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1. Abstract  

Body-Centric Wireless Communication (BCWC) is a central topic in the development 

of healthcare and biomedical technologies. Increasing healthcare quality, in addition 

to the continuous miniaturisation of sensors and the advancement in wearable 

electronics, embedded software, digital signal processing and biomedical 

technologies, has led to a new era of biomedical devices and increases possibility of 

continuous monitoring, diagnostic and/or treatment of many diseases. However, the 

major difference between BCWC, particularly implantable devices, and conventional 

wireless systems is the radio channel over which the communication takes place. The 

human body is a hostile environment from a radio propagation perspective. This 

environment is a highly lossy and has a high effect on the antenna elements, the radio 

channel parameters and, hence a dramatic drop in the implanted antenna 

performance. Therefore, this thesis focuses on how to improve the gain of implanted 

antennas. 

In order to improve the gain and performance of implanted antennas, this thesis uses 

a combination of experimental and electromagnetic numerical investigations. 

Extensive simulation and experimental investigations are carried out to study the 

effects of various external elements on the performance improvement of implanted 

antennas. This thesis shows the design, characterisation, simulation and 

measurements of four different antennas to work at ISM band and seventeen different 

scenarios for body wireless communication. A 3- layer (skin, fat and muscle) and a 
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liquid homogenise phantom were used for human body modelling in both simulation 

and measurements.  

The results shows that a length of printed line and a grid can be used on top of the 

human skin in order enhance the performance of the implanted antennas. Moreover, a 

ring and a hemispherical lens can be used externally in order to enhance the 

performance of the implanted antenna. This approach yields a significant 

improvement in the antenna gain and reduces the specific absorption rate (SAR) in 

most cases and the obtained gain varies between 2 dB and 8 dB.  

Such external elements could be manufactured in a sticking plaster form and applied 

to the skin giving much improved implant communication performance and 

significantly reduced battery power consumption. Implications of the results and 

future research directions are also presented. 
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Chapter 1 

1. Introduction 

Research in body sensors networks (BSN) for wireless communications (or Body-

Centric Wireless Communication (BCWC)) is a relatively new topic with little work 

worldwide compared to mobile communications. Research in implanted devices - as 

one of BSN topics - for wireless medical applications has been growing rapidly over 

the past decade. In order to provide vital information such as glucose level, blood 

pressure, etc, the implantable devices are embedded into the body. This information 

can be transmitted from implantable devices to external equipment outside the body 

through a wireless communication link. Examples of electronic implants include heart 

pacemakers, cochlear implants and intraocular implanted antennas for retinal 

prosthesis application [1-4]. Implantable devices increase the healthcare quality as it 

reduces the risk of some diseases complications, for example, by continuous 

monitoring of some disease developments. Moreover, it reduces healthcare cost, as for 

example patients can be continuously monitored without being admitted to the 

hospital [5-9]. Figure 1.1 shows examples of implanted devices for continues 

monitoring. 
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Figure 1.1:  Body sensor network systems [9, 10]  

 

The main applications of implanted devices are either therapeutic - such as 

hyperthermia treatment - or diagnostic to detect and transmit data. Medical and 

biomedical researchers show the importance of the continuous monitoring for many 

diseases such as heart rate, blood oxygenation levels in Chronic Obstructive 

Pulmonary Disease (COPD), blood sugar level for diabetes patient, blood pressure and 

patient's daily activity [5-8, 11]. These vital information can be obtained using sensors 

which can be implanted under the skin as a type of implanted device.  

Recently, some other diseases can be diagnosed by another type of implantable 

system; capsule endoscopy which is a procedure used to observe digestive disorders 

[12, 13]. Symptoms such as chronic abdominal pain, unexplained weight loss or 

Gastroenterology (GI) bleeding are digestive disorders. Many diseases could cause 

these symptoms such as inflammatory bowel, Crohn's disease or ulcerative colitis, 

celiac disease, benign and cancerous tumours, or any other digestive disorders [12, 

13]. Capsule endoscopy can be used to take photographic images for diagnosing the 

disease or digestive system disorders such as stomach and the small bowel. In a 
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similar or close to vitamin capsule size, capsule endoscopy consists of batteries, a light 

source, camera, transmitter and antenna as shown in Figure 1.2.  

 

 

Figure 1.2:  Capsule endoscopy [14] 

 

1.1 Research Motivation: 

Implantable devices are playing a vital role toward increasing the quality of 

healthcare diagnose and treatment and medical research. Such applications have 

motivated research on implanted antennas as an important part of the implantable 

wireless devices. These areas of research are still immature and have significant 

potential, due to the many challenges that need to be overcome particularly antennas 

which are surrounded by highly lossy media. And hence the human body reduces the 

radiation efficiency of the radiating element due to electromagnetic absorption in the 

body tissues [15]. The highly lossy medium causes radiation pattern distortion and 
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affects antennas behaviour and specifications.  Therefore, the performance of 

implanted antennas is still one of the most challenging parts for implanted systems. 

This area of research motivates us to focus on increasing the performance of 

implanted antennas using different performance improvement techniques. 

1.2 Objectives 

This work focuses on how to increase the implanted antennas performance using 

external elements such as a grid structure, printed lines and lens. In order to enhance 

the capsule antenna performance, a technique to distribute the current around the 

capsule antenna will be used. These antennas will be modelled using CST software 

and will be fabricated and tested in the laboratory. A three layer human body model 

(skin, fat and muscle) will be used for subcutaneous implanted antennas and a liquid 

body phantom will be used for the capsule. These objectives are converted into the 

following measurable tasks:    

 Enhancing the performance of the subcutaneous implanted antenna. 

 Designing an efficient, miniaturized and high performance dual-band 

implanted antenna and improving its performance using external elements.  

 Designing an efficient, high gain, omni-directional implanted antenna for 

medical capsule systems. The antenna should - also - allow maximum possible 

space for other parts of the capsule system. 

 Developing a liquid phantom in order to perform the measurements of the 

capsule antenna. 
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1.3 Novelty and originality   

This thesis proposes design of different efficient miniaturised implanted antennas to 

achieve reliable medical implant communication. Different technologies and designs 

are investigated in order to improve the antenna gain. The areas of novelty are listed 

below:  

1- A probe implanted antenna was designed to be implanted under the skin for 

biomedical wireless communication. 

2- A microstrip patch implanted antenna was designed to be implanted under the 

skin for biomedical wireless communication. 

3- An external parasitic grid structure was used for the first time to improve the 

implantable antennas performance and both, probe and microstrip gain were 

improved by a minimum of 3 dB. 

4- A parasitic resonator was used for the first time to improve the implantable 

antennas performance and both, probe and microstrip antennas gain were 

improved by a minimum of 3 dB. 

5- Both external parasitic elements, grid structure and parasitic resonators, were 

used together for further performance improvement and the gain was 

improved by a minimum of 6 dB for both probe and microstrip antenna 

designes. 

6- An external hemispherical lens was used to improve the performance of the 

implantable antennas and the microstrip antenna gain was improved by 6 dB. 

7- An external parasitic ring was used for the first time to improve the 

performance of the implantable antennas and the microstrip antenna gain was 

improved by 2 dB. 
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8- A combination of external; hemispherical lens and parasitic ring were used 

together for further performance improvement the implantable microstrip 

antenna gain was improved by 7.5 dB. 

9- A new efficient, miniaturised and high performance dual-band implantable 

antenna for biomedical applications was designed to be implanted under the 

skin. The size achieved is 1/25 of the wavelength.  

10- External hemispherical lens and a parasitic ring were used separately and 

together to improve the performance of the dual-band implantable antenna. 

The gain was improved by up to 7 dB. 

11- A new miniaturised flexible omni-directional implantable antenna for capsule 

endoscopy was designed and the size achieved is 10 x 16 x 10 mm3 at 403 MHz. 

12- The performance of this capsule antenna was improved and the minimum gain 

improved by almost 15 dB by distributing the current around the capsule 

13- A formula to produce a liquid phantom for homogenous human body 

developed and used. 

1.4 Thesis Outline 

This thesis is organised in seven chapters. Following this introductory chapter, the 

rest of the thesis is organised as follows: 

Chapter 2 gives a brief introduction of implantable systems and antennas for 

biomedical applications. Requirements and challenges of implantable antennas, 

frequency allocation, current regulations and standards are also addressed. The latest 

research on implantable antennas and State-of-the-art of performance and 

improvements are reviewed. In addition, human body modelling techniques are 

discussed.  
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Chapter 3 presents the design and characterisation of 2.45 GHz implanted probe and 

microstrip patch antennas for wireless communication. In addition, performance 

improvement of these two antennas using different external techniques is proposed. 

This includes external grid structure, parasitic printed line.  

Chapter 4 proposes the improvement of a 2.45 GHz implanted microstrip patch 

antenna for wireless communication using hemispherical lens. Another scenario of 

improvement using hemispherical lens combined with parasitic ring for gain 

enhancement is presented. 

Chapter 5 addresses the design and realisation of a novel compact dual band antenna 

for ISM implantable biotelemetry application to be operating at 915 MHz and 2.45 

GHz. In addition, performance improvement of this antenna using mix scenarios of 

hemispherical lens and parasitic ring is presented. 

Chapter 6 illustrates the design, analysis and measurements of a novel compact 

flexible implantable antenna for capsule systems to be operating at 403 MHz. In 

addition, performance improvement of this antenna is presented. The antenna is 

higher gain and omni-directional. Moreover, a formula to produce a liquid phantom 

for homogenous human body is presented and tested. 

Chapter 7 Summarises the main contributions and findings of the study and 

concludes this thesis researches. Moreover, suggestions and areas of potential future 

research are given. 
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Chapter 2 

2. Antennas in Lossy media: 
Background and Literature Review 

2.1 Introduction: 

This chapter extensively details the state of the art research on implantable antennas 

and ways to improve their performance. In addition, designs of implanted antennas, 

challenges and human body modelling for body wireless communication are 

presented with a special focus on its performance. The implantable antenna 

performance is characterized by antenna gain, bandwidth, SAR and size. 

The rest of this chapter is divided into five sections: Section 2.2 briefly introduces the 

importance of the BSN/BCWC technology with a special focus on the implanted 

devices in the context of biomedical applications.  Section 2.3 discusses the effects of 

the human body tissues on the implanted antennas performance. Section 2.5 proposes 

implanted antennas requirements and challenges with an extra focus on the challenge 

of performance. Section 2.6 presents a detailed discussion on the state of the art of 

implantable antennas design and performance and the recent growth in this area. The 

state of the art of human body modelling techniques is presented in section 2.7 and 

finally, a summary of this chapter is drawn in section 2.8. 
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2.2 Implantable Devices and Medical Applications 

Diseases of the heart and circulatory system (cardiovascular disease or CVD) are the 

main cause of death in the UK accounting for almost one in three of all deaths [1]. 

Heart related disease particularly cardiovascular is the leading cause of death with 

46% in Saudi Arabia [2] and 47% in Europe [3].  Globally, an estimated 17.5 million 

people died from cardiovascular diseases (CVDs) in 2012, representing 31% of all 

deaths worldwide [4, 5]. Most heart disease associated with the incidental instead of 

continuing irregularity such as transient waves in blood pressure, paroxysmal 

arrhythmias or disease caused by myocardial ischemia [6]. Thus, these incidents 

cannot be detected or analysed by the medical team specialist. However, if these 

incidents are accurately and instantly predicted, health care and the quality of life will 

be improved. Therefore, Body Sensor Network (BSN) is an important technology to 

prohibit heart disease, to detect any abnormality or to be used for patients long term 

monitoring [7]. 

 

2.2.1 Body Sensor Network (BSN) 

Body Sensor Network (BSN),  Body Area Network (BAN) or Body-Centric Wireless 

Communication (BCWC) is formally defined by IEEE 802.15 as, "a communication 

standard optimized for low power devices and operation on, in or around the human 

body (but not limited to humans) to serve a variety of applications including medical, 

consumer electronics, personal entertainment and other" [8]. Communications in body 

sensors networks can be off-body, within on-body networks (on-body) or 
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communications to a medical implant (in-body). They can be either wearable devices 

around the body or implantable devices inside the body [9]. These are all emerging 

technologies that have a wide range of applications such as, healthcare and biomedical 

applications, entertainment, surveillance, emergency, sports and military [10]. 

2.2.2 Biomedical applications of Implantable antennas  

Implanted wireless sensors have been investigated for medical applications and 

interest in them has been rapidly increasing over the past years. Biomedical 

applications for such technologies focus on early detection of disease especially 

chronic conditions [11]. Long term monitoring of patient activities under normal 

physiological conditions has a great impact on the quality of life where patients can 

engage in normal daily life activities, instead of stay home or hospital [12]. 

Implantable devices increase the healthcare quality as it reduces the risk of some 

diseases complications, for example, by continuous monitoring of some disease 

developments [13-16]. Moreover, it reduces healthcare cost, as for example patients 

can be continuously monitored without being admitted to the hospital [13-17]. 

Therefore, the most important advantage is the monitoring of patients in their normal 

daily activities. Thus, the traditional clinical monitoring would be replaced by 

continuous and remote monitoring [18]. This will have a significant impact on the 

quality of life, improve the accuracy of diagnostic and reduce health care costs [19]. 

Examples of electronic implants include heart pacemakers, cochlear implants and 

intraocular implants for retinal prosthesis application [20-22]. Implants can be used 

for monitoring the healing of soft tissue trauma and to allow early stage diagnosis of 
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infection [23]. The main applications of implanted devices are either therapeutic, such 

as hyperthermia, or diagnostic to detect and transmit data. These implantable devices 

are embedded into the body in order to provide vital information such as glucose 

level, blood pressure, etc. This information can be transmitted from implantable 

devices to external equipment outside the body through a wireless communication 

link [22, 24-26]. Therefore, research on implanted antennas for transmission and 

reception of power in these implanted devices is extremely important. Implantable 

antennas have been growing rapidly over the past few years with the potential for 

producing efficient medical treatments and improving the quality of healthcare. 

 

2.3 The Effect of the Human Body on the Implanted Antenna 
Performance 

Although implantable devices are important for the healthcare applications they 

encounter considerable challenges to design it. Implanted devices have benefited from 

recent advanced microelectronics and sensor technology while challenges still remain 

with antenna. Design and performance of the implanted antennas is significantly 

affected by the lossy medium of human body as most of human body tissues have a 

high relative permittivity and high conductivity. For example, the conductivity and 

relative permittivity of muscle is 0.79 S/m and 57.1, respectively at 403 MHz [27]. The 

human body is also frequency dependent. For example, the conductivity and relative 

permittivity of the skin is 0.69 S/m and 46.7, respectively at 403 MHz while they are 

1.48 S/m and 37.95 , respectively at 2.45 GHz [27, 28]. 
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The main influence of the high conductivity and permittivity is the significant increase 

of the attenuation loss. This attenuation can be calculated inside the body human 

tissues using the following equation [29]: 

               
     (2-1) 

 

Where α (Np/m) is the attenuation constant, L (dB) is the attenuation loss,  l (m) is 

the distance in the tissue. The attenuation constant can be calculated using equation  

[29]: 

         
 

 
    

 

  
 
 

    

   

 (2-2) 

 

Where   (rad/m) is the angular frequency,   is the tissue permeability (H/m),   

(F/m) is the permittivity and σ is the tissue conductivity (S/m). The tissue 

permittivity   can be calculated as:  

 

         (2-3) 
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Where    is the free space permittivity and    is the relative permittivity. It should be 

mentioned that the human body tissues are non-magnetic and, therefore, the human 

body tissues permeability   (H/m) is equal to free space permeability     [29].  

There are additional losses in the human body due to reflections between the tissues 

at the boundary during the signal travel. These losses can be calculated using 

Equations (2-4) to (2-6) [29, 30] where incidence in Equation (2-5) is assumed to be 

normal: 

                  (2-4) 

 

   
     

     
 (2-5) 

 

    
   

     
 (2-6) 

 

Where η (Ω) is the intrinsic impedance and Γ is the reflection coefficient at the 

boundary between tissues. 

 

The received power at the receiver device can be calculated using the following 

equation [31, 32]: 
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                      (2-7) 

 

where PRX (dBm) is the received power,  PTX (dBm) transmitted power, GTX (dB) is the 

transmitter antenna gain, GRX (dB) is the receiver antenna gain and Loss (dBm) is the 

total loss which can be calculated using the following equation  [31, 32]:  

                      (2-8) 

 

Where PL (dB) is the path loss, ep (dB) is the polarization mismatch factor, MLTX (dB) is 

the transmitter impedance mismatch loss, MLRX (dB) is the receiver impedance 

mismatch loss.  

The path loss PL  can be calculated using the following equation [32]: 

 

            
 

  
            

    

  
 
 

   (2-9) 

 

where n is the path loss component, where; n =1.5 for line-of-sight indoor 

propagation, while n= 3 for none-line-of-sight indoor propagation and n= 2 for free 

space propagation.  d is the Tx-Rx distance, λo is the free-space wavelength and S is the 

random scatter [31, 32].  
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For loss in the free-space propagation, n= 2 and equation (2-9) can be simplified to the 

Friis equation as following: 

              
     

  
  (2-10) 

 

 

It is clear that the antennas in the human body suffered from attenuation and the 

challenges of low gain. Moreover, since these antennas are implanted in the human 

body, there are further challenges and limitations as illustrated in the next section. 

2.4 System and Path Loss Consideration  

As mentioned in Chapter 1, implantable devices should collect important information 

from the patient and send it to hospital records through a hotspot. Figure 2.1 shows 

an example of a hospital admittance room with four patients. In this example, 

assuming that all patients have implanted subcutaneous antennas, patients in bed (1) 

and bed (2) have the largest distance to the receiver with about 5 meters. In order to 

examine the availability of the communication between the implanted antenna and 

receiver, path loss is calculated. Most of specifications and assumptions of the receiver 

are taken from International Communication Union (ITU-R) report [33].  
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Table 2.1 lists the parameters used for the analysis of the path loss calculations. Using 

Equation (2-10), the path loss in the free space at 2.45 GHz with 5 m distance is -54.2 

dB. By adding the free space loss, Effective Radiated Power (ERP) and excess loss, as 

suggested by IUR, the power at the receiver is -102.7 dBm. This value is below the 

Receiver noise floor (- 101 dBm) and therefore, the system power should be 

improved.  

 

 

Figure 2.1: Hospital admittance room 
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Table 2.1: The parameters used for the analysis of path loss (adapted from [33]) 

Parameter value 

Frequency 2.45 MHz 

Receiver noise floor –101 dBm 

Receive antenna gain 2 dBi 

Free space loss at 5 metres -54.2 dB 

Excess loss (polarization, etc.) 15 dB 

Transmit antenna gain –31.5 dBi 

Power into antenna –2 dBm 

ERP  –33.5 dBm  
(at body surface) 

 

 

2.5 Requirements, Standards and Challenges of Implantable 
Antennas  

Due the electromagnetic properties of the human body, implantable systems face 

more challenges and difficulties in designing antennas than conventional wireless 

communication systems. Unlike free space, human body tissues are lossy and have 

large relative permittivity. Therefore, the antenna requires the compliance with many 

conditions, standards and requirements such as: size, radiation performance, 

frequency of operation and SAR.  
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2.5.1 Antenna size: 

Implantable antennas have to be physically small enough to be compatible and 

inserted inside the human body and, thus, researchers apply extra effort to reduce the 

implanted antenna size. However, antenna electrical size directly affects the 

electromagnetic performance where the reduction of antenna size reduces the 

antenna performance [34-36]. Therefore, a new technique to maintain a combination 

of low profile antenna design and a reasonable performance is required for 

implantable antennas.  

2.5.2 Radiation performance  

Due to the high path loss, the implanted antenna should have gain as high as possible 

in the desired direction to guarantee communication between the antenna and the 

external devices. In the case of capsule endoscopy antennas, omni-directional 

radiation is required in order to cover all direction during fluctuation of the capsule 

endoscopy device. However, implanted antenna radiation has to comply with SAR 

requirements and emitted power regulations.  

2.5.3 Specific Absorption Rate (SAR) 

As described in section 2.3, the one of the main effects of the human body on the 

implanted antennas is the high attenuation of the radiated power. This power 

attenuation in the lossy surrounding media generates heat in the human body tissues 

which could be hazardous to health. Therefore, for safety reason, in-body radiation is 

restricted to certain level. Thus, the Specific Absorption Rate (SAR) has been 

introduced to measure the Electromagnetic (EM) Energy absorbed by biological 
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tissues mass when exposed to radiating devices. SAR can be defined using the 

following equation [37]: 

  

     
  

 
  

      

 
 (2-11) 

 

Where E (V/m) is the electric field and   (kg/m3) is the mass density.  

SAR can be defined in many terms such as (Mass averaged SAR) for each point SAR, a 

cube with a defined mass (1 g or 10 g) is found. Then, the power loss density is 

integrated over this cube and then the integrated power loss is divided by the cube 

mass [38]. 

The FCC and ERC define that the maximum limits for SAR averaged over 1 g and 10 g 

of tissue mass by 1.6 and 2 W/kg respectively [39, 40]. The maximum EIRP, according 

to European Telecommunications Standards Institute (ETSI) [41], is -10 dBW (100 

mW) where EIRP is the Effective Isotropic Radiated Power. Therefore, the antenna 

radiation has to comply with SAR requirements and emitted power regulations 

(EIRP). 

2.5.4 Frequency of operation  

Medical electronic devices can be classified into two categories depending on the 

protocol and standards that these devices use. The first category is Wireless Medical 

Telemetry Services (WMTS) for wearable devices. The second category is Medical 
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Implant Communications Service (MICS) which was allocated by the European 

Telecommunications Standards Institute (ETSI) for implantable devices. The 

frequency band allocation for MICS is 402 MHz to 405 MHz [41]. 

The Industrial, Scientific, and Medical (ISM) bands (433.1-434.8 MHz, 868-868.6 MHz, 

902.8-928 MHz, and 2400-2500 MHz) are also suggested for implantable medical 

device biotelemetry in some countries, especially for  subcutaneous application [42, 

43].  

 
For deeper implanted antennas inside the human body, such as capsule endoscopy, 

implanted antennas operate at the medical implant communications service (MICS) 

frequency band (402–405 MHz) which is regulated by the European Radio 

communications Committee (ERC) [44] and the Federal Communication Commission 

(FCC) [45] for ultra low power active medical implants. This is because the MICS band 

has relatively low power loss inside human body. In recent studies of the total loss 

between transmitter and receiver antennas, it was founded that the minimum total 

loss is achieved when the MICS frequency band is used [46-48].  

 

2.6 State of the Art Implantable Antennas Design and Challenges  

A large number of implanted antennas have been presented the literature. However, 

they can be classified into two categories; the first one is subcutaneous implanted 

antennas or antennas to be placed in a fixed area of the body, and the second category 

is implantable antennas that move through the body such as capsule endoscopy 
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systems. In this section, antennas are reviewed in term of bandwidth, gain and size. In 

addition, capsules antennas minimum gain and radiation pattern directionality are 

reviewed and compared.  

2.6.1 Antennas Size 

In the literature, different techniques have been used thoroughly to reduce 

implantable antenna size. Designing antennas to operate at high frequency bands, 

such as 5.8 GHz or higher, is one of the techniques to presents applicable size 

antennas to be implanted inside human body [49-51]. The other technique to 

overcome the size problem is to design a conducting microstrip antenna with 

meandered, folded or spiralled surface along the substrate either in one layer or multi 

layers [52-55]. Further miniaturisation can be realised by employing substrate with a 

high dielectric constant and, thus, a large number of researches presented antennas 

with high permittivity substrate to reduce the implanted antenna size [24, 56-59]. An 

example of this technique is shown in Figure 2.2 [52]. Table 2.2 shows a comparison 

between design parameters of [60] and [52] which both resonates at MICS band. 

Although both are operating at the same frequency, the antenna size in [52] has 63% 

smaller area compared to the same antenna design presented in [60] due to the 

higher-dielectric-constant material used in [52].  However, a high dielectric constant 

substrate is susceptible to surface wave excitation, which degrades the radiation 

pattern of the antenna [61]. Figure 2.3 shows examples of implanted antennas with 

miniaturisation techniques. 
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Figure 2.2: Geometry of embedded spiral-shaped microstrip implantable antenna, (a) 

side view, (b) top view. 

 

Table 2.2: Comparison between design parameters of  [60] and [52] which both 

resonates at MICS band  

Parameter Design in [60] Design in [52] 

L1 19.6 11.9 

L2 29.6 18.2 

L3 16.8 11 

L4 26.6 17.4 

L5 13 3.6 

L6 7.7 4.9 

L7 4.9 3.4 

t1 3 1.9 

t2 3 1.9 

W 2.8 1.8 

Total area reduction                               62.67% 
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(a) 

 

(b) 

Figure 2.3: 3D-spiral small antenna design (a) the proposed design and (b) simulated 

S11 and radiation pattern [54]  

 

 

A dual-band capsule multilayer conformal antenna to operate at the MedRadio and 

2.45 GHz is proposed in [62] and the proposed design is shown in Figure 2.4. The 

Measured S11 is compared to the simulated one as presented in Figure 2.5 (a) and the 

far-field pattern is compared for the homogeneous cylindrical body phantom and at 

the intra-muscular location (Duke 1) as shown in Figure 2.5 (b). The implant size is 

large (5 mm in radius and 30 mm in length) and the antenna bandwidth for this 

antenna very narrow (< 20 MHz) around the MedRadio band.  

 

17 

18 

17 
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Figure 2.4: Capsule multilayer conformal antenna [62] proposed design for the 

homogeneous cylindrical body phantom and at the intra-muscular location (Duke 1) 

 

(a) (b) 

Figure 2.5: Capsule multilayer conformal antenna [62] (a) Measured vs. Simulated S11 

and (b) Simulated radiation patterns in [dBi] in the homogeneous cylindrical body 

phantom and at the intra-muscular location (Duke 1)  
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A dual band of 402- 405 MHz (MICS) and 2.45 GHz (ISM) implanted antenna was 

presented in [24] as shown in Figure 2.6. This antenna obtained 20% and 35.3% 

simulated and measured -10 dB bandwidth at the MICS band. However, it had only 

4.2% and 7.1% bandwidth simulated and measured at ISM region. This bandwidth is 

narrowband and the antenna may not resonate at the expected frequency when a 

realistic body model is used.   

 

 

(a) 

 

(b) 

Figure 2.6: Dual-band meandered implanted antenna design of [24] (a) the proposed 

design and (b) simulated vs. measured S11  
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Table 2.3: Performance comparison of implanted antennas reported in the literature 

Antenna 
Bands 

(MHz) 

Dielectric 

Material 

Permittivity 

Dimensions 

(mm) 

Max. 

Gain 

(dBi) 

Min. Gain (dBi) 

(for capsule 

antennas) 

Meandered 

PIFA [24] 

402-405 

& 2450 

10.2 22.5x22.5x2.

5 

-24.9 @ 

MICS & -

11 @ 

ISM 

NA 

[60] 402-405  29.6x19.6 -35 NA 

[52] 402-405 10.2 18.2x11.9 No data NA 

conformal 

meandered 

dipole 

antenna [63] 

700 MHz 2.2 12.25 x 9.6 – 29 - 55 * 

Flexible 

microstrip 

patch [64] 

403 MHz 3.4 15 x 7 - 33 -65 

Loop antenna 

[65]  

403 MHz  - 9 x 10 -28.4 -48 * 

Planner 

antenna [66] 

403 MHz 4.4 20 x 10 Normalis

ed to 0 

- 16 dB from 

highest gain 

Multilayer 

spiral 

antenna [62] 

402.8 

MHz 

4.4 24.5x 9 X5.2 -30.2 -55 

Flexible 

meandered 

inverted-F 

Antenna [67] 

1.4 GHz 2.2 15 x 9 - 25.2 -56 

* The number is estimated from the colours chart of the presented antenna 
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2.7 Human Body Modelling  

The human body is, complex, having a large number of systems with different 

electromagnetic characteristics for every part of the body. The human body’s 

permittivity vary from 70 to 0 overlapping tissues [27, 68] as detailed in Appendix A. 

During implanted antenna design process, human body modelling carries out two 

times: during numerical simulation and during measurements investigations.  

Numerical simulation involves evaluating the fundamental field quantities from the 

Maxwell’s curl equations using numerical methods to describe propagation of 

electromagnetic waves and their interactions with a material [69]. There are many 

different methods which can be used to solve three dimensional electromagnetic 

problems. These methods can be classified into integral equation and differential 

equation methods. Method of moments, Finite element method, Finite difference time 

domain method and Transmission line matrix method are the most commonly used 

numerical techniques. 

2.7.1 Numerical Phantoms  

Numerical body phantom can be a single component with single electromagnetic 

characteristics (homogeneous) or multilayer, multi-component represents the variety   

of the human body’s electromagnetic characteristics (inhomogeneous). In numerical 

investigation, implanted antennas can be inserted inside numerical inhomogeneous 

lossy media that simulate biological tissues, however, inhomogeneous models are 

expensive. Homogeneous lossy media can be used in case of some applications such as 

capsule endoscopy. Values of electromagnetic properties of the biological tissues can 
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be entered using the simulation software. Tissues numerical modelling can be either a 

single layer or multilayer depend on the simplicity of the modelling. An example of a 

single layer tissue model is shown in Figure 2.7 (a) [31] and multilayer tissue model 

example in Figure 2.7 (b) [70]. Numerical human body modelling can be carried out 

using numerical techniques such as Finite-Element (FE) Method and Finite-Difference 

Time-Domain (FDTD) Method. These techniques are built in some simulation software 

such as Ansoft HFSS [52, 71, 72] and CST design studio respectively [31, 70, 73].  

 

 
 

(a) (b) 

Figure 2.7: (a) Example of single layer model of simulated human tissue (adapted 

from [31]) and (b) multilayer model [70] 

2.7.2 Measurements modelling  

For measurements investigations, human body modelling can be carries out using 

either animals-tissues or phantoms.  

 

100 mm 

Z 

Y 
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2.7.2.1 Modelling using animals-tissues  

 

Measurements using animal tissues are a useful way to mimic the human body tissues 

where they have frequency-dependency characteristics. It provides a suitable 

environment when the measurements are conducting for dual or multi-band 

implanted antennas. Measurements using animal tissue can be carried out either by 

inserting the antenna inside tissue samples, or by implanting the antenna inside a live 

model animal by surgical operation (in-vivo). 

In [74], a pig front leg was minced to measure a dual band implanted patch antenna.  A 

rat skin with dimensions of 50 mm × 50 mm × 5 mm was also used to test a dual band 

patch antenna [75]. Minced pork meat is used to measure an implantable antenna in 

[76] and a dual-band antenna was tested in vivo using rats as model animals in [77].   

Two types of antennas, namely a balanced dipole antenna and a balanced loop 

antenna are used in the measurement. Two boxes are filled with minced pork lean 

meat to be used for the measurements in [78]. It is founded that pork meat has close 

electromagnetic characteristics to the human body [79]. Figure 2.8 shows example of 

measurements using animal tissues. 
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(a) Minced pork meat model [78] (b) In Vivo Verification of Implantable 
Antennas Using Rats as Model Animals [77] 

Figure 2.8:  Example of measurements using animal tissues 

 

2.7.2.2 Physical Phantoms  

In order to experimentally investigate the interaction between the human body tissue 

and the electromagnetic fields, phantoms are used to simulate the biological tissues of 

human body. For this purpose, phantoms have been used extensively in medical and 

engineering research. Examples of using phantoms include the effects of 

electromagnetic radiation on health,  X-ray, magnetic resonance imaging (MRI) scan 

and implantable system design.  

Many different phantoms have been proposed to model the human body tissues [24, 

68, 80, 81]. However, they can all be classified into three categories based on their 

state: liquid, semisolid, or solid phantoms and each type has advantages and 

disadvantages [82, 83]. The main features of solid phantoms are the stability of the 
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electromagnetic properties and the possibility of covering wide range frequencies. 

However, solid phantoms are expensive and not easy to fabricate. One of the main 

features for the semisolid phantoms is the flexibility of reshaping. However, it has a 

problem of limited control for the electromagnetic prosperities over a wide frequency 

range. For the liquid phantoms, there are many drawbacks such as the need of a shell 

to contain the liquid, limited range of frequencies and difficulty of handling the 

container. However, although liquid phantoms have these disadvantages, they still 

have the important advantage of being easy to fabricate by mixing different 

components.  

2.8 Summary: 

In this chapter, a general background of BSN and implantable antennas for biomedical 

applications, current regulations and standards are presented.  In addition, designs of 

implanted antennas, effects of lossy media on the antenna performance, challenges 

and human body modelling for body wireless communication are discussed. Current 

researches progresses toward high performance implantable antennas are also 

reviewed and summarized.  

Studies show that the human body reduces the radiation efficiency of implantable 

antennas due to electromagnetic absorption in body tissues. The highly lossy media 

causes radiation pattern distortion and effects antennas and behaviour. Therefore, 

electromagnetic waves suffered from multiple reflections and large attenuation when 

they pass through the human body. Furthermore, depending on the surrounding body 

tissue, the performance and the antenna gain are decreased dramatically. Therefore, 
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an efficient antenna design and new techniques to overcome the lossy media effects 

and to improve implantable antennas performance are required.  

High performance implanted antenna should be compact size, light in weight, wide 

bandwidth, high gain and, in case of capsule endoscopy, has to be omni-directional 

radiation pattern. However, most of the previous implantable antennas satisfied some 

of these conditions and most of them suffer from some problems of low gain, high SAR 

and narrow bandwidth. Moreover, in case of capsule endoscopy antennas, most of 

proposed implanted antennas have a large difference between the maximum and 

minimum gain. Thus, more power needs to be delivered to the antenna to get efficient 

wireless communication to the external devices. Therefore, new antennas that satisfy 

all the requirements for implanted antennas design performance are required. 
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Chapter 3 

3. Improved Performance of 
Implanted Antennas Using External 
Planar Elements1, 2 

3.1 Introduction: 

Chapter two outlined the current progress towards implanted antenna and presented 

the challenges of getting high performance implanted antenna. It presented that 

current research into ways to improve implantable antenna performance focused on 

using new and different designs of antennas. This chapter presents the performance 

improvement of simple and available implanted antenna using external element 

techniques that been detailed in chapter two.  This chapter proposes the design, 

characterisation and simulation of probe and patch implanted antennas for body 

wireless communication. 

                                                        
1 AlAmoudi, A.O.; Alamri, S.; Zhu, S.; Langley, R.J., "Improved performance of 2.45 GHz implanted 
antenna for wireless communication," 2012 IEEE Asia-Pacific Conference on Applied Electromagnetics 
(APACE),  vol., no., pp.308,312, 11-13 Dec. 2012 

2 Alamri, S.; Langley, R.J.; AlAmoudi, A.O., "Improved performance of 2.45 GHz implanted patch antenna 
for wireless communication," Antennas and Propagation Conference (LAPC), 2013 Loughborough , vol., 
no., pp.27,30, 11-12 Nov. 2013 
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The design scenarios investigated the parasitic coupling of the EM wave to external 

elements to improve antenna performance.  It shows that a length of strip line and/or 

a grid structure or an external ring could be used in order to enhance the performance 

of the implanted antenna. These are monitored by calculating the S11 for all scenarios.  

This chapter is organized as follows: Section 3.2 presents a probe implanted antenna 

under investigation using a grid structure and parasitic resonator as external 

elements to improve its performance. These external elements are further 

investigated in Section 3.3 to improve a patch implanted antenna performance. In 

addition, an external ring is used to increase the gain of the patch antenna and is 

presented in Section 3.3 and, finally, conclusions are drawn in Section 3.4. 

3.2 Improved Performance Implanted 2.45 GHz Probe Antenna 

3.2.1 Antenna Design and Human body model 

This section proposes the design, characterisation and simulation of a probe 

implanted antenna for body wireless communication. A simple probe wire antenna is 

employed as it can be easily made from a semi-rigid cable. The antenna in Figure 3.1 is 

embedded underneath the skin layer of a simplified biological tissue model, as shown 

in Figure 3.2. This body model consists of three layers of human tissue: skin, fat and 

muscle. The electrical properties of these body tissues at 2.45GHz are listed in Table 

3.1. The antenna is designed to operate at 2.45 GHz, which is one of the industrial-

scientific-medical (ISM) bands.  

The design is investigated based on the Finite integration technique FIT technique 

using CST software. The simulation environment was setup for a hexahedral mesh, the 
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time domain solver and the frequency range was set from 0.1 to 3 GHz. Used 

hexahedral mesh properties are: 20 lines per wavelength, 6 lower mesh limit and 10 

mesh line ratio limit. It should be noted that this settings is used throughout this 

thesis unless a different sitting is mentioned. Moreover, to take in account losses, in 

this thesis, wherever the gain is mentioned, it means the realised gain which "reduced 

by the losses due to the mismatch of the antenna input impedance to specified 

impedance" [13]. 

 

Table 3.1: Electromagnetic prosperities of human body tissue at 2.45 GHz [1, 2] 

 
Permittivity  

r 

Conductivity  

 S/m 

Loss 

Tangent  

Skin 37.952 1.4876 0.28184 

Fat 5.2749 0.10672 0.14547 

Muscle 52.668 1.773 0.24205 

 

The implanted antenna is surrounded by lossy tissues with high permittivity. 

Therefore, the wavelength is shorter than the wavelength in free space. For this 

reason, implantable antennas can be designed with compact dimensions compared to 

antennas in free space. To find out the antenna length, the following equation can be 

used [3]: 
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 (3-0) 

Where λ is the wavelength, c is the light speed,    is the effective permittivity and f is 

the frequency. Antenna length is affected by the surrounding tissues and the effective 

permittivity will be a combination of the different surrounding tissues permittivity. 

Therefore, the effective permittivity can be calculated as below [4]: 

    
   

 
   

 
  

   
 
   

 (3-1) 

Where     the combination permittivity, n is the number of layers of substrates (if 

there is) and tissues surrounding the antenna, h is the thickness of the substrate or 

tissue and i is the layer number. Now, the result of equation (3-1) is used in equation 

(3-0) as    =    .  

When the antenna length is calculated based only on the fat layer (   = 5.27 at 2.45 

GHz), the half wavelength is 26.65 mm. However, the optimized antenna length is 16 

mm which is lower than the half wavelength in the fat media. This behaviour is due to 

the strong affect of the skin and muscle where they have higher permittivity (    = 

37.952 and 52.668 respectively). Hence in reality the effective permittivity is higher 

than the fat permittivity and, therefore, the antenna length should be shorter than 

26.65 mm as expected.  
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(a) (b) 

 

Figure 3.1: Antenna (a) without dielectric coating (b) with the dielectric coating  

 Skin (2 mm) 
Fat (8 mm)           

 
Muscle (30 mm) 
 

 

Figure 3.2: The probe antenna in three layers human body model 

3.2.2 Implanted Probe Antenna Performance  

Antenna performance in Figure 3.1 is investigated in two cases: when the wire is 

surrounded by human lossy tissue (Figure 3.1 (a)) and when a coating layer is added 

to the wire (Figure 3.1 (b)). The coat used is of a dielectric material (Teflon: r=2.08). 

Both of the antennas are tuned to work at around 2.45 GHz.     

16 mm 

1.1 mm 

Out of Body 
z 

x 

3.5 mm 

130 mm 
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Figure 3.3: Simulated S11 of the probe antenna. 

Figure 3.3 shows the S11 performance of the antenna. The -10 dB bandwidth achieved 

is about 32.6%.  Far-field radiation patterns of the implanted antenna are plotted in 

Figure 3.4. It shows that the gain achieved is -9.3 dB towards the out the body. 

However, it shows that when the antenna is directly placed into the lossy human 

tissue, the near field power loss is high. Due to the higher permittivity, the resonant 

frequency is shifted down in case of the antenna without dielectric coating. Therefore, 

dielectric coat it is an effective technique to improve the performance of the 

implanted antenna. This is due to the lower permittivity of the surrounded material 

than the human body tissue. 

Figure 3.4 shows that a valuable amount of power is wasted in the backward 

direction. That indicates that an amount of the power will be lost and this design could 

be inadequate to realise a sufficient communication between the implants and an 

external monitor. 
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Figure 3.4: Far-Field pattern of the probe antenna.  

From the radiation patterns, it is also notice that when the antenna is placed into the 

fat and very close to the skin layer which has a high permittivity and high loss tangent, 

a high power is radiated towards the back direction of the skin. This indicates that to 

realize sufficient communication between the implants and an external monitor, it is 

important to think about another way to enhance the performance with external 

elements and this is what this chapter presents in the next section. 

3.2.3 Performance Improvement of Implanted Probe Antenna 

3.2.3.1 Implanted Probe Antenna with External Grid 

 

To improve the implanted antenna performance, particularly the forward gain, an 

external grid structure is designed and investigated, combined with the implanted 

antenna as shown in Figure 3.5. The Grid has a very simple structure of a 3x3 

inductive grid forming a band pass filter as shown in Figure 3.6. The radiated power 
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can then be directed by the filter and the beam formed in the desired direction. The 

grid structure is designed to have a greater dimension than the inner antenna, so that 

more EM waves can be captured from inside the body. The distance from the grid 

layer to the skin is observed from 0 mm, which indicates the grid directly printed on 

the skin, to several millimetres. A 1.1 mm thickness felt fabric with a relative dielectric 

permittivity εr = 1.33 is used as a substrate to separates the grid and skin. The effect 

of the felt on the gain is investigated and found that the felt have no effect on the 

antenna performance. It is found that the combined structure is able to improve the 

gain, and the best result occurs at the separation when the two elements have the 

strongest coupling. Here, the results of a 4.4 mm distance from the grid to the skin will 

be presented because any larger separation is not easily achievable in practice. 

 

    

 

Felt 

layers 

  

 
 

  

 g  

Skin (2 mm) 

Fat (8 mm)     Antenna 
 

 

 

Muscle (30 mm) 
 

 

Figure 3.5: The implanted antenna with an external grid structure in the human body 

model side view  

 

 

Grid structure investigated 
at g = 0, 1.1, 2.2. 3.3 and 4.4 
mm high from the skin 

- - - Grid Structure 

Out of Body 
z 

x 

130 mm 
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Figure 3.6: The implanted antenna with an external grid structure top view. 

 

Figure 3.7: Simulated S11 of the probe antenna with an external grid. 

 

Figure 3.8: Far-Field pattern of the probe antenna (a) without and (b) with an external 

grid structure. 

10 mm 

34 mm 

1 mm 
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Figure 3.7 shows the S11 performance of the antenna with the grid. The bandwidth 

achieved is about 32.6% calculated -l0 dB bandwidth.  The far-field radiation pattern 

of the implanted antenna with the grid is plotted in Figure 3.8 . It is very clear that the 

main power radiation is enhanced and the gain achieved is -6.1 dBi. Moreover, it 

shows that the power wasted in the backward direction is reduced and shifted from 

the back of the body to the front of the body. However, more enhancements could be 

achieved using an external strip line which will be shown in the following section.  

 

3.2.3.2 Effect of parasitic grid structure height 

The effects of parasitic grid structure height from the skin on the performance of the 

antenna have been studied and the simulation is performed at 2.45 GHz. The gap, g, 

between the parasitic grid structure and the skin varied, in order to analyse its impact 

on antenna radiated power. The investigation is carried out at the multiples of the felt 

layer thickness (1.1 mm). To maintain a reasonable overall thickness of the felt, a 

maximum of 4 layers was investigated. Thus, the investigation is carried out on g = 0, 

1.1, 2.2, 3.3 and 4.4 mm. Figure 3.9 shows the gain investigation results at different 

heights of the grid from skin. It shows that the antenna gain increases as the gap 

between the grid structure and skin increases and the higher gain achieved at g = 4.4 

mm. Therefore, for the improvement scenario, the grid structure is chosen to be at 4.4 

mm height from the skin.  



Improved Performance Implanted Antennas Using External Planer Elements 

 

 

50 

0

30

60

90

120

150

180

210

240

270

300

330

-30 -25 -20 -15 -10 -5 0

-30

-25

-20

-15

-10

-5

0

-30-25-20-15-10-50

-30

-25

-20

-15

-10

-5

0

h = 0 mm

h = 1.1 mm

h = 2.2 mm

h = 3.3 mm

h = 4.4 mm
 

Figure 3.9: Investigated gain of the gap between the grid structure and skin 

 

3.2.3.3 Implanted Antenna with External Grid and Strip Line 

To enhance the performance of the antenna further and make the whole structure 

more practicable, a new model is established in the software. Instead of leaving the 

gap between the grid and the skin as free space, a fabric material - felt - is used to fill 

the gap as the substrate of the grid. A single layer of felt has a thickness of 1.1 mm, 

relative permittivity of 1.38 and loss tangent of 0.02. In addition, another parasitic 

element, a printed line, as shown in Figure 3.10, is inserted in between the inner 

implant and the grid to enhance the coupling. The printed line length and position are 

tuned to achieve the optimum results.   

g (mm) Gain peak 
values (dBi) 

0 -12.5 

1.1 -10.4 

2.2 -6.5 

3.3 -5.4 

4.4 -5.2 
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GRID  3.3 mm 

Felt  Strip Line 

  1.1 mm 

Skin(2 mm) 

Fat (8 mm)       
 

 

 

Muscle (30 mm) 
 

Figure 3.10: The implanted antenna with an external grid structure and printed line. 

 

 

Figure 3.11: Simulated S11 of the probe antenna with an external GRID and strip line. 

Out of Body 
z 

x 130 mm 
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Figure 3.12: Far-Field pattern of the probe antenna with an external grid and printed 

line. 

 

The bandwidth achieved is about 30.6% calculated -10 dB bandwidth.  Far-field 

radiation pattern of the implanted antenna with the grid and the printed line is 

plotted in Figure 3.12. It shows a significant enhancement towards outside the body 

and the gain achieved is -4.4 dBi. Moreover, it shows a good reduction in the power 

wasted in the backward direction. 

 

3.2.3.4 Effect of parasitic elements rotation  

The effects of parasitic grid and printed line rotation on the performance of the 

antenna have been investigated. The angle, θ, from the horizontal position varied, in 

order to analyse its impact on antenna radiated power. As seen in Figure 3.13, the 

angel, θ, varied on 8 positions from 0 to 260 with θ = 45O step. Figure 3.14 shows the 
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gain of investigated different angles and shows that the maximum difference between 

the highest and lowest gain is 1.14 dBi. This indicates that the antenna has a low 

sensitivity toward the rotation of the parasitic elements. 

 

 
 

(a) θ = 0O and 180O 

 

(b) θ = 45O and 225O 

 

 
 

(c) θ = 90O and 270O (d) θ = 125O and 315O 

 

Figure 3.13: Investigation of the parasitic elements rotation  

 

θ 
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Figure 3.14: Investigated gain of the parasitic elements rotation  

3.2.4 Results Analysis 

To compare these results with those of some other published material, Table 3.2 show 

results of three other types of antenna from referenced literature, published in [9] and 

[10]. Moreover, the power radiated from the body and the antenna gain towards the 

transceiver and the overall radiation efficiency are compared. It is important to note 

that some data on some antennas was not found. From the comparison, it can be seen 

that using the external grid and strip line elements, the implanted probe antenna 

maximum radiated power is increased by 160% in the direction of the body. Perhaps 

the most useful and informative result is that for the gain which is improved by 12 dB 

in the desired direction. This proves that by adding external parasitic elements, the 

power of the implant antenna can be dramatically decreased.  

Angle O Gain peak 
values (dBi) 

0 or 180 -4.43 

45 or 225 -4.92 

90 or 270 -5.57 

135 or 315 -4.92 
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Table 3.2: Comparisons of the radiation characteristics of different types of implanted 

antennas (input power = 1W) 

Antenna type 
Pmax (W) out 

of Body 

Gain dBi 

out of Body 

Radiation 

efficiency 

Probe antenna (this work) 0.0016 - 16.83 9.8% 

Probe antenna + Grid+Parasitic resonator 

(this work) 
0.02275 - 4.4 14.1% 

Cavity slot antenna [5] 0.0025 -13.69 3.5% 

Microstrip antenna [6]   0.16% 

PIFA  [6]   0.25% 
 

As detailed in Chapter 2, absorption of EM waves generate heat effect in the human 

body and this is measured by the Specific Absorption Rate (SAR) which can be 

calculated as following: 

    
     

 
      (3-2) 

Where,   is the electric conductivity of the tissue [S/m],   is the density of the tissue 

[kg/m3], and E is the amplitude of electric-field strength (r. m. s.) inside the tissue 

[V/m]. For SAR calculation, maximum input power is assumed to be one watt for 

normalisation. Figure 3.15 shows the calculated peak SAR of 1-gram tissue for the 

probe antenna with external elements is 89.2 W/kg.   

Figure 3.16 shows the calculated maximum 1-g SAR as a function of distance from the 

antenna toward the inside and outside the body for the implanted antenna with and 

without external elements. It shows that the SAR is reduced in the direction of the 

body by more than 28% when the grid and parasitic resonator is used with the 
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antenna.  The SAR decreases rapidly from 89.2 W/kg to 9 W/kg for a distance on 1 cm 

and to less than 1.6 W/kg for 1.5 cm. However, 89.2 W/kg is higher than the peak 1-g 

SAR standard value of ANSI (1.6 W/kg). Therefore, in order to satisfy the peak 1-g SAR 

limitation, the maximum power has to be reduced using the following equation: 

     
        

        
 

   

    
                (3-3) 

where      is the maximum radiated power, g is gram, kg is kilogram, W is watt and 

mW is milliwatt. This equation shows that the maximum power can be delivered to 

the antenna is 17.9 mW to satisfy the SAR limitation of the ANSI. This value of the 

input power also generates smaller radiated power than the 100 mW EIRP limitation.   

 

Figure 3.15: 1-g SAR distribution of the probe antenna with external elements 

It can be noted in Figure 3.16 that zero position is co-located at the air-body interface. 

The radiation is implied as propagating inwards in the case where the base of the 

antenna is located at the zero position. The second co-located zero position is 
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referenced to the top of the antenna, and radiation is implied to be propagating 

outwards from the air-body interface.  

 

 

Figure 3.16: Maximum 1-g SAR calculated as a function of distance from the antenna 

toward inside the body  

3.3 Improved Performance 2.45 GHz Implanted Patch Antenna 

3.3.1 Implanted Microstrip Patch Antenna Design 

In this section a microstrip patch antenna is designed and investigated as the implant 

antenna. The antenna is embedded under the skin layer of a simplified biological 

tissue model, as shown in  Figure 3.17. The designed antenna is a compact size simple 

structure as shown in Figure 3.18 fed by a coaxial pin. The antenna is embedded 

inside the fat layer of a simplified biological tissue model which consists of three 

layers of human tissue: skin (2 mm), fat (8 mm) and muscle (30 mm). This antenna is 

designed on a 0.8 mm thick FR4 substrate with thin copper layers etched on each side. 
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The antenna is designed to operate at 2.45 GHz, which is one of the industrial-

scientific-medical (ISM) bands and the design is investigated using CST software.  

 

 Skin (2 mm) 

Fat (8 mm)                                               Antenna  

 

Muscle (30 mm) 

 

 

130 mm 

 Figure 3.17:  The implanted patch antenna placed in the middle of the fat layer of a 

simple human body model 

 

 

(a)        (b)    

    0.8 mm 

                             Feeding 

 

Figure 3.18:  Patch Antenna (a) Top view and (b) side view 

The design process starts with the determination of the overall dimensions of the antenna 

using commonly used mathematical formulation of patch antennas. Then, the final 

dimensions of the microstrip patch antenna were optimized using the CST software. The 

resonant frequency for patch antenna can be calculated approximately using the 

equation below [3]: 

 

Patch 

 

Feed point     13 mm 

26 mm 

 

13 mm 

26.4 mm 

Out of Body 
z 

x 
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 (3-4) 

  
 

  
 

 

    
 (3-5) 

Where L is the patch antenna length, W is the patch antenna width, C is the light 

speed,    is the substrate permittivity,      is the effective permittivity and f is the 

frequency. The patch length is a function of the effective permittivity which is given by 

[7]: 

      
    

 
 

    

 
     

 

 
 
    

 (3-6) 

 

However, the patch antenna size is affected by the surrounding tissues and the 

effective permittivity will be a combination of the substrate permittivity and 

surrounding tissues. Therefore, the effective permittivity can be calculated as below 

[4]: 

 

    
   

 
   

 
  

   
 
   

 (3-7) 
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Where     the combination permittivity, n is is the number of layers of substrates and 

tissues surrounding the antenna, h is the thickness of the substrate or tissue and i is 

the layer number. Now, the result of equation (3-7) is to be used in equation (3-6) as 

   =    .  

Since the antenna is mainly surrounded by fat, two layers will be used to solve 

equation (3-7); the substrate and the fat. Thereafter, by solving equations (3-4) to 

(3-7) and using CST for the optimisation, it is founded that the implanted patch 

antenna dimensions are 26.4 x 13 mm and has an overall size including the ground of 

34 x 30 x 1 mm3 and tuned at around 2.45 GHz. 

3.3.2 Implanted Patch Antenna Performance  

Figure 3.19 shows the S11 performance of the antenna. The bandwidth achieved is 

about 6.1% calculated for -l0 dB bandwidth. The two principle planes are plotted in 

Figure 3.20 which shows that the gain achieved is - 9.3 dB out the body and the Far-

field radiation pattern of the implanted antenna is plotted in 3D in Figure 3.21. 

 

Figure 3.19: Simulated S11 of the patch implanted antenna 
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Figure 3.20: Far-Field pattern (in dBi) of the patch antenna (a) E-plane and (b) H-

plane Performance Improvement of Implanted Patch Antenna 
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Figure 3.21:  3D Far-Field pattern of the patch antenna 

 

 

 

3.3.2.1 Implanted Antenna Improvements with External Grid  

To improve the implanted antenna performance, particularly the forward gain, an 

external grid structure is designed and investigated, combined with the implanted 

antenna. As shown in Figure 3.22, the simple structure grid of 3 x 3 inductive grids 

forming a matching surface with dimension of 28 x 28 mm2.  The radiated power can 

then be directed by the filter and beam formed in the desired direction. A fabric 

material ‘felt’ which has a permittivity of 1.28 was used as a substrate for the grid with 

a thickness of 4.4 mm.  
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Grid   

 Felt  

Skin 

Fat 

             Antenna 
 

Muscle 

 
 

 

 

(a) (b) 

Figure 3.22: The implanted antenna with an external Grid structure 

(a) Side view   (b) Top view 

 

 

 

Figure 3.23: Simulated S11 of the patch antenna with an external Grid 
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(a) 

 

(b) 

 

Figure 3.24: Far-Field pattern of the antenna with an external Grid E-plane (a) and H-

plane (b) 

 

Figure 4.3Figure 3.23 shows the S11 performance of the antenna with the grid. The 

bandwidth achieved is about 8.2% calculated for -l0 dB bandwidth which improved by 

about 33% over the bandwidth of the antenna without the grid. The far-field radiation 
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pattern of the implanted antenna with the grid is plotted in Figure 3.24. It is very clear 

that the main power radiation is enhanced and the gain achieved is -7.2 dBi towards 

out of the body. However, more enhancements could be achieved using an external 

strip line which will be shown in the following section.  

3.3.2.2 Implanted Antenna with External Grid and Parasitic Resonator 

To enhance the performance of the patch antenna further, another parasitic element is 

inserted in between the inner implant and the grid to enhance the coupling. As shown 

in Figure 3.25 the strip line length and position are tuned to achieve the optimum 

results with 16 mm length and 1 mm width.   

Figure 3.26 shows the simulated S11 of the antenna with the GRID and strip line. The 

bandwidth achieved is about 8.2% calculated for the -10 dB bandwidth.  Far-field 

radiation pattern of the implanted antenna with the grid is plotted in Figure 3.28. It 

shows a significant enhancement and the gain achieved is -5.3 dB out of the body.  

 
Grid  3.3 mm 

Felt  Strip Line 

  1.1 mm 

Skin (2 mm) 

Fat (8 mm)           

                                                                                                     Antenna 

 

Muscle (30 mm) 
 

Figure 3.25: The implanted patch antenna with an external GRID structure and strip 

line. 
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Figure 3.26: Simulated S11 of the patch antenna with an external GRID and strip line. 

3.3.3 Results Analysis  

Figure 3.27 and Figure 3.28 show the comparison of the S11 and radiation pattern. 

From this comparison, it can be seen that using the external grid and strip line 

elements, the implanted patch antennas performance is improved. The most useful 

and informative result is that for the gain which is improved by up to 4.5 dB in the 

desired direction using the parasitic elements. The calculated -l0 dB bandwidth 

improved by about 33%. This proves that by adding external parasitic elements, the 

output power of the implant antenna can be dramatically decreased by at least 3 

times. Therefore, the battery life can be increased by a similar factor. 

 

Figure 3.27 Simulated S11comparison of the patch antenna 
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(a) 

 

(b) 

 

 

Figure 3.28: Far-Field pattern comparison of the patch antenna (a) E-plane and (b) H-

plane  
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Figure 3.29 shows the calculated peak SAR of 1-gram tissue for the patch antenna with 

external elements is 72.3 W/kg. Figure 3.30 shows the calculated maximum 1-g SAR 

as a function of distance from the antenna toward inside and outside the body for the 

implanted antenna with and without external elements. It shows that the SAR is 

reduced in the direction of the body by almost 10% when the grid and parasitic 

resonator is used with the antenna. The SAR decreases rapidly from 45 W/kg to 2 

W/kg where SAR is less by more than 60% when the external elements are used. 

However, 72.3 W/kg is higher than the peak 1-g SAR standard value of ANSI (1.6 

W/kg) as detailed in Chapter 2. Therefore, in order to satisfy the peak 1-g SAR 

limitation, the maximum transmitted power has to be reduced using the following 

equation: 

     
        

        
 

   

    
                 (3-8) 

Where      is the maximum power. This equation shows that the maximum power 

can be delivered to the antenna is 22.1 mW to satisfy the SAR limitation of the ANSI 

and EIRP.  
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Figure 3.29: 1-g SAR distribution of the probe antenna with external elements  

 

 

Figure 3.30: Maximum 1-g SAR calculated as a function of distance from the antenna 

toward inside the body 

In order to validate this work, the work in [6] was implemented using CST. The 

objective of this is to verify that the used simulation package, CST, is working correctly 
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by comparing its results with other work results. Results show that CST results are 

very similar to the published results in the original work as detailed in Appendix C. 

 

3.3.4 Microstrip Patch Antenna Measurements 

The simulations for the microstrip patch antenna were verified by measurements 

where pork meat was used to simulate a human body and the patch antenna has been 

fabricated and measured. Figure 3.31 measurements setup for S11 where the antenna 

inserted inside the 3-layers pork cut and the cable connected from the bottom of the 

cut. Figure 3.32 show the measurements setup for antenna far-field where the pork 

cut fixed on a rigid foam material and the cable connected from the back. The patch 

antenna was embedded in a piece of pork meat with similar dimensions to the human 

model Figure 3.17. Pork meat has close but not identical electromagnetic 

characteristics to the human body [8]. However the pork meat used for the 

measurements did not have uniformly thick layers nor were the layers parallel and 

the meat sample were only approximate. 

 



Implanted antennas for Biomedical Application  

 

 

71 

 

Figure 3.31: S-parameter measurements of the patch antenna 

 

 

Figure 3.32: Far Field pattern measurements of the patch antenna 

3.3.5 Results Analysis 

Figure 3.33 to Figure 3.35 show the measurements results. For the S11, the 

measurements results are agree with the simulations. When the grid and parasitic 

resonator are used, the gain increased by 7.5 dBi (simulated) and 3 dBi (measured).  

Figure 3.34 shows the comparison between normalised measured and simulated far-
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field. Generally, measurements show that the implanted antenna performance is 

improved when the parasitic elements are used and measurements results are in 

satisfactory agreement with simulations. Figure 3.33 shows the measured versus the 

simulated S11 of the antenna where the measured band width is almost 75 MHz at 

VSWR 2:1.  
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Figure 3.33: Measured vs. Simulated S11 of the patch antenna 
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Figure 3.34: Measured vs. simulated normalised Far-Field pattern of the antenna only 

(a) E-plane (b) H-plane 
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Figure 3.35: Measured Far-Field pattern comparison of the patch antenna without and with external 

elements (a) E-plane and (b) H-plane 
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3.4 Conclusions 

In this Chapter, a probe and patch implanted antenna designed to work at the ISM 

band for biomedical applications is presented. A 3-layer (skin, fat and muscle) human 

model was constructed in the CST simulation to represent a simple human body. 

External elements were designed to enhance the performance of such implanted 

antennas. This approach yields a significant improvement in the antenna gain. To 

compare these results with those of some other published material, Table 3.3 show 

results of three other types of antenna from referenced literature, published in [5] and 

[6]. 

 

Table 3.3: Comparisons of the radiation characteristics of different types of implanted 

antennas (input power = 1W) 

Antenna type 
Pmax (W) out 

of Body 

Gain dBi 

out of Body 

Radiation 

efficiency 

Probe antenna (this work) 0.0016 - 16.83 9.8% 

Probe antenna + Grid + Parasitic resonator 

(this work) 
0.02275 - 4.4 14.1% 

Patch antenna + Grid + Parasitic resonator 

(this work) 
0.0075 - 4 14.6% 

Cavity slot antenna [5] 0.0025 -13.69 3.5% 

Microstrip antenna [6]   0.16% 

PIFA  [6]   0.25% 

 

Both simulation and measurement have shown that the simple external grid can 

significantly improve the implanted antenna gain out of the body by up to 6 dBi (12 

dBi calculated). In case of the probe antenna, the gain increased by 6 dB and 28% 
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overall SAR reduction. In case of the microstrip patch antenna, the gain increased by 

7.5 dBi (simulated) and 4.5 dBi (measured). 

Such external elements could be manufactured in a sticking plaster form and applied 

to the skin giving much improved implant communication performance and 

significantly reduced battery power consumption. In both antennas, the SAR values 

can satisfy the safety standards for medical implant applications.  
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Chapter 4 

4. Gain Enhancement of Implanted 
Antennas Using Lens and Parasitic 
Ring1 

4.1 Introduction 

The last chapter presents an improvement of implantable antennas performance 

using different external parasitic elements. In this chapter, a novel hemispherical lens 

and a printed parasitic ring are proposed to improve the performance of implantable 

antennas externally. 

The design and characteristics of hemispherical lens to improve an implantable 2.45 

GHz microstrip patch antenna are investigated using simulation and practical 

experiments.  The results show that the hemispherical lens can  be used to enhance 

the performance of a subcutaneous implantable antenna. This is shown by calculating 

the S11 for all scenarios and the antenna performance is characterized by antenna gain 

and SAR calculations. 

                                                        
1 Alamri, S.; Langley, R.J.; AlAmoudi, A.O., "Gain Enhancement of Implanted Antennas Using Lens and 
Parasitic Ring". Electronics Letters. (Submitted) 
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This chapter is organized as follows: section 4.2 introduces the concept of lens 

antennas and the design of the hemispherical lens to be used for implantable antenna 

improvement. Thereafter, section 4.3 presents an additional improvement technique 

using a parasitic ring resonator combined with the hemispherical lens. The 

realisation, findings and measurement results are discussed in section 4.6 and 4.7 

respectively. Finally, conclusions are drawn in Section 4.8. 

4.2 Performance Improvement of Implanted Patch Antenna Using 
External Lens 

Antenna gain enhancement methods for free space applications have included using 

metamaterials at millimetre waves [1] or using a square aperture superstrate [2]. In 

[3] the performance of an implanted antenna was enhanced by up to 10 dB using a 

parasitic monopole and a matching printed grid surface placed on the skin of the 

patient. This chapter presents a simple way to improve the antenna gain using a 

parasitic ring and glass hemispherical lens placed on the skin. 

Recently, lens antennas have attracted researchers for antennas gain enhancement in 

many free space microwaves applications [4-7]. For example, lenses have used to 

improve the gain of patch antenna for WiMAX applications from 3.87 dBi to 7.71 dBi 

and 11.07 dBi respectively [4].  A four element and eight elements Microstrip array 

have use the lens to enhance the gain by 4 dBi [5].  Dielectric lens antennas are more 

popular in MMW applications at higher frequencies where lens dimensions and 

weight become small enough and allow easy system integration [5-8]. 
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4.2.1 Lens Antennas 

Dielectric lens antenna has been investigated during the early developments of 

microwave antennas. However the interests have declined due to the large size of 

lenses at low frequencies. Recently, an increasing interest in dielectric lenses research 

due to the rapidly growing of number of applications for millimeter waves where the 

lenses physical dimensions have reasonable sizes. Lens antennas are mainly used to 

collimate incident divergent energy to prevent it from spreading in undesired 

directions. They are effective at producing highly directive beams by transforming of 

divergent energy to plane waves [6, 7, 9, 10]. Figure 4.1 shows the principle of 

antenna with hemispherical lens where it works to directive the antenna waves [11]. 

 

 

 

 

 

Figure 4.1:  An antenna with a hemispherical lens (adopted from [11]) 

For effective lens antennas, it is important to select a material which is mechanically 

and electromagnetically stable. A typical choice if material can be selected depend on 

relative permittivity vary from about 1.2 to 13. Figure B.1 in Appendix B list the 

permittivity and loss tangent of some well know materials [7]. 

Antenna 

Hemispherical Lens 
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Although lenses have been widely used on the MMW applications, literature reviews 

have indicated that there was no published work for using such technique to improve 

implantable antennas performance. Therefore, section 4.2.2 briefly presents a model 

for to use a hemispherical lens that could be used to improve implantable antennas 

performance. 

4.2.2 Antenna and Lens Design  

As presented in Chapter 3, a patch antenna was designed at 2.45 GHz as the implant 

antenna using CST Microwave Studio. The antenna is embedded inside the fat layer of 

a simplified biological tissue model which consists three layers of human tissue: skin, 

fat and muscle. The electrical properties of these body tissues and the patch antenna 

configuration are presented in Chapter 3. This chapter presents methods for 

improving the gain of a microstrip patch antenna operating at 2.45 GHz implanted in 

the fat layer of the human body using an external hemispherical lens and parasitic 

ring.  

To improve the implanted antenna performance an external hemispherical lens was 

designed and investigated to be placed on the skin over the implanted antenna as in 

Figure 4.2.  Numerical simulations are carried out using CST microwave studio design 

software.  

There are various factors that affect the design of the lenses to be used for antennas 

performance improvements. This includes electromagnetic properties of the lens 

material, shape of the lens, orientation, size and antenna operating frequency [7]. 

Several simulations have been performed using CST Microwave studio to achieve the 
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optimal material type suitable for this applications. For the same size of lens, it was 

found that Glass (Pyrex) of permittivity 4.82 is the most suitable for improving the 

gain of implanted antenna. 

Since the size is very important factor in biomedical application, the spherical lens is 

excluded from the design in this chapter.  

 

 

 

Figure 4.2: The proposed antenna with a hemispherical Lens over the body model  

Table 4.1: Optimizing lens radius for optimal antenna gain (the bold font shows the 

best results) 

Hemispherical Lens 

Radius (mm) 
Gain (dB) 

 20  -5.57 

22 -4.69 

24 -3.38 

26 -3.09 

27 -2.82 

28 -2.26 

29 2.40 

 30  -2.39 

 32  -2.46 

38 -2.42 

A 28 mm radius 

hemispherical lens 

Antenna 

 

 

Skin (2 mm) 

Fat   (8 mm) 

 

Muscle (30 mm) 
Out of Body 

z 

x 

130 mm 
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The hemispherical lens radiuses and orientation are investigated for the highest gain 

using CST software. Table 4.1 shows the antenna gain optimised against the 

hemispherical lens radius. It shows that the hemispherical lenses with radius of 28 

mm and larger are providing the highest gain.   To conclude, the optimised 

hemispherical lens for this design is a Glass (Pyrex) with 4.82 primitively, the 

hemisphere curve is in the body side with 56 mm diameter.  

4.2.3 Improvement results  

Figure 4.3 shows the simulated S11 of the patch antenna with a hemispherical lens. 

Radiation pattern results show that there is a significant gain enhancement when the 

hemispherical lens is implemented. The improvement of normalized gain is nearly 6.5 

dB as illustrated in Figure 4.4. This gain improvement is obtained when the dielectric 

lens is implemented where it is work to focus the radiation energy and, thus, the 

antenna gain is improved [6]. Figure 4.4 shows clearly that the radiation pattern is 

focused in out of the body direction, where the lens is implemented. It is clear that 

antenna outward radiation directivity and gain enhanced while total backward 

radiation levels are similar. 

 

Figure 4.3: Simulated S11 of the patch antenna with a hemispherical lens 
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Figure 4.4: Simulated implanted antenna Far-Field pattern with/without a 

hemispherical lens E-plane (a) and H-Plane (b) 
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4.3 Performance Improvement of Implanted Patch Antenna Using 
External Lens and Parasitic Ring 

Studies were carried out to further improve the implanted antenna gain by coupling 

the exiting EM wave to an external parasitic ring in addition to the lens. As best of the 

researcher knowledge, this is the first time that a parasitic ring is used for implantable 

antenna gain enhancement. A lens and a parasitic ring resonator were placed on the 

skin as shown in Figure 4.5. The parasitic ring resonator radius was optimised for the 

highest gain using CST software. Optimisation of the ring radius for optimal antenna 

gain is shown in Table 4.1 where the bold font shows the optimum radius. The best 

results obtained when the ring had a radius of 20 mm and 3 mm wide and was printed 

on a layer of felt. The felt layer material has a thickness of 1.1 mm, relative 

permittivity of 1.38 and loss tangent of 0.02.  

As shown in Figure 4.5 and Figure 4.6, a simple ring of 30 mm radius (R) and 3 mm 

width (W) is placed on the the skin. Figure 4.7 shows that the simulations indicated 

that there should be a significant gain enhancement of almost 8.5 dB when both lens 

and parasitic ring resonator are used compared to the implanted antenna alone.  

To investigate the impact of the body sample size, the gain is also investigated when 

the body sample is 150 mm and 200 mm length. Figure 4.8 shows that the normalised 

gain is enhanced from - 8.33 dB for the antenna alone to – 1.77 dB when the lens is 

used and to 0 dB when lens and parasitic ring resonator are used for 150 mm body 

sample length. Figure 4.9 shows a similar improvement when the body sample is 200 

mm length. This investigation shows that using a lens and parasitic ring resonator 

provides a significant gain enhancement regardless the body sample size. 
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Figure 4.5: The proposed antenna with a hemispherical Lens and Ring over the body 

model  
 

 Ring 
 

Skin (2 mm) 

 

Fat (8 mm)                  Antenna 

 

Muscle (30 mm) 
 

 

(a) (b) 

Figure 4.6: (a) The implanted patch antenna with an external Ring (b) Ring design 

 

Table 4.2: Optimizing ring radius for optimal antenna gain where the bold font shows 

the optimum radius 

Ring Radius (R) 

(mm) 

Gain (dB) at 

2.45 GHz 

22 -16.06 

24 -15.23 

25 -14.67 

26 -14.03 

27 -13.42 

28 -12.91 

30 -12.46 

35 -13.85 

  
 

      R mm 

 

W mm 

130 mm 

A 30 mm radius external ring   
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Figure 4.7: Normalised simulated implanted antenna Far-Field pattern with/without a 

hemispherical lens and parasitic ring (a) E-plane and (b) H-Plane when the body 

sample is 130 mm length 
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Figure 4.8: Normalised simulated implanted antenna Far-Field pattern at 150 mm 

length body sample with/without a hemispherical lens and parasitic ring (a) E-plane 

and (b) H-Plane  
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Figure 4.9: Normalised simulated implanted antenna Far-Field pattern at 200 mm 

length body sample with/without a hemispherical lens and parasitic ring (a) E-plane 

and (b) H-Plane 
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4.4 Impact of the Antenna depth on the performance of using the 
external lens 

The effects of implant depth on the performance of the antenna particularly inside the 

fat and muscle layers have been studied. The implanted depth of the antenna was 

tested and compared in three places to show and analyse its impact on antenna 

performance as shown in Figure 4.10. The S11 of the implanted antenna in the three 

places is shown in Figure 4.11. It can be seen that there is a small change in the 

resonant frequency of the implant when the antenna is still in the fat layer. However, 

the frequency is shifted down to 1.63 GHz when the antenna is inserted deeper in the 

muscle. This is due to the new higher permittivity surrounding the antenna which is 

muscle. 

In order to investigate whether the lens still improves the gain even if the antenna is 

deeper in muscle, the Far-field pattern was analysed for both frequencies, 2.45 GHz 

and 1.63 GHz, in both cases (with and without hemispherical lens). Figure 4.12 and 

Figure 4.13 show the simulated Far-Field pattern of the antenna in muscle 

with/without a hemispherical lens at 2.45 GHz and  at 1.63 GHz, respectively. Both 

figures show that the implanted antenna gain is improved when the lens is used even 

if the antenna is placed in muscle. 
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Figure 4.10: The implanted antenna in different depth with a hemispherical Lens  
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Figure 4.11: Simulated S11 of the implanted antenna in different depth 
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(a) (b) 

Figure 4.12: Simulated Far-Field pattern of the antenna in muscle with/without a 

hemispherical lens E-plane (a) and H-Plane (b) at f = 2.45 GHz 
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(a) (b) 

Figure 4.13: Simulated Far-Field pattern of the antenna in muscle with/without a 

hemispherical lens E-plane (a) and H-Plane (b) at f = 1.63 GHz 
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4.5 SAR Analysis  

Figure 4.14 shows the distribution of the Specific Absorption Rate (SAR) of 1-gram 

tissue along the model sample. It shows that the calculated peak SAR of 1-gram tissue 

is 69.6 W/kg for the antenna only and 67 W/kg when the hemispherical lens was 

implemented. The results show that the maximum SAR is reduced by 4.3% when the 

hemispherical lens is used with the antenna. Figure 4.15 shows the calculated 

maximum 1-g SAR as a function of distance from the antenna toward inside and 

outside the body at a cut along the centre of the body model for the implanted antenna 

with and without lens. The SAR decreases rapidly from 17.4 W/kg to 1.6 W/kg for a 

distance of 1 cm and to less than 1.6 W/kg for 1.5 cm. In many points, SAR is reduced 

by 20% to 40% when the hemispherical lens is used with the antenna. However, the 

peak SAR (67 W/kg) is higher than the peak 1-g SAR standard value of ANSI (1.6 

W/kg) [12]. Therefore, in order to achieve the peak of 1-g SAR limit, the maximum 

power has to be reduced using the following equation: 

     
        

        
 

   

  
                (4.9) 

Where      is the maximum power. This equation shows that the maximum power 

can be delivered to the antenna is 23.8 mW to satisfy the SAR limit of the ANSI.  
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(a)   (b)   

Figure 4.14: 1-g SAR distribution of the microstrip antenna without (a) and with (b) 

hemispherical lens 

 

 

Figure 4.15: Maximum 1-g SAR calculated as a function of distance from the antenna 

toward inside the body 
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4.6 Measurements Setup  

The simulated results obtained in the last sections using CST Microwave Studio are 

experimentally validated. Measurements were carried out in an anechoic chamber 

and the patch antenna was embedded in a piece of pork meat with similar skin, fat and 

muscle dimensions to the human model shown in Figure 4.16. Pork meat has close but 

not identical electromagnetic characteristics to the human body. However, the 

thicknesses of the various layers in the meat sample were only approximate and the 

layers were not completely uniform in thickness. The S11 and far-field for the antenna 

with and without the hemispherical lens and parasitic ring resonator are measured. 

 

 

  

Figure 4.16: The hemispherical lens (left) and the far-field measurements (right) 

4.7 Analysis of Measured Results  

Figure 4.17 and Figure 4.18 show that measured results are similar with simulation. 

Figure 4.17 shows the measured versus the simulated S11 of the antenna with 

hemispherical lens where the measured band width is almost 70 MHz at VSWR 2:1. 

Hemispherical lens 

Antenna 

Antenna embedded in a 

piece of pork meat 
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Results show that the resonant frequency of the implanted antenna was not affected 

by placing the lens and/or parasitic element on the skin over the antenna. The 

measurements show that the antenna performance is significantly improved. 

However, the radiation pattern levels at the rear of the antenna are not accurate due 

to the stand used to support the antenna and meat sample. 

 

 

 

 

Figure 4.17: Measured vs. Simulated S11 of the implanted antenna with lens 

 

f GHz

1.0 1.5 2.0 2.5 3.0

S
1

1
 d

B

-20

-15

-10

-5

0

Simulated S11

Measured S11

- 10 dB (2:1 VSWR)

2:1 VSWR

2.385 GHz
2.536 GHz

2.59 GHz



Gain Enhancement of Implanted Antennas Using Lens and Parasitic Ring 

  

 

96 

0

30

60

90

120

150

180

210

240

270

300

330

-30 -25 -20 -15 -10 -5 0

-30

-25

-20

-15

-10

-5

0

-30-25-20-15-10-50 -30

-25

-20

-15

-10

-5

0

 

(a) 

 

0

30

60

90

120

150

180

210

240

270

300

330

-30 -25 -20 -15 -10 -5 0

-30

-25

-20

-15

-10

-5

0

-30-25-20-15-10-50

-30

-25

-20

-15

-10

-5

0

Measured gain for antenna with Lens and Ring

Measured gain for Antenna with Lens

Measured gain for Antenna only
 

(b) 

Figure 4.18: Measured radiation patterns in two planes for implanted antenna 

with/without lens and/or ring at 2.45 GHz (a) H-plane   (b) E-plane 
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4.8 Summary 

This chapter presented a new method to improve the gain of the implanted antenna 

and this method is numerically and experimentally investigated. The simulation and 

practical results show that combining an external hemispherical lens with a parasitic 

ring placed on the skin above the implanted antenna can enhance the performance of 

an implantable antenna. This approach yields a significant improvement in the 

antenna gain which was increased by up to 8.5 dB and hence provides better 

communication ability and reduces the power consumption for the implant. Moreover, 

it can also reduce SAR values to comply with the safety standards for medical implant 

applications. 

The results showed that the antenna gain was increased by 8.5 dB and between 4% to 

40% SAR reduction were achieved. In both cases, the SAR values can satisfy the safety 

standards for medical implant applications. Such an external lens is quit cheap, easy to 

implement and has a significant impact on the medical applications by improving the 

communication link between the implanted antenna and the nearest hotspot. 
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Chapter 5 

5. Compact Dual-Band Implanted 
Antenna with Gain Enhancement1, 2 

5.1 Introduction: 

Different gain enhancement techniques have been used in Chapter 3 and Chapter 4 to 

enhance the gain of a simple implanted patch antenna. This chapter presents a 

compact dual-band implanted antenna with gain enhancement. Some of performance 

improvement techniques that used in last two chapters are used here to improve this 

antenna gain.  

The design, analysis and measurements of a compact dual band implanted antenna for 

biotelemetry subcutaneous applications with gain enhancement are presented in this 

chapter. The desired ISM operating frequencies were 915 MHz and 2.45 GHz with a 

total size of 12 mm x 12 mm (1/35 λ = 0.04 λ) of the lower frequency band. The 

investigated gain improvements techniques show that an external hemispherical lens 

and parasitic ring can produce up to 7 dB gain enhancement. 

                                                        
1 Alamri, S.; Langley, R.J.; AlAmoudi, A.O., "Compact Dual-Band Implanted Antenna for Wireless 
Communication," Antennas and Propagation Conference (LAPC), 2014 Loughborough , vol., no., pp.333, 
335, 11-12 Nov. 2014 

2 Alamri, S.; Langley, R.J.; AlAmoudi, A.O., " Gain Enhancement of Implanted Antenna for Medical 
Applications," ICEAA - IEEE APWC 2015, September 7-11, Torino, Italy   
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This chapter is organized as follows: Section 5.2 presents a brief review of the 

research on size reduction of implanted dual-band antennas. Section 5.3 proposes a 

compact dual-band implanted antenna for medical wireless applications.  To improve 

this antenna gain, an external hemispherical lens is used and illustrated in 5.4. In 

addition, an external parasitic ring is used to increase the gain of the dual-band 

antenna. The realisation and measurements are presented in 5.5. Finally, results 

analysis and discussions and conclusions are drawn in Sections 5.6 and 5.7 

respectively.  

5.2 Size Reduction of Implanted Dual-Band Antennas  

Antenna size and gain are extremely important especially for implanted systems and, 

therefore, researchers apply extra effort to reduce implanted antenna size and to 

improve their performance. However, antenna electrical size directly affects the 

electromagnetic performance where the reduction of antenna size reduces the 

antenna performance [1-3]. For microstrip antennas the wavelength could be as big as 

0.75 m for 403 MHz and 0.315 m for 915 MHz which cannot be used for an implant 

with such dimensions. Therefore, some researchers uses high frequencies bands, such 

as 5.2, 5.8 GHz or even as high as 31.5 GHz, to presents applicable size for implanted 

antennas for biomedical applications [4-6]. The other technique to overcome the size 

problem is to design a conducting microstrip antenna with meandered, folded or 

spiralled surface along the substrate either in one layer or multi layers [7-10]. The 

resonant frequency of the microstrip antenna is then proportional to the total length 

of the meandered, folded or spiral.  
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A recently presented antenna to be subcutaneous has 0.3 λ overall size operating at 

2.45 GHz with a maximum gain of – 6 dBi [11]. A two research papers proposed a 

multiband implanted RFID antenna to be used for healthcare applications work at the 

ISM band: 433 MHz, 866 MHz and 2.45 GHz [12, 13]. Both antennas are 0.06 λ length 

for antennas design at 866 MHz with – 16 dB maximum gain at the same frequency. A 

dual band antenna operating at 405 MHz and 2.45 GHz with an overall dimension of 

22.5 mm x 22.5 mm (0.06 λ ) and a maximum gain of -25 dBi is presented in [14]. One 

of the presented antennas has an overall size of 0.1 λ operating at 700 MHz and 1.4 

GHz with a maximum gain of – 29 dB [15]. A dual band antenna operating at 405 MHz 

and 2.45 GHz with an overall dimension of 13 mm x 8 mm x 5.2 mm (multilayer) and a 

maximum gain of -30 dBi is presented in [16]. 

It is clear from the literature, as mentioned, that reduction of antenna electrical size 

affects the electromagnetic performance and reduces the antenna performance. 

Therefore, to maintain a combination of low profile antenna and a reasonable 

performance, this chapter presents a compact size dual-band implanted antenna with 

gain enhancement.  

5.3 Antenna Design  

5.3.1 Antenna Size Reduction 

Designing a microstrip patch antenna for implanted systems could be acceptable in 

the high frequency bands and a considerable amount of literature has been published.  

Several studies investigating high frequencies have studied microstrip patches 

antennas with sizes varies from 30 millimetres down to few millimetres for 
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frequencies from 2.45 GHz to 31.5 GHz [6, 17]. However, the antenna size is 

proportional to the wavelength. Thus the antenna size could be unrealistic for lower 

frequency such as 403 MHz and 915 MHz.    

In this chapter, antenna designed to be working at 915 MHz and 2.45 GHz where 

ZigBee is allocated as a wireless technology based upon the IEEE 802.15.4 standard 

for wireless personal area networks (WPAN) [18]. Recent researches highlight the 

importance of ZigBee technology for next generation of wireless medical devices [19-

22]. This is due a number of features that this technology has such as covering large 

distance, supporting a large number of nodes and low transmitter power.  

The proposed antenna is inserted in a simplified 3 layers human body model that used 

in used in chapters 3 and 4. The configuration of the proposed antenna is shown in 

Figure 5.1.  

Using the CST Microwave simulation software, a novel dual band antenna was 

designed for biotelemetry applications over the ISM bands (915 MHz and 2.45 GHz). 

As shown in Figure 5.1 and Table 5.1, the proposed antenna is S-shaped spiral 

antenna constructed on a 0.8 mm thick FR4 substrate as a patch grounded antenna, 

where F is the feeding point and S is the shorting point. The operating frequencies of 

this antenna are 915 MHz and 2.45 GHz. It has an overall size of the antenna is 13 mm 

x 13 mm (1/25 = 0.04 ) of the wavelength of the lowest frequency. The resonant 

frequency (915 MHz) can be tuned by changing the length of 915 branch, while the 

frequency 2.45 GHz can be tuned by changing the length of 2.45 branch. 
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(b)  

 

Figure 5.1:  Proposed Antenna Design (a) the two branches of the dual-band antenna 

(b) antenna structure and dimensions 

Table 5.1: Antenna parameters dimensions 

Parameter Dimension  

(mm) 

Parameter Dimension  

(mm) 

W1 1 L1 11 

W2 0.5 L2 11 

W3 0.6 L3 13 

  L4 13 
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5.3.2 Antenna Simulation Results  

As shown in Figure 5.2, the simulated S11 of the proposed antenna shows that the 

antenna is resonating at 915 MHz and 2.45 GHz. The antenna has 72 MHz bandwidth 

at 915 MHz and 259 MHz bandwidth for 2.45 GHz calculated at 2.5:1 VSWR. Figure 5.3 

shows the simulated far-field of antenna at 2.45 GHz (a) H-plane (b) E-plane. It shows 

that the maximum gain of this antenna is – 25 dBi. 
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Figure 5.2: Simulated S11 of the dual-band antenna 
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Figure 5.3: Simulated far-field of antenna at 915 MHz (a) E-plane (b) H-plane 
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5.4 Gain Enhancement of Implanted Dual-Band Antenna 

In this section, two gain enhancement techniques for dual-band implanted antennas 

are presented. A hemispherical dielectric lens and parasitic ring are used on the top of 

patient skin with different scenarios as presented in the following two subsections. 

5.4.1 Gain Enhancement of Implanted Dual-Band Antenna Using External Ring 

A ring, as external parasitic resonator element, is investigated to improve the 

implanted dual-band antenna performance combined with the implanted antenna. 

The dual-band implanted antenna with ring over the skin model is shown in Figure 

5.4. The ring is optimised to work for both resonant frequency; 915 MHz and 2.45 

GHz. Table 5.2 shows optimisation of the ring radius for optimal antenna gain where 

the bold font shows the optimum radius and Table 5.3 shows optimisation of the ring 

width where the bold font shows the optimum ring width. As shown in Figure 5.4, the 

simple ring of 26 mm Radius (R) and 3 mm width (W) is placed on the top of the skin. 
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Fat  ( 8 mm)                Antenna 

 

Muscle (30 mm) 
 

 

(a) (b) 
Figure 5.4: (a) The implanted patch antenna with an external Ring (b) Ring design 
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Table 5.2: Optimizing Ring Radius for Optimal Antenna Gain where the bold font 

shows the optimum radius 

Ring Radius (R) 

(mm) 

Gain (dB) 

915 MHz 2.45 GHz 

20 -19.79 -16.63 

22 -16.48 -16.06 

24 -14.37 -15.23 

25 -14.20 -14.67 

26 -14.50 -14.03 

27 -15.21 -13.42 

28 -16.29 -12.91 

30 -18.17 -12.46 

35 -21.21 -13.85 

 

Table 5.3: Optimizing Ring Thickness for Optimal Antenna Gain where the bold font 

shows the optimum ring width 

Ring Width (W) 

(mm) 

Gain (dB) 

915 MHz 2.45 GHz 

1 -18.78 -13.91 

2 -15.92 -14.23 

3 -14.20 -14.67 

4 -14.93 -15.12 

5 -17.08 -15.54 
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5.4.2 Gain Enhancement of Implanted Dual-Band Antenna Using Hemispherical 
Lens and parasitic ring 

To investigate another improvement possibility,  the implanted antenna performance 

an external hemispherical glass lens was designed and investigated using CST 

software, to be placed on the skin over the implanted antenna. The hemispherical lens 

material used was Pyrex glass of permitivity 4.82 and its radius is 28 mm. The 

simulation results showed that there was a significant gain enhancement when the 

hemispherical lens was implemented of about 6.5 dB.  

For further improvements, the hemispherical lens and parasitic ring resonator were 

combined together. The simulations indicated that there should be a significant gain 

enhancement of almost 8.5 dB compared to the implanted antenna alone.   

5.5 Measurements 

The simulated results are experimentally validated and measurements were carried 

out in an anechoic chamber. The antenna was inserted into pork meat joints whose fat 

and muscle layers varied in thickness but approximated the model as shown in Figure 

5.5. The body sample was assigned to a slab of cork to be fixed. The cable is connected 

to the antenna through the cork and the meat. The measurements were carried out 

using Agilent Vector Network Analyser (VNA) with a start frequency of 300 KHz, a 

stop frequency of 3 GHz, 201 points and 70 kHz IFBW. 
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Figure 5.5: Measurements Setup embedding antenna in a pork meat with hemisphere 

lens and parasitic ring. 
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Figure 5.6: Measured versus simulated S11 for the dual-band antenna 
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Figure 5.7: Measured normalised gain comparison of implanted antenna with/without 

ring and/or lens for 2.45 GHz (a) H-plane (b) E-plane 
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Figure 5.8: Measured normalised realised gain comparison of antenna with/without 

ring and/or lens for 915 MHz (a) H-plane (b) E-plane 
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5.6 Results Analysis and Discussions  

As shown in Figure 5.6 the design achieves good matching at 915 MHz and 2.45 GHz. 

Figure 5.7 shows the measured 2.45 GHz far field radiation pattern for the antenna in 

the two principal planes compared to the simulated far field radiation pattern. Figure 

5.8 shows a comparison between the measured and simulated far field at 915 MHz. 

The patterns are not symmetrical due to the pork samples used but the antenna. 

Maximum gains achieved in the body front are -22.8 dB at 2.45 GHz and -27.3 dB at 

915 MHz.  

By using parasitic ring on the top of skin, the gain has improved by 3 dBi for 915 MHz 

and by 1.5 dBi for 2.45 GHz. In addition, when a hemispherical dielectric lens is used, 

the gain has improved by 6 dBi and 4 dBi for frequencies 915 MHz and 2.45 GHz 

respectively. When the hemispherical dielectric lens and the parasitic ring are 

combined together, this antenna has improved by almost 9 dBi for the 915 MHz 

frequency and nearly 6 dBi for the 2.45 GHz. 

It should be mentioned that the thicknesses of the various layers in the meat sample 

were only approximate and the layers were not completely uniform in thickness. 

Moreover, the radiation pattern levels at the rear of the antenna are not accurate due 

to the stand used to support the antenna and meat sample. 

5.7 Summary  

In this Chapter, the design, analysis and measurements of a novel compact dual band 

implanted antenna for biotelemetry subcutaneous applications is presented. The 

desired ISM operating frequencies were 915 MHz and 2.45 GHz. Miniaturization is 
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achieved by bending the spiral as S-shaped antenna. The total size of the antenna is 13 

mm x 13 mm (1/25 λ = 0.04 λ) of the lower frequency band. Maximum gains achieved 

in the body front are -22.8 dB at 2.45 GHz and -27.3 dB at 915 MHz. 

A hemispherical dielectric lens and parasitic ring resonator are used on the top of 

patient skin are simulated with different scenarios and verified by measurements. The 

simulation and measurements results showed that there is a significant improvement 

in the antenna gain by using these techniques which are not very expensive and easy 

to manufacture. The gain has improved by 9 dB and 6.5 dBi for the frequencies 915 

MHz and 2.45 GHz respectively. The antennas are considered to be co-designed for a 

medical applications environment and a communication systems perspective for 

optimum LAN/WAN connectivity and minimum SAR exposure level. 
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Chapter 6 

6. Implantable Loop Antenna for 
Capsule with Gain Enhancement  

6.1 Introduction 

The last chapters present different antennas that can be implanted under the skin 

with performance improvement, particularly improved gain, using different external 

elements. In this chapter, a novel flexible and omni-directional loop antenna is 

proposed to be used in ingestible capsule systems. In addition a novel technique is 

used to improve the performance of this antenna.  

The design and characteristics of an implantable 403 MHz loop antenna with gain 

enhancement are investigated using simulation and practical experiments.  The 

results show that the technique can be used to significantly enhance the performance 

of the capsule loop antenna. This was shown by calculating the S11 and the antenna 

performance is characterized by antenna gain. 

This chapter is organized as follows: section 6.2 briefly introduces the topic of an 

antenna for ingestible capsule systems. Then, the human body modelling is reviewed 

with the development of a novel formula to implement a human body liquid phantom 

are illustrated in section 6.3. The size and far-field issues of capsule antenna is 
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discussed in section 6.4. Thereafter, section 6.5 presents a flexible loop antenna to be 

used for capsule systems and, then, a novel improvement technique is presented in 

6.6. The realisation, findings and measurement results are discussed in section 6.8 and 

6.9 respectively. Finally, conclusions are drawn in Section6.10. 

6.2 Capsule Antennas for Biomedical Applications 

Gastroenterology (GI) diseases are one of the most prevalent diseases. Examples 

include, stomach ulcers and bowel cancer, chronic abdominal pain, unexplained 

weight loss or anemia, and/or GI bleeding ... etc. Many of these can be avoided by early 

detection of complications, especially cancer. Current early detection mechanisms are 

considered expensive, painful and a discomfort for patients [1, 2]. Recently, Capsule 

endoscopy is recognized as one of the least invasive procedures that offers a feasible 

non-invasive way to detect diseases along the gastrointestinal (GI) tract [2-4]. 

In 2000, a paper published in the journal Nature presented a new form of 

gastrointestinal endoscopy with a small camera that can be swallowed and can send 

photos of the GI tract to an external receiver [5]. It is similar to vitamin capsule size, 

and the wireless capsule endoscopy consists of batteries, sensors, a light source, 

camera, transmitter and antenna. Moreover, the wireless Capsule promises significant 

improvements in patients’ care and quality of life [2, 6]. 
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6.3 Development of a Homogeneous Liquid Phantom 

In chapter 3, the human body model consists of three biological layers; skin, fat and 

muscle is presented to simulate the human body. This model can be used for 

modelling an subcutaneous antenna to be implanted in a specific and fixed area of the 

human body. However, this model would be inappropriate to model moving devices, 

such as ingestible capsules, or devices that would be located in an area with many 

overlapping biological tissues. Examples of these devices include heart pacemakers 

[7] and implants that can be used for monitoring the healing of soft tissue trauma and 

early stage diagnosis of infection [8]. 

The human body consists of of a large number of systems with different 

electromagnetic characteristics for every part of the body. Figure 6.1 shows that the 

human body’s electromagnetic characteristics vary from 70 to 0 overlapping tissues 

[9, 10]. Table A.1 in Appendix A lists the 30 tissues electromagnetic characteristics. 

Therefore, researchers propose a different human body model and a homogeneous 

body model to simulate the human body [11, 12]. A number of recent studies prove 

that the homogeneous body model is close enough to the real one [13].  
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Figure 6.1: A human body model represented by different relative permittivity [9] 

 

 

As mentioned in chapter 2, the literature proposes a complicated phantom formula to 

be used for homogeneous body model measurements using polyethylene powder, TX-

151, Sodium oxide, deionised water, sodium chloride and agar [11]. Moreover, a gel 

phantom formula was proposed for skin, fat and muscle using deionised water, 

sodium chloride, sugar and agar [12]. However, some of the first formula components 

are not easy to find and the sodium oxide is poisonous and extreme caution is needed 

and, therefore, the second formula was proposed for skin, fat and muscle. 
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6.3.1 Proposed liquid phantom formula for homogeneous body model: 

A simple liquid phantom formula for the homogeneous human body model at 403 

MHz is proposed using deionised water, sodium chloride and sugar. The 

electromagnetic properties for the homogeneous human body model are:  = 56.4 and 

conductivity = 0.82 [10, 14]. Many mixtures were tried in order to give as close as 

possible electromagnetic properties of the homogeneous model. Mixtures content is 

weighted using a sensitive scale and Table 6.1 shows the amounts of chosen 

integrants for the equivalent body phantom formula.  

Table 6.1: shows the integrants for the equivalent body phantom formula 

Integrants  Concentration 

deionised water 44.5% 

sodium chloride 0.5% 

Sugar 55% 

 

6.3.2 Dielectric properties measurements 

Figure 6.2 shows the dielectric properties measurement setup. An Agilent 85070E 

Dielectric Probe Kit is used with a Vector Network Analyser (VNA) in order to 

measure the dielectric properties of the liquid phantom with a start frequency of 300 

KHz, a stop frequency of 8.5 GHz, 201 points and 70 kHz IFBW. The measurements are 

carried out as following: 

- The VNA is connected to the Dielectric Probe and permittivity measurement 

presented using software provided by Agilent. 
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- The calibration is carried out using 85052D calibration kit. 

- The measurement system is calibrated using an open circuit (air), a shorting 

block (provided with Dielectric Probe Kit) and deionised water. 

- The prepared liquid phantom (in section 6.3.1) is, then, measured using the 

Dielectric Probe Kit and results presented using software provided by Agilent.  

A number of phantom mixtures were tried taking into account that permittivity 

decreases significantly as sugar concentration increases in the mixture and only a 

slight increase in conductivity as the sugar concentration increases. However, there is 

a clear increase in conductivity as the sodium chloride concentration increases. The 

formula in Table 6.1 gives the closest electromagnetic properties to the 

electromagnetic properties of the homogeneous model and the formula permittivity is 

 = 53.96. This result fairly satisfies the phantom properties, since it is very difficult to 

produce exact values [11, 12]. 

 

 

 



Implantable Loop Antenna for Capsule with Gain Enhancement and Development of liquid Phantom 

  

 

122 

 

(a) 

 

(b) 

Figure 6.2:  Dielectric properties measurements setup (a) Formula integrants (b) 

Calibration setup 

 

6.4 Capsule antenna size and gain issues    

Implanted ingestible systems have benefited from recent advanced microelectronics 

and sensor technology of miniaturized wireless communication systems, while the 

challenge still remains with the antenna. Depending on the operational frequency, 

designing miniaturised antennas with an attempt to maintain high gain is extremely 

challenging especially for ingestible capsule systems. The space allowed to design the 

VNA 

The Dielectric Probe 

Deionised water 

Liquid phantom 

A scale 
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antenna for a capsule system is very limited taking into account that all passive 

(antenna) and active (such as batteries, sensors, etc) parts of the communication 

system are embedded within the capsule. Researchers have investigated various types 

of compact antennas that can be used for such systems [15-17]. One of the presented 

antennas has an overall dimension of 5 mm x 29.2 mm operating at 700 MHz and 1.4 

GHz with a maximum gain of – 29 dBi [15]. A dual band antenna operating at 405 MHz 

and 2.45 GHz with an overall dimension of 13 mm x 8 mm x 5.2 mm (multilayer) and a 

maximum gain of -30 dBi is presented in [16]. Another capsule antenna has been 

presented to be working at 434 MHz with dimensions of 5.5 mm x 18 mm with – 33 

dBi gain [17]. 

All gains for published capsule antenna designs are the maximum gain. However, most 

of these antennas have a drawback in the large difference between the maximum and 

minimum value of the far-field radiation. 

Table 6.2 is a comparison between different types of capsule antennas from published 

work and shows the maximum and minimum gains. The difference between the 

maximum and minimum gain varies from 16 dB and up to 32 dB. For this reason, 

current capsule systems suffer from discontinuous communication when the 

minimum gain side is in line-of-sight with the receiver system. 

Due to the random orientation of the capsule, one of the main disadvantages of the 

current systems is they may not be able to maintain a continuous communication link 

between the capsule and the external receiver [18]. Therefore, an efficient 
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communication link between the capsule (in body) and the external receiver unit (out 

of body) is highly important for the applicability of wireless capsule endoscopy [4, 18].  

Table 6.2: Minimum and maximum capsule antennas gain for some published work 

Reference  Antenna type  Frequency  Maximum 

Gain (dB) 

Minimum 

Gain (dB) 

[15] conformal meandered 

dipole antenna 

700 MHz – 29 - 55 * 

[16] Loop antenna 403 MHz -32 -50 * 

[17] Flexible microstrip patch 403 MHz - 33 -65 

[19] Loop antenna 403 MHz  -28.4 -48 * 

[20] Planner antenna 403 MHz Normalised 

to 0 

- 14 dB from 

highest gain 

[21] Multilayer spiral antenna 402.8 MHz -30.2 -55 

[22] Flexible meandered 

inverted-F Antenna 

1.4 GHz - 25.2 -56 

* The number is estimated from the colours chart of the presented antenna 

6.5 Antenna Design  

To design a proper antenna for capsule endoscopy, the antenna characteristics are 

discussed in the following subsections:  

6.5.1 Frequency 

In a relatively recent study, the total loss between transmitter and receiver antennas 

was calculated. It was founded that the minimum total loss is achieved when the 
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operation frequency is between 400 and 600 MHz [23]. Moreover, the European 

Commission identified frequencies 402-405MHz for the Medical Implant 

Communications Service (MICS) band [24]. Therefore, the operation frequency of the 

proposed antenna for capsule endoscopy is 403 MHz. 

6.5.2 Antenna type 

Choosing the proper type of antenna is extremely important particularly when the 

application is as challenging as implantable systems. Researchers have discussed 

which antenna has better performance when the radiator is implanted in the human 

tissues. In [21] a number of studies were reviewed and compared for best solution for 

antennas surrounded by a lossy media. Loops and miniature spirals antennas are 

suggested in [25-28]. In particular, a loop is compared over several frequency bands 

in [26] and this antenna is also used in [25] to characterize the RF transmission for an 

implantable system in the MedRadio range (Medical Radio Communication Band (401 

- 406 MHz)).  In [27], a loop is investigated for endoscopy applications at 1 GHz and a 

multi-turn spiral structure is discussed in [28]. Moreover, the human body tissues are 

non-magnetic and, therefore, magnetic sources have better performance [29]. It is 

concluded that magnetic sources have better performance when the antennas are 

surrounded by lossy tissues. Therefore, the antenna designs investigated in this 

chapter is a loop antenna. 

6.5.3 Antenna Size and materials consideration  

To maintain a large space for the electronics components of the capsule, the antenna 

is designed to be on the shell of the capsule. Therefore, the design has been carried out 
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on a flexible substrate in order to bend the antenna on the capsule case. The material 

of the substrate is 35 μm thick flexible polyimide (Kapton), which has a relative 

dielectric constant εr of 3.4 and this substrate is turned 4 times around a plastic 

capsule case. Thus, the antenna is covered by a flexible, biocompatible material of 4 

turns Polyimide film with total thickness of 100 μm. 

6.5.4 Antenna structure  

This antenna is a wavelength loop antenna with a total length of 122 mm and 1 mm 

line width. Figure 6.3 (a) shows the structure of the antenna before it is bent around 

the capsule case and (b) when the antenna is bent. The antenna structure is 31 mm 

long and 18 mm wide when it is flat. However, when the antenna is bent, the 

dimensions will be 18 mm long x 10 mm diameter.  

 

 

 

 

(a) (b) 

Figure 6.3:  The antenna structure (a) before bending and (b) after bending  
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6.5.5 Antenna simulation results 

Figure 6.4 shows the simulated S11 of the antenna. It shows that the antenna 

bandwidth is 310 MHz calculated at – 10 dB. This wide bandwidth is important to 

insure that the antenna is still working where the surrounding media permittivity is 

changing which can shift the resonant frequency up or down. Figure 6.5 (a) shows the 

3D and the two plane simulated far-field of the antenna. They show that the antenna 

calculated maximum gain is -29.2 dBi in the z- direction.  However, the gain is very 

low in the (–z) direction at nearly – 60 dBi. Therefore, this antenna has the similar 

problem of most published work which is the high difference between the maximum 

and minimum gain as discussed in section 6.4 and Table 6.2. Thus, a method to 

improve the radiation pattern is required. 
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Figure 6.4: Simulated S11 of the capsule loop antenna 
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(a) (b) 

  

  

(c) (d) 

Figure 6.5:  Simulated far-field of the antenna (a) and (b) 3D far-field pattern, (c) xz 

plane and (d) yz plane 
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6.6 Radiation pattern improvement 

As mentioned in last two sections, the main drawback of current capsule systems is 

they are not able to maintain a continuous communication link between the capsule 

and the external receiver. The reason for that is the low (minimum) gain – not the 

maximum - for most of the antennas that suffer from communication discontinuity. It 

is noted that most of presented antennas throughout the literature have tried to 

increase the maximum gain of the capsule antennas. However, this section is 

presenting a technique to improve the loop antenna minimum gain in order to 

maintain omni-directional propagation.   

The technique is based on how the antenna surface current is distributed around the 

capsule. Figure 6.6 shows the loop antenna design and its surface current before and 

after bending. It shows that the maximum current is in dashed areas (1) and (2) in the 

middle of the antenna. When the antenna is bent on the capsule, both areas that have 

the strongest current will be in the same side of the capsule. This affects the radiation 

pattern and produces a higher gain in the side of the stronger current and much lower 

gain in the other side.   
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(a) (b) 

Figure 6.6:  Loop antenna design and its surface current (a) before bending (b) after 

bending 

To improve the minimum gain and to provide an omni-directional propagation, the 

surface current of the antenna should be distributed around the capsule equally. Thus, 

to distribute the antenna surface current around the capsule equally, antenna 

branches should be overlapped. This can be obtained by bending the maximum 

current areas in antitheses of each other as seen in Figure 6.7 where area (1) is 

antitheses of area (2). Therefore, the maximum current surface can be obtained in 

both directions. Figure 6.8 shows the steps of bending the antenna and the final design 

of the overlapped antenna using this technique. 

     

Antenna to be bent 

on a capsule 

 Antenna bending  When the Antenna is bent, 

strong current areas are on 

different sides 

Figure 6.7:  Overlapped flexible loop antenna bending process  
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(a) 

 

(c) 

 

(b) 

Figure 6.8:  Steps to convert the original to overlapped flexible loop antenna  

6.7 Antenna Radiation Improvements Simulation Results  

Figure 6.9 and Figure 6.10 shows the simulated improved antenna far-field versus the 

original antenna far-field. It is clear that the minimum gain is improved significantly 

by almost 20 dB. The difference between the maximum and minimum gain is less than 

10 dB. This is due to the equally distributed current around the capsule and, thus, the 

far-field can be considered as nearly omni-directional.  
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(a) 

  

 

 

(b) 

 

Figure 6.9:  Simulated 3D farfield of the antenna (a) before and (b) after improvement 
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Figure 6.10:  Simulated improved vs. original antennas farfield  (a) xz plane and (b) yz 

plane 
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6.8 Measurements Setup  

The simulated results are experimentally validated and measurements were carried 

out in an anechoic chamber. Figure 6.11 shows the fabricated antenna and the 

measurements setup in the anechoic chamber. The antennas were inserted in the 

homogeneous body liquid phantom that was prepared as described in section 6.3.1.  

The phantom is cylindrical shape and its dimensions are 130 mm height and 110 mm 

diameter. The S11 and Far-field for the original and improved antennas are measured 

in the liquid phantom and, in addition, the S11 is measured in free space. It should be 

noted that this phantom is only to demonstrate the measurements and not represent 

the body or application. 

 

 

(a) (b) 

 

Figure 6.11:  (a) Fabricated antenna (b) Farfield measurements in the anechoic 

chamber 
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6.9 Analysis of Measured Results  

Figure 6.12 shows the measured compared to the simulated S11 of the capsule loop 

antenna. It shows that the S11 measurement results are in good agreement with 

simulations. A wide bandwidth is achieved of 147 MHz measured at -10 dB. 

Figure 6.13 shows the measured far field radiation pattern for the improved antenna 

in the two principal planes compared to the simulated far field radiation pattern. 

Figure 6.14 shows the measured normalised farfield of the improved antenna 

compared to the original antenna in the two principal planes. It clearly shows that the 

minimum gain is improved significantly by almost 20 dB. Moreover, the difference 

between the maximum and minimum gain is less than 10 dB. This is due to the equally 

distributed surface current around the capsule and, thus, the farfield can be 

considered as omni-directional. 

This proves that by distributing the surface current around the capsule, the minimum 

gain of the implanted antenna can be significantly increased and the omni-directional 

radiation is enhanced. Therefore, the communication link between the capsule and the 

external receiver can be continually obtained. 

To compare these results with those of some other works, Table 6.3 shows results of 

some referenced literature, published in [12-18]. Moreover, the antenna minimum 

and maximum gain towards the transceiver are compared to the presented antenna in 

this chapter. It is clear that this antenna has a high (minimum) gain compared to 

others with lowest difference between the maximum and minimum gain. 

 



Implantable Loop Antenna for Capsule with Gain Enhancement and Development of liquid Phantom 

  

 

136 

f GHz

0.0 0.2 0.4 0.6 0.8 1.0

S
1

1
 d

B

-25

-20

-15

-10

-5

0

Simulated S11

Measured S11

- 10 dB (2:1 VSWR)

Measured S11 in free space

320 MHz

467 MHz

2:1 VSWR

 

Figure 6.12: Measured vs. Simulated S11 of the capsule loop antenna 
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Figure 6.13: Simulated vs. measured normalised farfield of the improved antennas (a) 

xz plane and (b) yz plane 
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Figure 6.14: Measured improved vs. original antennas normalised farfield  (a) xz plane 

and (b) yz plane 
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Table 6.3: Minimum and maximum capsule antennas gain for some published work 

and this work  

Reference  Antenna type  Frequency  Maximum 

Gain (dBi) 

Minimum 

Gain (dBi) 

[30] conformal meandered 

dipole antenna 

700 MHz – 29 - 55 * 

[16] Loop antenna 403 MHz -32 -50 * 

[17] Flexible microstrip 

patch 

403 MHz - 33 -65 

[19] Loop antenna  403 MHz  -28.4 -48 * 

[20] Planner antenna 403 MHz Normalised 

to 0 

- 14 dB from 

highest gain 

[21] Multilayer spiral 

antenna 

402.8 MHz -30.2 -55 

[22] Flexible meandered 

inverted-F Antenna 

1.4 GHz - 25.2 -56 

This work 

before the 

improvement 

Loop antenna  403 MHz  -29.2 -59 

This work 

after the 

improvement 

Loop antenna  403 MHz  -34 -43 

* The number is estimated from the colours chart of the presented antenna 
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6.10 Summary 

In this chapter, an investigation has been conducted on the performance of loop 

implantable antennas for capsules.  In addition, this chapter investigated the current 

systems discontinuous communication link between the capsule and the external 

receiver from the literature. A method to improve the gain of this antenna is 

numerically and experimentally investigated.  A new formula to prepare a liquid 

phantom to be used for measurements is presented and investigated. A number of 

phantom mixtures were tried and a dielectric Probe Kit was used with a network 

analyser in order to measure the dielectric properties of the liquid phantom.  

This antenna is a loop antenna with a flexible substrate in order to be bent on the 

capsule case to maintain a large space for the electronics components. The antenna 

dimensions are 18 mm long and 10 mm diameter.  

The antenna and it improvement are investigated numerically and experimentally and 

both results are in a good agreement. The antenna has a wide bandwidth of 147 MHz 

measured at -10 dB to insure that the antenna is still working where the surrounding 

media permittivity is changing which can shift the resonant frequency. When the 

improvement method is applied, results shows that the minimum gain is improved 

significantly by almost 20 dB and the difference between the maximum and minimum 

gain is less than 10 dB. Unlike current antennas, this omni-direction antenna can 

maintain a continuous communication link between the capsule and the external 

receiver which improve the early detection of the Gastroenterology disease.   
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Chapter 7 

7. Conclusion 

7.1 Summary: 

This thesis presented significant advancements in characterisation and design of 

implantable antennas for biomedical applications.  In particular, it was highlighted a 

new and powerful ways to produce high performance implanted antennas. A 

comprehensive survey for implantable antennas design, challenges and performance 

were presented. It was founded that one of the most challenging issue for implantable 

antennas is the gain. Therefore, this study set out to determine novel approaches to 

improve implantable antennas gain and to achieve overall higher performance for 

implanted antennas. In order to achieve this goal, this thesis is presented different 

external elements as a novel approach to improve subcutaneous implantable antennas 

performance. Moreover, a technique to equally distribute antenna surface current was 

used to improve the capsule antenna performance.  

Designs of four effective communication miniaturised implanted antennas to achieve 

reliable medical implant communication were presented. Moreover, a comprehensive 

investigation of seventeen different designs and scenarios were investigated also in 

order to improve the antenna gain and overall performance.  
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A probe antenna was designed to be implanted under the skin for biomedical wireless 

communication and working at ISM band. Moreover, a mictrostrip patch implanted 

antenna was designed to be implanted under the skin for biomedical wireless 

communication.  

In order to improve subcutaneous implantable antennas performance, an external 

parasitic grid structure was used for the first time. Both, probe antenna and 

microstrip antenna gain improved by minimum of 4 dBi. Moreover, an external 

stripline was used for the first time to improve subcutaneous implantable antennas 

performance. Both, probe antenna and microstrip antenna gain improved by 

minimum of 3 dBi. For further performance improvement, both external parasitic 

elements, grid structure and stripline, were used together. As result of this secinario, 

the gain for both antennas was improved by minimum of 6 dBi. 

In a different technique, an external hemispherical lens was used for the first time to 

improve the performance of subcutaneous implantable antennas. By using this 

technique, the microstrip antenna gain was improved by 6 dBi and almost 20% 

minimum SAR reduction. Furthermore, an external parasitic ring was used for the first 

time to improve the performance of subcutaneous implantable antennas. Thus, 

microstrip patch antenna gain was improved by 3 dBi. For additional improvement, a 

combination of external hemispherical lens and parasitic ring were used together for 

extra performance improvement of the implantable microstrip antenna. 

Consequently, gain was improved by 7 dBi.  

A new efficient miniaturised and high performance dual-band implantable antenna for 

biomedical applications was designed to be implanted under the skin and the size 
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achieved is 1/25 of the wavelength. An External hemispherical lens and parasitic ring 

were used separately and together to improve the performance of the dual-band 

implantable antenna and the gain was improved by up to 7 dB.  

The Specific Absorption Rate (SAR) affect on the body was numerically studied before 

and after using performance improvement techniques. It was demonstrated that using 

these techniques is reducing the SAR affect on the body and helping to satisfy the peak 

1-g SAR standard value of ANSI (1.6 W/kg). 

A new miniaturised flexible multiband omni-directional implantable antenna for 

capsule endoscopy was designed and the size achieved is 10 mm diameter and 18 mm 

length. The performance of this capsule antenna was improved and the minimum gain 

improved by almost 15 dB. 

All antennas were realised by fabrication and all scenarios were comprehensively 

verified numerically and by measurements. In addition, these results have been 

compared with these of some other published works from referenced literature. 

In this study, the Finite integration technique (FIT) was used for numerical modelling 

which is built in the CST software. In order to design subcutaneous implantable 

antennas, the numerical modelling of the human body was conducted by using a 

simplified biological model consists of three layers of human tissue: skin, fat and 

muscle. In the case of capsule antenna, a homogenise body phantom was used in order 

to representing the human body. In order to realise the 3-layers simplified biological 

model for measurements, a fresh pork meat cut was used. In addition, the 
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homogenised body phantom was realised by preparing a liquid consisting of 

deionised water, sugar, salt and ager. 

Generally, it is found that using these approaches yields a significant improvement in 

the implanted antennas gain and overall performance and, thus, increase the 

implanted antenna battery’s life. Such external elements are quit cheap, easy to 

implement and have a good impact on the medical applications by enhancing the 

communication of the implanted antenna with the nearest hotspot.  Moreover, it can 

help to reduce SAR values to satisfy the safety standards for medical implant 

applications. 

7.2 Challenges and Limitations: 

During the work on the thesis, there were some challenges that have had a limited 

impact on results. For example, the measurements of the dual-band antenna in 

Chapter 4 showed an improvement of 2dB in the power radiated out of the body by 

the matched antenna whereas the simulations predicted a higher figure of 4.5 dB. 

However the use of pork meat did not give an exact match to the model. Moreover, 

some radiation patterns are not symmetrical as simulated one due to dissimilarity of 

the pork samples. In most cases it is very difficult to find a similar pork sample to the 

used simulated sample. 

The capsule antenna was fabricated manually and, thus, the dimensions of the 

antenna may not be accurate and this, therefore, affected the measurements results. 

However, the capsule antenna measurements results have reflected high agreement 

with simulations.   



Conclusion  

 

 

148 

7.3 Future Work: 

Presented Techniques in this thesis are effective to improve the implanted antennas 

power. Therefore, a step forward for apply them on implanted antennas in living 

organisms should be considered as future work. Research on different lens techniques 

that can enhance implanted antennas gain such as flat lenses is another possible 

future work. Moreover, Patients can benefit from the recent technologies of smart 

watches to continually monitor some of biological information. However, due the fact 

that these watches use a wearable sensors, the limitation of current smart watches is 

the limited number of biological information that can be detected. Information such as 

blood glucose levels can be detected only by invasive test or implanted sensors. 

Therefore, to extend the abilities of these watches to help patients who need such 

information; an implantable antenna can be used to work in compatible current 

watches. Furthermore. Figure 3.25 shows external grid structure, stripline or ring that 

can be attached to the watch to work in combination with both systems, the watch and 

the implant, and it can improve the implanted antenna gain and, thus, increase the 

battery’s life. 

 

Grid, Stripline 

or Ring 

Smart watch  

 
 

 

Skin 

Fat           

                                                                                                    Implanted Antenna 

 

Muscle 
 

Figure 7.1: Implanted antenna and external improvement element work in compatible 

with a Smart watch 
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Figure 8A.1: Dielectric Properties of human Skin, muscle and fat at RF and Microwave 

Frequencies [1] 
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Table 8A.1: Electrical data of biological tissues used from Human body model at 402 

MHz [2]  
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Appendix B 

9. Permittivity and Loss tangent of 
some materials 

 

 

Figure 9A.1: The permittivity and loss tangent of some well know materials [3]. 
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Appendix C 

10. CST Validations for human body 
and implanted antennas modelling 

In order to validate our work using CST, the work in [4] was implemented using CST. 

The objective of this is to verify that the used simulation package, CST, is working 

correctly by comparing its results with other work results.  

This paper presented an implanted spiral microstrip antenna for biomedical 

applications. The antenna was measured in a human tissue-simulating fluid as a 

simplified one layer as shown in Figure 4.13. The electrical characteristics of the fluid 

(Er = 49.6, σ = 0.51 S/m at 402 MHz) are very similar to the skin tissue (Er = 46.7, σ = 

0.96 S/m at 402 MHz). 

Figure B.2 and FigureB.3 shows the S11 and the far-field pattern, respectively, for 

both works. Figures shows very similar results of this simulation to the results 

published in the original work. This is indicating that results presented in 4.2 to 4.5 

are accurate. 
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(a) (b) 

Figure B.1:  The implanted antenna (a) antenna design (b) The antenna inside the 

simplified one layer [4] 

  

(a) (b) 

Figure B.2: S11 of the implanted antenna  (a) Original work    (b) This simulation  



Implanted antennas for Biomedical Applications  

 

 

157 

  

(a) (b) 

FigureB.3: Far-Field of the implanted antenna (a) Original work [4]  (b) This 

simulation  
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