Modern devices available today, have reconfigurable feature settings and 

functionalities. In addition, they maintain compact size with extremely low power 

consumption, at least for some applications, for instance, cochlear implant (hearing 

implant) [24]. Even, diagnosis of diseases is being addressed by the IMDs, for example, 

eye sight problem. Remote monitoring of physiological parameters such as temperature, 

blood pressure, ECG from humans body or animals may be extracted and transmitted to 

external devices by implantable systems. 

 

2.6  Link Budget for Implantable Wireless Telemetry 

It is essential to know some key parameters for the wireless communication link 

budget between an implantable device and the external base station. The proposed 

implantable antenna is assumed to be attached to an RFID (at 900 MHz ISM band) circuit 

board and to be used in an indoor environment. The link distance is assumed to be in the 

range of 1.0m and the input power requirement of the implantable antenna is 25×10
-6

W 

according to ERC recommendation 70-3 [25]. The receiving antenna used to this link 

budget is assumed to be monopole. Receiver power requirement (Rx power) in dBW can 

be calculated as   

(2.1)                                                               0

0

r

b

werrequiredpo BkT
N

E
Rx ++=  

 



27 

 

where, 
0N

Eb   is the energy per bit to noise power density [dB], k is the Boltzmann constant 

[J/K], rB  is the bit rate [kbps], 0T  is the ambient temperature [K]. 

(2.2)                                                             drttwerrequiredpo LGGPRx −++=  

 

where, tP  is the transmitted power of the implantable antenna [dBW], tG  and rG   are the 

gains of implantable antenna and receiving antenna respectively in dBi, dL  is the total 

path loss [dB]. For example, when the gain of the implantable antenna is -18.0 dBi then 

wireless communication link will be maintained with external base station [25]. Therefore, 

link budget requirements must be accounted for when implantable antennas are designed 

for wireless telemetry.  

2.7  Conclusion 

A number of implantable antennas and wireless bi-telemetry systems were 

discussed. It was found from literature review [60-68] that one of the greatest challenges is 

to design a compact implantable antenna to be implanted in a small animal such as a rat. 

Low level physiological signals extractions and transmission from inside of the animal 

body to an out-of-body base station needs higher power to be transmitted compared to free 

space communication for the same Tx-Rx separation, since most of power transmitted by 

the implanted antenna is absorbed by animal tissues. Generally, human body phantom and 

tissue properties [69-71] are used for numerical calculations by computer simulations. 

Therefore, a link budget formula was described at the end of the chapter which is typically 

used to calculate predicted received power at the receiver.  
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Chapter 3 

Frequency Detuning Study of an Existing Antenna 

under Rat Skin 

 

 

3.1 Introduction 

  

Antennas are crucial in the development of implantable RF telemetry system. Rat 

skin tissue has a very high dielectric constant (~40) and covering an antenna with rat skin 

is similar to loading the antenna with a superstrate having a high relative permittivity. The 

loading an antenna with a superstrate of high permittivity reduces the resonance 

frequency of the antenna. It is important to know at least approximately the extent of 

variation in the resonance frequency of the antenna due to rat skin before designing an 

antenna for an implantable system. Limited frequency shifting may be corrected using 

external tuning elements, but biological tissues could cause larger shifts that are beyond 

such correction. In this chapter, we study the extent of resonance frequency variation of a 

commercial antenna to decide whether this antenna can be implanted inside the body of 

rats for transmitting signals using the Medical Implant Communications Service (MICS) 

band (402-405MHz). Here variations in the resonance frequency of a commercial antenna 

(ANT403 SP1, Antenna Factor 
TM

) [72] with and without covering by rat skin, are 

investigated. Microstrip (MS) feed and co-planar waveguide (CPW) feed schemes are 

designed to feed the antenna. In MS feed, a conducting strip is separated from the ground 

plane by a dielectric layer to carry electromagnetic (EM) signal while a CPW feed  is a 

type of strip transmission line (a planar transmission structure) for conveying EM signal 

to antenna. The CPW feed technique consists of a flat conductive metallic strip of small 
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thickness, deposited on the surface of a dielectric substrate slab with two narrow slits 

ground planes running adjacent and parallel to the strip on the same surface. A 

comparative study of frequency shifting between MS feed and CPW feed of the antenna 

is highlighted in this chapter. Frequency shifting due to ageing effects of the rat skin has 

also been measured in this experiment when the antenna was covered by rat skin, which 

has an average thickness of around 2mm. Fresh rat skin samples were collected and 

stored in salt solution before, and after, measurements.  

  

3.2 Chapter Contributions 

The contributions of this chapter are: 

• Design of MS and CPW feeds for a commercial antenna to be tested in rat skin 

• Experimental setup to measure antenna parameters in free space and rat skin 

• Understand ageing effect measurements of rat skin samples (collected from 

hospital) on MS-fed antenna covered by FR4 board and rat skin 

• Antenna input reflection coefficient (S11) measurements of MS-fed and CPW-fed 

antennas in free space as well as when covered by FR4 board and rat skin (Fig. 

3.7) 

• Transmission coefficient (S21) measurement of the MS-fed antenna when covered 

by FR4 board and rat skin (Fig. 3.13) 

• Experimental and quantitative demonstration of the extent of antenna detuning 

when placed under the rat skin 

• Assessment of the effect of antenna detuning on the link budget in the MICS band 
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3.3 Background 

Implantable RF bio-telemetry system has been emerged in the market recently for 

wireless bio-medical applications. However, compact size, cost-effective and customized 

implantable devices are still limited in the market and mostly used for experimentation on 

small animals such as rats [6, 7]. If wireless biotelemetry system test is successful on the 

laboratory animals and approved for implantation into human body or animals by the 

authority of a country then production of the implantable devices starts. Fig. 3.1 shows an 

implantable bio-sensing wireless biotelemetry system [7] test in laboratory rats. In this 

example, implantable device is placed subcutaneously in rat to extract and transmit 

physiological data from its body to a data acquisition system in free space. In this 

scenario, the implanted device is receiving RF input power from the external base station. 

However, an internal DC battery may be used to supply power to the implantable device. 

Of course, an implantable antenna is necessary to transmit biomedical data wirelessly to 

the base station in free space. The overall size of the implantable device must be small 

enough so that it could easily be implanted in a small animal. Hence the size of the 

implantable antenna must be compact and efficient. As detuning of operating frequency 

of an implantable antenna is unavoidable, it is important to know, at least approximately 

the extent of frequency detuning. Then an antenna could be designed to radiate at a higher 

frequency in free space first. When it is implanted it will resonate and radiate at the 

correct operating frequency. 
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Fig. 3.1: An example of an implantable bio-sensing wireless biotelemetry system [7] 

 

Fig. 3.2: Experimental setup to measure S11of an implantable antenna when covered  

by rat skin [6] 

An experimental setup to measure the return loss of an implantable antenna for 

medical wireless telemetry is shown in Fig. 3.2 where the antenna is placed under real rat 

skin. While the geometry of the designed antenna is shown in Fig. 3.3(a) the measured 

and simulated S11 of the implantable antenna [6] which covered by rat skin is illustrated 

in Fig. 3.3(b). This implantable antenna has been designed and implemented for dual-

band operation (400MHz MICS and 2.4GHz ISM bands). 
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 (a) 

 

(b) 

Fig. 3.3: Implantable antenna and its ǀS11ǀ when covered by rat skin: (a) Fabricated dual-

band antenna and (b) Measured and simulated input reflection coefficient (ǀS11ǀ) [6] 

 

Before designing new antennas for implantable RFID tag provided by our industry 

partner, we tried to use available commercial small antennas to verify their suitability to 

use in our RFID tag PCB.  The extent of resonance frequency detuning is studied on a 

commercial antenna operating at 400MHz MICS band due to the loading effect of rat 

tissue (skin and fat layers). The antenna is small to be attached on the RFID tag PCB and 
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can be easily implanted in laboratory rat for experimental purpose. The detailed 

description of the antenna is presented in the following section. 

 

3.4 Antenna Geometry and Feed Design 

Fig. 3.4 shows the geometry of the commercial antenna I investigated [72], and two 

feed designs I used to study the sensitivity of its resonance frequency. The dimensions of 

the ¼-wavelength grounded line planar antenna designed for free-space communication 

are 27.94mm×13.7mm×1.5mm.   

 

Fig. 3.4: ANT403-SP commercial antenna and two feed systems for it: (a) ANT-403-SP, 

(b) Fabricated MS feed, (c) Fabricated CPW feed, (d) MS feed design, and (e) CPW feed  



35 

 

According to the data sheet of the antenna, it is recommended that no ground 

plane or traces should be located under the antenna. The recommended 50Ω microstrip 

line feed (MS-feed) was designed by me and fabricated to feed the antenna. In addition, a 

50Ω co-planar waveguide feed was designed and implemented, to compare the return loss 

between the two feeding techniques. The MS-fed antenna test board has a 1.4mm-wide 

microstrip line between the antenna and a 50Ω coax connector, on the upper surface of a 

50mm×50mm FR4 board (Fig. 3.4(d)). The thickness of the FR4 board is 0.8mm. On the 

lower surface of the FR4 board, a 50mm×35mm partial ground plane is formed. 

An FR4 board with the same area and thickness was used for the test board of the 

antenna with the co-planar waveguide (CPW) feed. The width of the central strip of the 

CPW is 3mm and the width of each CPW slot is 0.5mm. These dimensions ensure 50Ω 

matching with the commercial antenna. The antenna RF terminal is labeled as number 1 

and there are 5 ground terminals as shown in Fig. 3.4(a). The gap between the RF 

terminal and the adjacent ground terminal is 5.1mm. The gap between any two adjacent 

ground terminals is also 5.1mm and all of them are connected to the ground planes. The 

MS feed and CPW feed are connected to the RF terminal of the antenna. The VNA is 

located closer to one of the walls and placed on a wooden table having a height of around 

1m from the floor. The measurement was recorded for five days in a row and the 

variations of antenna parameters were monitored during this period. 

 

3.5 Experimental Setup 

Fig. 3.5 shows the experimental setup for S-parameter measurements. A Vector 

Network Analyzer (VNA) (HP 8720D) was used to measure the return loss (S11) and the 

transmission coefficient (S21) of the antenna. Calibration of the VNA was performed from 
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200MHz to 800MHz before any measurement is made. The anechoic chamber available 

is not suitable for such low frequencies and thus the measurement was conducted in a 

typical laboratory environment.       

 

 

(a) 

 

 

(b) 

 

Fig. 3.5: Experimental setup: (a) S11 measurement without rat skin and (b) S11 

measurement with rat skin 
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The size of the laboratory is approximately 10m×10m×4m with brick walls, floor and 

ceiling. There are several computers, oscilloscopes, signal generators, DC power supplies, 

VNAs etc. in this laboratory. Fig. 3.6 shows the placements of antennas and FR4 board 

for measuring S11 and S21. The transmission coefficient, S21, was measured by connecting 

the MS-fed antenna to port 1 (transmission port) of the VNA and the CPW-fed antenna to 

port 2 (reception port) of the VNA. The antennas are placed face to face and parallel to 

wooden table as shown in Fig. 3.6(c).The separation between the two antennas is 

approximately 5mm. The intension of this measurement is not to measure |S21| in the far 

field but to observe the resonant frequency shifting of the antenna due to rat skin loading. 

In addition, it also compares |S21| measured in free space. At first, the CPW-fed antenna is 

placed on the table with a sheet of A4- size transparent plastic used for education 

purposes. Secondly, the FR4 board is placed on top of the CPW-fed antenna and then the 

rat skin in a very thin transparent plastic packet is placed on it. Finally, the MS-fed 

antenna is placed on the rat skin. The reason for placing the FR4 board between the MS-

feed antenna and the rat skin is to keep the resonance frequency above 300MHz. It is 

verified that, if the FR4 board is not placed between the CPW-fed antenna (transmitting 

antenna) and the rat skin, the resonance frequency is decreased at around 220MHz. It is 

also observed that interchanging two antennas between the VNA’s ports to measure S21 

has little effect on variations of resonance frequency. 
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(a) 

 

 

 

 

 

(b) 

 (b) 

 

(c) 

 

Fig. 3.6: Placements of items for measuring S11 and S21: (a) S11 measurement (b) S21 

measurement; (c) S21 measurement with antennas and rat skin sample placement 
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3.6 Return Loss and Transmission Coefficient Measurements 

In this section, the measured return losses of the antenna are presented for the following 

cases: 

Case I: Return loss of the antenna in free space,  

Case II: Return loss when the antenna is covered by FR4 board, and  

Case III: Return loss when the antenna is covered by FR4 board and rat skin. 

 

3.6.1 Return Loss Measurements 

Fig. 3.7 shows the return loss variations of the MS-fed antenna and the CPW-fed 

antenna. In Case I, the resonance frequencies of the MS-fed antenna and the CPW-fed 

antenna in free space are 395MHz (at -22dB) and 408MHz (at -16dB) respectively. It is 

observed that the resonance frequencies are slightly higher (13MHz) in the CPW-fed 

antenna and none of them are equal to the nominal resonance frequency mentioned in the 

commercial antenna data sheet. This is probably due to the fabrication tolerances of the 

feeding line.  In Case II, when the antennas are covered by a FR4 board (thickness of 

1.6mm),   the resonance frequencies are shifted slightly down to 380MHz (at-20dB) and 

400MHz (at -13dB), respectively. This is to be expected, as the FR4 board cover is acting 

as a superstrate on the antenna and its dielectric constant is higher (4.3) than that of air.  

Finally, in Case III, when the antennas are covered by rat skin placed on top of the FR4 

board, the resonance frequencies decrease significantly to 335MHz (at -16dB) and 

330MHz (at-14dB), respectively. In this case, the rat skin is acting as a second superstrate 

on top of the FR4 board, which is 1.6mm thick. However, this resonance frequency shift 

could be less if a thick FR4 board was used between the antenna and the rat skin.  As a 
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result, the overall volume of the antenna under the rat skin would be increased, which is 

undesirable because of the small size of a rat. 

The return loss is slightly larger for the CPW-fed antenna in all cases, whereas it 

increases moderately from Case I to Case III. The CPW-fed antenna shows a lower return 

loss than the MS-fed antenna when measured in free space (without covering by anything). 

For both antennas, a 15%-20% decrease in resonance frequency is noted. It is found that 

the 10dB return-loss bandwidth increases in both cases as a result of external (FR4 board 

and rat skin) loading.  

The rat skin sample was preserved in a salt solution after the measurement to maintain 

the freshness of the rat skin sample. Fig. 3.8 shows the effect of ageing of the rat skin on 

the resonance frequency of the MS-fed antenna. From 9
th

 Feb 2011 to 13
th

 Feb 2011 (in 5 

days) a resonance frequency change was observed and it was found that the resonance 

frequency decreased slightly during this period. However, it remained within the range of 

resonance frequencies from 320MHz (at -10dB) to 340MHz (at -16dB). It is also seen 

from the graph that ǀS11ǀ is decreases slightly with ageing of the rat skin sample, although 

it was stored in a salt solution after the measurement. This result clearly indicates that a 

fresh rat skin sample will provide the return loss (16dB) as well as the resonance 

frequency. The resonance frequency with a fresh rat skin sample is closer to the MICS 

band than with an old rat skin sample. A high return loss from the antenna is always to be 

expected when it is covered by FR4 board and rat skin. They are acting as superstrates 

when placed on the antenna under test. 
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Fig. 3.7: Return loss variations of MS-fed and CPW-fed antennas 

 

 

Fig. 3.8: Ageing effect of rat skin on MS-fed antenna covered by FR4 board and rat skin 
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In Fig. 3.9, the measured ǀS11ǀ for the MS-fed antenna is shown when fresh rat skin 

sample was placed inside a very thin plastic bag and then the antenna was covered by it. 

The resonance frequency is detuned significantly. In this situation, the antenna is out of 

band and unable to communicate with 400MHz MICS band devices. Similarly, the 

resonance frequency is out of MICS band for the CPW-fed antenna when the rat skin is 

placed without an FR4 board between the antenna and the rat skin as shown in Fig. 3.10. 

In this scenario, there is more severe detuning of the resonance frequency, and again the 

antenna cannot be used with MICS band devices. Therefore, FR4 board is used in the 

measurements so that the antenna is still within the operating band. In Figs. 3.11 and 3.12, 

measured ǀS11ǀ are presented with antennas inside the thin plastic bag, for MS-fed and 

CPW-fed antennas respectively.  
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Fig. 3.9: ǀS11ǀ for MS-fed antenna when covered by rat skin only 
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Fig. 3.10: ǀS11ǀ for CPW-fed antenna when covered by rat skin only 

 

0.35 0.36 0.37 0.38 0.39 0.4 0.41 0.42 0.43 0.44 0.45
-30

-25

-20

-15

-10

-5

0

Freq (GHz)

S
1

1
 (

d
B

)

 

 

in thin plastic packet for MS-fed

 

 

Fig. 3.11: ǀS11ǀ for MS-fed antenna when covered by thin plastic packet only 
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Fig. 3.12: ǀS11ǀ for CPW-fed antenna when covered by thin plastic packet only 

 

The results confirm that the plastic bag has little effect on the resonance frequency and 

it never goes below 397MHz. This plastic bag is used to protect the antenna from the 

conductive rat skin which can lead the antenna to be short-circuited. Generally, bio-

compatible material is used for the conformal coating of the implantable device with the 

antenna. However, during this preliminary study, bio-compatible coating material was not 

available in the laboratory. 
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3.6.2 Transmission Coefficient Measurements 

Fig. 3.13 presents transmission coefficient measurements (ǀS21ǀ) between the MS-fed 

and the CPW antennas. Fig. 3.13(a) shows ǀS21ǀ measurement when one antenna is 

covered by the FR4 board and rat skin. The maximum power transfer occurs at around 

318MHz. This clearly indicates that maximum power transfer does not occur close to the 

free-space resonance frequency of the antenna (~403MHz). It occurs close to the loaded 

resonance frequency (~318 MHz), which is far below the MICS band (402-405MHz), and 

the commercial antenna used for this experiment is not suitable for an implantable RF 

telemetry system. Similar results are expected for the CPW-fed antenna and, a ǀS21ǀ 

measurement was not made on it. This suggests that customised antennas are required for 

implantable wireless telemetry, and that they must be tested before implanting inside the 

rat. An antenna should be designed with sufficient bandwidth that it will be within the 

desired operating band after detuning due to the dielectric loading of rat skin on the 

antenna. In Fig. 3.13(b), ǀS21ǀ measurement in free space is shown. The maximum 

transmission coefficient is found to be approximately -27.56 dB at 403.4MHz.  

Transmission coefficient measurement is important as it predicts the available power to 

the receiving antenna. The maximum allowable effective isotropic radiated power (EIRP) 

by the implantable antenna for the MICS band is 25µW, allocated by Federal 

Communications Commission (FCC, USA). A low-power transmission requirement by 

the implantable antenna is essential to minimise the electromagnetic field radiation effect 

on the biological tissue so that no tissue damage occurs. Two types of feeds are tested to 

compare their performances.  
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Fig. 3.13: Transmission coefficient (ǀS21ǀ) measurement; (a) CPW-fed antenna is covered 

by FR4 board and rat skin and MS-fed antenna is placed on top another FR4 board placed 

on rat skin; (b) Measured in free space 
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3.7 Conclusion 

In this chapter, the variation of the antenna resonance frequency due to the effect of 

rat skin and FR4 board is discussed. MS-fed and CPW-fed antennas have been tested and 

it is clear that a 15%-20% decrease of resonance frequency can occur in both 

configurations. The effect of rat skin on transmission line was also observed but it was 

negligible compared to effect on antenna. This results suggest that, in order to maintain an 

efficient wireless link within a given operating frequency band, the implantable antenna 

must be designed for the implanted environment. Antennas designed for free space are 

detuned significantly and hence are not usable for such applications. In-vitro aging effects 

of rat skin also cause some variations in the antenna resonance frequency and return loss 

although these are minor. The transmission measurement (ǀS21ǀ) between two identical 

antennas also confirms that a large decrease in the optimal link frequency may occur when 

one antenna is placed inside the body of a rodent.  
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Chapter 4 

Implantable Partially Folded PIFA Antenna for 

Australian UHF ISM Band 

 

 

4.1 Introduction 

 

In the previous chapter 3, the frequency detuning of a commercial antenna 

(ANT403 SP1, Antenna Factor 
TM

, operating at 400MHz in free space), with and without 

rat skin over the antenna has been investigated. It was found from the investigation that 

this antenna, designed to operate in free-space is not suitable for an implantable system 

and designing a customised implantable antenna is an alternative solution. In addition, the 

Ultra High Frequency (UHF), the 900MHz Australian ISM band has been selected 

instead of 400MHz MICS band due to following reasons. First, an Australian company 

known as BCS Innovations has been working towards the development of a wireless 

telemetry system to extract physiological signals from the bodies of animals and human. 

Collaboration has been established between the Department of Engineering, Macquarie 

University and the BCS Innovations, Australia to develop a prototype of an implantable 

Radio Frequency Identification (RFID) device for laboratory rats. This existing RFID tag 

is operating well in free space in the 900MHz Australian ISM band but needs replacement 

of its antenna for the implantable RFID device. Second, the UHF band is a good 

candidate for RFID-based medical telemetry compared to its counterpart MICS band in 

terms of the wireless communication link range between an RFID tag and a reader. In 

addition, a high data rate can be supported between implanted and external devices. This 
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chapter presents a study of the antenna parameters of an implantable partially folded 

planar inverted-F antenna (PF-PIFA). Due to limited space for attachment of an antenna 

to the RFID tag, a PF-PIFA has been designed and simulated using commercial software, 

CST Microwave Design Studio. The PIFA configuration has been selected, due to its 

compact size, after a literature survey. In [73, 15], dual-band and triple-band implantable 

antennas have been presented for MICS (400MHz), ISM (2.4GHz) and UWB (3.1-

10.6GHz) bands. A dielectric-loaded impedance matched antenna has been presented in 

[23]. This antenna has good impedance matching but the antenna is large due to the UWB 

bandwidth requirement. Several designs [5-6, 12] of implantable planar inverted F-

antennas (PIFA) have been reported recently. The novelty of our PF-PIFA design is the 

folding of the open end of the radiating patch to act as a capacitor load plate which 

distinguishes it from referenced works. In addition, proximity feeding technique is applied 

to enhance the bandwidth.  

4.2 Active RFID Circuit Board Description 

Fig. 4.1 shows a photograph of the Global Safety Solutions and Management Pty Ltd 

(GSSM) active circuit board for which the proposed implantable antenna is designed to 

replace the existing antenna (operating well in free space communications). The overall 

dimensions of the circuit board are 60mm×33mm×1.6mm. It is constructed on a single-

layer FR4 board substrate by placing the components on one side and a ground plane with 

an area of 33mm×22mm on the opposite side as shown in Fig. 4.1. It is located below the 

electronic components (RF chip, microcontroller etc.) between the battery (E) and 

antenna. It is seen from the circuit board that an area of approximately 15mm×30mm is 

occupied by the existing antenna. The proposed implantable antenna, therefore, has 

similar size as described later in this chapter.  
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Fig. 4.1: GSSM active-tag circuit board with existing antenna [74] 

 

 

Fig. 4.2: Location of RF chip and antenna on GSSM active-tag circuit board [74] 
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In Fig. 4.2, the locations of the RF chip and the antenna on GSSM active tag circuit 

board [74] are shown. The RF chip and the existing antenna are connected by ≤3.85mm 

microstrip line. The ground plane (33mm×22mm) of the GSMM circuit board is 

connected to 5 ground pads of the antenna by vias. When this antenna is replaced by an 

implantable antenna, impedance mismatch as well as operating frequency detuning 

between the RF chip and the new antenna are expected.  It is recommended by the 

manufacturer that no ground plane, copper and trace area should be located under the 

existing antenna. However, the proposed implantable antenna has its own ground plane to 

prevent the power flow into the rat’s tissue. As a large ground plane is not possible on the 

component side of the circuit board, the antenna ground plane is connected to the larger 

ground plane of the RFID tag circuit board for optimum antenna bandwidth. 

4.3 Antenna and RF-Chip Impedance Matching 

The nominal input impedance of an antenna is generally 50Ω while the input 

impedance of the existing RF-chip (IDS SL900A) on the RFID tag is different (30-320jΩ 

at 900 MHz, according to the data sheet of the manufacturer). The antenna impedance is 

expected to vary somewhat from 50Ω with the tag in free space as well as in rat’s body. A 

bio-compatible coating and the dielectric loading effect of rat’s body tissue on the 

antenna of the tag will change the impedance considerably. As a result, the designed 

antenna which is conjugately matched with the RF-chip in free space is expected to 

detune from its operating frequency. According to the data sheet of the IDS SL900A RF-

chip, its input impedance is 30-320jΩ (r = 321.4 and θ = -84.6
0
) at 900MHz which is 

significantly different from the antenna input impedance (50Ω). Therefore, the first task is 

to perform impedance matching of the antenna with the RF chip to provide the highest 

efficiency, maximum power transfer from the RF chip to the antenna and hence 
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maximum range between the RFID tag and the reader. The most common practice for 

antenna matching is to predict it at a -10dB reflection coefficient over the band of interest. 

 

 

 

 

 

 

 

Fig. 4.3: Impedance matching of the antenna and RF chip [102]  

 

The UHF band in this case is 915MHz-928MHz (Australia) as allocated in Australian 

radiofrequency spectrum allocations chart. A simple L-C network between the antenna 

and the RF chip may be used for impedance matching as shown in Fig. 4.3. Given 

complex source and load impedances and frequency, the component values were most 

conveniently calculated using the online matching-network circuit estimator. 

 

4.4 Design Issues for Implantable RF Devices in Rats 

 

Leading medical research groups around the world use rats and other animals, for the 

study of disease and normal physiology. Several projects conducted in the Australian 

School of Advanced Medicine (ASAM) focus on hypertension and cardiovascular 

disease, and the role of the central nervous system in regulating hypertension and 
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breathing. To date, the primary method of controlling hypertension in humans is the use 

of drugs. The pathway to approval of drugs for human use involves pre-clinical trials on 

animals such as rats. It is important not to compromise such trials by unnecessarily 

stressing the rats, which may happen if they are harnessed to monitoring equipment for 

extended periods. It would therefore be a major advance if we could devise implantable 

telemetry systems to extract, store and wirelessly transmit vital signals in rats to external 

monitoring stations. Commercial implantable RF telemetry systems (433MHz and 

900MHz) currently available in the market for this purpose are limited, too expensive and 

less adaptive. A possible reason for this may be the insufficient effort and research made 

to address some design issues relevant to such systems, possibly as a result of resource 

limitations, limited expert advice and/or the urge to bring the product to the market. 

Although the complete implementation of an efficient implantable RF system is a 

challenging, long-term venture, in this section the relevant design issues that need to be 

addressed during the initial design phase of a cost-effective, small, low-power and 

adaptive RF telemetry system are discussed. In this RF system, the implantable device 

can wirelessly transmit at least the ECG, blood pressure (BP), renal nerve activity (RNA) 

and body temperature (BT) of rats in a regular fashion to an external base station. 

Ultimately, we anticipate that such a system would have a wider veterinary and clinical 

use.  

The implanted device, developed to extract physiological signals from rat’s body and 

transmit to nearby external base station, has a low-power RF transceiver, an UHF ISM 

band antenna, a microprocessor and a memory, and is powered by two AA batteries. With 

a power management system in the implantable module, operation for two months is 

expected. The external station, at a 1 to 2 metre range, may be networked through a 
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computer for data analysis, and for sending adaptive and configuration commands to the 

implanted unit. Both real-time and off-line data acquisition are considered, aided by a 

Micro SD storage in the implanted unit. Design issues are highlighted by the requirements 

of the researchers conducting such medical science experiments. The use of the maximum 

bandwidth available in the RF channels and possible compression of data needs to be 

considered. 

 Efforts have been made to reduce the size of an implantable antenna for freely 

moving experimental rats to be operated in the Industrial, Scientific and Medical (ISM) 

band (900MHz). Major requirements of antenna design as imposed by the application to 

rats as opposed to humans are: smaller antenna size, variations in electrical properties of 

the rat's body tissue, rat’s behaviour and movement, size and weight. The ECG  signal 

rate in terms of beats per minute (BPM) in experimental rats is higher than that of a 

human body and as a result higher data rate is necessary for transmitting data from an 

implanted unit to an external unit. 

4.5 Antenna Design  

  In this section, design details of a partially folded implantable PIFA antenna are 

described. The background , antenna geometry and antenna surrounding environment 

model are discussed first followed by  simulation results.  

4.5.1 Background 

Small size and low battery power consumption are the most important 

requirements when an implantable system is designed for small animals. The applications 

of such small antennas are widely found in biomedical RF telemetry systems as well as in 

radio frequency identification (RFID) systems. However, the greatest challenge is to 
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design a sufficiently small implantable antenna at a low frequency (below 1GHz). 

However, most of them focus on systems operating in the Medical Implant 

Communication Services (MICS) band (402-405MHz). Although the energy absorption in 

body tissue is less in the MICS band, the antenna size is quite large for a small animal such 

as a rat. Due to this and the availability of a commercial RFID device operating in free 

space in the 900MHz ISM band, a miniaturised and partially folded PIFA is proposed. The 

antenna is designed based on the theory reported in [5]. However, instead of using direct 

feed to the antenna reported in [5], a proximity feeding is applied and optimised to 

increase the bandwidth of the antenna.   

4.5.2 Antenna Geometry 

Fig. 4.4 shows the geometry of the proposed implantable antenna. This is called a 

partially-folded planar inverted-F antenna (PF-PIFA since the far end (from the feed point) 

is folded back clockwise after 18.2mm. The overall size of the antenna is 

26mm×19mm×4.4mm including the ground plane. The antenna is fed by a feed plate 

located 2mm above the ground plane. A shorting pin (SP) is used to reduce the size of the 

antenna, as in a conventional PIFA. The location of this shorting pin is 5mm from the front 

edge of the ground plane and it connects vertically to the left edge of the radiating patch as 

shown in Fig. 4.4. A coaxial feed cable is connected from the bottom of the ground plane 

and the signal pin runs parallel to shorting pin from the ground plane to the feed plate.  

The rectangular feed plate has dimensions of 26mm×10.5mm×0.2mm and its sides are 

parallel to the sides of the radiating patch. However, its left edge is shifted right by 0.7mm, 

from the left edge of the radiating patch. The thickness of all metal plates in the antenna is 
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0.2mm unless otherwise stated. A slot (15mm×0.5mm×0.2mm) parallel to the radiating 

patch is created on the patch to adjust the resonance frequency. 

The partially folded part of the antenna is a capacitive plate/load (26mm×6mm×0.2mm) 

placed at 1.2mm above the top side of the ground plane. The gap between this plate and 

the feed plate is 1.7mm. An FR4 substrate (permittivity = 4.3) is considered in our design 

to achieve a reasonable bandwidth for RF telemetry between the implanted unit and a base 

station, which is in free space. CST Microwave Design Studio software is used to design 

the proposed antenna. 

 

(a) 

 

(b) 

Fig. 4.4: Geometry of the proposed implantable antenna: (a) 3-D view; (b) Front view 

FR4 substrate 1(0.8mm) 
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Antenna dimensions summary:  

�  Overall dimensions: 26mm×19mm×4.4mm 

�  Slot size on patch: 15mm×0.5mm 

�  Feed plate size: 26mm×10.5mm 

�  Capacitive plate size: 26mm×6mm 

�  Substrate: FR-4 (dielectric constant=4.3) 

�  Substrate thickness: 4mm(1.6+1.6+0.8) 

 

4.5.3 Antenna Surrounding Environment Model 

In this section, we describe the simulation model employed for the design of the 

antenna, which is embedded in a rat’s body. It is assumed that the radiating patch is just 

below the skin of the rat. Therefore, muscle is assumed to exist in all other five sides of the 

antenna, ignoring the fat layer. In addition to this, the implantable antenna needs to be 

encapsulated by a biocompatible material. Therefore, a thin layer (1mm) of coating is 

added to all six outer sides of the antenna. The simulation model is outlined in Fig. 4.5.  

Rat skin (ɛr = 31.9, thickness = 2mm) 

FR4 board (ɛr = 4.3, thickness = 0.8mm) 

 

PF-PIFA  (thickness = 4.4mm) 

 

FR4 board (ɛr = 4.3, thickness = 0.8mm) 

Rat muscle (ɛr = 55, thickness = 4mm) 

Fig. 4.5: The material layers of the simulation model 

Biocompatible coating (1mm) 

Biocompatible coating (1mm) 
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4.5.4 Simulation Results 

Simulation results are presented in this section. Parametric analysis such as the 

relative permittivity of rat tissue, the feed plate area of the antenna to change the 

capacitance of the plate, the thickness of the rat skin on the radiating patch of the antenna, 

are applied in the simulation to determine their effects on antenna performance. The 

antenna parameters were determined by parametric optimisation. The dimensions of the 

antennas were truncated to the closest 0.1mm during optimisation. Fig. 4.6 shows the 

predicted input S11 magnitude of the PF-PIFA design. It is seen from the figure that the 

10dB return loss bandwidth is 26MHz or 2.8%, from 895MHz to 921MHz. This 

bandwidth is sufficient for short-range implantable RF telemetry since the physiological 

signals of laboratory rats require relatively low data rates. The best value of the S11 

magnitude is observed as -18dB at 908MHz.  This is a promising result for such a small 

antenna. In Fig. 4.7, the real part of the antenna input impedance is presented. Here, the 

peak input resistance is found to be 45Ω which is close to the target 50Ω. Probably, this 

difference is due to the one decimal approximation to the antenna dimensions during 

optimisation. This one-decimal approximation is in line with the fabrication constraints of 

the antenna, since a tighter tolerance is practically difficult.  

The imaginary part of the input impedance of the antenna is given in Fig. 4.8.Within the 

bandwidth of 895-921MHz, the input reactance swings between +4Ω and -35Ω. This value 

is slightly higher than expected, but acceptable because the antenna is still matched. 
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Fig. 4.6: Input S11 magnitude versus frequency 
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Fig. 4.7: Input resistance of the antenna in ohms 
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Fig. 4.8: Input reactance of the antenna in Ohms 
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Fig. 4.9: Input impedance on Smith chart 
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Fig. 4.10: Radiation pattern of the antenna 

 

Fig. 4.9 shows the input impedance of the antenna on a Smith chart, for the 

frequency range from 800-1000MHz. In Fig. 4.10, the radiation pattern of the antenna is 

shown. It is found that the maximum radiation is approximately 2dBi when theta is 90 

degrees and phi is zero degrees. The sensitivity of the antenna due to the relative 

permittivity variations of rat skin is reported in Fig. 4.11. Since it is known that the relative 

permittivity of rat skin changes due to various reasons such as the water contents, a 

parametric study was performed to observe the range of variation. It is also important to 

perform such a study to specify whether the resonance frequency will remain in the 

desired band or not. 
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Fig. 4.11 Sensitivity of the antenna due to permittivity variations of rat skin 

 

 

Fig. 4.12 Sensitivity of the antenna due to thickness variations of rat skin 

Fig. 4.12 illustrates the sensitivity of the antenna to thickness variations of the rat skin on 

top of the antenna. The best value of return loss (-15dB) is obtained at 925MHz when the 

thickness of rat skin is 1mm. This confirms that sensitivity is huge for rat skin the 

thickness variation. 
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Fig. 4.13 Sensitivity of the antenna due to length variation of feed plate (increasing feed 

plate area) with 1.5mm-thick rat skin (relative permittivity 32) 

 

 

 

Fig. 4.14 Efficiencies of the antenna under 1.5mm thick rat skin with permittivity 32 

 

In Fig. 4.13, the sensitivity of the antenna due to feed-plate length variation of the 

antenna is presented. The best value of return loss (-18dB) is obtained at 910MHz when 

proximity coupling feed-plate length is10.5mm. Fig. 4.14 shows the efficiencies of the 
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antenna when it placed below 1.5mm-thick rat skin with permittivity 32. This efficiency is 

a snapshot as the permittivity of rat skin is not a fixed quantity. It is clear from the figure 

that radiation efficiency (ratio of total power radiated by an antenna to the net power 

accepted by the antenna) and total efficiency (radiation efficiency multiplied by the 

impedance mismatch loss of the antenna, when connected to a transmission line or 

receiver) are closer at lower frequency, for example at 910MHz the efficiency of the 

proposed implantable antenna is approximately 1.8%. 

4.6 Conclusion 

The proposed PF-PIFA is small enough to be implanted under the skin of a rat. Its 

bandwidth is large enough for the wireless transmission of physiological signals in rats. A 

miniaturized partially folded planar inverted-F antenna (PF-PIFA) is proposed for a 

wireless physiological data acquisition system, being developed for small rodents 

including rats. The system operates in the Australian 900MHz ISM band (915-928MHz). 

The overall size of the antenna is 26×19×4.4mm
3 

and it has been designed to be implanted 

just under the skin of a rat. The 10dB return-loss bandwidth of the antenna is 2.8%, which 

is sufficient for this telemetry system. The RF link distance between the implanted and 

external antennas is assumed to be about 2m. 
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Chapter 5      

Implantable PIFA Designs for RF Chip Side of the 

RFID tag PCB 

 

 

5.1  Introduction 

In the previous chapter, the design of a partially folded PIFA (PF-PIFA) for an 

implantable RFID tag PCB was presented and the antenna parameters were investigated. 

Although the predicted antenna bandwidth of PF-PIFA was good, the antenna size was 

still large in terms of the space available (33mm×15mm) on the RFID tag PCB to be 

implanted in a rat. Therefore, further investigations for implantable PIFAs were carried 

out to determine the possibility of achieving a smaller size but with reasonable antenna 

bandwidth. In this context, three compact implantable UHF PIFAs were designed and 

parametric studies were conducted.   All of them are intended to be attached on the RF 

chip side of the RFID tag PCB and to be implanted under the skin of a rat. This RFID tag 

PCB has a micro-controller, an RF chip and an internal temperature sensor, as well as 

some lumped elements on the upper side (top) and a ground plane on the bottom side. 

Power to this implantable unit is supplied from a small button battery. Assessments of 

resonance frequency sensitivity due to changes in the surrounding antenna environments 

(biocompatible material and rat tissue) were performed.  
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5.2  Chapter Contributions and Background 

5.2.1  Chapter Contributions 

In this chapter, three compact PIFA designs are presented. Contributions of this chapter 

are: 

• Smaller implantable PIFAs have been designed compared to the previous PF-

PIFA 

• Bandwidth enhancement for antenna designs 1 and  3 

• Antenna efficiency improvement for antenna design 2 

• Optimisation of antenna parameters through parametric studies of antenna designs 

1, 2 and 3 

• Utilisation of the RFID-tag ground plane in a combination with the antenna 

ground plane 

• J-shaped proximity feed design for multilayered antenna design 3 to enhance the 

impedance matching 

• Some of the content of this chapter has been published in [16, 75, 76] 

5.2.2  Background 

The preliminary antenna design presented in the previous chapter required more 

space than what is available for the implantable antenna and it led the designs of more 

compact antennas. However, some trade-off is necessary depending on the requirements 

and applications. For instance, reduction of antenna size often reduces the bandwidth and 

radiation efficiency of the antenna. As an implantable antenna intended for a small animal 

such as a rat or mouse must be small, low radiation efficiency is acceptable for the bio-

telemetry application. This chapter presents three new implantable compact PIFA designs 
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and examines their performances to identify the trade-off for antenna parameters. All 

implantable antennas presented in this chapter are intended to attach on the components 

side of the RFID-tag PCB shown in Fig. 5.1. The maximum area available for the 

implantable antenna is 33mm×15mm on the component side of the RFID-tag PCB. This 

RFID-tag has a built-in temperature sensor to sense the body temperature from the 

animal/human, once implanted and one task of the implantable antenna is to transmit the 

recorded temperature to an external RFID reader. The RF module is also located on this 

side and the output impedance of the RF chip is transformed to ~50Ω using a lumped 

impedance transformer circuit so that any antenna with a 50Ω input impedance can be 

matched to the RF chip. The PIFA has an inherently narrow bandwidth and therefore 

capacitive feed techniques have been developed to enhance its bandwidth. In my designs 

1 and 3, capacitive feeds are applied while in design 2 direct feed is applied.  

 

Fig. 5.1: Component side of the RFID-tag PCB showing space available for an 

implantable antenna  

 

 



70 

 

5.3  Implantable PIFA Design 1 

The geometry of the designed PIFA Antenna 1 is shown in Figs. 5.2-5.4. The antenna 

parameters have been optimised by computer simulation using CST Microwave Design 

Studio software. The overall dimensions of the final design are 12mm×12mm×4mm. The 

area of the top radiating patch is 12mm×12mm. It is on a 0.8mm-thick Substrate-1 

(RT5880LZ, dielectric const. = 1.96, loss tangent = 0.0019).  

 

(a) 

 

(b) 

Fig. 5.2: Proposed Antenna 1 geometry: (a) 3D view; (b) Top view  
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A capacitively-coupled feeding plate is located on the lower surface of this substrate 

and its area is 9.5mm×12mm. There is a second Substrate-2 (RT5880LZ) below this 

feeding plate with the same thickness of 0.8mm. A capacitive load plate is located on the 

bottom surface of this second substrate. A third Substrate-3 (RT5880LZ) with a height of 

1.6mm is on the ground plane of the antenna. The area of the ground plane is also 

12mm×12mm. The top radiating patch and the capacitive load plate are connected by a 

vertical plate having the same width as the radiating patch (12mm). Its length has been 

optimised to 6mm by parametric optimization. Changing the area of this capacitive load 

plate will vary the capacitance between this and the ground plane. Such a change can be 

utilised for tuning the antenna resonance frequency. Feeding to the feed plate is 

performed from the bottom of the antenna using a via and the feed is located at x=3mm 

and y=5.5mm. A shorting pin (SP), located at x= 0, y=3, connects the radiating patch to 

the ground plane, and its height is 3.6mm. Table 5.1 shows the optimised antenna 

parameters of Antenna 1. 

 

 

Fig. 5.3: Front view of the Antenna 1 

   Substrate 1 

Substrate 2 

Substrate 3 
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Fig. 5.4: Side view of the Antenna 1 

 

Table 5.1: Optimised antenna parameters of Antenna 1 

 

 

 

 

 

 

 

 

 

 

 

 

Optimized parameters of Antenna 1 Symbol Value 

(mm) 

Top radiating patch length L1 +L2 12 

Top radiating patch width WP 12 

Top patch slot  length LS 1 

Top patch slot  width WS 1 

Feed plate length L3 9.3 

Feed plate width Wp 12 

Ground plane length L1 +L2 12 

Ground plane width Wp 12 

Substrate-1 height h1 0.8 

Substrate-2 height h2 0.8 

Substrate-3  height h3 1.6 

Short pin height h1+h2+h3 3.2 

Feed point location (xF,yF) (3, 5.5) 

Length of capacitive load L2 -L4 6 

Width of capacitive load Wp 12 

Substrate 1 

Substrate 2 

Capacitive load 

Radiating top patch 

Ground 

Feed plate 

Shorting pin 

FR-4 substrate 

Vertical connecting plate 

FR-4 substrate 

 

 

   Substrate 3 

Substrate1 

Substrate2 
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5.4 Model of Antenna 1 Surrounding Environment 

The antenna’s surrounding environment including the rat’s body material needs to be 

modeled and included in the antenna design and optimisation process. The developed 

model for the rat tissue, surrounding the proposed implantable Antenna 1 is shown in Fig. 

5.5. It is worthwhile to mention here that a biocompatible coating is also included in the 

model as it also has significant impact on the implantable antenna. The thickness as well 

as the relative permittivity of the biocompatible coating material play important role for 

the tuning the resonance frequency of the implantable antenna since it acts as the 

superstrate of the antenna. 

 

Fig. 5.5: Model of the Antenna 1 surrounding environment 

 

     The top layer of the model is skin and there is a fat layer below the skin. The 

antenna, enclosed by bio- compatible material (relative permittivity = 11.9), is placed 

under the fat layer. The rat’s muscle covers the other sides of the enclosed antenna. 

Silicone is considered here as a suitable biocompatible material so that the antenna will 

not react with rat’s body tissue. Table 5.2 shows the electrical parameters of the rat tissue 
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[6] of Antenna 1 while the surrounding environment parameters of Antenna 1 are shown 

in Table 5.3. 

Table 5.2: Electrical parameters of rat tissue used for Antenna 1 [6] 

Name of  the rat 

tissue 

Dielectric 

constant (εr ) 

Electrical cond. 

(σ),  S/m 

Skin 32 0.69 

Fat 5.6 0.08 

Muscle 58.8 0.84 

 

Table 5.3: Surrounding Environment model parameters of Antenna 1 

 

 

 

 

 

 

 

 

 

 

 

Surrounding environment model 

parameter of antenna 1 

Symbol Value (mm) 

Rat’s skin thickness on Fat layer t1 2 

Fat layer thickness on silicone t2 2 

Silicone box height t3 6 

Skin layer length along X-axis L1 54 

Skin layer width along Y-axis W1 54 

Fat layer length along X-axis L1 54 

Fat layer width along Y-axis W1 54 

Muscle layer length along X-axis L1 54 

Muscle layer width along Y-axis W1 54 

Muscle  height along Z-axis t4 16 

Silicone box length L2 14 

Silicone box width W2 14 
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5.5     Effects of Environment and Antenna Parameters on Antenna 1 

In this section, we study the sensitivity of the antenna return loss and impedance 

bandwidth to antenna parameters (such as slot length) and environment parameters (such 

as skin permittivity). Figs. 5.6-5.8 illustrate the variation of antenna input matching with 

(i) slot length on the top radiating patch, (ii) area of the capacitive load plate, and (iii) 

permittivity of the substrates.  

The effects of the antenna environment on its return loss are illustrated in Figs. 5.9-

5.12. The relative permittivities of biocompatible material, rat skin, fat and muscle have 

been varied to observe the effects of those parameters on the antenna return loss. The 

main purpose of varying these parameters is to study to what extent the resonance 

frequency of the designed antenna will be detuned when its environment changes. Since 

the electrical parameters of biological tissues can change for several reasons such as, for 

example, the age of the rat, it is important to study this detuning and ensure that the 

antenna is matched in the operating ISM band under all operating conditions. Retuning of 

the resonance frequency of the antenna is not possible after implantation. 

 

5.5.1  Effect of Slot Length of Radiating Patch on Antenna 1 

In Fig. 5.6, the return loss of the antenna is plotted when the slot length (Ls) on the top 

radiating patch is changed between 1-5mm. It shows that increasing the slot length from 

1mm to 5mm will decrease the resonance frequency approximately from 920MHz to 

880MHz. While detuning of the antenna due to the variations of muscle, fat and skin 

layers is beyond the control of antenna designer, this slot length can be utilised to retune 

the resonance frequency within a certain range, for instance over the 880MHz to 920MHz 



76 

 

UHF band. Although the return loss is also changed due to slot length variation, it never 

goes below 10dB. This slot is cut along the centre line of the patch. The slot width is 

1.0mm. 

 

Fig. 5.6: Antenna 1 |S11| when the slot length on the top radiating patch is varied  

 

5.5.2  Effect of the Capacitive Load Plate on Antenna 1 

Fig. 5.7 shows the antenna return loss variation when the length of the capacitive load 

plate between the ground and the feed plate is varied between 3 and 7mm, by changing 

the capacitance of the load plate. At 10dB return loss, the resonance frequency decreases 

from 1010MHz to 890MHz with the increase of the plate capacitance. The width of the 

capacitive load plate is 12mm and hence the its area is varied from 3mm×12mm = 36mm
2
 

to 7mm×12mm = 84mm
2 

. The height of this capacitive load plate is 1.6mm from the 

ground plane of the antenna. The minimum and maximum equivalent capacitances of the 

capacitive load plate can be easily determined by using the following formula: 

Capacitance, (5.1)                                                                         
d

A
C orεε=   
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where rε  is the relative permittivity of the substrate between the capacitive load plate 

and the ground plane, 0ε  is the permittivity of air, A is the plate area and d is the 

separation distance between the capacitive load plate and the ground plane. The variations 

of capacitance of the capacitive load plate due to the changes of plate length are:  

(5.2)              0.856pF0.001pF12/1.6)(3108.854.3
12-

min =×××××==
d

A
C orεε  

      and 

(5.3)              pF0.20.001pF12/1.6)(7108.854.3
12-

max =×××××==
d

A
C orεε  

From Fig. 5.7, it is evident that retuning of the implantable antenna is possible with a 

10dB return loss for the band (915-928MHz) of interest by changing the area of the 

capacitive feed plate, which in turn changes the capacitance of the plate. 

 

Fig. 5.7: Antenna 1 |S11| when the length of the capacitive load plate is varied along 

the x-axis 

Calculating capacitances between ground plane and capacitive plate alone may not 

give the actual idea about the effect on the performance of the antenna. It is also 
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necessary to know the substrate used between these two plates. In addition, when the 

capacitance of the antenna is equal to inductance, optimum performance is obtained. 

 

 

5.5.3  Effect of Substrate Permittivity on Antenna 1 

The antenna return loss variations are shown in Fig. 5.8 when the relative permittivity 

of the substrate between the radiating patch and ground is varied, with a capacitive load 

plate length of 6mm. It is found that the resonance frequency decreases significantly, 

from approximately 920MHz to 750 MHz, with an increase of the substrate permittivity 

from 2 to 10. It is found that, with the best value (7mm) of capacitive load plate, the 

Australian UHF ISM band (915-928MHz) is covered when the permittivity of the 

substrate is 2. The permittivity of a particular substrate can change from one sample to 

another but that would be a much smaller change than this. Although a substrate with a 

high dielectric constant is typically used to reduce the size of the implantable antenna, it 

reduces the bandwidth of the antenna at the same time.  

 

Fig. 5.8: Antenna 1 |S11| variation with relative permittivity of substrates 1, 2 and 3 
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The larger bandwidth is preferred for an implantable antenna, as the antenna might be 

detuned completely from the band of interest because of the effect of surrounding 

environment.  If an implanted antenna is detuned completely, communication between the 

implantable device and the outside base station is lost and it is impossible to retune the 

implantable antenna from outside of the rat’s body. 

 

5.5.4  Effect of Biocompatible Coating Material on Antenna 1 

In Fig. 5.9, the antenna return loss variation with the permittivity of the biocompatible 

coating (e.g. lossy silicone) is shown. This biocompatible material (such as silicone) acts 

as a superstrate of the antenna. When its permittivity is increased from 4 to 12, resonance 

frequency shifts down from 1140MHz to 920MHz.  

 

Fig. 5.9: Antenna 1 |S11| variation with the permittivity of the biocompatible coating 

It is seen from the graph that optimum performance (23dB return loss at 920MHz) is 

obtained when the permittivity of the bio-compatible coating material is 12 with electrical 

conductivity, σ = 0.00025 S/m. However, a biocompatible coating material with such 
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high dielectric constant is difficult to achieve commercially. This material can be 

manufactured for coating an implantable device but it will be expensive since a special 

process is involved to prepare such material. It should be noted here that conductivity of 

the bio-compatible material also plays an important role in the performance of the 

antenna (although results are not shown with its variation). A significant resonance 

frequency detuning is observed due to the variation of the biocompatible material. 

 

5.5.5  Effect of Rat Muscle on Antenna 1 

The graph in Fig. 5.10 depicts the effect of rat muscle relative permittivity on the 

antenna return loss. In this case, the antenna resonance frequency decreases gradually, 

from 940MHz to 910MHz, when the muscle relative permittivity changes between 50 and 

70 in steps of 5. The 900MHz UHF Australian ISM band of interest is covered for most 

of the variations except the extreme values of muscle permittivity.  

 

Fig. 5.10: The effect of muscle relative permittivity on |S11| of Antenna 1  
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From this result, it is clear that variation of muscle permittivity for the implantable 

device will not be a dominant factor if other antenna surrounding environment parameters 

are optimised. However, enough muscle volume must be considered for the antenna 

surrounding environment model since it affects the predicted radiation performance of the 

antenna. The location of the antenna with the implantable device is also an important 

factor. Generally, the proposed location for implantable device is just under the skin of 

the animal or human. 

 

5.5.6  Effect of Fat Layer on Antenna 1 

In Fig. 5.11, the effect of the relative permittivity of the fat on the antenna return loss 

is illustrated. It is found from the graph that the change in resonance frequency is 

negligible when the relative permittivity changes between 6 and 10. A bandwidth of 

approximately 90MHz (~10%) at 10dB return loss is preserved with variations of fat 

permittivity from 6 to 10. The permittivity of the fat layer can be changed for various 

reasons such as the weather condition and the age of the rat. This result also suggests that, 

in terms of antenna resonance frequency detuning, an implantable device can placed 

under the fat layer which is considered in the Antenna1 surrounding environment model. 
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Fig. 5.11: The effect of fat relative permittivity on |S11| of Antenna 1  

 

5.5.7  Effect of Skin Layer on Antenna 1 

Fig. 5.12 shows the effect of relative permittivity of the skin on antenna return loss. 

Negligible shifting of the resonance frequency is noticed in this situation. The 

permittivity of the skin is varied from 30 to 40 in steps of 2 to study the detuning effect of 

Antenna 1. It is worthwhile to mention here that there are three superstrate layers on the 

antenna radiating patch: the bio-compatible coating layer (1mm thick), the middle fat 

layer (2mm thick) and the outermost skin layer (2mm thick). The stability of the 

resonance frequency is obtained by using the high-permittivity bio-compatible coating 

material (silicone with a relative permittivity of 11.9). 
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Fig. 5.12: The effect of rat skin permittivity on |S11| of Antenna 1  

 

5.6  Optimised Simulation Results of Antenna 1 

In this section, optimised simulation results for the Antenna 1 return loss, input 

resistance, input reactance, radiation efficiency, total efficiency and radiation pattern are 

presented (Figs. 5.13-5.17). The input reflection co-efficient of the proposed Antenna 1 is 

shown in Fig. 5.13. The optimised input reflection coefficient is found to be -30dB at 

920MHz; that is, within the Australian UHF ISM band. The 10dB return-loss bandwidth 

of Antenna 1 is 9.2% (877-962MHz), which entirely covers the Australian UHF ISM 

band (915-928MHz). In Fig. 5.14, the input resistance of Antenna 1 is shown. An input 

resistance of 52Ω is obtained at 920MHz, confirming good impedance matching of 

Antenna 1. The reactance of Antenna 1 is plotted in Fig. 5.15, and it is evident from the 

figure that the reactance is within 1.0Ω and -3.0Ω in the Australian ISM band. It is known 

that the expected input reactance of an antenna should be zero for optimum performance 

of the antenna. Fig. 5.16 illustrates the radiation and total efficiencies of the designed 

Antenna 1. The radiation efficiency (0.4%) converges to total efficiency at 920MHz. The 
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radiated energy is mostly absorbed by the rat tissue and biocompatible material. As a 

result, a low radiation efficiency is achieved from the proposed Antenna 1. However, the 

literature suggests that such a low radiation efficiency is acceptable for implantable 

antennas for biomedical applications. The absolute directivity is plotted in Fig. 5.17, and 

the maximum directivity is 2.31dBi at 920MHz. 

 

Fig. 5.13: Input reflection coefficient of Antenna 1 

 

Fig. 5.14: Input resistance of Antenna 1 
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Fig. 5.15: Input reactance of Antenna 1 

 

Fig. 5.16 Efficiency of Antenna 1 

 

Fig. 5.17: Radiation pattern of Antenna 1 



86 

 

5.7  Implantable PIFA Antenna Design 2 

The next antenna design is a second-order Hilbert PIFA. The geometry of this antenna 

resulting from the optimisation is shown in Figs. 5.18-5.19. The antenna parameters have 

been optimized by numerical analysis using CST Microwave Studio software. The overall 

metallic dimensions of the final Hilbert PIFA design are 25mm×25mm×7.6mm excluding 

the RFID ground plane and coating. The area of the top radiating patch (Hilbert curve) is 

25mm×25mm. It is printed on a 5.6mm-thick (h1) substrate (Rogers RO5880, dielectric 

constant, ɛr = 2.2). Although 5.6mm-thick Rogers RO5880 substrate is not commercially 

available, it can be constructed by a combination from substrates with the standard 

thicknesses of available substrates (3×1.6mm + 1×0.8mm = 5.6mm). A 3.2mm-thick 

(1.6mm+1.6mm) superstrate (Rogers TMM 10, dielectric constant = 9.2, loss tangent 

=0.0022) is placed on the top radiating Hilbert curve. Then the antenna is coated with a 

silicone (dielectric constant =11.9) which is a biocompatible material. The addition of 

superstrate in the antenna design 2 is to reduce the effect on the resonance frequency of 

the antenna due to the biocompatible layer.  The antenna is fed through coax connector. 

The location of the feed point is x = 1mm from the left edge of the antenna ground plane 

and y = 7.8mm from the rear end of the Antenna 2 ground (Fig. 5.18). A shorting pin is 

used to further reduce the size of the proposed antenna, since its inductive behaviour 

compensates the capacitive nature of the Hilbert curve. It is connected between one end 

of the Hilbert curve and the ground (Fig. 5.18). The antenna ground is connected with the 

RFID circuit board ground (20mm×33mm) through five vias already located on the 

circuit board. The height and radius of each via connecting the two ground planes are 

1.6mm and 0.5mm respectively.  
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Fig. 5.18: 3D view of Antenna 2 

 

 

 

Fig. 5.19: Top view of Antenna 2 

 

 

Superstrate (t1=3.2mm) 
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Table 5.4: Optimised Antenna 2 parameters 

 

 

 

 

 

 

 

 

 

 

The antenna parameters have been studied, considering the surrounding media 

including the rat’s body tissues. Moreover, a biocompatible coating layer inserted 

between the antenna and the rat’s body tissue has also been considered in the analysis as 

described in the following section. The Antenna 2 parameters resulting after the 

optimisation processes are tabulated in Table 5.4. 

 

5.8 Model of Antenna 2 Surrounding Environment 

Because of the proximity of the different tissues to the antenna, the surrounding media 

need to be accurately modeled and included in the antenna design and optimisation 

process. Therefore, a model has been developed that considers the rat’s body tissue which 

Optimized antenna 2 

parameter 

Symbol Value 

(mm) 

Top radiating patch length L1 25 

Top radiating patch width WP 25 

Trace  width WS 2.2 

Ground plane length L2 25 

Ground plane width W1 25 

Substrate  height h1 5.6 

Short pin height h2 5.6 

Superstrate thickness t1 3.2 
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surrounds the antenna. Additionally, a conformal coating involving a biocompatible 

material has been inserted around the antenna, as shown in Fig. 5.20, to facilitate its use 

in a bio-sensitive environment.  

 

 

Fig. 5.20: Model of Antenna 2 surrounding environment 

 

Hence, the antenna is contained within a block of biocompatible material which in turn 

is in direct contact with the biological tissues representing the actual working 

environment. The electrical properties of the rat’s tissue for Antenna 2 are same as for 

Antenna 1 as mentioned earlier. The surrounding environment model parameters of 

Antenna 2 including the bio-compatible material (silicone with a dielectric constant of 

11.9) are presented in Table 5.5.  
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Table 5.5: Antenna 2 environment model parameters 

Environment model parameters of 

antenna 2 

Symbol Value (mm) 

Rat skin thickness on fat layer t1 2 

Fat layer thickness on silicone t2 2 

Silicone box height t3 6 

Skin layer length in X-axis L1 200 

Skin layer width in Y-axis W1 60 

Fat layer length in X-axis L1 200 

Fat layer width in Y-axis W1 60 

Muscle layer length along X-axis L1 200 

Muscle layer width in Y-axis W1 60 

Muscle  height along Z-axis t4 56 

Silicone box length L2 60 

Silicone box width W2 35 

 

It should be noted that thicknesses of rat skin and fat layers vary from rat to rat 

depending on the age of the rat. We assume that the rat is an adult (weight: 500-700g) and 

its length is 200-250mm excluding the length of tail. This assumption is made after 

consultation with researchers at the Australian School of Advanced Medicine, Macquarie 

University, Australia, who are investigating various physiological signals (blood pressure, 

ECG etc.) in rats.  
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The top layer of the model is skin and there is a fat layer below the skin. The antenna, 

enclosed by bio-compatible material, is placed under the fat layer. Rat muscle covers the 

other sides of the enclosed antenna. Silicone is considered here as a suitable 

biocompatible material so that the antenna will not damage rat tissue and at the same time 

the antenna will not be short circuited due to the conductivity of the tissue. 

5.9 Optimised Simulation Results of Antenna 2 

The optimised input reflection coefficient of the antenna is shown in Fig. 5.21. The 

two curves correspond to the conditions with and without connecting the antenna ground 

and PCB circuit board ground. It shows that the input reflection coefficient of the antenna 

is increased to -19.8dB without connecting the two grounds, from the previous value of -

31dB when they are connected together through 5 vias. Fig. 5.22 represents the 

impedance of the antenna on a Smith chart. At f = 908MHz, the antenna input resistance 

is 50.03Ω and its reactance is -2.8Ω, which represents good matching. In Fig. 5.23, the 

radiation pattern of the antenna at the same frequency is illustrated. The maximum 

directivity of 3.3dB is observed for θ = 70
0 

and φ = -50
0
.  

 

Fig. 5.21: Input reflection coefficient of Antenna 2 
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Fig. 5.22: Input impedance of antenna 2 on Smith chart  

 

Fig. 5.23: Radiation pattern of Antenna 2 



93 

 

 

 

Fig. 5.24: Efficiency of antenna 2 

The radiation and total efficiencies of the antenna are shown in Fig. 5.24. At 908MHz 

they are close to 1.3% which is significantly high for an implantable antenna. However, 

the overall size of this antenna is almost 2.2 times that of our previously designed 

antennas [7, 16-17]. In addition, the bandwidth of this Antenna 2 is 18.4% compared to 

our Antenna 1 bandwidth (8.5%). 

 

5.10 Parametric Study of Antenna 2 

Results of the parametric studies on Antenna 2 are shown in Figs. 5.25-5.36. The 

effect of relative permittivity of superstrate on the resonance frequency is illustrated in 

Fig. 5.25 when it was varied from 8 to 10 in steps of 0.5. It was found that the resonance 

frequency is ~908MHz (in the Australian UHF ISM band, 915-928MHz) when the 

permittivity is 9.2. A significant bandwidth (833-1000MHz) was also observed at -10dB 
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reflection coefficient when the permittivity is 9.2. With this permittivity value, the 

frequency of interest was completely covered. In Fig. 5.26, sensitivity of the resonance 

frequency of Antenna 2 is shown when permittivity of biocompatible coating material 

was varied. The relative permittivity of biocompatible coating material was varied from 2 

to 4 in steps of 0.5 and no effect was observed on the resonance frequency. No effect was 

expected as a superstrate with high-permittivity and sufficient thickness (3.2mm) 

separated the coating material from the radiating patch of the antenna. In Fig. 5.27, the 

effect of relative permittivity of fat tissue of rat was presented when the fat permittivity 

was varied between 5 and 10 in steps of 1.0. The resonance frequency of the Antenna 2 

was found almost stable at around 908MHz (10dB return loss) when permittivity of fat 

tissue was varied. The relative permittivity of muscle tissue of rat was varied between 50 

and 70 in steps of 5 and the effect was shown in Fig. 5.28. Although a 10dB return-loss 

bandwidth of 167MHz (833-1000MHz) was obtained for the permittivity of 50 the 

resonance frequency was at ~908MHz. However, resonance frequency was found to be 

shifted slightly with the increase of muscle’s tissue permittivity.  

 

Fig. 5.25: |S11| of Antenna 2 when permittivity of superstrate is varied  



95 

 

 

Fig. 5.26: |S11| of Antenna 2 when permittivity of biocompatible coating material is 

varied  

 

 

Fig. 5.27: |S11| of Antenna 2 when permittivity of fat tissue is varied  

Permittivity of biocompatible coating 

Permittivity of fat tissue 



96 

 

 

Fig. 5.28: |S11| of Antenna 2 when permittivity of muscle tissue is varied  

 

In Fig. 5.29, the effect of permittivity of skin tissue of rat on Antenna 2 was shown 

when it was varied in the range of 30-40 in steps of 2. The resonance frequency was 

stable at around 908MHz (10 dB return loss). In Fig. 5.30, superstrate thickness variation 

effect on Antenna 2 was presented. The return loss was 31dB at a resonance frequency of 

~908MHz when the superstrate thickness is 3.2mm. 

 

Fig. 5.29: |S11| of Antenna 2 when permittivity of skin tissue is varied  

Permittivity of muscle tissue 

Permittivity of skin tissue 
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Fig. 5.30: |S11| of Antenna 2 when superstrate thickness (mm) is varied 

 

In Fig. 5.31, the effect of biocompatible material thickness variation on Antenna 2 is 

illustrated. The resonance frequency remained fairly within the band of interest (915-

928MHz) when the thickness of coating was varied between 0.5 and 2.0mm in 0.5mm 

steps. In Fig. 5.32, the effect of rat skin tissue thickness variation on Antenna 2 is given 

when it was varied from 0.5mm to 2.0mm in steps of 0.5mm. The range of resonance 

frequency detuning was found to be negligible. In Fig. 5.33, the effect of fat tissue 

thickness variation is investigated from 0.5mm to 2.0mm and similar effect due to rat skin 

thickness variation on the resonance frequency was found. 
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Fig. 5.31: |S11| of Antenna 2 when biocompatible material thickness (mm) is varied 

 

 

Fig. 5.32: |S11| of Antenna 2 when rat skin tissue thickness (mm) is varied 
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Fig. 5.33: |S11| of Antenna 2 when fat tissue thickness (mm) is varied 

 

Fig. 5.34: |S11| of Antenna 2 when muscle tissue thickness (mm) is varied 

The muscle tissue thickness variation (18.2-48.2mm) below Antenna 2 was considered 

and stable return loss (30dB) was obtained at ~908MHz when the muscle tissue thickness 

was more than 30.6mm (Fig. 5.34). The negative sign in the muscle tissue thickness value 

indicated that the variation is in –z direction. Thus it is important to consider enough 

muscle tissue below the antenna in the antenna environment model. In Fig. 5.35, Hilbert 
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curve strip width variation (2.0-4.0mm) of Antenna 2 was performed in steps of 0.5mm to 

observe its effect on the resonance frequency of the antenna. There was no effect on the 

resonance frequency with this antenna parameter variation and therefore the designed 

Antenna 2 is very stable on the strip width of this space filling curve. 

 

Fig. 5.35: |S11| of Antenna 2 when Hilbert curve strip width is varied 

 

5.11  Implantable PIFA Antenna Design 3 

The third antenna design is a J-shaped proximity-coupled PIFA. Fig. 5.36 shows the 

geometry of the proposed 4-layers antenna. The optimised overall dimensions of the 

antenna are 13.5mm×11mm×4.25mm. The dimensions of the upper and lower radiating 

patch are 13.5mm×3.5mm and 8mm×10.25mm, respectively. A slot was cut along the 

centre line of the lower patch to extend the current path, which in turn reduces the 

physical size of the antenna. The length and width of the slot are 9.5mm and 1.0mm, 

respectively.  All the metals are printed on FR4 substrates (layers 1-4) with an estimated 

dielectric constant of 4.3. The thicknesses of Substrates 1, 2, 3 and 4 are 1.6mm, 0.8mm, 
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0.8mm and 0.8mm, respectively, including the printed copper layers. The bottom face of 

Substrate 1 is fully metallised and plays the role of a full ground plane. Its area is 

12mm×8.5mm. Substrate 2 is located above Substrate 1, and a capacitive load plate with 

an area of 9.5mm×8mm is printed on its bottom face. The area of this capacitive load 

plate was optimised to fine tune the resonance frequency of the antenna. A J-shaped 

proximity feed line is printed on the bottom surface of Substrate 3, located above 

Substrate 2. Upper and lower radiating patches are printed on the top and bottom faces of 

Substrate 4, respectively. The upper and lower radiating patches are connected using two 

hollow cylindrical vias at the left edge of the geometry (Fig. 5.36(a)). Similarly, the 

capacitive load plate and the lower radiating patch are connected using two vias at the 

right edge of the structure, each of them having an outer radius of 0.25mm and an inner 

radius of 0.20mm.  

The radius of each via has been optimised. A shorting pin with a height of 4.0mm is 

provided at the left corner of the antenna, to connect the lower radiating patch to the 

ground plane, and its radius is also 0.25mm. Hence this antenna belongs to the PIFA 

family. The height of the J-shaped feed plate is 2.4mm above the ground plane of the 

antenna. One end of this J-shaped feed plate is connected to the feed pin which is attached 

with the signal terminal. The height of the capacitive load plate from the ground plane is 

1.6mm and it is located between the ground plane and the J-shaped proximity feed plate. 

An extra radiating patch is added on top of the slotted radiating patch, which 

distinguishes this antenna from our previous implantable PIFA antenna designs [16, 7, 

17]. This extra upper radiating patch increases the length of the current path of the 

antenna and decreases the resonant frequency of the antenna. In addition, the J-shaped 
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proximity feed was designed to increase the impedance bandwidth of the antenna. The 

optimised antenna parameters for antenna design 3 are shown in Table 5.6. 

 

Table 5.6: Optimised Antenna 3 parameters 

Optimized parameters of Antenna 3 Values in mm 

Upper radiating patch length (x-axis) 13.5mm 

Upper radiating patch width (y-axis) 3.5mm 

Lower radiating patch length (x-axis) 10.25mm 

Lower radiating patch width (y-axis) 8.0mm 

Slot  length on lower patch (x-axis) 9.5mm 

Slot  width on lower patch (y-axis) 1.0mm 

Radius of shorting pin and each via 0.25mm 

Height of capacitive load plate (z-axis) 1.6mm 

Ground plane length (x-axis) 12mm 

Ground plane width (y-axis) 8.5mm 

Shorting pin height (z-axis) 4.0mm 

Proximity J-shaped feed  height (z-axis) 2.4mm 

Length of capacitive load plate (x-axis) 9.5mm 

Width of capacitive load plate (y-axis) 8.0mm 
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(a) 

 

(b) 

Fig. 5.36: Geometry of the proposed multilayer PIFA Antenna 3 with a J-shaped 

proximity feed: (a) 3D view and (b) Side view 

 

5.12  Model of Antenna 3 Surrounding Environment 

 The antenna 3 operating environment has been modelled similarly to our previous 

model [8] and also shown in the previous two antenna designs in this chapter. However, 

some dimensions are different (as shown in Table 5.7) in the present model. It consists of 

3-layers: skin-fat-muscle stratification and a bio-compatible material coating box 

surrounding the antenna. The coated antenna is located at an equidistant position from the 
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edges of the vertical sides of the muscle layer. The electrical properties of rat tissue for 

Antenna 3 are the same ones that were used in Antennas 1 and 2 previously. However, a 

different bio-compatible material (Silastic, dielectric constant = 3.01) is used for coating 

the Antenna 3 as well as the RFID circuit board. This is due to the availability of this 

material and its long-term stability as a biocompatible material. 

 

Table 5.7: Surrounding environment model parameters of Antenna 3 

Environment model parameters of Antenna 3 Symbol Value (mm) 

Rat skin layer thickness t1 2 

Fat layer thickness t2 2 

Muscle layer  height t4 56 

Muscle layer  thickness below silastic box t4 - t3 50.7 

Skin, fat and muscle layers length L1 200 

Skin, fat and muscle layers width W1 60 

Silastic box length L2 16 

Silastic box width W2 13.25 

Silastic box height t3 5.3 

Silastic box to muscle edge length L3 92 
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5.13  Optimised Numerical Results of Antenna Design 3 

 Parametric studies of the proposed antenna geometry have been carried out to 

achieve the optimised dimensions of Antenna 3. It is worthwhile to note here that, 

although it seems easy to perform parametric studies using commercial EM simulation 

software, in reality it is not the case for a low frequency implantable antenna to be 

operated at a bandwidth of only 1.4% (915-928MHz) as the resonance frequency may go 

out of the band of interest easily once implanted in animals. The optimised dimensions of 

the surrounding environment model parameters are given in Table VI. The electrical 

properties used in our environment tissue model are taken from [6].  

 

Fig. 5.37: ǀS11ǀ vs. frequency for Antenna 3 

The thickness of the bio-compatible material (Silastic) has been optimised to minimise 

the sensitivity to the tissue layers. The resulting antenna input return loss, input 

resistance, input reactance and radiation pattern are presented below. In Fig. 5.37, the 

antenna input reflection coefficient magnitude is presented. It is evident from the graph 

that a 10dB return-loss bandwidth of 50MHz (885-935MHz) that covers the Australian 
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ISM band is obtained. The return loss is a maximum (22dB) at 906MHz. The antenna 

input resistance as a function of frequency is shown in Fig. 5.38. It is found that at 

906MHz the antenna input resistance is approximately 56Ω and the antenna return loss is 

22dB. 

 

Fig. 5.38: Antenna 3 input resistance vs. frequency  

 

Fig. 5.39: Antenna 3 input reactance vs. frequency 
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Fig. 5.40: Antenna 3 input impedance on Smith chart 

 

Fig. 5.41: Radiation pattern of Antenna 3 

800MHz 

1100MHz 
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Fig. 5.39 represents the antenna input reactance as a function of frequency. We 

observe that the antenna input reactance converges to approximately zero ohm at around 

925MHz. In Fig. 5.40, the antenna input impedance is shown on a Smith chart for the 

frequency range between 800MHz and 1100MHz. It is noticed that the locus of the 

impedance curve passes very close to the unity point at 906MHz. Finally, the antenna 

radiation patterns in the XZ and YZ planes are shown in Fig. 5.41. It shows that the 

maximum radiation is obtained outwards from the rat’s body through the skin. However, 

an appreciable back radiation is also observed, but that is a trade-off that has to be made 

when designing such compact implantable antennas. The far-field absolute directivity in 

2-D is shown in Fig. 5.42. The maximum absolute directivity is found as 2.93dBi at 

900MHz. The radiation and total efficiencies of Antenna 3 (Fig. 5.43) are in good 

agreement, i.e. they converge at around 900MHz. 

 

Fig. 5.42: Far-field absolute directivity in 2-D 
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Fig. 5.43: Efficiencies of Antenna 3 

Similar to designs of Antenna 1 and Antenna 2, Figs. 5.44-5.50 illustrate the 

results of the parametric studies on antenna design 3 parameters as well as on its 

surrounding environment parameters. Their brief descriptions are provided on each graph. 

 

5.14  Parametric Study of Antenna 3 

In Fig. 5.44, effect of biocompatible material thickness variation on antenna 3 was 

illustrated. The resonance frequency remained fairly within the band of interest (915-

928MHz) at 10 dB return loss when the thickness of biocompatible coating (Silastic, 

dielectric constant = 3.0 at100KHz) was 1.0mm. When the thickness was varied between 

1.0mm and 3.0mm in 0.5mm steps the resonance frequency was out of the band of 

interest and no BW was found at 10dB return loss. 
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Fig. 5.44: |S11| of Antenna 3 when thickness (t) of bio-compatible coating material is 

varied 

 

Fig. 5.45: |S11| of Antenna 3 when slot length on the radiating patch is varied  

 

In Fig. 5.45, the return loss of the antenna was plotted when the slot length on the 

top radiating patch was varied between 3.5-7.5mm. It was found that increasing the slot 
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length from 3.5mm to 7.5mm will decrease the resonance frequency approximately from 

965MHz to 915MHz. This slot length can be utilised to retune the resonance frequency of 

the implanted antenna within a limited range if detuning of the antenna due to the 

variations of muscle, fat and skin layers occurs. Although the return loss also changed due 

to slot length variation, it was always greater than 10dB with a sufficient 10dB return-loss 

(~100MHz). The resonance frequency was in the range of the target bandwidth with the 

slot length value of 7.5mm. 

In Fig. 5.46, the return loss of the antenna was plotted when the gap between 

capacitor load plate and shorting pin was varied from 2.5mm to 3.0mm in steps of 

0.25mm. It was found that increasing the gap from 2.5mm to 3.0mm will decrease the 

resonance frequency approximately from 946MHz to 926MHz. This gap also can be 

utilised to retune the resonance frequency of the implanted antenna within a limited range 

if detuning of the antenna due to the variations in the surrounding model parameters.  

 

Fig. 5.46: |S11| of Antenna 3 when gap varied between capacitor load plate and shorting 

pin  
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The best value for the return loss was found to be nearly 55dB at 946MHz when 

the gap was 3mm, but it was out of the band of interest. The gap of 2.5mm between 

capacitor load plate and shorting pin for antenna design 3 provided the desired operating 

frequency with a bandwidth of 50MHz. 

The return loss as function of frequency of the antenna 3 was plotted (Fig. 5.47) 

when length of J-shaped proximity feed plate was varied along the x-axis from 3.5mm to 

4.5mm in steps of 0.5mm. It was found that increasing the length of J-feed plate from 

3.5mm to 4.5mm will decrease the resonance frequency slightly (946MHz to 943MHz). 

This length can be utilised to match the impedance of the implanted antenna within a 

limited range if required. The resonance frequency was out of the band of interest for 

each length variation, however, at 10dB return loss, the target Australian ISM band (915-

938MHz) was covered by the obtained bandwidth (914-970MHz).  

 

 

Fig. 5.47: |S11| of Antenna 3 when length of J-shaped proximity feed plate is varied along 

x-axis  
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Fig. 5.48: |S11| of Antenna 3 when permittivity of skin tissue is varied  

In Figs. 5.48-5.49, the effects of relative permittivities of skin and muscle tissues of rat 

were presented when (for skin, variation is 30-40 and for muscle, variation is 50-70). The 

resonance frequency of the Antenna 3 was found almost stable at around 920MHz (10dB 

return loss) when permittivities of rat tissues were varied. 

 

Fig. 5.49: |S11| of Antenna 3 when permittivity of muscle tissue is varied  
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In Fig. 5.50, the effect of biocompatible coating material on the Antenna 3 resonance 

frequency was illustrated when relative permittivity of material was varied between 2.5 

and 3.5 in steps of 0.2. The resonance frequency was decreased from 925MHz to 

890MHz and |S11| of the antenna was also decreased gradually at value of -17dB. The 

thickness of rat skin on top of the coating material was varied in the range of 2mm to 

6mm and the effect on Antenna 3 resonance frequency is shown in Fig. 5.51. A little 

effect was found and optimum |S11| of the antenna was -35dB at 915MHz. Fig. 5.52 

shows the sensitivity of Antenna 3 resonance frequency when the upper radiating patch 

length was varied from 8mm to 12mm in steps of 1.0mm. The resonance frequency 

shifted down to 900MHz from 925MHz with this length variation range (8mm-12mm). 

The |S11| of the Antenna 3 was found to be -20dB at 900MHz while it was -40dB at 

925MHz. 

 

Fig. 5.50: |S11| of Antenna 3 when permittivity of biocompatible coating material is 

varied  
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Fig. 5.51: |S11| of Antenna 3 when rat skin thickness is varied  

 

 

 

Fig. 5.52: |S11| of Antenna 3 when top radiating patch length is varied  
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5.15    Performance Comparison of Antenna 2 and Antenna 3 

In this section, we compare the return losses, input impedances, radiation patterns 

and radiation efficiencies of Antenna 2 and Antenna 3. In Fig. 5.53, return losses (|S11|) 

are compared. The maximum return loss of Antenna 2 is 30.8dB at 909MHz while it is 

22.7dB for Antenna 3 at 920MHz. Although the resonance frequencies of the antennas 

are within the band of interest (915-928MHz), a 11MHz frequency shift is observed 

between the two resonance frequencies. Antenna 2 has a significantly wider 10dB return 

loss bandwidth of 167MHz, compared to 50MHz bandwidth of Antenna 3. Fig. 5.54 

compares the input impedances between Antenna 2 and Antenna 3. The resistances of 

Antenna 2 and Antenna 3 are 53Ω (Fig. 5.54(a)) at 920MHz and 49.8Ω (Fig. 5.54(b))  at 

908MHz, respectively. The reactances of Antenna 2 and Antenna 3 are -6.7Ω (Fig. 

5.54(a)) at 920MHz and -2.8Ω (Fig. 5.54(b))  at 908MHz, respectively.  

 

 

Fig. 5.53: |S11| of Antenna 2 and Antenna 3 
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(a) 

 

(b) 

Fig. 5.54: Input impedances of Antenna 2 and Antenna 3: (a) Antenna 2; (b) Antenna 3 
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Radiation patterns of Antenna 2 and Antenna 3 at 900MHz are illustrated in Fig. 

5.55  On φ = 0° plane, the maximum directvity of Antenna 2 is found to be 2.5dBi when θ 

= 45° while it is 2.1dBi for Antenna 3 when θ = 75°. On φ = 90° plane,  the maximum 

directivities of Antenna 2 and Antenna 3 are 2.0dBi (θ = 60°) and 1.2dBi (θ = -65°), 

respectively. The absolute peak directivity of Antenna 2 is 3.4 dBi in φ = -45° , θ = 65° 

direction. For Antenna 3, it is 2.9dBi in φ = 20° , θ = -90° direction.   Finally, Fig. 5.56 

compares the radiation efficiencies. The efficiencies of Antenna 2 and Antenna 3 are 

1.3% and 0.38%, respectively in the centre frequency (921.5MHz) of the Australian UHF 

ISM band (915-928MHz). A summary of antenna sizes, bandwidths and radiation 

efficiencies of the two antennas is presented in Table 5.8. 

 

 

Fig. 5.55: Radiation pattern cuts of Antenna 2 and Antenna 3 at 900MHz on φ = 0° and  

φ = 90° planes 
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Fig. 5.56:  Radiation efficiencies  of Antenna 2 and Antenna 3 

 

Table 5.8: Summary of antenna 2 and antenna 3 parameters 

Antenna Antenna 

Volume 

(cm
3
) 

Antenna 

Area 

(mm
2
) 

10 dB return -loss 

Bandwidth 

(MHz) 

Radiation 

Efficiency 

Antenna2 6.27 25×33 

(coated: 27×34) 

18.4% 

(833-1000) 

1.3% 

Antenna 3 0.63 13.5 ×11 

(coated: 14.5 ×12) 

5% 

(885-935) 

0.38% 

 

A 10dB return-loss bandwidth of 18.4% (833-1000MHz) is found for Antenna 2 

which is much larger than the Australian UHF ISM band of interest. The predicted 

bandwidth of the much smaller Antenna 3 is approximately 5% (885-935MHz) but it also 

comfortably covers the band of interest. The maximum radiation for both the antennas is 

outwards through the skin which is desirable to reduce significant absorption loss by 
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biological tissues. Thus, either of the implanatble Antenna 2 and Antenna 3 can be used 

for implantable bio-telemetry by attaching them to an RFID-tag but Antenna 3 has a 

significant advantage in compactness at the expense of radiation efficiency. 

 

5.16    Comparison of Designed Antennas and a Reference [29] Antenna  

In order to evaluate the performance of each designed antenna, a comparison is made 

between all three antennas as well as with a reference antenna from the recent research in 

the field of implantable miniaturised antennas. Table 5.9 shows the comparison of the 

designed implantable PIFAs and a reference antenna [29]. The reference antenna is an 

implantable folded dipole type and coated with transparent glass material (dielectric 

constant = 5) and designed to be injected (implanted) into human body by a syringe   It is 

observed that although bandwidth is larger, the radiation efficiency of the reference 

antenna [29] is poor compared the designed implantable Antennas 1, 2 and 3. This is the 

trade-off of the design. The largest size of the Antenna 2 ensures the highest radiation 

efficiency. The impedance bandwidth of Antenna 2 is 1.3% (833MHz-1000MHz). This 

Antenna 2 (25mm×25mm×7.6mm) needs extra space (~10mm length extension) on the 

RFID-tag PCB. The extension of PCB length may be compensated by cutting the PCB 

from the far end which is reserved for button battery and a smaller-radius button battery 

may be used near to the proposed Antenna 3. The space allocated for the current button 

battery on the RFID-tag PCB is quite large (23mm×33mm) compared to the size 

(60mm×33mm) of the RFID-tag PCB, more than one-third of the size of the PCB. The 

radiation efficiencies of antenna designs 1 and 3 are almost same (~0.4%). However, the 

bandwidth of antenna design 1 is larger (bandwidth = 9.2%) than that of antenna design 3 

(bandwidth = 5%). Their overall sizes are also nearly identical (~576mm
3 

and 631mm
3
). 
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Table 5.9: Comparative Studies of Designed Antennas and Reference Antenna [29] 

Antenna Antenna size 

(mm
3
) 

Resonance 

Frequency 

(MHz) 

Bandwidth Radiation 

Efficiency 

Antenna 

design 1 

12×12×4mm
3
 919.5MHz 9.2% 

(877-962MHz) 

0.4% 

Antenna 

design 2 

25×25×7.6mm
3
 908MHz 18.4% 

(833-1000MHz) 

1.3% 

Antenna 

design 3 

13.5×11×4.25mm
3
 910MHz 5% 

(885-935MHz) 

0.38% 

Reference 

antenna [29] 

20.3×0.8×0.8mm
3
 953MHz 16.2% 

(850-1000MHz) 

0.15% 

 

5.17    Conclusion 

In antenna design 1, the effects of some antenna parameters, environment model 

parameters and bio-compatible layer permittivity on the antenna return loss have been 

investigated. It is found that possible variations in rat’s tissues do not have a significant 

effect on antenna matching and bandwidth. Hence the designed antenna should operate 

well if those parameters change for any reason. Within the reasonable range the antenna 

return loss is more sensitive to some antenna parameters, and to the biocompatible layer 

permittivity. Significant variations are observed when the dielectric constants of substrate 

and silicone are changed over a wide range. Lesser variations are observed with the patch 

slot length and the capacitive load plate length. This sensitivity can be exploited to retune 
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the antenna if it is detuned, for example, due to additional packaging or attaching it to a 

RF circuit board, which could have a larger ground plane. The bandwidth of the antenna 

is predicted at around 9.2% (877-962MHz) with a return loss of 10dB, which is promising 

for the 900MHz ISM band. However, the radiation efficiency of the antenna is low 

(0.4%). As the antenna bandwidth under predicted conditions is much greater than the 

bandwidth of the ISM band, the antenna will continue to operate well even when the 

operating environment changes. 

The resonance frequency of the Antenna 2, implantable Hilbert PIFA, detunes due to 

the presence of the dielectric bio-compatible coating around the antenna. The effect of the 

connection of the antenna to the RFID-tag PCB ground plane has been investigated. It 

was found that for a better impedance matching, the two ground planes must be 

connected. A 10dB return-loss bandwidth of 18.4% (833-1000MHz) was found which is 

adequate for the Australian UHF ISM band. 

Finally, an implantable PIFA antenna with a J-shaped proximity feed has been 

designed for 900MHz ISM band and the key antenna parameters have been studied. 

Despite the compact size of the antenna the predicted10dB return-loss bandwidth is 

greater than 5% (885-935MHz). The maximum radiation of the antenna is outwards from 

the rat’s body; this is desirable to avoid significant body absorption loss. Thus, the 

antenna can be used with our existing RFID circuit board in which the RF chip is matched 

to 50Ω.  
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Chapter 6  

 

Implantable PIFA for Ground Plane Side on 

RFID Tag PCB 

 

 

6.1  Introduction 

The RFID tag PCB that has been considered to be implanted in a laboratory rat has 

two spaces available for the antenna: one is on the component side and the other is on the 

ground plane side. In the previous chapter 5, the designs and parametric studies of three 

implantable PIFA antennas for the component side of the RFID tag PCB board were 

described in detail. In this chapter, design and parametric studies of an implantable 

antenna for the ground plane side of RFID-tag PCB are presented. Since the antenna and 

RFID-tag PCB ground planes are on the same side and adjacent, an optimised partial 

ground slot was created between them.  

 

6.2  Chapter Contributions and Background 

6.2.1  Chapter Contributions  

The contributions of this chapter are: 

• Design of an implantable antenna to be attached on the ground plane side of the 

commercial RFID-tag PCB 

• Creating a slot between the implantable PIFA antenna and RFID-tag grounds to 

improve the performance of the antenna and study its effect on the antenna. This 

slot has been optimised with parametric study. 
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• Investigation of the sensitivity of the antenna for various antenna parameters and 

its surrounding environment parameters. 

• Understand the effect of the ground plane of the commercial RFID-tag PCB on 

the antenna performance in terms of input reflection coefficient, efficiency and 

radiation pattern 

6.2.2  Background 

The ground plane side of the commercial RFID tag PCB is shown in Fig. 6.1, and its 

larger ground plane is fortunately adjacent to the space available for an implantable PIFA, 

shown by the red coloured contour. As ground plane of our designed PIFA is smaller, we 

have increased the bandwidth by combining the RFID circuit board ground plane with the 

antenna ground plane. To achieve this bandwidth enhancement, a ground slot technique 

has been applied.  

 

Fig. 6.1: Ground plane side of the implantable RFID tag PCB 
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A number of PIFAs [20, 77-82] have been reported recently. In [20], two PIFAs have 

been designed and characterised for biotelemetry applications in the Medical Implant 

Communications Services band (MICS) at 402-405MHz. Mutual coupling effects have 

been presented in [77] for a MIMO terminal with an array of PIFAs; each PIFA has the 

dimensions of 15mm×8mm in free space. However, the ground plane of the PIFA array is 

significantly larger (100mm×50mm×0.8mm) since it is designed for use with modern 

mobile phone sets. A frequency tuning method has been reported in [78] for a PIFA to 

cover the GSM bands (GSM850, GSM900 and GSM1800) as well as the PCS1900 and 

UMTS bands. A compact PIFA with a capacitive load and a capacitive feed has been 

proposed in [79] for application with dual-band operation of mobile phones. In [80], low-

profile PIFA array antennas for UHF RFID tags are described extensively, including the 

possibility of using micro-strip line for input impedance matching to a RF module. 

Modifying the ground plane with slots on it and its effect on the performance of PIFAs is 

described in [81]. Bandwidth enhancement has also been demonstrated in [82] by 

inserting a single slot on the ground plane of a PIFA antenna. Like PIFAs, antennas with 

fractals and space-filling curves [83-100] have also gained attention among the antenna 

researchers recently because of their compactness features. 

The PIFA is widely used in space-critical applications. A shorting pin mechanism 

makes the PIFA a quarter wave-length long electrically but much smaller physically. 

Generally, in a PIFA, a parallel radiating patch is separated from a finite ground plane 

and various techniques such as inserting a proximity feed and cutting slots (on the patch, 

the ground plane or both) are applied to enhance the bandwidth of the antenna. The 

resonance frequency of a PIFA operating in the free space can be expressed as:  
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     where L and W are the length and width of the radiating patch, c is the speed of light 

and εr  is the relative permittivity of the material sandwiched between the radiating patch 

and the ground plane. Using the above equation, the free-space resonance frequency of 

our antenna is calculated so that we can estimate the decrease of resonance frequency 

when it is implanted into the body of a rat. A rough estimate is obtained by applying this 

technique. It is found that around one-fourth of the free-space resonance frequency is 

obtained once the antenna is under the rat skin. This is the basis of our PIFA antenna 

design for the 900MHz ISM band. 

 

6.3 Implantable RFID Tag Antenna Design 

We have designed an implantable compact PIFA for the RFID tag [101] provided by 

our industry partner [102]. This antenna has been custom designed to be interfaced (i.e. 

impedance matched) with the RF module (900MHz ISM band) of the RFID tag which is 

known to work in free space. Our proposed antenna is based on the investigation reported 

in [81], where it was shown that by creating appropriate slots on the ground plane one 

could improve the bandwidth of a PIFA antenna. In our research, a ground slotted PIFA 

antenna has been designed and simulated to optimize the bandwidth of the antenna. In 

particular, we aimed to enhance the bandwidth of the antenna by strategically connecting 

the antenna ground plane with the ground plane of the existing RFID tag, which operates 

at 900MHz, so that the device would operate well under the skin of a freely moving 

experimental rat. To find the optimum attachment of the two ground planes, we 
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performed computer simulations with a ground slot of variable length between the two 

ground planes. Electrical properties such as the permittivity and conductivity of biological 

materials that are required for the simulation were taken from [20].  

Fig. 6.2 shows the geometry of our proposed PIFA antenna. In our design, we have 

considered the RFID active tag that operates in free space. The dimensions of the RFID 

circuit board (FR-4, ε=4.3, loss tangent =0.025) is 60mm×33mm×1.6mm and its ground 

plane area is 23mm×33mm. The ground plane area of our PIFA antenna is 9.5mm×33mm 

and it is partially connected to the ground plane of the RFID tag to increase the bandwidth 

of the antenna. However, a slot is maintained between the two ground planes to optimise 

the bandwidth of the antenna. The optimum dimension of the slot between the two 

grounds was found to be 24mm×1mm.  This ground slot optimisation is possible by 

varying the width of the antenna ground plane and the length of the copper strip 

connecting the two grounds. There is no option to change the dimension of the ground 

plane of the RFID tag PCB. The size of the radiating patch is 11mm×13mm with a 

resonance frequency tuning slot at the centre of the patch along the y-axis. This tuning 

slot on the radiating patch is optimised and the length and width of the slot are 9.5mm and 

3mm, respectively.  

The FR4 substrates used in our design have dielectric constant, 3.4=rε  and loss tangent, 

025.0tan =δ  unless otherwise stated. A capacitive feed plate is inserted between the top 

radiating patch and the antenna ground plane. The height of this feed plate is 2.4mm from 

the antenna ground and the height of the top radiating patch from it is 1.6mm. A 

microstrip feed line is connected to the feed point and it is traced below the antenna 

ground plane. The optimised length and width of the microstrip feed line are 10mm and 

3mm, respectively.  
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 (a) 

 
(b) 

 
(c) 

Fig. 6.2: Proposed implantable PIFA antenna: (a) 3D view, (b) Side view, and  

(c) Top view 
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A shorting pin with an optimised radius of 0.5mm is attached between the front 

left corner of the radiating patch and the antenna ground to reduce the size of the antenna. 

The antenna design parameters are given in Table 6.1.  

Table 6.1: Optimised parameters of the designed antenna 

Name of  the parameter Symbol Value (mm) 

Upper radiating patch length LP 11 

Upper radiating patch width WP 13 

Upper patch slot  length  LS 9.5 

Upper patch slot  width WS 3 

Feed plate length LF 9.5 

Feed plate width WF 13 

Ground plane length LG 9.5 

Ground plane width WG 33 

Microstrip line length LM 10 

Microstrip line width WM 3 

FR-4 substrate 1 height h1 1.6 

FR-4 substrate  2 height h2 2.4 

FR-4 substrate 3  height h3 1.6 

Ground connector length LGC 1 

Ground connector width WGC 9 

Short pin height h1+h2 4 

Feed point location (xF,yF) (0, 4) 

RFID circuit ground length LGRFID 23 

RFID circuit ground width WGRFID 33 

 

In Fig. 6.2(a), a 3D view of the proposed implantable PIFA antenna is shown. The 

front view of the proposed PIFA antenna is shown in Fig. 6.2(b). The thick black lines are 

the copper metal parts of the antenna. Three FR4 substrates are stacked together. On the 

top surface of FR4 Substrate 1, the radiating patch is placed. The feed plate is placed at its 

bottom surface. The antenna ground plane is placed between Substrate 2 and Substrate 3. 

The RFID ground plane is placed on Substrate 3 as well. The widths of the two ground 
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planes are both 33mm. The shorting pin connects the upper most radiating patch and the 

antenna ground plane. One of the vias connects the feed plate to the microstrip line while 

the other via passes through Substrate 3 to make the ground point available at the bottom 

side of Substrate 3. The heights of FR4 Substrates 1, 2 and 3 are 1.6mm (h1), 2.4mm (h2) 

and 1.6mm (h3), respectively. Although 2.4mm thick FR4 substrates are not available 

commercially, it can be constructed by combining 1.6mm and 0.8mm thick FR4 

substrates. Fig. 6.2(c) shows the top view of antenna. 

 

6.4  Model of the Antenna Environment 

A model of the antenna operating environment has been created. It represents the 

biological material of a rat as shown in Fig. 6.3. At first, the antenna and the RFID tag are 

enclosed by a biocompatible material (silicone, ε=11.9, σ=0.00025) with a maximum 

1mm thickness.  

 

Fig. 6.3: The model of the antenna operating environment 
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Table 6.2: Antenna Environment Parameters 

Name of the parameter Symbol Value 

 (mm) 

Rat’s skin thickness on fat layer t1 2 

Fat layer thickness on silicone t2 2 

Silicone box thickness  t3 7.8 

Skin layer length along X-axis L1 103 

Skin layer width along Y-axis W1 75 

Fat layer length along X-axis L1 103 

Fat layer width along Y-axis W1 75 

Muscle layer length along X-axis L1 103 

Muscle layer width along Y-axis W1 75 

Muscle  thickness along Z-axis t4 19.6 

Silicone box length L2 62 

Silicone box width W2 35 

 

This is on the outer surface of the antenna structure and RFID circuit board. It 

produces a brick-shaped insulated implantable RFID tag. Then it is embedded into the 

muscle of a rat allowing 20mm in all directions except the top side which is covered by a 

fat layer (2mm). The upper most layer is the skin (2mm) of the rat. In our model, we have 

considered 2mm thickness for both the fat and skin layers since the simulation results 

confirm a negligible effect on the antenna performance even when their thickness is 
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further increased. Similarly, a 20mm thickness for the rat’s muscle was assumed around 

the implantable RFID tag when the simulation was conducted. The depth or thickness of 

the muscle below the insulated implantable RFID tag is also 20mm. Table 6.2 lists the 

values of the environment variables. The antenna return loss, impedance bandwidth, 

impedance matching and radiation patterns have been obtained from our simulations with 

and without connecting the antenna ground with the RFID circuit ground. The model of 

the antenna operating environment has been included in these simulations, to represent 

the rat’s body material. The electrical properties of the biological tissues, as shown in 

Table 6.3, are used in the simulations, and their values are taken from the graphs shown 

in Figs. 6.4-6.5 [6]. 

Table 6.3: Electrical Properties of Biological Tissues 

Name of Tissue 

Dielectric 

Constant    

(εr ) 

Electrical 

Conductivity (σ)  

S/m 

Rat skin 32 0.69 

Fat 5.6 0.08 

Muscle 58.8 0.84 

 

Fig. 6.4: Relative permittivity of rat skin [6] 
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Fig. 6.5: Conductivity of rat skin [6] 

 

6.5  Parametric Study of the Implantable Antenna 

Parametric studies of the proposed implantable PIFA antenna were conducted by varying 

different antenna parameters and the surrounding environment parameters. The 

parametric study results are shown from Fig. 6.6 to Fig. 6.26. Some antenna parameters 

and the surrounding environment parameters are varied for the parametric studies and a 

brief description of each parametric study is provided in this section. The following 

parameters are considered to observe their effects:  Width of microstrip feed line, radius 

of shorting pin, thickness of surrounding bio-compatible coating, thickness of 

surrounding fat layer, length of feed plate, width of feed plate, length of ground slot, 

width of ground slot, length of slot on radiating patch, slot width on radiating patch, 

length of surrounding tissue layers, thickness of surrounding muscle layer and relative 

permittivity of surrounding bio-compatible coating. 
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6.5.1 Variation of radius of shorting pin 

The shorting pin location of the proposed antenna is shown in Fig. 6.6 and the radius 

of the shorting pin is varied from 0.1mm to 0.5mm. The height of the shorting pin is 

5.6mm. The input matching of the antenna is improved from -22.6dB to -31.9dB (Fig. 

6.7) as the radius of the shorting pin is increased from 0.1mm to 0.5mm respectively. The 

frequency tuning of the antenna is improved within the band of interest (Australian UHF 

ISM band, 915-928MHz). There is no change of the bandwidth of the antenna. 

 

Fig. 6.6: Shorting pin location on the proposed implantable PIFA  

 

Fig. 6.7: |S11| vs. frequency when radius of shorting pin is varied 

Shorting pin 
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6.5.2     Variation of thickness of bio-compatible coating 

The bio-compatible coating material applied to the surrounding environment 

model for our antenna is lossy silicone with a dielectric constant of 11.9 and a 

conductivity of 0.000025S/m. This material has a higher conductivity than other bio-

compatible material, which has a dielectric constant of about 3.0 but acts as insulation 

for the antenna. When the thickness of the silicone is increased over the range of 1mm-

3mm the effect of rat tissue on the antenna decreases and the antenna performance  

degrades (-31.9 to -13.4dB) as seen from Fig. 6.8. The resonance frequency shifted 

down from 918.3 MHz to 873.6MHz as thickness increases from 1.0mm to 3.0mm. 

 

Fig. 6.8: |S11| vs. frequency when thickness of bio-compatible coating is varied 

 

6.5.3    Variation of fat tissue thickness (t2) 

In order to determine the effect of the fat tissue thickness on the performance of the 

proposed antenna, the fat tissue thickness was varied between 0mm and 2mm (Fig. 6.9). 

In this case, 0mm fat tissue thickness means there is no fat layer on top of the bio-
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compatible material of the antenna and the skin layer touches the silicone coating. The 

thickness of the skin layer is maintained as 2mm all the time when the fat layer thickness 

is varied.  It is clear from Fig. 6.9 that a slight frequency shift (increases from 914.3 to 

917.3 MHz) of the antenna occurs and the optimum input reflection coefficient is 

achieved at 917.3MHz. The antenna bandwidth is improved from 180MHz (820MHz-

1000MHz) to 200MHz (800MHz-1000MHz) when the fat tissue thicknesses are 0mm and 

2mm respectively. It is also found that there is no further improvement of the antenna 

performance when the fat thickness is increased from 1.5mm to 2mm at a-30dB input 

reflection coefficient.  

 

Fig. 6.9: |S11| vs. frequency when thickness of fat layer is varied 

 

6.5.4    Variation of proximity feed plate length (LF) 

The proximity feed plate location is shown in Fig. 6.10; one end is connected to a 

cylindrical vertical pin known as a via. The open end of the proximity feed plate is 

varied which in turn changes the length. When the length is increased from 8mm to 
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12mm the input reflection coefficient is improved from -21.2dB at 900.9MHz to -

30.1dB at 916.7MHz as shown in Fig. 6.11. The BW of the antenna is increased from 

200MHz (800MHz-1000MHz) to 210MHz (800MHz-1010MHz) when the length of 

the feed plate is increased from 8mm to 12mm (optimised length). 

 

Fig. 6.10: Proximity feed plate location on the proposed implantable PIFA  

 

Fig. 6.11: |S11| vs. frequency when length (L) of feed plate is varied  
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6.5.5    Variation of proximity feed plate width (WF) 

The effect of the feed plate variation on the resonance frequency is shown in Fig. 

6.12. In Fig. 6.10, the proximity feed plate location is shown. The width (WF) of the 

proximity feed plate is varied between 9mm to 13mm. When the width is increased 

from 9mm to 13mm the input reflection co-efficient is improved from -21.2dB at 

905.7MHz to -30.0dB at 917.9MHz. The bandwidth of the antenna is increased from 

200MHz (900MHz-1000MHz) to 205MHz (800MHz-1005MHz) when the width of 

feed plate is increased from 9mm to 13mm (optimised width). 

 

Fig. 6.12: |S11| vs. frequency when width (W) of feed plate is varied  

 

6.5.6    Variations of length and width of ground slot 

The slot between the RFID tag PCB ground and the antenna ground is shown in 

Fig. 6.13. The length and width of the ground slot is varied to see their effects on the 

performance of the antenna. First the length of the ground slot is varied from 8mm to 

28mm and its effect is observed as shown in Fig. 6.14. The resonance frequency of the 
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antenna is 850MHz when the slot length is 8mm.The optimised slot length is 20mm at 

a 25dB return loss and the resonance frequency of the antenna is found to be 

914.8MHz. The bandwidth covered with this optimised ground slot length is 230MHz 

(790MHz-1020MHz).  

 

Fig. 6.13: Ground slot location on the proposed implantable PIFA 

 

 

Fig. 6.14: |S11| vs. frequency when the length of ground slot is varied 
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Fig. 6.15: |S11| vs. frequency when the width of ground slot is varied 

Secondly, keeping the optimised ground slot length fixed (20mm), the width of the slot 

is varied between 0.2mm to 1.0mm and its effect is presented in Fig. 6.15. The best value 

of the input reflection coefficient of the antenna is found to be -30dB with the optimised 

ground slot width of 1.0mm. However, with ground slot width of 0.2mm the antenna 

reflection coefficient is very close to the best value. The resonance frequency lies within 

the Australian UHF ISM band and the bandwidth is 230MHz (800MHz-1030MHz). 

 

6.5.7    Variations of length and width of slot on radiating patch 

A slot is cut on the radiating patch of the antenna and its location is shown in Fig. 

6.16. Its length and width are varied in the ranges of 2.5mm to 10.5mm and 1.0mm to 

3.0mm, respectively. The responses to the length and width variations of the slot on 

the radiating patch are shown in Figs. 6.17-6.18. It is evident from Fig. 6.17 that the 

sensitivity of the antenna return loss is more due to length variations of the slot than to 

its width variations (Fig. 6.18). The resonance frequency shifted down from 

982.8MHz to 917.7MHz when the slot length was increased from 2.5mm to 10.5mm. 
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Thus, this slot can be utilised for retuning the antenna to a desired frequency range if it 

is detuned due to some reason. The optimised value of the slot length on the radiating 

patch is 10.5mm at 917.7MHz (30dB return loss) while the optimised slot width is 

1.0mm at 918MHz (30 dB return loss). 

 

Fig. 6.16: Location of the slot on the radiating patch of the proposed implantable PIFA 

 

 

Fig. 6.17: |S11| vs. frequency when patch slot length is varied  

Slot on radiating patch 
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Fig. 6.18: |S11| vs. frequency when the patch slot width is varied  

 

6.5.8    Variation of length of tissue layers 

The weight and size of the rat may increase when the antenna is already implanted 

in the rat. Therefore, the length of rat tissue (muscle, fat and skin) is varied from 

100mm to 200mm to determine the effect on the antenna input reflection coefficient. 

No effect on the antenna performance is found with variation of the rat tissue as shown 

in Fig. 6.19.  

 

Fig. 6.19: |S11| vs. frequency when length of tissue layers is varied simultaneously  
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6.5.9    Variation of thickness of muscle tissue  

The thickness of the rat muscle tissue may change when the antenna is already 

implanted in the rat. Therefore, the thickness of the rat muscle tissue is varied from 

15mm to 55mm below the antenna to observe its effect on the antenna input reflection 

coefficient.  

 

Fig. 6.20: |S11| vs. frequency when thickness of muscle layer below antenna is varied 

 

Fig. 6.21: E-field (φ=0) in XZ plane when thickness of muscle below antenna is varied 
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Although there is shift of the resonance frequency, the antenna performance is 

improved. The best value of the return loss is found to be 50dB at 920MHz as shown in 

Fig. 6.20 when the thickness of muscle layer below the antenna is 55mm. The effects on 

E-field, antenna efficiency and radiated power due to rat muscle tissue thickness 

variations are illustrated in Figs. 6.21-6.23, respectively. 

 

Fig. 6.22: Efficiency when thickness of muscle layer is varied 

 

Fig. 6.23: Radiated power when thickness of muscle layer is varied  

 



145 

 

6.5.10    Variation of relative permittivity of biocompatible coating  

The implantable device must be coated with the bio-compatible material before being 

placed inside an animal such as a rat to isolate it from the body tissue. In this section, the 

effect of this biocompatible coating material is studied by changing its relative 

permittivity between 2 and 12 as shown in Fig. 6.24. A significant frequency detuning of 

the proposed antenna is found, i.e. the frequency is shifted down to 912.8MHz at a 

relative permittivity of 12 from 1150MHz at a relative permittivity of 4. The optimum 

input reflection coefficient of the proposed antenna is -36.2dB at 947.2MHz and the BW 

is approximately 210MHz (~22%) at a 10dB return loss. 

 

 

Fig. 6.24: |S11| vs. frequency when relative permittivity of bio-compatible coating is 

varied 

 

 

 

 

 



146 

 

6.6  Creating an Optimised Slot between Antenna and RFID tag PCB 

Grounds  

In this section, we present our implantable PIFA (11mm×13mm×5.6mm) with a 

slotted (optimised) ground plane, operating in the 900MHz Australian ISM band, custom 

designed for implantation under the skin of a rat. It is possible to connect the RFID tag 

PCB board larger ground to the designed PIFA ground simply by soldering them since 

they are on the same side of PCB. However, because creating slot on the ground can 

improve the performance [82], a slot between two grounds was created and optimised. 

The main purpose of this was to further enhance the bandwidth of the PIFA. The antenna 

bandwidth was enhanced further (Fig. 6.25) by partially connecting the antenna ground 

plane to the RFID circuit ground plane, leaving an optimised slot between them. The 

antenna operating environment was modeled and included when the antenna was 

simulated and optimised. Our results show that the directivity (Fig. 6.26) of the antenna 

also improves with the slotted ground connection. It is also found that the directivity as 

well as the return loss of the PIFA improved significantly with the optimisation of the slot 

on the RFID ground. The direction of maximum radiation is exactly normal to the 

radiating patch of the designed PIFA after the slot is optimised. The return loss of the 

antenna has been increased by about 7.0dB at 927MHz with the optimised slot on the 

ground plane. Thus, by designing an optimum slot on the RFID ground plane, one can 

improve the implantable antenna performance for space limited applications. The design 

details of a PIFA with ground slots to improve the performance can be found in [17, 81]. 
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Fig. 6.25: |S11| vs. frequency with and without ground slot 

 

 

Fig. 6.26: Antenna radiation pattern with and without ground slot 
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6.7  Optimised Results and Discussions 

We have performed computer simulations with the antenna surrounding environment 

model presented earlier in this chapter to obtain the following antenna parameters: (i) 

antenna input return loss, (ii) antenna input resistance, (iii) antenna input reactance, and 

(iv) antenna directivity. In all simulations, we have plotted the results with and without 

connecting the RFID tag ground and antenna ground plane together. A slot between these 

two grounds have been optimised (length and width) before plotting the graphs. 

 

Fig. 6.27: ǀS11ǀ vs. frequency of the antenna, with and without antenna ground 

connection to the RFID tag PCB ground 

 

In Fig. 6.27, the antenna input reflection coefficient is presented with and without the 

RFID tag ground attached to the PIFA ground. It is evident from the graph that the 

bandwidth as well as the return loss improves when they are connected together. In 

addition to this, better matching is observed in the 900MHz ISM band. 
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Fig. 6.28: Antenna input resistance vs. frequency with and without connecting the 

antenna ground to the RFID tag PCB ground 

The antenna input resistance vs. frequency with and without connecting the ground 

plane of the RFID tag PCB is shown in Fig. 6.28. It is found that at 900MHz the antenna 

input resistance is exactly 50Ω when the antenna ground is connected to the ground plane 

of the RFID tag PCB while it is below 40Ω when they are not connected. In Fig. 6.29, the 

antenna input reactance vs. frequency with and without connecting the antenna ground to 

the ground of the RFID circuit is shown. We notice that the antenna input reactance 

converges to approximately zero at around 920MHz but it is well above zero when the 

antenna ground plane is not connected to the ground plane of the RFID circuit. 
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Fig. 6.29: Antenna input reactance vs. frequency with and without connecting the 

antenna ground to the RFID tag PCB ground 

 

 

Fig. 6.30: Antenna radiation pattern on two planes with and without connecting the 

antenna ground to the RFID tag PCB ground 
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Fig. 6.31: Efficiencies of the proposed antenna for ground plane side of RFID tag PCB 

 

Fig. 6.32: Absolute directivity of the proposed antenna for ground plane side of RFID 

tag PCB 

 

The radiation pattern of the antenna, with and without connecting the antenna ground 

to the ground of RFID tag PCB, is presented in Fig. 6.30. It shows that the maximum 

directivity is obtained in the z-direction, i.e. outwards from the rat’s body through the 

skin, which is the desired direction. Therefore the loss of RF energy due to absorption by 
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the lossy rat tissue is reduced, as the RF signal passes through thin rat skin tissue. In Fig. 

6.31, the radiation and total efficiencies of the proposed antenna for the ground plane side 

of RFID tag PCB are presented. The efficiencies of the proposed implantable PIFA are 

approximately 1% at about 920MHz. As an implantable antenna, this result is very good 

when high losses in rat tissue are considered. The far-field directivity of the proposed 

antenna is shown in Fig. 6.32. It is found that the maximum directivity is exactly outward 

through the rat tissue i.e. perpendicular to the radiating patch of the antenna. The far-field 

peak directivity is predicted to be 3.93dBi for the designed antenna. 

 

6.8  Conclusion 

An implantable compact PIFA, that is suitable to be attached on the ground plane 

side of the RFID tag PCB, was designed and simulated to investigate the antenna 

parameters. It is observed that the bandwidth is enhanced when the ground plane of the 

antenna is partially connected to the ground plane of the RFID circuit, leaving an 

optimised slot between them. The directivity of the antenna also improved when this is 

done. Thus, we can utilize the ground plane of the RFID tag to improve antenna 

performance when an implantable antenna is designed. Parametric studies were 

conducted and their results are presented to illustrate the sensitivity of the antenna to 

various antenna parameters as well as its surrounding environment parameters. 
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Chapter 7 

 

Design, Fabrication and Measurements 

 

 

7.1  Introduction 

 

In the previous chapters, a series of implantable PIFAs were designed and 

comprehensive investigations of the sensitivities of their resonance frequency to antenna 

parameters and their surrounding environment were performed. In this chapter, the 

design, fabrication and measurement details of two new implantable PIFAs are presented. 

Since the proximity couple-fed implantable PIFA (I-PIFA) has a wider bandwidth, the 

possibility of maintaining the operating frequency of the antenna within the band of 

interest (915MHZ-928MHz, Australian ISM band) is higher, even when it is detuned by 

the rat tissue or biocompatible coating. However, this was not achieved in the first 

fabrication as the measurement results (|S11|) showed the resonance frequency to be at 

1150MHz, which was outside the Australian UHF ISM band. The antenna was then 

modified by increasing the length of the radiating patch and the new design was 

fabricated. The modified implantable PIFA was coated with NuSil’s MED-1134 

biocompatible coating material and the input reflection coefficient measurement was 

performed again under rat skin. The modified antenna with the RFID tag, placed under 

the skin of a rat, was found to be operating in the desired UHF band.  

In the last decade, various RFID-tags and antennas [103-111] have been designed 

and implemented for the RFID communications. One of the major goals of this thesis is to 
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design and fabricate an implantable antenna to be attached to an UHF RFID tag and 

transmit the extracted physiological signals from the body of a rat to an external RFID 

reader connected to a computer. A small implantable antenna is essential for interfacing 

with the RF chip of the RFID-tag PCB. Since the space is limited on the selected RFID 

tag PCB, a compact PIFA (9.25mm×8mm×3.2mm) was designed (Fig. 7.1) and 

fabricated (Fig. 7.6). The implantable antenna was coated with a biocompatible material, 

Sylgard (dielectric constant = 2.7). After the attachment of the coated antenna to the RF 

chip of the RFID-tag PCB, the input reflection coefficient (|S11|) was measured and it was 

found that the resonance frequency was at around 1150MHz  (Fig. 7.13), far above the 

900MHz ISM band. The predicted |S11| shown in the same figure indeed shows that the 

resonance frequency of the antenna is close to 900MHz if it is coated with a higher-

dielectric (dielectric constant = 3.9) biocompatible material. Since this higher-dielectric 

biocompatible material was not commercially available at the time of this thesis, an 

alternative solution was to retune the antenna by increasing the length of the top radiating 

patch.  Re-designed antenna was fabricated and coated with a readily available bio-

compatible material and |S11| was measured again under the skin of a rat. These 

measurements confirm that the final antenna operates well in the Australian ISM band 

when it is attached to the RFID tag, and placed under the skin of rat. Finally, the 

operation of the RFID tag with the new antenna was demonstrated by transmitting the 

temperature between the tag and RFID reader when tag is placed under the rat skin. 
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7.2  Chapter Contributions  

The main contributions of this chapter are: 

• Design and fabrication of a miniaturised implantable PIFA antenna to be attached 

on the component- side of the RFID-tag PCB. 

• Investigation of the effects of rat tissue on the return loss and resonance frequency 

of the implantable antenna. This was because high-permittivity biocompatible 

material was assumed in the antenna design process. 

• Measurement of antenna prototypes in free space without coating, in free space 

with biocompatible coating and under rat skin. 

• Retuning an implantable antenna to the Australian UHF ISM band when it is 

detuned due to the readily available biocompatible material (MED 1134). 

• Demonstration of the operation of the telemetry system by transmitting 

temperature reading from the RFID tag to the RFID reader, with the new antenna 

prototype interfacing to tag circuit and the tag is covered by rat skin. 

• Measurement of the read range of the new RFID telemetry system. 

 

7.3  Antenna Design with Its Surrounding Environment 

Fig. 7.1 shows the geometry of the designed implantable antenna. The 3D views and 

side view of the antenna are shown in Fig. 7.1(a), 7.1(c) and 7.1(b), respectively. The 

overall optimised dimensions of the antenna are 9.25mm×8.0mm×3.2mm. The area of the 

top radiating patch is 9.25mm×8mm with a slot of length of 8.0mm at the center line 

along the length of the radiating patch. The width of the slot is 1.0mm. It is printed on a 

0.8mm-thick FR4 (Substrate 1) with an estimated dielectric constant of 4.3. 
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  (a) 

 

 

(b) 
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(c) 

Fig. 7.1: The geometry of the designed implantable PIFA (a) 3D view (b) Side view 

(c) 3D of the antenna with the extended radiating patch for re-tuning. 

 

A capacitive feed plate is printed on the lower surface of Substrate 1 and its area is 

5.75mm×7.5mm.  The FR4 Substrate 2 with the same thickness of 0.8mm is located 

below this feed plate. A capacitive load plate with an area of 6.0mm×8.0mm is printed on 

the bottom surface of this second substrate. The FR4 Substrate 3, with a height of 1.6mm, 

is located on the ground plane of the antenna. The area of the ground plane is 

9.5mm×9.5mm. The top radiating patch and the capacitive load plate are connected 

through two vertical vias, each of them having a radius of 0.25mm. The radius of each via 

has been optimized by parametric optimization. Changing the area of the capacitive load 

plate will vary the capacitance between this plate and the ground plate. It is utilized for 

tuning the resonance frequency of the antenna. A vertical feed pin with an optimized 

radius of 0.25mm connected between the feed plate and the RF-module signal pin of the 

RFID circuit board. A shorting pin (SP) is located at the left corner of the radiating patch, 

connecting the radiating patch to the ground plane, and its height is 3.2mm.  
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Table 7.1: Antenna Environment Model Parameters 

 

Name of  antenna 

environment parameter 

Symbol Optimised 

value (mm) 

Skin layer thickness t1 2 

Fat layer thickness t2 2 

Muscle layer thickness t4 50 

Coating box height t3 7.8 

Rat skin layer length L1 200 

Fat layer length L1 200 

Muscle layer length L1 200 

 Coating box length L2 62 

Rat skin layer width W1 60 

Fat layer width W1 60 

Muscle layer width W1 60 

Coating box width W2 35 

 

The surrounding environment values of the antenna are tabulated in Table 7.1. The 

electrical parameters of the antenna environment are given in Table 7.2. The antenna is 

designed to fulfill the limitation of a small space allocated for antenna attachment on the 

RFID tag. In the design process, first, the antenna is encapsulated in a bio-compatible 
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material to isolate it from the tissue environment. Secondly, the coated antenna is placed 

in the muscle layer. Thirdly, the fat layer is placed on top of the coated antenna. Finally, 

rat skin is placed on top of the fat layer. The coated antenna is located at a position, 

equidistant from the side walls of the muscle layer. 

 

Table 7.2: Electrical Parameters of Antenna Environment 

 

Electrical parameters of 

antenna environment 

Dielectric 

constant (εr ) 

Conductivity (σ) 

Rat skin 35 – 55 0.69 

Fat 5.6 0.08 

Muscle 58.8 0.84 

Coating 3.9-4.7 0.001(tanδ) 

 

7.4  Parametric Study for Optimization 

Simulations were performed by using commercial software (CST Microwave Design 

Studio) and numerical results are presented in this section. The thicknesses of the bio-

compatible material (1.0mm) on the radiating patch of the antenna, the muscle layer 

(50mm) below the fat layer and fat layer (2mm) were fixed throughout the numerical 

calculations. When the skin permittivity of the rat is varied from 35 to 55, the optimum 

return loss is found at a resonance frequency of 920MHz and the bandwidth of the 

antenna at a10dB return loss is 15% (Fig. 7.2). If the relative permittivity of bio-

compatible material is increased from 3.9 to 4.7, resonance frequency decreases gradually 
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(Fig. 7.3), but is well inside our band of interest (900MHz Australian ISM band). The 

bandwidth is still within 10% to 15% which covers desired bandwidth (~2%). 

 

Fig. 7.2: Return loss of antenna with skin permittivity varied 

 

Fig. 7.3: Return loss when antenna and RFID tag’s grounds are connected and 

permittivity of bi-compatible coating is varied (3.9-4.7) 

The return loss of the antenna when its ground plane is not connected to RFID tag’s 

ground plane and permittivity of bi-compatible material is varied between 3.9 and 4.4 is 

shown in Fig. 7.4. The antenna is not matched well when RFID tag’s ground is not 

connected to the antenna ground. 
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Fig. 7.4: Return loss when antenna and RFID tag’s grounds are not connected and 

permittivity of coating is varied (3.9-4.7) 

 

7.5  Implantable Antenna Fabrication  

In order to validate the simulated results with measurements, three different multi-

layered implantable PIFAs were fabricated. The first prototype of the implantable PIFA is 

shown in Fig. 7.5 and its overall dimensions are 30mm×13mm×3.2mm. The antenna is 

fabricated on a FR4 board substrate (dielectric constant = 4.3, loss tangent = 0.025). The 

U-shaped radiating patch dimensions are 9.5mm×8mm as shown in Fig. 7.5(a). A tuning 

slot is cut along the central line of the length and the optimised dimensions of the slot are 

7.5mm×1mm. Fig. 7.5(b) shows the dimensions (30mm×13mm) of the ground plane of 

the antenna. 
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 (a) 

 

 

(b) 

Fig. 7.5: First prototype of implantable PIFA antenna: (a) Radiating patch side (b) 

Ground plane side 

The second prototype of the implantable PIFA is shown in Fig. 7.6 and its overall 

dimensions are 13mm×10mm×3.2mm. The antenna is fabricated on a FR4 board 

substrate (dielectric constant = 4.3, loss tangent = 0.025). The U-shaped radiating patch 

dimensions are 9.25mm×8.0mm as shown in Fig. 6(a). A tuning slot is cut along the 

Ground plane 
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central line of the length and the optimized dimensions of the slot are 7.25mm×1mm. Fig. 

7.6(b) shows the dimensions (9.5mm×9.5mm) of ground plane of the antenna. 

 

 (a) 

 

 

(b) 

Fig. 7.6: Second prototype of implantable PIFA antenna: (a) Radiating patch side and (b) 

Ground plane side 

 

The third prototype of the implantable PIFA is shown in Fig. 7.7 and its overall 

dimensions are 19.5mm×10mm×3.2mm. The antenna is fabricated on a FR4 board 

Ground plane 
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substrate (dielectric constant = 4.3, loss tangent = 0.025). The J-shaped radiating patch 

dimensions are 19mm×8mm as shown in Fig. 7.7(a). A tuning slot is cut along the central 

line of the length and the optimised dimensions of the slot are 8.25mm×1mm. Fig. 7.7(b) 

shows the dimensions (9.5mm×9.5mm) of the ground plane of the antenna. The third 

prototype is an improved version of the second prototype in terms of retuning. One end of 

the U-shaped patch is extended to retune the antenna for Australian UHF ISM band. This 

extension makes the radiating patch a J-shaped structure. 

 

(a) 

 

 

(b) 

Fig. 7.7: Third prototype of implantable PIFA antenna: (a) Radiating patch side (b) 

Ground plane side 

Ground plane 
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7.6  Experimental Setup and Measurement  

To understand the surrounding environment of the S11 measurement setup, a 

photograph of the measurement laboratory is shown in Fig. 7.8. The experimental setup 

for input reflection coefficient measurement of the implantable PIFA is shown in Fig. 7.9. 

A Vector Network Analyzer (VNA) (HP 8720D) was used to measure the return loss 

(S11) of the antenna. Firstly, calibration of the VNA is performed from 200MHz to 

5000MHz to minimize the error in the measurements and then a S11 measurement is 

recorded. The S11 measurement was conducted in a typical laboratory environment 

instead of an anechoic chamber to avoid complexity. However, for radiation pattern 

measurements, an anechoic chamber was used. The measurement laboratory size is 

approximately 10m×10m×4m with brick walls and concrete floor. The measurement 

laboratory is located on the first floor of an L-shaped (brick-walled) 3-storied building. 

Some computers, oscilloscopes, signal generators, DC power supplies, VNAs etc. were in 

this measurement laboratory. The |S11| measurements of the antenna were performed in 

free space and then with the antenna covered by rat skin. However, before covering the 

antenna with rat skin, it was coated with bio-compatible material and placed on a typical 

foam plate as shown in Fig. 7.10. The experimental setup used to measure the radiation 

pattern (second prototype of implantable antenna) in the anechoic chamber in free space 

is shown in Fig. 7.11. The second prototype of the implantable antenna was coated with a 

biocompatible material, Sylgard (dielectric constant =2.7). Therefore, the radiation 

pattern measurement results shown in Fig. 7.18 represent the radiation of the coated 

implantable antenna (2
nd

 prototype) with no rat skin. 
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Fig. 7.8: Measurement laboratory in which |S11| of the antenna was measured 

 

Fig. 7.9: Experimental setup to measure |S11|  in free space 
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Fig. 7.10: Experimental setup to measure |S11| with rat skin 

 

 

Fig. 7.11: Experimental setup to measure radiation pattern of coated implantable PIFA 

(2
nd

 prototype) in anechoic chamber (without rat skin) 

Rat skin on antenna 
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In Fig. 7.12, predicted and measured |S11| are plotted when the antenna (1
st
 and 2

nd
 

prototypes) is operating in free space. The second antenna prototype provides better 

performance since its ground is larger than the first prototype. The predicted and 

measured results of the first prototype do not agree at all. The difference in resonance 

frequency between the predicted and measured results is probably due to the fabrication 

error since manual fabrication process was applied in a local workshop. The resonance 

frequencies of the second antenna prototype are almost identical for predicted and 

measured results in free space, at about 3.94GHz, as shown in Fig. 7.12(b). Excellent 

agreement between the predicted and measured |S11| was obtained for this prototype that 

was carefully fabricated by an external workshop. The antenna was then coated with a 

readily available bio-compatible material (Sylgard 184, dielectric constant = 2.7) and 

placed under the skin of a rat. Fig. 7.13 shows the predicted and measured |S11| results 

when the coated antenna was covered by rat skin. Under rat skin, the measured |S11| is -

9dB at 1250MHz while the predicted |S11| is just -2dB when the antenna is coated with 

Sylgard 184. Note that this antenna was originally designed to be coated with a higher 

permittivity biocompatible material. As shown by the blue curve in Fig. 7.13, its 

resonance frequency shifts down to the Australian UHF ISM band if the dielectric 

constant of the bio-compatible material is increased to 3.9. It is also seen that input 

reflection co-efficient of the antenna is improved to -23dB with the Sylgard’s dielectric 

constant of 3.9. However, it was not possible to find such biocompatible material 

commercially.  
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(a) 

 

(b) 

Fig. 7.12: Predicted and measured |S11| of fabricated PIFAs in free space: (a) Predicated 

and measured |S11| of 1
st
 prototype and (b) Predicted and measured |S11| of 2

nd
 prototype 
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Fig. 7.13: Simulated and measured |S11| of fabricated PIFA when covered by rat skin 

(2
nd

 prototype) 

 

The measured |S11| of the antenna 2
nd

 prototype suggests that the resonance frequency 

needs to be shifted down from 1250MHz to the UHF Australian ISM band (915-

928MHz) for the operation of an implantable RF device. For this purpose, the easiest way 

to shift the resonance frequency down is to increase the length of the top radiating patch. 

The parametric study on the radiating patch length was conducted and the optimised 

value of the increased length was found to be 9.75mm. The third prototype of the 

implantable PIFA was fabricated and coated with a readily available bio-compatible 

material (MED 1134, dielectric constant = 2.8). The measured |S11| of the antenna in free 

space and in rat skin are shown in Fig. 7.14. They are found to be -7.5dB at 2.6GHz and -

13dB at 920MHz, respectively. In this instance, the resonance frequency is within the 

Australian UHF ISM band. The bandwidth of the antenna at a10dB return loss is 120MHz 

(850-970MHz) or 13%, entirely covering the required UHF band of interest (1.5%) as 

shown in Fig. 7.15. The predicted and measured |S11| of the coated implantable PIFA 
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antenna (3
rd

 prototype) is shown in Fig. 7.16. Predicted |S11| is in reasonable agreement 

with the measured result. However, the predicted bandwidth is larger (200MHz) than the 

measured one (120MHz) and the minimum value of |S11| is -14dB at 961MHz. 
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in rat skin

 

Fig. 7.14: Measured |S11| of modified antenna (3
rd

 prototype) with MED 1134 

biocompatible coating 

 

 

Fig. 7.15: Measured |S11| of modified coated antenna (3
rd

 prototype) in rat skin 
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Fig. 7.16: Predicted and measured |S11|of modified coated antenna (3
rd

 prototype) in 

rat skin 

 

 

Fig. 7.17: Predicted radiation patterns in free space at 3.8 GHz (2
nd

 prototype) with no 

rat skin. This is done to the antenna resonance frequency 
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(a) 

 

 

(b) 

Fig. 7.18: Predicted and measured radiation patterns of the coated antenna (2
nd

 prototype) 

in free space at 3.8 GHz with no rat skin: (a) On φ = 0
0
 plane and (b) On φ = 90

0
 plane 
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The predicted radiation patterns in free space of the antenna (2
nd

 prototype) are shown 

in Fig. 7.17. The Eθ pattern on φ = 0
0
 plane is almost omnidirectional as indicated by the 

green curve. On φ = 90
0
 plane, the radiation (pink curve) is different and a null point is 

found at an angle of θ = -60
0
. Radiation patterns on θ = 0

0
 and θ = 90

0
 planes are also 

presented in Fig. 7.17. Predicted and measured results are compared in Fig. 18. 

 

7.7  Read Range Measurement of Medical Data in the RFID Link 

The coated implantable antenna was attached to the RFID tag PCB as shown in Fig. 

7.19 as connected to RFID chip. The locations of the RF chip and the temperature sensor 

are indicated in the same figure. One of the challenges with this RFID tag is to 

appropriately connect the antenna ports with the signal and ground pads of the RF chip. 

The antenna has been designed and fabricated to meet this stringent requirement. In Fig. 

7.20, the locations of the RF chip, the RF signal pad and the RF ground pad are shown on 

the RFID tag PCB layout. Fig. 7.21shows experimental setup for a RF link read range 

measurement of the system. A built-in temperature sensor is available on the RFID tag 

PCB and the inner side of the rat skin is placed on the temperature sensor. The RFID 

reader was connected to a laptop through a USB port as shown in Fig. 7.21, to monitor 

the temperature reading.  

The experiment recorded the temperature reading as well as the absence or presence of 

the RFID tag in the range of the RFID reader. The RFID tag with the rat skin on top was 

placed at different locations around the RFID reader and “RFID tag found” or “RFID tag 

not found” messages were recorded in the laptop. When the RFID tag was found to be in 

the range of the RFID reader, temperature data stored in flash memory was transferred to 

the RFID reader and displayed by the laptop.  One of the temperature readings is shown 
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in Fig. 7.22. A contour of read range is plotted and is illustrated in Fig. 7.23. The 

maximum read range of the RFID tag was found to be 0.8m. It is worth recalling that with 

the original commercial antenna, it was totally impossible to make any temperature 

reading when a rat skin is placed on the tag. This read range measurement ensures that 

our system prototype is functional in the Australian UHF ISM band. The RFID reader 

uses a UHF monopole antenna as shown in the system experimental setup (Fig. 7.21). 

The maximum temperature recorded by the proposed RFID system prototype was 25
0
 C 

as shown in Fig. 7.22. The rat skin sample was stored in a refrigerator at Australian 

School of Advanced Medicine of our Macquarie University, Australia. The measurement 

was conducted within 15-30min after the collection of rat skin sample. Due to this reason, 

rat skin sample was cold and temperature sensor showed a sudden decrease of 

temperature reading.  The RFID tag used in the communication read range measurement 

was an active tag since it takes its power supply from a button battery as shown in Fig. 

7.19. Unlike a passive RFID tag an active RFID tag does not need a very strong signal 

from the RFID reader to power up the tag. However, in an active RFID tag, the battery 

needs to be replaced periodically and the tag is typically larger than a passive RFID tag. 
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Fig. 7.19: Attachment of coated antenna (3rd prototype) to the RFID tag PCB  

 

Fig. 7.20: Locations of the signal and ground pads of the RF chip on the RFID tag 

PCB  
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Fig. 7.21: Experimental setup for RF link read range measurement of the system 

 

 

Fig. 7.22: Temperature reading of the implantable RFID system 

 

Time 
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Fig. 7.23: Read range of the RFID system in the horizontal plane 

 

7.8  Conclusion 

A miniaturised implantable PIFA with a proximity feed technique was designed, 

fabricated, attached with an RFID tag and validated its reading range in the Australian 

UHF ISM band when placed under the skin of a rat. A measured bandwidth of 15% was 

obtained which covers the entire Australian UHF ISM band. The sensitivity of the 

antenna was verified by computer simulation, changing the thickness of rat skin on top of 

the bio-compatible material and it was found that the resonance frequency of the antenna 

was very stable. The designed miniature antenna was fabricated locally (initial prototype) 

and |S11| was measured but it failed to resonate in the desired Australian UHF ISM band 

once placed under the rat skin. This led us to develop an improved version of the 

implantable antenna (third antenna prototype coated with a biocompatible material, MED 
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1134). In this instance, measured and predicted results were in good agreement and the 

RFID system became operational in the UHF ISM band when the tag was placed under 

the rat skin. Muscle tissue of rat has negligible effect on the implantable antenna 

performance compared to biocompatible coating material and rat skin tissue. Hence, 

muscle tissue was not included in the measurement. Detuning of the resonance frequency 

of the antenna was observed using numerical simulations by varying the permittivity of 

the bio-compatible material (MED 1134) and it was never out of the desired ISM band. 

The bandwidth of the final prototype of the antenna is 15% when it is placed under the 

skin of a rat. 
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Chapter 8 

Conclusion and Future Work 

 

8.1 Conclusion 

The designs and implementations of compact implantable PIFAs have been 

investigated with a focus on bio-telemetry applications. Firstly, effect of rat skin on the 

resonance frequency of a commercial antenna at MICS band was studied. The MS-fed and 

the CPW-fed antennas were tested and a 15%-20% decrease of resonance frequency was 

found for both feed configurations. These results suggest that, in order to maintain an 

efficient wireless link, the implantable antenna must be designed with the consideration of 

biological tissues surrounding the antenna. Slight resonance frequency shifting was 

observed due to aging effects of rat skin. The transmitted power (S21) measurement 

confirmed that a large decrease in the resonance frequency may occur when the antenna is 

covered by fresh rat skin samples. In Chapter 4, a miniaturized subcutaneous partially-

folded planar inverted-F antenna (PF-PIFA) was proposed for the wireless physiological 

data acquisition system to be operated in the Australian 900MHz ISM band (915-

928MHz). The overall size of the antenna was 26×19×4.4mm
3 

and it was designed to be 

implanted just under the skin of a rat. The 10dB return-loss bandwidth of the antenna was 

2.8% and it covered the Australian UHF ISM band.  

Later, even smaller PIFAs were designed and antenna parameters were optimised 

through computer simulations when investigating the PIFA Design 1 in Chapter 5. It was 

found that potential variations in rat tissue did not produce a significant effect on antenna 
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matching and bandwidth. The antenna return loss was more sensitive to some antenna 

dimensional parameters and dielectric constant; the thickness of biocompatible coating 

material. Significant variations were observed when the dielectric constants of the 

substrate and the biocompatible coating were varied in a wide range. Lesser variations 

were found with the patch slot length and capacitive load plate length. The 10dB return-

loss bandwidth of the PIFA Design 1 was predicted to be 8.5%. In Antenna Design 2, 

parameters of an implantable Hilbert PIFA were varied and the antenna performance was 

analyzed in rat tissue environment. Resonance frequency of the Antenna Design 2 was 

detuned due to the biocompatible coating around the antenna. The effect of the 

attachment of the antenna ground to the RFID tag PCB ground was studied. It was 

noticed that for better impedance matching the two grounds must be connected together. 

A 10dB return-loss bandwidth of ~3% (915-918MHz) was predicted. In Antenna Design 

3, a J-shaped proximity feed PIFA was considered and the key antenna parameters were 

investigated. Despite the compactness of the antenna the optimised impedance bandwidth 

was greater than 5% (885-935MHz). The maximum radiation of the Antenna 3 was 

outwards through the rat skin and therefore it minimised the absorption loss in biological 

tissue.  

 

All those antennas were designed for the space available on the RF chip side of the 

RFID tag PCB. In Chapter 6, the use of the space on the ground plane side of the tag PCB 

was considered and a compact PIFA antenna was designed for that purpose. It was 

observed that the bandwidth increased when the ground plane of antenna was connected 

to the ground plane of the RFID tag, leaving an optimized slot between two ground 

planes. The directivity of the antenna also improved when they are connected so. Thus, 
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the ground plane of the RFID tag was utilised to enhance the performance of the 

implantable antennas. 

 Finally, a miniaturized implantable PIFA antenna was designed with proximity feed 

technique. It had a much larger bandwidth of 15%, which covered the entire Australian 

UHF ISM band around 900MHz centre frequency. The sensitivity of the resonance 

frequency was assessed by changing the thickness of rat skin and found that the coated 

antenna was very stable.  However, it failed to resonate in the desired UHF ISM band 

after implantation under the rat skin. This led to the development of an improved version 

for retuning the implantable antenna (final antenna prototype, coated with a 

biocompatible material, MED 1134). In this instance, measured and predicted results well 

matched and RFID system became operational at UHF ISM band. Sensitivity of 

resonance frequency of the antenna was monitored by varying the permittivity of bio-

compatible (MED 1134) material and the antenna was always operating in the desired 

ISM band. This was validated by taking temperature reading between the RFID tag and 

RFID reader of the bio-telemetry system. 

 

8.2 Opportunities for Future Research 

The author realised that the outcome of the thesis has opened up some future research 

opportunities related to implantable antennas for RFID medical telemetry applications. 

Therefore, following directions research could be carried out in future for further 

advancement of the research on bio-telemetry applications. 

• The RFID tag PCB utilised in this research has been designed and manufactured 

by the industry partner, considering free space communication and, therefore, it is 
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larger compared to the size of a rat or mouse. The tag may be re-designed to 

reduce its size leaving at least the same space for implantable antenna. 

 

• RF bio-telemetry system validation showed that the maximum link coverage was 

0.8m and this wireless medical data reading range can be improved further. 

 

• It is also recommended that the implantable antenna with the RFID tag PCB 

should be validated in freely moving experimental rats for the bio-telemetry 

system. This will help to identify the variations between in vitro and in vivo 

measurements. 

 

• An area of approximately 20mm×33mm is dedicated for the button battery used in 

the implantable RFID-tag PCB (60mm×33mm) which is one-third of the PCB size 

and therefore larger compared to the size of the RFID-tag. Energy harvesting 

possibility or smaller battery may be investigated for the RFID tag power supply. 

Alternatively, Power may be supplied to the RFID-tag by inductive coupling 

method. 

 

• The RFID tag may be designed with a few sensors for multichannel physiological 

data transmission such as ECG, blood pressure, nerve activity to external base 

station. Even, single channel can be designed for the implantable RFID tag with 

multiplexing and demultiplexing technique to transmit multiple physiological 

signals from the body of animals. 
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