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ABSTRACT 

Implanted Devices are important components of the Wireless Body Area Network (WBAN) as a 

promising technology in biotelemetry, e-health care and hyperthermia applications. The design of 

WBAN faces many challenges, such as frequency band selection, channel modeling, antenna 

design, physical layer (PHY) protocol design, medium access control (MAC) protocol design and 

power source. This research focuses on the design of implanted antennas, channel modeling 

between implanted devices and Wireless Power Transfer (WPT) for implanted devices. An 

implanted antenna needs to be small while it maintains Specific Absorption Rate (SAR) and is 

able to cope with the detuning effect due to the electrical properties of human body tissues. Most 

of the proposed antennas for implanted applications are electric field antennas, which have a high 

near-zone electric field and, therefore, a high SAR and are sensitive to the detuning effect. This 

work is devoted to designing a miniaturized magnetic field antenna to overcome the above 

limitations. The proposed Electrically Coupled Loop Antenna (ECLA) has a low electric field in 

the near-zone and, therefore, has a small SAR and is less sensitive to the detuning effect. The 

performance of ECLA, channel model between implanted devices using Path Loss (PL) and WPT 

for implanted devices are studied inside different human body models using simulation software 

and validated using experimental work. The study is done at different frequency bands: Medical 

Implanted Communication Services (MICS) band, Industrial Scientific and Medical (ISM) band 

and 3.5 GHz band using ECLA. It was found that the proposed ECLA has a better performance 

compared to the previous designs of implanted antennas. Based on our study, the MICS band has 

the best propagation channel inside the human body model among the allowed frequency bands. 

The maximum PL inside the human body between an implanted antenna and a base station on the 

surface is about 90 dB.  WPT for implanted devices has been investigated as well, and it has been 

shown that for a device located at 2 cm inside the human body with an antenna radius of 1 cm an 

efficiency of 63% can be achieved using the proposed ECLA.    
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Chapter 1 

 
Introduction 

 
According to the World Health Organization, cardiovascular diseases cause around 30% of all 

deaths in the world; also, diabetes currently affects around 180 million people in the world  [1]. 

So it is important to monitor all the physiological data of the human body and send these data 

immediately to the hospital or the clinic where these data will be analyzed and a feedback will be 

sent immediately to the users. Using the above technique will save the physicians and patients a 

lot of time, will reduce the cost associated with healthcare and will improve the quality of 

healthcare provided. Wireless technology plays an essential rule in most of the modern health 

monitoring systems. More specifically, implanted wireless devises are finding wider application 

within this new area of healthcare technology. These social and economic benefits highlight the 

needs for Wireless Body Area Network (WBAN) [2, 3]. 

 
1.1 Motivation & Essence of the Work 

Currently, patients health information can be collected and retrieved remotely and efficiently using 

biotelemetry wireless networks such as WBAN [4]. WBANs are especially promising in 

biotelemetry, e-health care and hyperthermia applications. Also WBAN can be used in security 

services, defense, sports and fitness, entertainments & games and consumer electronics. Medical 

implanted and wearable devices are major components in WBAN [5-14]. Medical implanted 

devices are typically battery-operated, and once implanted should operate for several years on as 

little power as possible. The design of WBAN faces many challenges, such as frequency band 

selection, channel modeling, antenna design, physical layer (PHY) protocol design, medium access 

control (MAC) protocol design, power source and energy efficient hardware [6, 15, 16].  

       This research will focus on the design of implanted antennas, channel modeling between 

implanted devices and Wireless Power Transfer (WPT) for implanted devices. An implanted 

antenna should be heavily miniaturized to fit inside the human body and keep the Specific 
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Absorption Rate (SAR) inside the human body as small as possible for patients’ safety. Also the 

implanted antenna should be less sensitive to the detuning effect due to the electrical properties of 

the human body tissues [17]. Most of the proposed antennas for implanted applications are electric 

field antennas, such as Planner Inverted F Antenna (PIFA) and micro-strip patch antenna, which 

have a high electric field and a small magnetic field  in the near-zone regions [18] and, therefore, 

a high SAR value inside human body tissues for small antenna size [19].  In this work a 

miniaturized magnetic antenna will be designed as an implanted antenna to overcome the above 

limitation. The proposed Electrically Coupled Loop Antenna (ECLA) [20] has a high magnetic 

field intensity and a relatively low electric field intensity in the near-zone and, therefore, has a 

small SAR and is less sensitive to the detuning effect [21]. 

         The propagation channel, which is measured and studied through physical experiments and 

simulations, is absolutely critical in successful transceiver design [22]. In the case of medical 

implants, physical experiments are extremely difficult if not impossible. Therefore, simulations 

are used in most studies. In Chapter 4, Path Loss (PL) between implanted antennas, as a measure 

of propagation characteristics, will be studied.  PL between implanted devices will be investigated 

using our proposed ECLA antenna [20]. 

       Most of the implanted devices are feed using batteries, but the amount of power and life time 

of batteries are challenges that need to be overcome. An alternative method is to use WPT for 

implanted devices can play an important role in the modern health monitoring system which will 

be considered [23]. WPT for implanted devices using our proposed ECLA will be described in this 

research.  

 

1.2 Background 

1.2.1 Wireless Body Area Network (WBAN) 

WBAN as shown in Figure 1.1 consists mainly of wireless sensor nodes, wireless actuator nodes 

and wireless personal device. These nodes are placed in star or multi-hop topology.  Wireless 

sensor nodes sense the physiological data of the human body and they consist of sensor hardware, 

a power unit, memory and transmitter or receiver. Wireless actuator nodes act as medicine delivery 

and they consist of actuator hardware, power unit and transceiver. The wireless personal device 

collects all information data from sensor and actuator nodes and communicates it to users; it 

consists of a power unit, large processor, large memory and transceiver [16, 24]. 
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      WBAN can be classified into two categories, on-body WBAN and in-body WBAN [25-27]. 

On-body WBAN refers to a network that has sensor nodes placed on or near the surface of the 

human body, while in-body WBAN refers to a network that has sensor nodes implanted inside 

human body tissues. Wireless transmission in both categories is characterized by extremely low 

peak power and low duty cycle to extend the life time of the batteries. For implants, low power 

and duty cycle also enable the body to safely dissipate the heat generated by the transmitters.   

                                     

 
Figure 1.1:  WBAN structure and components.  

 

       The design challenges of WBAN, such as frequency band selection, antenna design, channel 

model, and WPT will be explained in detail in Chapters 3, 4, and 5. The other design challenges 

will be briefly explained in this section. The characteristics of the physical layer are different for 

WBAN compared to Wireless Sensor Networks (WSN), or ad-hoc networks, due to the proximity 

of the human body, so in the design of physical  (PHY) layer protocol, the human body has to be 

considered as a dynamic propagation channel [28].  

       The Radio Frequency (RF) communications in WBAN has two forms: propagation in the body 

and propagation along the body. For wave propagation inside the human body, the body acts as a 

communication channel where losses are mainly due to absorption of power in the human body 
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tissues. So the Electromagnetic (EM) waves are attenuated considerably before reaching the 

receiver. This attenuation inside the human body is very high compared to free space attenuation 

as will be studied later. Also the shape of different parts of the human body which host the implant 

and the location of the implant in that particular part can influence the radiation pattern and 

propagation loss dramatically [29].  

The propagation channel along the body can be categorized into Line-Of-Sight (LOS) and Non 

Line-Of-Sight (NLOS) channels [30, 31]. In the LOS case the curvatures of the body are not taken 

into account where calculations and simulations are performed in a flat phantom [32]. In NLOS, 

there is no direct link between the transmitter and the receiver; the EM waves are refracted and 

scattered around the body rather than having a direct path through the body [33]. The PL in NLOS 

is higher compared to LOS due to diffraction around the body and absorption of a large amount of 

radiated power by the body. Besides the propagation of radio waves, several researches have 

investigated the possibility to transfer data by capacitive and galvanic coupling, and this is called 

Body Coupling Communications (BCC) [34, 35].  

       The MAC protocol design for WBAN is also a complicated, where the number of MAC 

protocols specifically developed for WBAN are limited. Due to similarities between WSN and 

WBAN, it is useful to consider the research in MAC protocols design for WSNs [15, 36-38]. The 

MAC protocols have two categories, contention-based and schedule-based [39]. The most 

commonly used technique for reducing energy consumption is contention-based MAC protocol 

[38]. Some implementations of WBAN use Bluetooth (IEEE 802.15.1), but this protocol does not 

support multi-hop communication, has complex protocol stack and high energy consumption 

compared to other protocols [40]. Most of the current implementation of WBANs use ZigBee 

(IEEE 802.15.4) as an enabling technology [41-43]. All the proposed MAC protocols for WBAN 

are shown in Table 1.1. IEEE 802.15.6 (Not shown in Table 1.1) is developing communication 

standards optimized for low power devices and operation on, in or around the human body to 

service a variety of applications including medical applications [44-48]. 

       In the network layer, developing an efficient routing protocol in WBAN is also a complicated 

challenge due to the specific characteristics of wireless environment, such as the available 

bandwidth, is limited, and the nodes that form the network can be very heterogeneous in term of 

available energy or computing power. The proposed network protocols for WSNs are not suitable 

for WBAN because in many cases, the network is considered  a static one but the WBAN has 
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heterogeneous mobile devices with stringent real time requirement due to the sensor actuator 

communication [49-51]. The proposed network layer protocols for WBAN are temperature routing 

protocols and cluster based routing protocols [52, 53].  

        In the design of WBAN, data rates are considered to be an important issue. Due to the strong 

heterogeneous nature of the applications, data rates will vary strongly, ranging from simple data 

at a few Kbits/s to video stream of several Mbits/s. Data can also be sent in bursts, which means 

that it is sent at a higher data rate during the bursts [54]. The reliability of the data transmission is 

provided in terms of necessary Bit Error Rate (BER), which is used as a measure for the number 

of lost packets and indication of channel quality [55]. For medical devices, the reliability depends 

on data rate; low data rate devices can cope with high BER and vice versa.  

 

Table 1.1: Current standards for on-body and implanted WBANs 
Standard Frequency bands 

MICS 402-405 MHz 
IEEE 802.15.4 868 MHz Europe and 915MHz(US)/2.4 GHz 
IEEE 802.15.4a 250-750 KHz and 3.1-5 GHz-6-10.6 GHz 

UWB 3.1-10.6 GHz 
WMTS 608-1395 MHz and 1400-1427 MHz 

IEEE 802.11 a/b/g 2.4 GHz 

        Energy consumption is an important factor in the design of WBAN. Energy consumption can 

be divided into three domains: sensing, wireless communications and data processing. The 

wireless communication has the most power consumption. The power available at each node is 

often restricted by power generated by the attached batteries [56]. The life time of a node for a 

given battery capacity can be enhanced by saving energy during the operation of the system. If the 

scavenged energy is larger than the average consumed energy, such a system could run internally. 

A combination of lower energy consumption and energy scavenging is the optimal solution for 

achieving autonomous WBAN [57, 58].  

       Proper Quality of Service (QoS) handling is an important part in the frame work of risks 

associated with medical applications [59]. A critical issue is the reliability of transmission in order 

to guarantee that the monitored data is received correctly by the health care professionally. The 

reliability can be considered either end to end or per link. The reliability of the network directly 
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affects the quality of patient monitoring and in the worst case scenario it can be fatal in regards to 

detecting a life-threaten event.  

       Usability is also an important issue for WBAN. In most cases WBAN, will be set up in a 

hospital by medical staff and not by engineers. Consequently, the network should be capable of 

configuring and maintaining itself automatically.  

       Another important factor in the design of WBAN, is the security and privacy of the network. 

The communication of health related information between sensors in a WBAN and over the 

internet to servers is strictly private and confidential and should be encrypted to protect the 

patient’s privacy [60, 61].    

        In conclusion, WBAN is carried globally by their users, hence, it’s desirable that WBAN 

radio frequency must be worldwide. Experimental channel modeling for implanted or wearable 

device is difficult due to the involvement of the human body. Also, empirical validation of channel 

model is complicated due to the dynamic environment. Antenna design for WBAN is complicated 

due to restriction on antenna size, antenna material which must be “only non-corrosive and 

biocompatible”, shape of the antenna, and hostile RF environment. PHY layer protocol design 

requires minimizing power consumption without compromising the fidelity. WBANs are intended 

to support life-saving medical applications, hence, safety, QoS, Security, and reliability are 

important for MAC protocol design. 

 
1.2.2 Frequency Bands 

In WBANs, the frequency bands have two groups, implanted (in-body) application group and on-

body application group as shown in Table 1.2 [62]. According to Federal Communication 

Commissions (FCC) and European Radio- communication Commissions (ERC), the common 

frequency bands approved for implanted and wearable antennas can be classified into two 

categories, Ultra Wide Band (UWB) (3.1-10 GHz) applications and Narrow Band (NB) 

applications, such as Medical Implanted Communication Service (MICS) band (402-405 MHz)  

and Industrial Scientific and Medical (ISM) band (2.45-2.5 GHz).  The receiver on NB systems 

requires power hungry devices as Voltage Controlled Oscillators (VCOs), Phase Locked Loops 

(PLL) and Analog to Digital Converter (ADCs). Also their power consumption does not scale 

down with data rates [63-66]. The UWB communications for implanted devices is a new topic and 

can be an interesting candidate for providing high data rate warranted in the future implantable 
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applications. Using UWB, the most complexity is in the receiver that allows the realization of an 

ultra-low power complex transmitter in the uplink (from implanted device to outside controller) 

[67-76]. The hardware simplicity of UWB transmitter offers the potential for low cost and highly 

integrated solutions. Due to high loss of the body tissues and the low transmitted power, the signal 

strength at the receiver becomes important to achieve high data rate transmission, thus the 

strategies to optimize the UWB communication link quality are important. The MICS band has 

relatively low power loss inside human body and is able to transmit its low data rate even though 

it needs a large antenna size [77]. On the other hand, the UWB systems are able to transmit high 

data rates with small antenna but have high propagation loss inside the human body. Although far-

field communication using MICS band radio is increasing mobility and data rate. The stringent 

transmitted power regulation imposed by FCC is the main obstacle to the construction of the 

healthcare networks which need to cover at least a 10 m communication range around the patients. 

As the MICS band is shared with metrological and earth exploration satellites, the Effective 

Isotropic Radiated Power (EIRP) is limited to -16 dBm to generate non-interference with the 

primary users. The low emission power experiences huge propagation loss through the air channel 

and conductive human tissues. 

 
Table 1.2: List of frequency bands for WBANs 

WBANs Frequency Bands 
Implants 402-405 MHz(MICS) 
On-body 13.5 MHz 
On-body 5.5 MHz 
On-body 400 MHz 
On-body 600 MHz 
On-body 900 MHz 
On-body 2.4-2.5 GHz(ISM) 
On-body 3.1-10.6 GHz(UWB) 

1.2.3 Specific Absorption Rate (SAR) 

Specific Absorption Rate (SAR) is a measure for Electromagnetic (EM) Energy absorbed by 

biological tissues mass when exposed to radiating devices. SAR can be expressed as [78]: 

 

                                                     ��� = 	
 = ��
�
 = �
�
�                                                           (1.1) 
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where, � is the power loss density (W/m3), � is the electric field strength (V/m), � is the current 

density (A/m2), � is the mass density (Kg/m3) and � is the conductivity (S/m). SAR can be defined 

in many terms as shown in Figure 1.2 [79]. 

• Point SAR: local SAR without mass or volume averaging. 

• Total SAR: total power loss in the whole lossy structure divided by its total mass. 

• Mass averaged SAR: for each point SAR, a cube with a defined mass (1 g or 10 g) is found, 

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

by the cube mass. 

• Volume averaged SAR: the same as mass averaged SAR but on fixed volume. 

According to the FCC and ERC, the maximum limits for SAR averaged over 1 g and 10 g of tissue 

mass is 1.6 and 2 W/kg respectively [80, 81]. 

 

Figure 1.2: SAR types inside the human body. 

 
1.2.4 Path Loss (PL) 

An important factor in the development of WBAN is the estimation of PL in, on, or around the 

body. To estimate PL, this requires detailed characteristic of EM waves propagation in, on, or 

around the human body. We use the following definition for PL [82]-, 

 

                                                                �� = 	���	�����                                                                 (1.2) 
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where ����  and  ��� !" are the receiving and transmitting power respectively. For WBAN, PL is 

often defined in term of scattering parameters (S21) which includes the antenna loss as well, 

because it is easy to measure, so PL in dB can be expressed as [83, 84]: 

 

                                                             ��#�$% = −|��(|)*                                                      (1.3) 

 

PL for WBAN depends mainly on the distance between transmitter and receiver, shadowing, which 

is a random variation in received power caused by obstruction, and multipath fading, which is a 

random variation in received power caused by sometimes constructive and sometimes destructive 

vector combination of electric field of reflected and refracted paths. In WBAN, the two types of 

random power fluctuation can not be easily distinguished because the wavelength is relatively long 

and the body parts that cause shadowing have size in order of wavelength.   

Many theoretical and measurement based studies presented in literatures have shown that the 

average received signal decreases logarithmically with distance (�) and the average PL will be 

expressed as [85]  

 

                                                   ��#�$% ∝ , ))-.!         , � ≥ �1   ,                                             (1.4) 

 

where 2 is the PL exponent and �1 is the reference distance. The variations in PL exponent at 

different frequency bands are caused by the increase in absorption from human body tissues. The 

PL observed at any given point will deviate from this average value due to the variation in the 

environment. This variation has been shown to follow logarithmic normal distribution, therefore 

the average PL can be expressed as: 

  

                                             ��#�$% = ��#�1% + 102678 ))- + 9:                                          (1.5) 

 

 9: is the zero mean Gaussian distribution random variable with standard deviation ;. The PL 

inside the human body can be modeled using power function as [86, 87]: 

 

                                                            ��#�% = <�= + <(                                                         (1.6) 
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where < , >, <( are constants [88]: 

 

1.3 Antenna Design 

The antennas used in WBAN are categorized as: implantable and wearable antennas. The design 

of the implanted antennas for WBAN face many different challenges [89-92], therefore a large 

amount of research has been performed for this task. The previous design for implanted antennas 

will be summarized as follows: In [89], a dipole antenna and a low profile patch antenna with 

resonant frequency in MICS band were analyzed inside the human body using Finite Difference 

Time Domain (FDTD) and Dyadic Green Function (DGF) for implanted applications. The 

radiation performance of the designed antenna was estimated in terms of radiation pattern, 

radiation efficiency and SAR.  A micro-strip patch antenna was designed as an implantable antenna 

in MICS frequency band [92]. The antenna design was used as a guidance in the design of 

implantable micro-strip patch antenna. In [93], a compact stacked implantable antenna was 

designed for biomedical applications in MICS band. The antenna structure can improve the 

bandwidth and reduce the detuning effect due to electrical properties of human body tissues. A 

small size dual-band, MICS and ISM bands, implantable antenna was designed for continuous 

glucose monitoring [94]. The antenna performance was optimized for dual bands applications. In 

[95], a compact-shape with double L-strips PIFA was proposed for implantable applications in 

MICS band. The designed antenna has a broad bandwidth of 80 MHz at return loss of 10 dB. A 

first prototype of complete implantable device was proposed in MICS frequency band [18] . In 

[96], a 2.5x1.8 cm MICS band antenna combined with electrode was designed for body channel 

communication. An implanted H-shaped cavity slot antenna was proposed as an implantable 

antenna for short range communication in ISM band [97]. In [98], a helical folded dipole antenna 

was proposed as an implantable antenna in ISM band. The antenna design considers antenna size, 

power consumption and biocompatibility. A triple-band antenna was proposed for biotelemetry 

application in MICS band and ISM (433 MHz and 2.45 GHz) bands. The design procedure, 

realization and measurement of an implantable radiator for telemetry application in MICS and ISM 

bands were proposed [99]. The designed antenna can be used in rectifying antenna for wireless 

power transmissions. The antenna has a bandwidth of 113 MHz and 70 MHz at MICS band and 

ISM band respectively. In [100], a simple helical dipole antenna for implanted biocompatible 
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applications was proposed. The antenna has a gain for 10 m short range communication with 113 

MHz bandwidth and SAR values less than the standard limitation. An overview of all patch 

antenna design challenges for implantable application was provided [19]. The design and radiation 

performance of novel miniaturized antennas for integration in head implanted medical device 

operating in MICS and ISM (433.1-434.8, 868-868.6, 902.8-928 MHz) bands were investigated 

[101]. The design process of the antenna can be applied to optimize antennas for several 

applications. In [102], an implantable UWB antenna in the UWB bands for purpose to be used in 

the human head was proposed. Antenna performance is studied using simulation software. A 

helical folded dipole antenna for implanted devices was proposed for patient monitoring systems 

in UHF band (924 MHz) [103]. The proposed antenna has adequate gain within 10 m transmission 

range with 225 MHz bandwidth. In [104], an implanted compact folded antenna was designed at 

UHF [950-956 MHz]. The proposed antenna has a maximum gain of -23 dBi which exceeds the 

link budget margin. Two kinds of design of implant antenna in UWB low band (3.4-4.8 GHz)were 

proposed for capsule endoscope [105]. The antenna performance was investigated using 

simulation and experiment. In [106], the deep investigation of the effect of body tissue thickness 

in the performance of UWB loop antenna was discussed. The antenna was designed for the 

examination which used in UWB WBAN applications. Most of the previous investigations on 

implanted antenna designs suffer from two main problems: a high value of SAR at a small antenna 

size and detuning effects due to the dielectric properties of the human body tissues. An Electrically 

Coupled Loop Antenna (ECLA) is proposed in this research to tackle the above issues [20]. 

       Apart from the research on implanted antenna for WBAN, a large amount of research has been 

conducted in the design of wearable antenna for WBAN. This research will be summarized as 

follows. In [107], a horn shaped self-complementary antenna (HSCA) and planar inverted cone 

antenna were used to study the propagation channel in UWB for on-body communications. Results 

show that the hybrid use of different types of UWB antenna can efficiently improve channel 

behavior in body centric wireless network.  A novel small size directional antenna based on a 

typical slot antenna with an added reflector was designed for WBAN in UWB band [108]. Antenna 

performance was improved in terms of radiation efficiency and SAR values. In [109], a textile 

antenna was designed as an UWB antenna for WBAN in UWB. Two designs of textile antenna 

have been realized: coplanar waveguide feed printed UWB disc monopole and UWB disc circular 

slot antenna. A novel compact micro-strip feed dual band coplanar antenna was designed for 
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WBAN in (2.4, 5.2, 5.8 GHz) bands [110]. The antenna generates two separate resonant modes to 

cover 2.5/5.2/5.8 GHZ bands. In [111], a single feed rectangular ring textile antenna was proposed 

for WBAN in ISM band. The robustness of the antenna characteristics with respect to bending was 

proven.  A printed tapered monopole antenna (PTMA) was investigated for WBAN in UWB band 

for on-body applications  [112]. The antenna is a good candidate for implanted applications. In 

[113], a PIFA with two shielding strips was designed for WBAN in ISM band. The proposed 

antenna can be placed very close to nearby conducting elements with small effect on the antenna 

performance. A cavity slot antenna was proposed  for on-body communication for WBAN in ISM 

band [114]. In [115], an e-textile antenna was proposed for body centric applications. The antenna 

can be designed in two shapes: conventional micro-strip area and wide band multiple antenna 

systems.  A wearable button antenna was designed in (2.5 and 5 GHz) with monopole type 

radiation pattern [116]. In [117], a miniaturized diversity antenna that had a combination of PIFA 

and top loaded antenna was proposed for WBAN. A new compact planar UWB antenna was 

designed for on-body communication in (3-11.2 GHz) range [118]. In [119], a flexible light weight  

and mechanically robust textile antenna was proposed for dual band satellite use. A zero order 

resonant antenna placed on wrist was proposed for WBAN applications [120].  In [121],  a novel 

folded UWB antenna was proposed for WBAN application in (3.1-12 GHz) band. In [122], a triple-

band monopole antenna was designed for WBAN in UWB band. The proposed antenna achieves 

a compact size with low profile and can be confined to the human body. A new easy-to-apply 

procedure was proposed for constructing wideband circular polarized bi-directional and 

unidirectional square slot antenna was proposed [123]. In [124], a new broadband textile based 

PIFA antenna structure was designed for WBAN in (1.8-3 GHz) range. The antenna radiation 

characteristics and bandwidth show satisfactory immunity against the detuning effect when 

operates on body.  A novel low profile UWB antenna for WBAN application was proposed [125]. 

The antenna has a polarization perpendicular to the body- free space interface, which is interesting 

in order to minimize the coupling into the body. In [126], a textile micro-strip topology with UWB 

characteristics useful in WBAN was proposed. The antenna design reduces any on-body 

degradation, resulting in a very robust structure.   
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1.4 Channel Model 

To provide a clear understanding of telemetry links between implanted or wearable devices and 

mobile or base station units located outside of the human body, in-depth analysis of wave 

attenuation in lossy human body tissues and propagation in the vicinity of the human body is 

essential. To ensure efficient performance of such a wireless telemetry system, propagation 

channel needs to be characterized and modeled to develop competent and reliable links including 

effect of surrounding environment and antenna. The wireless channel for WBANs can be classified 

as: around the body (around), within the body (in-in) and from inside to outside (in-out) channel 

models. PL inside the human body can’t be easily measured in-vivo, so the measurement and 

simulation has to be done in a phantom model. Recently, a considerable effort has been devoted 

to investigate the propagation channel inside, on and around the human body. These research can 

be summarized as follows. In [127], the experimental measurement and electromagnetic modeling 

of propagation from 418 MHz and 916.5 MHz sources placed inside human vagina was described. 

A propagation loss model for homogenous tissues bodies was presented in the 900 MHz-3 GHz 

range [128]. In [30], a channel model for WBAN at 400 MHz, 900 MHz and 2.4 GHz bands was 

derived in the case of around the body channel model.  An experimental investigation of UWB on-

body propagation was presented [68]. In [29], a numerical and experimental investigation to study 

the radio channel characteristics of communication link inside and outside the body with 

transmitter placed in body organ at UHF, MICS and ISM bands were introduced. The radio wave 

propagation around the whole body was investigated by measuring electromagnetic waves near 

the torso and derived relevant statistics [129, 130]. In [82],a new empirical PL model for wireless 

communication at 2.4 GHz above a flat lossy medium was presented and this model is valid for 

dipole antenna. The UWB on-body radio channel modeling using a sub-band FDTD method and 

a model combining the Uniform geometrical Theory of Diffraction (UTD) and ray trajectory was 

presented [69]. In [70], radio wave propagation in the human head was investigated at UWB 

frequency using theoretical analysis and measurement. On-body propagation channel 

measurement using two micro-strip patch antennas for various links were presented and 

statistically analyzed [131]. In [35], galvanic coupling was presented as a promising approach for 

wireless intra-body communication between on-body sensor. The human body was characterized 

as a transmission medium for electrical current by means of numerical simulation and 

measurement. The implanted antenna and human body as a medium for wireless communication 
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were discussed over MICS band [132]. In [96],  a numerical and experimental investigation of 

biotelemetry radio channel and wave attenuation in human subjects with ingested wireless 

implants was investigated at UHF, MICS and ISM bands. An analysis of radio channel 

characteristics for single and multiple antenna body worn system for use in body-to-body 

communication was presented at ISM band [133]. In [25], the theory of wave propagation near a 

surface was reviewed with an eye to gain insight into the mechanisms involved and to provide 

analytical based model for power efficient on body propagation. The radio wave propagation 

between two half wavelength dipole at ISM band, placed near the human body was discussed and 

presented as an application for cross layer  design in order to optimize the energy consumption of 

different topologies [32]. In [134], the first analytical model of WBAN channel was presented 

using simulation and measurement with a PIFA antenna. The wave propagation in WBAN was 

analytically modeled as a polarized point source close to an elliptic lossy dielectric cylinder at 915 

MHz and 2.4 GHz bands [22].In [27], the propagation channel for intra-body communications 

between implanted medical devices using simulation at MICS, ISM and UWB bands was 

investigated. A statistical channel model was presented for UWB propagation channel inside 

human chest in the 1.6 GHz range [135]. In [136], a new challenge in the area of wireless 

communication network, which is the need for statistical model describing the terminal behavior 

to operate under a variety of standards and in a close electromagnetic environment perturbed by a 

variety of disturbance was explored. A statistical model for UWB propagation channel inside the 

human chest was extended in the 1.6 GHz range by including the frequency dependent attenuation 

[137]. In [138, 139] an analytical model for estimating the link loss for the on-body wave 

propagation around the torso was presented. The on-body propagation performance measured 

totally wireless with monopole antenna was presented in the 867 MHz range [140].  In [141], a 

channel model for time variant multi-link WBAN was proposed. An evaluation on how Norton 

waves can be used to analytically model the on-body propagation channel for WBAN in the range 

0.4 to 60 GHz [142]. In all the previous works, the propagation channel at all the allowed frequency 

bands were not investigated. Also in the case of WBAN, the implanted antenna plays an important 

role in the propagation channel. In this work, the intra and inter-body propagation channel inside 

the human body models will be investigated using ECLA at the allowed frequency bands. 
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1.5 Overview of the Dissertation 

The Dissertation is organized into six chapters. The first chapter provides a brief background of 

WBAN and literature review of previous works on implanted antenna and channel model for 

WBAN. Since the present research is principally based on magnetic field antenna, Chapter 2 

provides a comparison between the performance of ideal electric dipole (electric field antenna) 

and ideal magnetic dipole (magnetic field antenna) in a lossy medium. This comparison is based 

on power loss and power radiated inside the lossy medium using theoretical analysis and 

simulation.  Chapter 3 describes our proposed ECLA as a magnetic field antenna. Also, it 

investigates the performance of ECLA inside different human body models at all the allowed 

frequency bands. Chapter 4 discusses the channel models between implanted antennas inside 

different human body models using our proposed ECLA. Also it provides the channel model 

between implanted and wearable antenna. The channel model is described using PL. Wireless 

Power Transfer (WPT) for implanted devices inside different human body models using square 

and circular ECLA will be described in Chapter 5. Chapter 6 summarizes and concludes the 

dissertation as well as suggesting future work.     
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Chapter 2 

 
Electrically Small Antenna in a Lossy Medium 

 
In this chapter, the near-field radiation characteristics of electric and magnetic antennas when 

surrounded by a lossy dielectric medium are described. This study is relevant for cases such as 

implanted antennas, submarine or underground communications where the antenna’s near-field 

consists of lossy dielectric media such as human tissues, minerals or saline water. Theoretical 

results for both types of small antennas are presented and expressions to show the difference in 

stored energy and radiated power in the radian sphere around the antenna are formulated. These 

“ideal” results are then validated using simulation results from a center-feed small dipole and a 

small loop antenna as a dual of magnetic dipole. It is found that magnetic antennas give much 

better performance when surrounded by a lossy dielectric [143]. 

 
2.1 Introduction 
The study of the near-field of antennas is of great significance in applications where the antenna 

is located next to or inside a lossy medium because the medium properties can greatly alter the 

performance of the antenna while themselves being subject to effects such as dielectric heating 

and magnetization. This is typically the case for antennas near the human body [89], soil [144], a 

submarine [145], or other lossy media. In order to reduce the time-to-market, an antenna designer 

may choose a simple design; however, this choice needs to take into consideration the nature of 

the surrounding medium. It will be shown that antenna performance in a lossy medium is directly 

linked to whether it has a dominant electric or magnetic field intensity in the near-zone. This 

chapter focuses on the specific case of how antennas in implanted medical devices are affected by 

the presence of the human body. 

     The demand for smart implanted medical devices has been growing exponentially during the 

last few decades [31, 146]. Most modern implanted devices are able to receive commands from 

the outside world or relay information from various sensors within the host body. Thus, it can be 
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seen that implanted antennas will play a significant role in the future of healthcare technology. 

However, there are many challenges involved in the design of implanted antennas, including but 

not limited to: antenna miniaturization, antenna loss due to miniaturization (structural loss), 

radiation loss that manifests itself in the immediate near-field (environmental or near-field loss), 

compatibility with the human tissues, detuning, etc. The goal of this chapter is to investigate losses 

that arise inside a conductive medium (such as the human body) due to the strong reactive and 

radiating near-field for two main classes of small antennas: electric antennas and magnetic 

antennas. 

       Previous research by Wheeler [147] , Chu [148], Harrington and others [149-151]  has focused 

on the physical limitations of antennas with regard to size, gain, directivity, quality factor, and the 

interdependence of these quantities. References [152] and [153] have investigated antennas 

surrounded by a lossy or conducting medium, but with a focus on finding optimal values for 

antenna gain and radiation efficiency. To the best of the authors’ knowledge, a study of the effect 

of the surrounding lossy media in the near-field based on the type of antenna has not been 

conducted before. This issue, with a focus on electrically small antennas [154], is addressed at 

length in this chapter by computing the power loss and radiated power for electric and magnetic 

antennas. Especially in the case of implanted devices, the power that is lost in the near-field goes 

into heating human tissues needs to comply with standards set by government agencies. 

       Through analytical expressions and simulations, the case for magnetic antennas will be made 

by comparing the power dissipated in the lossy medium and the radiated power for electric and 

magnetic antennas. In the next section, antenna gain, loss and efficiency particularly for small 

antennas in lossy media, will be described. In Section 2.3, some theoretical work to support our 

arguments is presented, followed by simulation results in Section 2.4. Chapter summary will be 

provided in Section 2.5. 

 
2.2 Small Antenna Gain, Loss and Efficiency 

The electric size of a small antenna is related to its quality factor based on the fundamental limits 

of the antenna [151], 

 

                                                                        ?@A""@�"" = (#B %C                                                  (2.1) 
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where < is the radius of the smallest sphere enclosing the antenna (Figure 2.1) and D is the wave 

number. The quality factor of a lossy medium (loaded quality factor) is related to the lossless 

quality factor,?@A""@�"", by the antenna efficiency E as: 

 

                                ?@A )�) = F#B %C ⟹ E = ?@A )�) ∗ #D<%I = JKL�M�MJKL��K���                                  (2.2) 

 

 ?@A )�) has an equivalent circuit definition for narrow band antenna which can be easily measured 

as [155], 

 

                                                           ?@A )�) = (� NOPNKNOQNK                                                             (2.3) 

                                          

where, RS  <2�  R@ are the upper and lower 3dB crossing frequencies of the return loss of the 

antenna, respectively. 

       Small antennas converge to either a small electric dipole, magnetic dipole, or a combination 

of these two when the electric size of the antenna is much smaller than 1 radian (D< < 1); therefore, 

one can assume the directivity of any small antenna approximately equals 3/2, which is a directivity 

of a small dipole (the dominant far-field spherical modes are either U�(1 7V UW1(). Using the 

above equation, one can find an approximate value for Gain, X, and efficiency, E, of a small 

antenna by knowing its electric size and 3dB quality factor as, 

 

                                 Y = I� ,    E = ?@A )�) ∗ #D<%I ⟹ X = I� ?@A )�) ∗ #D<%I                        (2.4) 

 

Realized Gain of antennas directly effects the total path loss in a communication link. In addition 

to polarization mismatch and impedance match, there are three different loss mechanisms that 

control the path loss of a communication link: structural loss, of the antenna, near-field loss and 

plane wave path loss. 

 
2.2.1 Structural Loss 

The structural loss of an antenna, which is converted to thermal energy, can be seen as the ohmic 

and dielectric losses of the antenna structure itself regardless of whether the antenna is surrounded 
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by free space [156], lossy media, or any other type of medium (see Figure 2.1). Reference [157] 

approaches this problem for optimizing maximum gain. Unlike electrically large antennas such as 

reflectors, structural loss is an important factor in the overall loss of electrically small antennas 

[147, 154]. These losses can be minimized during the antenna design stage. If the antenna is made 

of a Perfect Electric Conductor, PEC, and perfect dielectric material, the structural loss of an 

antenna can theoretically go to zero. The antenna still might have return loss which is not converted 

to further thermal energy. Structural and mismatch losses are not considered in this study. 

 
2.2.2 Near-Field Loss 

The reactive near-field of an antenna is strongly coupled to the current distribution on the antenna 

structure. Therefore, any disturbance in the reactive near-field will affect the current distribution 

and input impedance of the antenna. If the antenna is surrounded by a lossy material, the reactive 

near-field will contribute to the antenna overall loss. The loss associated with the reactive near-

field of the antenna, which is converted to thermal energy in the surrounding material, is termed 

environmental or near-field loss in this chapter. There are some limits on the amount of thermal 

energy generated by an implanted transmitter which are set by regulatory bodies such as FCC and 

ERC which is usually characterized by SAR [158, 159]. The question is how does the antenna type 

affect the total radiated power for a given antenna size while still satisfying the FCC limits? Results 

of an investigation into this problem are studied in this chapter. 

 
2.2.3 Path Loss 

 It is well known that the radiated fields of any antenna in the far-zone is a locally plane wave. For 

a plane wave, the ratio of electric field to the magnetic field is dictated by the material properties 

in the far-field and not the antenna type. However, the ratio of total electric field over the total 

magnetic field in the reactive near zone of a small antenna can vary from a very small number (0 

for a magnetic point source at the origin) to a very large number (infinity for an electric point 

source at the origin). Thus, it is clear that the reactive near-field of a small antenna can vary 

dramatically from one antenna type to another based on the radiation mechanism. Since the 

reactive near-field of a small antenna is strongly coupled to the antenna structure, it is beneficial 

to define antenna loss in the reactive near zone as an antenna-dependent environmental loss which 

can be distinguished from the structural loss mentioned above. At the same time, one can 
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distinguish the near-field environmental loss from the path loss which usually deals with plane 

waves (far-field) and will be independent of the antenna type. 

 

      

                                  (a)                                                                       (b)                     

Figure 2.1: Antenna in a lossy medium (a) antenna loss and (b) ideal dipole in a lossy medium. 

 
2.3 Theoretical Analysis 

For simplicity, two ideal dipoles (an electric dipole and a magnetic dipole) will be analyzed in a 

homogeneous lossy medium with a finite conductivity. The exact total field of these two antennas 

can be found analytically, and therefore, one will be able to compare their near-field stored energy, 

radiated power and dissipated power in the closed form. This analysis allows us to study the 

behavior of small antennas in a lossy medium without concerning ourselves with the antenna 

design, mismatch issues, and the antenna structural loss. 

        Consider a homogeneous medium with permittivity, permeability and conductivity of �, Z, 

and � respectively. An electric (magnetic) dipole of length ∆\ , carrying a uniform current ] #W% 

in the \ direction is located at the origin. One can find the electric and magnetic fields of these 

dipoles as:  

 

           ̂
  _` = ∆a`#(Pb�%�cd�"e!fgh�
 i0V̂, 0kl, 1mno                                                        p` = q∆a`�cd�ghrs�C [2#1 + vV% cos k V̂, #1 + vV + v�V�%z{2k kl, 0 mn]                                                                 }                      (2.5)     

 

Z, �, � a

bIdeal Dipole 

Lossless Sphere

Structural Loss 
(Ohmic 
+Dielectric )

Environmental Loss

Path Loss
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                 ~_� = q∆ars��cd�gh�Cb
 [2#1 + vV% cos k V̂, #1 + vV + v�V�%z{2k kl, 0 mn]       p� = ∆a�#(Pb�%�cd�"e!fgh�
 i0V̂, 0kl, 1mno                                                            �               (2.6)   

 

where, 

 

                                                              v = � + �� = ���Z#��� + �%                                                  (2.7) 

 

with, 

 

                                                               � = ��r�� �1 + �1 + # �s�%�                                                    (2.8) 

                                                         � = ��r�� �−1 + �1 + # �s�%�                                                       (2.9) 

 

       The electric field intensity is proportional to the inverse of V� for the magnetic dipole in the 

near-zone while it is proportional to the inverse of VI for the electric dipole. It means that E·E* in 

the near-zone is proportional to 1/Vg and 1/V� for magnetic and electric dipoles, respectively. 

Therefore, the ohmic loss associated with conductance, �, of the medium will be higher for an 

electric dipole in comparison to a magnetic dipole.  

       In order to proceed with these calculations, the input impedances of the antennas need to be 

found to be able to feed both antennas with the same amount of power. Since the surrounding lossy 

dielectric loads the antennas in different fashions, the antenna impedances will not be similar to 

its respective free space input impedance. At the same time, a finite thickness for both dipole 

antennas would need to be included to avoid field singularities, and consequently, numerical 

solutions are required to proceed. However, there is an alternative way to compare the performance 

of these two antennas in a lossy medium. To avoid impedance computation and field singularities, 

we assume that the antenna is located in an imaginary small sphere of radius < that just encloses 

the antenna and generates the same field distribution outside of that sphere as the ideal dipole in a 

homogeneous medium (see Figure 2.1). As mentioned in Section 2.2, we omit the stored energy 
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and any loss inside the small sphere of radius < as it represents the antenna’s structural loss, similar 

to the assumptions made by Chu in [148].                                   

       The electromagnetic power lost in a homogeneous lossy dielectric spherical shell with an inner 

radius of < and an outer radius of > is computed as: 

 

                                � ,= = � � � (�= h1�h1 �_#V%. _∗#V%V�z{2k���f��                                      (2.10) 

 

        It is worth noticing that the electric energy can be computed in a fashion similar to this 

equation by replacing � by �/2. To show the significance of the near-zone antenna loss, we 

compute the antenna loss within the radian sphere �> = 1 for different <, and normalize it to the 

total power lost in the lossy material if it were to extend infinitely (it will be shown in the next 

section that the total loss is equal to the total energy passing through the sphere of radius <). The 

assumption is that the antenna size, 2<, is smaller than the radian sphere which is a condition for 

small antennas. In the rest of this chapter, < will be used as the radius of a sphere enclosing the 

antenna structure. 

       The power lost for a magnetic dipole in a lossy medium from < to an arbitrary > is : 

 

� ̀,= = ∆\�W��24�� ��Q�� 2� + #�� + ��%<< − �Q��= 2� + #�� + ��%>> � 
                                           ≈ ∆a
�c
��`
�[��P��
P�
� ]�gh� �=→�                                                  (2.11) 

 

The normalized power loss for magnetic dipole will be: 

 

                                                  
���,����,� = 1 −  �c
�#�c�%[��P��
P�
�=]=[��P#�
P�
% ]                                          (2.12) 

 

The power lost for an electric dipole in a lossy medium from < to an arbitrary > is : 

 

�� ,= = ∆\�]�Z�����Q��# P=%24��<I>I#�� + ��%� [>I��=�R#�, �, <% − <I�� �R#�, �, >%] 
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                                                          ≈ ∆a
�
�s
�c
��N#�,�, %�gh� C#�
P�
%
 �=→�                                           (2.13) 

 

The normalized power loss for electric dipole will be: 

 

                                                           
� �,�� �,� = 1 −  C�c
�#�c�%N#�,�,=%=CN#�,�, %                                          (2.14) 

 

where, 

 

                       R#�, �, V% = 2� + 4��V + 2�#�� + ��%V� + #�� + ��%�VI                          (2.15) 

 

These ratios (2.12) and (2.14) are plotted in Figure 2.2. for a typical muscle tissue at 403 MHz, 2.4 

GHz and 3.5 GHz (for material properties see [160]) as a function of < for an electric dipole and a 

magnetic dipole in a radian sphere (�> = 1) for each frequency. As Figure 2.2(a) shows, almost 

91% of the power is dissipated in the radian sphere (> = 14.5 mm) for the electric dipole with < = 5 ¢¢ (antenna size 10 mm). This ratio is 60% for a magnetic antenna. It will be shown that 

outside of two radian spheres (> =  2/�), the wave impedance approaches intrinsic impedance of 

the medium and the antenna type does not affect the loss dramatically in this region. 
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(b) 

 
(c) 

Figure 2.2: Normalized power loss for muscle tissue inside radian sphere (a) with radius 14.5 mm at 403 MHz (b) 
radius 2.7 mm at 2.4 GHz and (c) radius 1.9 mm at 3.5 GHz. 
 

    In addition to the electromagnetic loss due to �, the Poynting vector variations can also be 

computed. One can find the real part of the radiated power passing through a sphere of radius V as: 

 

                                  �� )#V% = � � (� ��[_ × p∗] ∙ V̂V�z{2k�f��h1�h1                                    (2.16) 
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The total radiated power of these antennas would be equal for a lossless medium (� = 0) if 

 

                                                                       W = \1]                                                             (2.17) 

where \1 is the intrinsic impedance of the lossy material in which the antenna is placed. To 

compare the radiation performance of ideal magnetic and electric dipoles in a lossy material, one 

can compute the real part of the radiated power passing through a sphere of radius V as: 

 

                           �̀� )#V% = ∆a
�c
��`
�[��P��
P�
��](�hrs� ≈ ∆a
�c
��`
��
P�
��%(�hrs ��→�                (2.18)                                   

 

                               ��� )#V% = ∆a
�c
���
�rs(�h�C#�
P�
%
 R#�, �, V% ≈ ∆a
�c
���
�rs(�h ��→�                        (2.19) 

 

        To make a fair comparison between these two antennas, the radiated power needs to be 

normalized to the input power. As we ignore the effects of structural and mismatch losses in this 

study, we will define input power as the total real power that passes through a sphere of radius <. 

As the medium in which the antenna resides is lossy, the entire input power will be absorbed when > →  ∞ (or in the far-field). 

 

                                                      
	���M#�%���# % = �c
�#�c�% [��P��
P�
��]�[��P#�
P�
% ]                                         (2.20) 

 

                                                        
	 ��M#�%� �# % = �c
�#�c�% CN#�,�,�%�CN#�,�, %                                                (2.21) 

 

      Equations (2.20) and (2.21) provide the total radiated power passing through a sphere of radius V normalized to the input power for magnetic and electric ideal dipoles, respectively. The 

normalized power is plotted versus antenna size ( 2<) and distance V, inside a lossy dielectric, 

which has the properties of the muscle tissue at 403 MHz (Figure 2.3.). Figure 2.3 demonstrates 

the superior performance of a magnetic antenna in comparison with electric antenna with the same 
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size and the same accepted power. The difference between the two antennas increases at small 

antenna size.  
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(c) 

Figure 2.3: Normalized radiated power inside muscle tissue at 403 MHz for (a) magnetic dipole, (b) electric dipole 
and (c) differences. 

 
The ratio of the normalized radiated power of both antennas for different value of < can be 

expressed as: 

 

              
 ¦���M#�%§��#�%
 ¦ ��M#�%§ �#�%

= �
N#�,�, %[��P��
P�
��] 
N#�,�,�%[��P#�
P�
% ] ≈ 1 + ��#(P�� % 
#�
P�
%[��P#�
P�
% ]��→�                         (2.22) 

 

This ratio at fixed value of V = 100 ¢¢ and variable antenna size for 3 different human body 

tissues at the allowed frequency bands are shown in Figure 2.4. This figure shows that the radiated 

power from an ideal magnetic dipole is always more than that of an electric antenna with the same 

size and the same accepted power and this ratio increases at small antenna size. 
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(c) 

Figure 2.4: Normalized radiated power ratio for various tissues vs. antenna size at (a) 403 MHz (b) 2.4 GHz and (c) 
3.5 GHz.     
 
2.4 Simulation Results 

In order to validate the theoretical results using full-wave simulations, a dipole antenna (electric 

field antenna) with a length of 0.5 mm and a rectangular loop antenna (magnetic field antenna) 

with the length of its diagonal as 0.5 mm were simulated using FEKO as shown in Figure 2.5. 

These sizes are chosen in order to ensure an electrically small antenna. These antennas are 

surrounded by a homogeneous medium that has properties of a lossy dielectric mimicking human 

muscle tissue at 403 MHz (for tissue properties see [160]). Here, < is the radius of the sphere 

enclosing the antenna as discussed previously in Sections 2.3 and 2.4 and this sphere can be 

assumed to be the antenna size. To remove the effects of any structural or mismatch loss from 

these computations, the total radiated power passing through an imaginary sphere of radius < is 

considered to be the total input power to the antenna (similar to the input power computation for 

the theoretical formulation) while keeping the size of the physical antennas the same (so as to 

ensure that the electrically small criterion is met as well as to prevent excitation of higher order 

modes in a larger antenna). The sphere radius < was varied from 1 mm to 14 mm in order to 

facilitate a comparison with the theoretical results. The total radiated power at various distances 

from V =  < to a maximum distance of V =  100 ¢¢ is computed for both antennas and it is 
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normalized to the input power (power at V =  <). Then the ratio of the normalized radiated power 

for both antennas is computed for different radii of the imaginary sphere (which is considered to 

represent the antenna size). For various values of < and V, this ratio is plotted in Figure 2. 6.       

Clearly, from Figure 2.6., simulation results for normalized power agree well with the theoretical 

predictions in trend if not their absolute values. This can be compared to Figure 2.3., for muscle 

tissue for validation.           

            

                 

         

                                     (a)                                                                       (b) 

Figure 2.5: Small antenna simulation (a) small dipole and (b) small loop antennas.  
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(b) 

 

 
(c) 

Figure 2. 6:  Simulated results for normalized radiated power ratio, P(N)(r,a), inside muscle tissue at 403 MHz for (a) 
loop antenna and (b) electric dipole. (c) Ratio of values shown in (a) to (b). 
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        In Figure 2.7, a comparative plot shows a side-by-side comparison between theory and 

simulation results. It can be seen that, as the antenna size becomes smaller, the difference between 

the two types of antennas becomes more significant which is in agreement with our theoretical 

results. However, a deviation from the theoretical results can also be noticed for smaller values 

of <. This is due to the fact that within close proximity to the loop antenna, it does not behave as a 

perfect magnetic dipole. Instead, we see a large contribution due to the voltage source that excites 

the structure. Thus, since the simulation results are not generated for the exact same antennas as 

the theoretical effort, the results follow the same behavior. A simulation with ideal dipoles in 

FEKO showed very close agreement to theoretical results for all values of <, as expected. 

 

 

Figure 2.7:  Comparison between theoretical and simulated results for normalized radiated power ratio, P(N)(r,a), 
inside muscle tissue at 403 MHz at r = 10 cm. 

 

2.5 Chapter Summary 

It can be seen that there is a fundamental difference in the near-field ohmic loss generated within 

a lossy medium surrounding electric and magnetic antennas. For electrically small antennas, this 

loss is more pronounced. Theoretical results were presented and later validated through simulation 

in a full wave simulator using small dipole and loop antennas. In conclusion, it is clear that 

magnetic antennas such as the loop antenna and/or its variants offer a significant advantage when 
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lost in dielectric media surrounding the antenna. Thus, for implanted applications where we have 

stringent regulations on SAR and where maximum efficiency is required (such as wireless power 

transfer to medical devices), it makes more sense to use efficient magnetic antennas. Even for 

magnetic antennas, one must choose a design that minimizes structural losses. ECLA is a self-

matched high-Q resonator that can be conveniently engineered to suit different applications. 
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Chapter 3 

 
Electrically Coupled Loop Antenna 

 
The implanted antenna needs to be extremely small while maintaining a permissible SAR and 

being able to cope with the detuning effects due to the dielectric properties of human body tissues. 

This chapter is devoted to design a miniaturized magnetic field antenna to achieve the above 

requirements. The proposed ECLA has a high magnetic field and a low electric field in the near- 

zone and therefore, has a small value of SAR and is less sensitive to detuning effects. ECLA is 

designed for the MICS, ISM and 3.5 GHz (3.55-3.65 GHz) bands with dimensions of (5×5×3 

mm3), (3x3x3 mm3) and (2x2x2 mm3). These antennas will then be simulated inside one-layer 

human body model, three-layer spherical human head model, human head and human body. Also, 

a wearable ECLA with dimensions (20x20x5 mm3) is simulated inside one-layer model. A 

comparison between ferrite-loaded ECLA and regular ECLA with the same dimensions will be 

investigated. At the end of the chapter, the simulation results are validated using experimental 

work.  From the simulation results, ECLA inside the human body has a 5 MHz -3 dB bandwidth, 

-14 dB gain, and radiation efficiency of 0.525%. The 1g average SAR inside the human body for 

10 mW input power is about 1 W/kg which is 7 times lower than a patch antenna of the same size. 

Also, the ECLA with ferrite beads has better performance compared to ECLA without a ferrite 

load of the same dimensions [21, 161].  

 

3.1 Introduction 

 Implanted antennas inside human or animal bodies are widely used in biomedical telemetry 

(biotelemetry) and therapy applications. In biotelemetry, the implanted antennas are used to 

transmit power into or out of the host body. However, in therapy applications, the implanted 

antennas are used to provide energy as cancer treatment using hyperthermia applications [90].  



35 
 

       The common frequency bands for implanted antennas, approved by FCC and ERC are MICS, 

ISM and 3.5 GHz bands [162]. The choice of the frequency band decides the implanted antenna 

size and power loss inside the host body. The antennas operating at the MICS band have lower 

power loss and larger antenna size, while on the other hand, the ISM and 3.5 GHz bands devices 

use smaller antennas having higher loss [19]. 

       The design of an implanted antenna involves many challenges including biocompatibility, 

miniaturization, detuning effects of human body tissues, and patient safety [18, 89]. The implanted 

antenna must be biocompatible to prevent a short circuit which can occur due to the high 

conductivity of the human body tissues and to prevent rejection of the implanted antenna by the 

host body. To achieve biocompatibility, the implanted antenna should be surrounded by a 

biocompatible insulation layer such as PEEK, MACRO or Ceramic alumina [163]. The electrical 

properties of the human body tissues can change the resonant frequency of the implanted antenna. 

Therefore, the implanted antenna should be as robust as possible versus detuning effects. The 

antenna size has to be extremely miniaturized to satisfy the implanted devices requirements at the 

MICS band where the wavelength is about 750 mm. For the patient’s safety, the power loss inside 

the human body, which is measured by SAR, should be minimized. According to the FCC and 

ERC, the maximum limits for SAR averaged over 1 g and 10 g of tissue mass is 1.6 and 2 W/kg 

respectively as explained in Chapter 1. 

       The early generations of implanted devices which used inductive coupling for 

communications, were able to transmit data over a range of only 2 cm [164]. Most of the previous 

investigations on implanted antenna described in Chapter 1, suffer from two main problems: high 

value of SAR at small antenna size and detuning effects due to the electric properties of the human 

body tissues.  An ECLA is proposed in this chapter to tackle all the above issues.  

       The chapter is organized as follows, the structure of ECLA will be described in Section 3.2 

and the performance of ECLA in different human body models will be simulated in Section 3.3. 

In Sections 3.4 and 3.5, the effects of human model dimensions and the insulation layer on the 

value of the antenna’s SAR will be investigated respectively. ECLA performance at the allowed 

frequency bands will be investigated in Section 3.6. Wearable ECLA and ferrite loaded ECLA will 

be explained in Section 3.7 & 3.8 respectively. An experimental work to validate the simulation 

results will be provided in Section 3.9 and chapter summary will be provided in Section 3.10. 
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3.2 ECLA Structure 

ECLA has been introduced in [20] as a magnetic field antenna. It consists of a high impedance 

transmission line (inductor) terminated to a short circuit at one end and a distributed capacitor at 

the other end providing a distributed LC resonator. The feeding probe is electrically coupled to the 

antenna as well (Figure 3.1). The antenna can be tuned to a particular frequency using the antenna 

dimensions (L, W, and h) and the distributed capacitance between the loop and the ground plane 

(ts, Ws and Ls). The dimensions of the feeding head (Lp, Wp and tp) are responsible for scaling the 

input impedance of the antenna allowing us to match it to different impedances. ECLA can be 

extremely miniaturized by adding a lumped capacitor in parallel to the distributed capacitor of the 

resonant antenna. One can employ a variable capacitor to use the ECLA as a tunable antenna as 

well. 

                              

                               

Figure 3.1:   Electrically Coupled Loop Antenna, ECLA, (a) 3D view and (b) side view. 

 

3.3 ECLA Performance inside the Human Body 

The dimensions of ECLA (L, W, and h) used for the simulation in this section at MICS band are 

(5×5×3 mm3), respectively. A shunt capacitor of 29 pF has been added in parallel with the 

distributed capacitor to reduce the resonant frequency of the antenna to 403.5 MHz. In the 

following subsections, the performance of the antenna will be studied inside different models of 

the human body. 
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3.3.1 ECLA inside One-Layer Rectangular Model 

To study the performance and radiation characteristics of ECLA inside the human body, first a 

one-layer model is considered. The one-layer model reduces the size of the numerical model and 

allows us to optimize the antenna using HFSS (Figure 3.2) in a reasonable time. Different tissues 

have been used for the one-layer model (Table 3.1). The one-layer model is a (100×100×100 mm3) 

cube and ECLA is located at the center of the model. To achieve compatibility between the ECLA 

and the human body tissues, ECLA is covered by a 1 mm-thick insulation layer (whose effects 

will be discussed in Section 3.5). The scattering parameter (S11) of ECLA inside skin and muscle 

tissues are presented in Figure 3.3.  Based on this figure, one can conclude that the input impedance 

of ECLA does not vary dramatically by changing the electrical properties of the surrounding 

materials. Table 3.2 shows the radiation characteristics (maximum gain, -3 dB bandwidth, 

efficiency and 1 g averaged SAR inside the model) of ECLA compared to the previous work of 

implanted antennas. This table shows that ECLA has the smallest size while still maintaining the 

lowest value of SAR. 

 

                    

Figure 3.2:  ECLA inside one-layer model of human body and magnified ECLA structure. 

 

Table 3.1: Dielecric properties of human body tissues. 

Tissue Dielectric constant Conductivity (S/m) Density (kg/m3) 

Skin 47.6 0.68 1100 
Muscle 53.8 1.18 1040 
Fat 5.57 0.041 1000 
Skull 17.8 0.16 1850 
Brain 49.7 0.59 1030 

ECLA 

Insulation Layer 

Human 
Model 
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Figure 3.3: Scattering parameter (S11) of ECLA inside one-layer model for skin and muscle tissues. 

 
Table 3.2: Radiation characteristics of ECLA compared to other types of implanted antennas. 

Antenna Dimensions 
(mm) 

Gain  
(dB) 

Bandwidth 
(MHz) 

Efficiency 
(%) 

SAR 
(W/kg) 

PIFA (10×10×1.9) -26 50 0.6 336 
PIFA(8×8×1.9) -25 122 0.55 903 

PIFA(23×19×1.9) -27 120 -- 280 
Micro strip (40×32×8) -- 50 0.16 180 

PIFA (32×24×8) -- 70 0.25 209 
Spiral PIFA (20×24×2.5) -- -- 0.34 310 
Stacked PIFA(π×7.5×1.9) -44 170 0.31 750 

ECLA (5×5×3) -14.7 5 0.4 152.8 
 

3.3.2 ECLA inside Three- Layer Spherical Model 

The next step would be simulating the optimized antenna in a three-layer model (Figure 3.4). A 

three-layer model is a more accurate model for the human head. The model consists of a brain 

layer with a radius of 85 mm and skull and skin layers with thickness of 10 and 5 mm respectively. 

ECLA is placed at the center of the three-layer model and simulated using HFSS. The scattering 

parameter (S11) of ECLA inside the three-layer model is compared to those inside one-layer models 

of skin and muscle in Figure 3.5. This figure shows that the return loss of the antenna is the same 

for all three-models.  
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Figure 3.4:  ECLA inside three-layer model of the human head and magnified ECLA antenna 

 

 
Figure 3.5:  Scattering parameter (S11) of ECLA inside one-layer and three-layer models. 

 
TABLE 3.3: Radiation characteristics of ECLA inside three-layer spherical model and exact head. 

Model Gain (dB) Bandwidth 
(MHz) 

Efficiency 
 (%) 

SAR   
(W/kg) 

Three-layer -14.9 5 0.4 152 

Head -15 6 0.3 151 
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3.3.3 ECLA inside the Human Head 

To study the performance of ECLA inside the human head, Remcom’s XFDTD 7 (XF7) is 

employed with a model of the human head consisting of 39 human tissues. ECLA is placed at the 

skin tissue (2 mm from skin surface) of the model as shown in Figure 3.6. The scattering parameter 

(S11) of ECLA inside the human head model is shown in Figure 3.7. The antenna with dimensions 

(5x5x3 mm3) still has the same resonant frequency and a different value for the minimum return 

loss. The antenna can be matched by changing the dimensions of the feeding probe. Also, 1 g-

averaged SAR values of ECLA inside the head model are shown in Figure 3.8. The radiation 

characteristics of ECLA inside the human head model are compared with the three-layer model in 

Table 3.3. From these results, one can conclude that the performance of ECLA inside the more 

accurate human head model is approximately the same as the three-layer model. 

 

                                   
Figure 3.6:  ECLA inside human head and cutting plane to show ECLA. 
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Figure 3.7:  Scattering parameter (S11) of ECLA inside human head model. 

 
 
 

 

Figure 3.8:  1g-averaged SAR of ECLA inside human head. 

 

 

340 360 380 400 420 440 460
-18

-16

-14

-12

-10

-8

-6

-4

-2

0

Frequency (MHz)

S
1

1
 (

d
B

)



42 
 

3.3.4 ECLA inside the Human Body 

The radiation characteristics of ECLA are investigated inside a human body using XF7 software. 

The model includes 39 human body tissues of an adult male. ECLA is placed at the chest of the 

human body model as shown in Figure 3.9. The simulation results for the scattering parameter 

(S11) of ECLA inside the human body model are shown in Figure 3.10. This figure confirms that 

the impedance characteristics of ECLA do not change dramatically due to environmental effects. 

                             
Figure 3.9:  ECLA inside human body, cutting plane to show ECLA structure and its 1g-averaged SAR inside human 
body. 

 

 
Figure 3.10:  Scattering parameter (S11) of ECLA inside human body. 
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3.4 Effect of ECLA Dimensions on SAR 

The dimensions of ECLA have an important effect on its performance inside the human body. 

Specifically, the miniaturization factor plays an important role in deciding the SAR value. The 

total electric field intensity has been computed using HFSS for three different antenna dimensions 

at the same resonant frequency and the results are presented in Figure 3.11. Table 3.4 shows the 

effect of ECLA dimensions on its performance while maintaining the same resonant frequency by 

using different values of the lumped capacitor. The field intensity around the antenna increases by 1/<¨ where < is the maximum dimension of the antenna and © is larger than 1 for an antenna size < <  ª/4 (Figure 3.11) as explained in Chapter 2. This causes a significant jump in the SAR value 

for highly miniaturized electric field antennas. Due to the fact that ECLA is a magnetic antenna, 

the miniaturization factor does not increase the SAR dramatically. One can compare the electric 

field intensity for three different cases presented in Figure 3.11 and the associated SAR values 

presented in Table 3.4. These results show that the antenna miniaturization increases the electric 

field intensity and SAR value. 

 

Table 3.4: Radiation characteristics of ECLA inside one-layer model with different ECLA 
dimensions. 

ECLA dimensions 
(mm) 

Quality 
factor(Q) 

Bandwidth 
(MHz) 

SAR1g 
(W/kg) 

SAR10g 
(W/kg) 

5×5×3 50 8 154 44 

6×6×4 37 11 151 40 

7×7×5 29 14 143 39 

8×8×6 25 17 138 38 

9×9×7 20 20 125 36 

10×10×8 18 23 115 32 

 



44 
 

 

(a) 

 

(b) 

 

(c) 

Figure 3. 11:  Computed total electric field around the antenna for three different dimensions: a) 5×5×3mm3, b) 
7×7×5mm3, and c) 8×8×6mm3. 
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3.5 Effect of Insulation Layer on SAR 

To prevent the rejection of the implanted antenna by the human body tissues, ECLA with 

dimensions (5x5x3 mm3) is surrounded by a biocompatible insulation layer. The insulation layer 

thickness and type play an important role on the SAR of ECLA inside the human body model. 

Tables 5 and 6 show the performance of ECLA surrounded by different types of insulations with 

different thicknesses inside the one-layer model of the human body. The radiation characteristics 

of ECLA are calculated using HFSS software. 

 

Table 3.5: Radiation characteristics of ECLA inside one-layer human body model with different 
Teflon material insulation thickness. 

Insulation thickness 
(mm)  

Gain  
(dB) 

Bandwidth 
(MHz) 

Efficiency 
 (%) 

SAR1g 
(W/kg) 

1 -15.5 8 0.35 154 
2 -14.8 7.2 0.38 74.9 
3 -14.5 6.9 0.42 41.2 
4 -14.4 6.6 0.43 25.2 
5 -14.2 6.4 0.45 15.7 
6 -14.1 6.2 0.46 11 

 
 
Table 3.6: Radiation characteristics of ECLA inside one-layer human body model with different 
insulation materials. 

Insulation  
Types 

Gain 
(dB) 

Bandwidth 
(MHz) 

Efficiency 
 (%) 

SAR1g 
(W/kg) 

Teflon -14.7 5 0.4 152.8 
MACRO -15.5 6 0.35 141.4 
 PEEK -15.3 9 0.34 173.5 

Ceramic Alumina -16 11.2 0.28 201 
 

       It can be seen from the results presented in Tables 3.5 and 3.6 that the size and type of the 

insulating material can change the performance of the implanted ECLA. The capacitive part of the 

antenna (distributed capacitor) has the highest electric field intensity compared to the inductive 

parts as shown in Figure 3.11. Since the electric field intensity is responsible for increasing the 

SAR values, one needs to either make the distributed capacitor smaller or use thicker insulating 

material layer around it (Figure 3.12). The performance of ECLA has been computed using HFSS 

inside the one-layer human body model with different sizes of insulating material layer around the 
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feeding probe and the results are presented in Table 3.7. The inductive part of the antenna has the 

same size of insulating material while the thickness of the insulating layer increases at the 

capacitive part. The results presented in Table 3.7 when compared to the results obtained in Table 

3.2 demonstrate the effectiveness of this method. 

 

                       
Figure 3.12:  ECLA surrounded with insulation layer around the feeding head. 

 
Table 3.7: The ECLA performance with different insulation thickness around feeding head and 
capacitance. 

ECLA Volume 
(mm3) 

Gain 
 (dB) 

Bandwidth 
(MHz) 

Efficiency 
 (%) 

SAR1g 
(W/kg) 

337 -18.3 4.2 0.17 48 
252.3 -18.5 4.1 0.17 71 
168.2 -28.4 3.7 0.17 81.6 
121 -18.7 3.9 0.16 113 

 

3.6 ECLA Performance at the Allowed Frequency Bands 

ECLA performance inside the one-layer rectangular human body model and the 3-layer spherical 

human head model will be investigated using HFSS. These simple models are used to reduce the 

problem complexity and simulation time. ECLA is designed at MICS, ISM and 3.5 GHz frequency 

bands with dimensions (5x5x3 mm3), (3x3x3 mm3) and (2x2x2 mm3), respectively. To achieve 

biocompatibility, ECLA is covered by a 1 mm insulation layer, which has a relative dielectric 

constant 2.07 and zero conductivity. The one-layer model has dimensions (100x100x100 mm3) 

and it has the properties of muscle and skin tissues at different frequency bands as shown in Table 

3.8. The three-layer spherical model has the properties of brain with radius 85 mm, skull with 

thickness 10 mm and skin with thickness 5 mm (Figure 3.13.). The scattering parameter (S11) of 

Insulation Layer 
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ECLA inside the human body models at the three frequency bands is shown in Figure 3.14.  From 

this figure, we see that ECLA is less-sensitive to the detuning effect of the human body tissue 

electrical properties.  

                               
Figure 3.13: ECLA inside one-layer and three-layer models. 

 

Table 3.8: Electrical properties of human body tissues at different frequency bands. 

Band Tissue Dielectric constant Conductivity 
(S/m) 

Density 
(W/Kg) 

MICS Skin 49.85 0.67 1100 
Muscle 57.95 0.81 1040 
Brain 49.7 0.59 1030 
Skull 17.78 0.16 1850 

ISM Skin 42.85 1.59 1100 
Muscle 53.6 1.81 1040 
Brain 42.25 1.51 1030 
Skull 14.96 0.599 1850 

3.5 GHz 
 
 

Skin 41.41 2.35 1100 
Muscle 52.12 2.72 1040 
Brain 41.09 2.26 1030 

Skull 14.07 0.922 1850 

 

       The radiation characteristics of ECLA for 1W input power are shown in Table 3.9. From these 

results, as the frequency increases, ECLA dimensions decrease, -3 dB bandwidth increases, quality 

factor decreases and average SAR increases. Also, due to the SAR limitations, the maximum 

allowed input power (Pin) decreases as the frequency increases. 

 

 

     
ECLA 

Skin Skull 

Brain 



48 
 

 
(a) 
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(c) 

Figure 3.14: Scattering parameter (S11) of ECLA inside muscle, skin and three-layer human models at (a) MICS 
band (b) ISM band (c) 3.5 GHz band. 

     

Table 3.9: Radiation characteristics of ECLA inside human body model at different frequency 
bands. 

Band Model Bandwidth 
(MHz) 

SAR 1g 
(W/kg) 

SAR10g 
(W/kg) 

Max. Pin  
(mW)  

MICS Skin 5.53 161.7 36.5 9.9 
Muscle 5.83 180 40.2 8.9 
3-layers 5.73 141 31.9 11.3 

ISM Skin 330 264 60.8 6.1 
Muscle 363 269.4 62.3 5.9 
3-layers 330 267.1 60.3 6 

3.5 GHz Skin 380 385.1 71.3 4.2 
Muscle 413 406.8 74.9 3.9 
3-layers 369 384.1 70.9 4.2 

 
 

3.7 Wearable ECLA      
 An antenna for WBAN may be implanted inside the human body or wearable on the skin surface 

of the body. The implanted antenna needs to be extremely small while maintaining SAR 

requirements inside the human body as designed in the previous sections. The wearable antenna 
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does not need to be heavily miniaturized but it needs to have high radiation efficiency and small 

SAR inside the human body. The wearable antenna is radiated in free space near the human body 

surface, which affects the radiation characteristics of the antenna. An ECLA with dimensions 

(20x20x5 mm3) is designed as a wearable antenna as shown in Figure 3.15. Using HFSS, the 

scattering parameter (S11) of ECLA in free space is shown in Figure 3.16. Using XF7, wearable 

ECLA with dimensions (20x20x5 mm3) is placed 2 mm from the chest of the human body surface 

as shown in Figure 3.17.  The scattering parameter of wearable ECLA near the human body is 

shown in Figure 3.18. The insulation layer thickness has a significant effect on the radiation 

characteristics of wearable ECLA as the implanted ECLA. The radiation characteristics of 

wearable ECLA using an insulation layer with relative dielectric constant 2.07 and zero 

conductivity with different thickness are shown in Table 3.10. Based on these results, the resonant 

frequency of the wearable ECLA near the human body changes slightly from that in free space 

due to the effect of the human body on antenna scattering parameters. Also, the insulation layer 

thickness has a significant effect on ECLA performance radiated near the human body, whereas 

the insulation thickness increases, the SAR inside the human body decreases so the maximum 

allowed input power to the antenna will increase. 

 
Figure 3.15:  Wearable ECLA inside free space medium, angled and front views. 
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Figure 3.16: Scattering parameter (S11) of wearable ECLA in free space medium. 

 

Figure 3.17: Wearable ECLA near human body chest and its 1g averaged SAR. 
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Figure 3.18: Scattering parameter (S11) of Wearable ECLA near the human body chest. 

 

Table 3.10: Radiation characteristics of wearable ECLA with different insulation thickness near 
human body model. 

Thickness /Parameter 1 mm 2 mm 4 mm 

Available power (W) 1 1 1 

Input Power (W) 0.97 0.74 0.8 

Input impedance («) 49.8-j16.6 74+j72 82-j58 

Efficiency (%) 0.99 0.8 0.72 

S11 (dB) -16 -6 -7 

SAR1g (W/Kg) 32.16 19 12.3 

SAR10 (W/Kg) 9.22 5.4 3.8 

Max input power 50 84 130 

 

3.8  Ferrite-Loaded ECLA 

To reduce the size of ECLA at the MICS frequency band, the antenna will be loaded with a 

magnetic material such as ferrite as shown in Figure 3.19. ECLA is a magnetic field antenna so, 
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when ECLA is loaded with a ferrite material, the resonant frequency of the antenna will reduce so 

the antenna size can be miniaturized to an arbitrary small size. The ferrite material is a chemical 

compound of ceramic material with iron oxide as its main component. The ferrite material has the 

electrical properties of �� = 12  , Z� = 1000 and � = 0.01 �/¢. In this section the performance 

of ferrite- loaded ECLA inside the human body model will be studied and compared with the 

performance of non- ferrite-loaded ECLA. ECLA with dimensions (5x5x3 mm3) , (3x3x3 mm3) 

,(2x2x2 mm3) and (1x1x1 mm3) are designed and its performance will be studied inside the one-

layer human body model with dimensions (100x100x100 mm3). The model has the electrical 

properties of skin tissue as shown in Figure 3.20. The scattering parameters (S11) of ECLA with 

and without ferrite material for different ECLA dimensions are shown in Figures 3.21 3.22, 3.23 

and 3.24. From these figures, the -3 dB bandwidth of ferrite-loaded ECLA is larger than that of 

non-ferrite-loaded ECLA with the same dimensions due to the conductivity of the ferrite material.  

Radiation characteristics of ECLA with and without ferrite-loaded are shown in Table 3.10. Based 

on this table, ferrite-loaded ECLA has the lowest SAR values inside the one-layer model compared 

to non-ferrite-loaded ECLA. The SAR value depends on the power lost due to the size reduction 

of the implanted antenna. Also, as the size of ECLA reduces, the bandwidth of the ECLA without 

ferrite increases but the bandwidth decreases for ferrite-loaded ECLA. The gain for both ECLAs 

will decrease as the size decreases.   

 
Figure 3.19: Ferrite-loaded ECLA, angled view and front view. 
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Figure 3.20: ECLA with and without ferrite-loaded inside one-layer human body model. 

 
Figure 3.21: Scattering parameter (S11) of ECLA has dimensions (5x5x3 mm3) without ferrite and with ferrite. 
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Figure 3.22: Scattering parameter (S11) of ECLA has dimensions (3x3x3 mm3) without ferrite and with ferrite. 

 

 

Figure 3.23: Scattering parameter (S11) of ECLA has dimensions (2x2x2 mm3) without ferrite and with ferrite. 
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Figure 3.24: Scattering parameter (S11) of ECLA has dimensions (1x1x1 mm3) without ferrite and with ferrite. 

 

Table 3.11: Radiation Characteristics of ECLA with and without Ferrite-loading 
 

ECLA (mm) Ferrite 

Loaded 

fr 
(MHz) 

S11 
(dB) 

Bandwidth 
(MHz) 

Gain 
(dB) 

SAR1g 
(W/kg) 

5x5x3 No 403 -13 5.8 -14.3 158 

Yes 403 -8.6 17.1 -14.4 148.5 

3x3x3 No 403 -12.2 6.5 -18.8 95 

Yes 403 -12.8 9 -16.7 167.3 

2x2x2 No 403 -18.8 7.5 -25.6 33.7 

Yes 403 -14.2 7.8 -20.8 103 

1x1x1 No 403 -11 15 -37.6 3.2 

Yes 403 -8 7 -32 9.8 
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3.9 Experimental Work 

Two ECLAs, one with dimensions (5x5x3 mm3) as an implanted antenna and other with 

dimensions (20x20x5 mm3) as a wearable antenna, are designed. A box with dimensions 

(30x20x10 cm3) filled with the ground pork, which has electrical properties near the electrical 

properties of the human body, is designed as a one-layer model.  Implanted ECLA is placed  7 cm 

inside the ground pork and the wearable ECLA is placed 2 mm from the ground pork   (Figure 

3.21). The scattering parameters (S11) of the two ECLAs are shown in Figure 3.22. The shift in the 

resonant frequency is due to the lumped capacitor values (29 pF in simulation and 20 pF in 

experiment). Also, the wearable ECLA has a large bandwidth compared to implant ECLA due to 

the large dimension of the wearable ECLA as the antenna bandwidth increases when the antenna 

dimensions increase. 

 
 

Figure 3.25: Experimental setup for ECLA with ground pork. 
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(a) 

 

(b) 

Figure 3.26: Scattering parameter (S11) of (a) implanted and (b) wearable ECLA with ground pork. 

 

400 420 440 460 480
-8

-7

-6

-5

-4

-3

-2

-1

0

Frequency (MHz)

S
1

1
 (

d
B

)

400 420 440 460 480
-12

-10

-8

-6

-4

-2

0

Frequency (MHz)

S
1

1
 (

d
B

)



59 
 

3.10   Chapter Summary 

The ECLA was proposed as a suitable candidate for an implanted and wearable antennas 

applications. ECLA has different dimensions at different frequency bands. Different parameters 

of the antenna were studied for various cases to demonstrate the effectiveness of ECLA for 

implanted devices. To heavily miniaturize the ECLA antenna, the ferrite-loaded ECLA was 

proposed and its performance inside the human body model was studied. Also, the simulation 

results were validated using experimental work.  From the simulation results it was shown that, 

while ECLA has the smallest size among the published results in the literature, it maintains the 

smallest value of averaged SAR inside different types of human body models. Also, ECLA was 

shown to be less-sensitive to the detuning effect due to dielectric properties of human body tissues. 

The antenna dimensions have a large effect on ECLA performance, because as the ECLA 

dimensions decrease, the SAR value inside the human body increases.  The effect of insulating 

material around ECLA was studied as well. It was shown that a thicker layer of insulation around 

the distributed capacitor can reduce the SAR values. The performance of ferrite-loaded ECLA 

inside the one-layer model was studied as well. From these results, it was found that ferrite-loaded 

ECLA antenna has better performance as an implanted antenna compared to ECLA without ferrite- 

loaded material with the same dimensions.  
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Chapter 4 

 
Inter and Intra-Body Propagation Channel 

 
Knowledge of propagation media, which typically gathered by physical experiments and 

simulations, is a key step toward a successful transceiver design. In case of medical implants 

physical experiment is extremely difficult if not impossible, therefore we rely on simulations in 

most studies. In this chapter, PL between implanted antennas, as a measure of propagation channel 

characteristics, is investigated using HFSS and XF7. An ECLA is designed to study PL inside the 

human body models at MICS, ISM and 3.5 GHz bands. ECLA has dimensions (5×5×3mm3), 

(3x3x3 mm3) and (2x2x2 mm3) at MICS, ISM and 3.5 GHz respectively. The effect of frequency 

bands, antenna polarization, human model electrical properties, human model shape, human model 

dimensions and distance between implants on PL are considered. PL between two ferrite-loaded 

ECLA will be studied as well and will be compared to PL between non-ferrite- loaded ECLA. Also 

our simulation results are validate using experimental work. It was found that, MICS band has the 

best propagation channel inside the human body model and the maximum PL is 90 dB [165]. 

 

4.1 Introduction 

Now days, patients’ health information can be collected and retrieved remotely and efficiently 

using biotelemetry wireless networks such as WBAN. Implanted devices are important 

components of WBAN which is a promising technology in biotelemetry, e-health care and 

hyperthermia applications [3]. An important step in the development of WBAN is to understand 

the propagation channel characteristics as an essential requirement for efficient design of wireless 

communication systems. 

       The inductive coupling technique widely adopted in primitive design of implantable devices 

is not appropriate to recent biomedical systems due to its low data rate and short communication 

range [166]. Recently a considerable effort has been devoted to investigate the propagation channel 
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inside the human body as explained in Chapter 1. In all previous works, propagation channel at all 

the allowed frequency bands were not investigated, also in the case of WBAN, near-field 

characteristics of the implanted antenna play an important role in the propagation channel. In this 

chapter, inter and intra-body propagation channel will be investigated for the human body models 

using ECLA at the allowed frequency bands. 

       The chapter will be organized as follows: PL inside one-layer model at the allowed frequency 

bands will be investigated in Section 4.2. Effect of ECLA polarization and human body model on 

PL will be explained in Sections 4.3 and 4.4 respectively. PL inside one-layer model for the upper 

part of the human body will be investigated in Section 4.5. In Section 4.6, PL inside simple model 

of the human body will be investigated and PL inside exact human body model will be explained 

in section 4.7. PL using ferrite-loaded ECLA and PL models will be investigated in Section 4.8 

and 4.9 respectively. In Section 4.10, Experimental work will be described and chapter summary 

will be provided in Section 4.11.  

 

4.2 Effect of Frequency Bands on PL 

Electrical properties of the human body tissues are function of frequency, time, emotional mode 

and diet. This fact makes the propagation phenomena more sophisticated for implanted antenna.  

PL inside the human body model is investigated using HFSS at the allowed frequency bands. The 

transmitting and receiving antennas are ECLAs with dimensions (5x5x3 mm3), (3x3x3 mm3) and 

(2x2x2 mm3) at MICS, ISM and 3.5 GHz frequency bands, respectively. Also ECLA is surrounded 

by a biocompatible insulation layer of 1mm thickness with a relative dielectric constant of 2.07 

and zero conductivity. ECLAs are located at the center of the human body model. Simple models 

for the human body as one-layer and three-layer models are used to reduce the simulation time and 

problem complexity. After optimizing the antenna for each frequency range and computing 

primitive values for PL at different frequency range, the antenna will be simulated in a full human 

body model to compute the values for PL more accurately. The one-layer model has dimensions 

(200x50x50 mm3) which can represent human arm or leg and it has the electrical properties of 

muscle tissue at the allowed frequency bands as shown in Table 4.1. The three-layer model consists 

of muscle with thickness of 35 mm, fat with thickens of 5 mm and skin with thickness of 2.5 mm 

as shown in Figure 4.1. 
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Figure 4.1: Two ECLAs inside one-layer and three-layer human body models. 

 

Table 4.1: Electric properties of human body tissues at MICS, ISM and 3.5 GHz frequency bands. 

Band Tissue Dielectric 
constant 

Conductivity 
(S/m) 

Density 
(W/Kg) 

MICS Skin 49.85 0.67 1100 
Muscle 57.95 0.81 1040 

Fat 11.62 0.081 1850 
ISM Skin 42.85 1.59 1100 

Muscle 53.6 1.81 1040 
Fat 10.82 0.27 1850 

3.5 GHZ Skin 41.41 2.35 1100 
Muscle 52.12 2.72 1040 

Fat 10.5 0.42 1850 
 

       PL inside one-layer and three-layer models at the allowed frequency bands are computed 

versus distance of two ECLAs and the results are shown in Figure 4.2. It is worth mentioning that 

these path losses include the antenna loss and mismatch loss as well. Also the magnitude of electric 

field intensity and real part of Poynting vector inside one-layer model at the allowed frequency 

bands  at distance 100 mm between ECLAs are shown in Figures 4.3 and 4.4, respectively. Based 
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on these figures the electric field intensity and real part of the Poynting vector decay exponentially 

due to the lossy medium in addition to the spherical decaying factors. Away from the transmitting 

antenna an interesting phenomenon arises; our computation shows that energy reenters the body 

from different directions, especially at MICS band, which may be the dominant communication 

link at larger distances. Basically the LOS link might not be the dominant propagation channel far 

away from the antenna. The energy exits the body, travels as a creeping wave around the body and 

gradually enters the body from the surface (Figure 4.4). This effect is more prominent at the MICS 

frequency band. This makes the MICS band a suitable frequency band for inter and intra-body 

communication applications. Therefore, in the remaining parts of this chapter PL will be explained 

in details inside the human body at MICS band.  
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(b) 

Figure 4.2: PL inside human body models (a) one-layer model and (b) three-layer model. 
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(b) 

 
(c) 

Figure 4.3: Magnitude of electric field inside muscle model (a) MICS band, (b) ISM band and (c) 3.5 GHz band. 
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(a) 

 

(b) 

 

(c) 

Figure 4.4: Real part of the Poynting vector inside muscle model (a) MICS band, (b) ISM band and (c) 3.5 GHz 
band. 

 

4.3 Effect of ECLA Polarization on PL 

ECLA inside the human body can have parallel or perpendicular polarization, where ECLA plane 

is oriented parallel or perpendicular to the human body model respectively as shown in Figure 4.5. 

PL versus distance between ECLAs inside one-layer muscle equivalent model with dimensions 

(200x50x50 mm3) at MICS band in the two cases of polarization is shown in Figure 4.6. Based on 

this figure ECLAs with parallel polarization have around 10 dB gain in PL compared to ECLAs 

with perpendicular polarization. 
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Figure 4.5: Two ECLAs with parallel and perpendicular polarizations inside one-layer muscle equivalent human 
body model. 

 

Figure 4.6: PL inside muscle human body model in the case of parallel and perpendicular polarization. 

 

4.4 Effect of Human Body Model on PL 

 To study the effect of human body model on PL, PL inside one-layer human body model with 

different electrical properties, antenna location and model shape and dimensions at MICS 

frequency band will be investigated using HFSS. 
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4.4.1 Effect of Model Electrical Properties on PL 

A block of dimensions (200x50x50 mm3) with different electrical properties is used to study the 

variation of PL due to tissues properties inside the human arm at MICS frequency band will be 

investigated at different values of  �� and �. PL inside the human body model at �� = 53.8 and 

different values of � is shown in Figure 4.7 (a). Also PL inside the model at � = 1.18 and different 

values of �� is shown in Figure 4.7 (b). From these results, � has large effect on PL values and �� has small effect on PL values. Also our simulation results agree with the theoretical results for 

wave propagation inside a lossy medium. For wave propagation inside lossy medium, PL in dB is 

linearly proportional with the attenuation constant �, 

 

                                                                ��#�$% ∝ �                                                               (4.1) 

 

And for a uniform plane wave in a lossy medium  � can be expressed as-    

 

                                              � = ��r�� �−1 + �1 + # �s�%�                                                    (4.2) 

 

where Z = Z1Z� and � = �1�� are the permeability and permittivity of the medium 

respectively. � = 2�R, is the angular frequency and  R is the frequency. For human body tissues 

medium in MICS band,  � can be expressed as- 

 

                                                  � = 5.96����� + #44.7�%� − ��                                             (4.3) 

 

 Based on equation (4.3), � has large effect on PL values and �� has small effect on PL values. 

 

4.4.2 Effect of Model Shape and Dimensions on PL 

The effect of model dimensions and shape on PL will be investigated using HFSS. PL inside a 

rectangular model with dimensions (200x50x50 mm3), which represents a human arm, and with 

dimensions (300x100x100 mm3), which represents human body leg, is shown in Figure 4.8. 
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(a) 

 

(b) 

Figure 4.7: PL inside human body model for (a) different values of � and constant �� and (b) different values ��   
and constant �. 

    Based on this figure, at small distance between ECLAs, the model dimensions has a negligible 

effect on PL. At large distance between implants the peaks in PL are due to the standing wave 

pattern described in Section 4.2.  PL inside a rectangular model with dimensions (300x100x100 

mm3), cylindrical model with radius 50 mm and length 300 mm, which represents a human leg, 

and spherical model with radius 150 mm, which represents a human head (Figure 4. 9) is shown 
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in Figure 4.10. All these models have the electrical properties of muscle equivalent model at the 

MICS frequency band. From this figure, the model dimensions and shape have a small effect on 

PL. The peaks on PL at large distance between ECLAs are due to standing wave pattern explained 

in Section 4.2. 

 
Figure 4.8: PL inside one-layer muscle equivalent arm model and leg model. 

 
Figure 4.9: Two ECLAs inside one-layer muscle equivalent human body model with rectangular, cylindrical and 
spherical shapes. 
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Figure 4.10: PL inside one-layer muscle equivalent human body model with rectangular, cylindrical and spherical 
shapes. 

 

4.4.3 Effect of ECLA Height on PL 

The propagation mechanism inside the human body is a function of the position of implant in the 

body and its distance from the surface. In this part, effect of antenna height inside the human body 

on PL will be investigated using HFSS as shown in Figure 4.11. A muscle equivalent model with 

dimensions (300x100x100 mm3) is used and ECLA location with respect to the human body model 

center (s) will change from s=0 mm (ECLAs are located at the center of the model) to s=65 mm 

(ECLAs are located 15 mm above the human body model in free space). The ECLA is forced to 

resonate at MICS band using the feeding head and distributed capacitor dimensions. PL inside the 

human body model at MICS band at different antenna locations is shown in Figure 4.12. Based on 

these results, at s=55 mm and s=65 mm ECLAs are located in free space, PL is nearly the same 

and the human body has a small effect on PL. At s=45 mm, where ECLAs  are located 5 mm below 

the surface of the model, PL increases around 10 dB above that that in free space. As ECLAs 

location moves deeper inside the human body, PL increases and shows some peaks due to the 

multipath fading. The waves exiting the body traveling as creeping waves around the body and 

entering the body from other directions which form a standing wave pattern inside the human body 

model. 
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Figure 4.11: Two ECLAs inside one-layer muscle equivalent human body model at different ECLA locations. 

 

 
Figure 4.12: PL inside one-layer muscle equivalent human body model at different ECLA locations. 
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ECLAs inside the human body model at different separations between ECLAs is shown in Table 

4.2. From this table, PL between any two ECLAs is constant as the distance between them does 

not change independent of other ECLAs locations.   

 

Figure 4.13: Four ECLAs inside one-layer muscle equivalent human body model at different ECLA locations. 

 

Table 4.2: PL between four ECLAs inside muscle model at different distance between ECLAs. 

Distance (mm) PL12 PL13 PL14 PL23 PL24 PL34 

780-380 94.7 91.3 91.4 91.1 91.6 98.7 

780-190 94.2 111.6 113.2 114 112 82.7 

780-95 94.4 127 127 126 127 53.8 

780-50 94.4 130 130 120 127 37 

780-25 94.2 129 128 128 128 24 

390-380 145 109 110 108 109 99 

195-380 84.2 80 89 89 90 96 

100-380 55.4 84 84 84 84 96 

50-380 37 83 83 83 83 97 

25-380 24 83 83 83 83 96 
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4.6 PL inside Simple Human Body Model 

To find approximate value for PL inside the human body, PL inside a simple one-layer human 

body model has the electrical properties of muscle equivalent model at MICS band as shown in 

Figure 4.14, will be discussed. Nine ECLAs are placed inside the model at different locations and 

each ECLA is located at the center of each parts. The scattering matrix (S) between all nine ECLAs 

is shown in (4.4), also the magnitude of electric field and real part of Poynting vector are shown 

in Figure 4.15. One can see from these figures that the spherical wave radiated from the 

transmitting antenna decays rapidly by distance. Far from the transmitting antenna, the 

communication channel is through the wave which excites the body and travels around the body 

and reenter at each point of the body. The maximum computed loss through this model is 135 dB 

for the case that all antennas are inside human body. 

 

 

Figure 4.14: Nine ECLAs inside the human body model at different ECLA locations. 
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(b) 

Figure 4.15: Magnitude of electric field and real part of Poynting vector inside muscle model at different ECLA 
locations. 

 

4.7 PL inside the Human Body  

 The previous simple model in previous section is replaced with a more realistic model to compute 

the PL more accurately. Practical WBAN channel model will be investigated using XF7 simulation 

software, in which a model of the human body is created, consisting of 39 human tissues. The 

transmitting (Tx) antenna is an ECLA with dimensions (20x20 x5 mm3) and it is located 2 mm 

away from the chest. All the Receiving (Rx1: Rx5) antennas are ECLAs with dimensions (5x5x3 

mm3) and are installed at different vertical locations inside the human body as shown in Figure 

4.16. An ECLA with dimensions (10x10x3 mm3) (Rx6) is placed inside the human body, aligned 

with the transmitter, at 12 cm distance. Transmitting and receiving ECLAs have a resonance 
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frequency in the MICS band. Table 4.3, shows PL between the transmitting and receiving antennas 

with different distances between ECLAs. From these results, maximum PL between the 

transmitting and receiving antenna at any location inside the human body is about 90 dB.  Also, 

antenna size reduction from (10x10x3 mm3) to (5x5x3 mm3) increases PL by 5 dB.   

 
Figure 4.16: ECLAs inside exact human body model at different locations. 
 
 

Table 4.3: PL between ECLAs inside exact human body model. 

ECLAs PL (dB) Distance between ECLAs (cm) 
(Tx,Rx1) 76 35  
(Tx,Rx2) 81 27 
(Tx,Rx3) 86.4 71 
(Tx,Rx4) 89 130 
(Tx,Rx5) 45 12 
(Tx,Rx6) 27 6.5 
(Tx,Rx7) 40 12 

(Rx1,Rx5) 94 35 
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4.8 PL using Ferrite-Loaded ECLA 

In this part, PL between two ferrite-loaded ECLAs inside one-layer model is calculated and 

compared with PL between non-ferrite-loaded ECLAs. ECLAs have dimensions (5x5x3 mm3), 

(3x3x3 mm3), (2x2x2 mm3) and (1x1x1 mm3) at MICS frequency bands and are located at the 

center of the model. The one-layer model has dimensions (200x50x50 mm3) and has the electrical 

properties of skin tissues at MICS frequency band (Figure 4.19). The distance between ECLAs is 

changed and PL is calculated using HFSS. Figure 4.20, shows PL between ECLAs with different 

dimensions in the two cases of ferrite-loaded ECLA and non-ferrite-loaded ECAL. Based on this 

figure as the dimensions of ECLA decrease, ferrite-loaded ECLA has lower PL compared to non-

ferrite-loaded ECLA. So for small antenna size ferrite-loaded ECLA has better propagation 

channel inside human body compared to non-ferrite-loaded ECLA. 

 
Figure 4.17: Two ECLAs with and without ferrite-loaded material inside one-layer human body model. 
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(c) 

 

(d) 

Figure 4.18:  PL between Two ECLAs with and without ferrite-loaded material inside one-layer human body model. 
ECLA has dimensions (a) (5x5x3 mm3), (b) (3x3x3 mm3), (c) (2x2x2 mm3) and (d) (1x1x1 mm3) 
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4.9 PL Model 

To simplify the design of WBAN, a model for PL inside the human body must be specified. PL 

inside the human body will be related to human body electrical properties, distance between 

antennas, antenna polarization, human body shape and dimensions, and different parameters of the 

environment. PL for WBAN can be described using three models: theoretical model, empirical 

model and statistical model. Theoretical model is intended for detail exploration of influence of 

the body structure on antenna pattern. Also this model requires a detail description of the 

propagation environment and is therefore probably not suitable for modeling macro environment. 

Empirical model is traceable to agreed set of propagation measurement and is intended to provide 

a convenient base for statistical modeling of WBAN networks. Compared to the theoretical model, 

the empirical model will use a greatly simplified description of the environment and although 

statistically accurate at the network level, it will not be precise at the link level. Statistical model 

is described in Chapter 1and can be calculated using equation (1.5).      
 

4.10 Experimental Work 

Two ECLAs with dimensions (20x20x5 mm3) and (5x5x3 mm3) are designed as transmitting and 

receiving antennas respectively. A box with dimensions (30x20x10 cm3) filled with ground pork 

is designed as one-layer model. Receiving ECLA is located at distance 7 cm inside the model and 

transmitting ECLA is located 2 mm from the model surface. The horizontal distance between 

transmitting and receiving antennas changes from 2 cm to 17 cm (Figure 4.19). PL between the 

two ECLAs using both HFSS and experimental work is shown in Figure 4.20. From this figure the 

experimental and simulation results are approximately the same with small differences due to 

measurement error. Compared with Table 4.3 (at distance  12 cm ,simulation PL inside human 

body equal to 45 dB and measurement PL inside ground pork is 42 dB)  these results are 

approximately the same. So the simulation work described in this chapter is validated by the 

experimental work. 
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Figure 4.19: . Experimental work setup of two ECLAs with ground pork. 

 
Figure 4.20: Experimental and simulation PL between two ECLA using ground pork. 
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4.11  Chapter Summary 

Intra-body propagation channel inside the human body model was investigated using ECLA. 

Propagation channel was investigated in terms of PL which includes: antenna loss, near-field loss 

and path loss. The effect of different parameters as operating frequency bands, ECLA Polarization, 

ECLA location and human body parameters on PL were investigated. PL between ferrite-loaded 

ECLAs was provided to see the effectiveness of ferrite-loaded antenna.  Also the simulation results 

were validated using an experimental work. It was found that, MICS band is the suitable band for 

propagation channel inside the human body model. Based on this study, the maximum PL inside 

the human body is about 90 dB at MICS band for an antenna size of (20x20x5 mm3) as the 

transmitting antenna and (5x5x3 mm3) as the receiving antenna. The ferrite-loaded ECLA has 

better propagation channel inside the human body model compared to non-ferrite-loaded ECLA at 

small ECLA size. 
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Chapter 5 

 
Wireless Power Transfer for Implanted Devices  

 
Wireless power transfer is studied using ECLA as a self-matched coupler for implanted 

applications. The implanted ECLA is investigated with two different sizes to show the effect of 

the antenna miniaturization on the power transfer efficiency. Furthermore, the SAR is computed 

to estimate the maximum delivered power to the implanted device. The prototyped antennas are 

used for experimental validation of the simulated data. It is shown that the power transfer 

efficiency of 63% is possible for implanted devices located 2 cm inside the human body chest. 

 

5.1 Introduction 

Although artificial organs and implanted sensors/actuators have been subjects of science fiction 

books and movies for a long time, they are coming to the reality in the modern healthcare 

technology [167]. Smart pills [168] and pacemakers [169] have already been used as mobile and 

static implanted devices while the implanted brain machine interface, BMI, [170] are becoming 

popular. However, powering up these devices is still a challenge since many of implanted devices 

cannot exclusively rely on the batteries as power sources. WPT is one of the important candidates 

to support implanted devices. 

       Action at a distance was one of the major concepts in the early electromagnetics theorem [171] 

which led to develop the concept of electromagnetic fields and later radiation. One of the essential 

points of action at a distance is power transfer in free space. Heinrich Hertz validated the possibility 

of transferring electromagnetic energy without using a metallic structure [172] in 1888. Soon after 

him, Nikola Tesla demonstrated a wireless power transfer technique [173] based on electric field 

in 1891. Since then, WPT has been the subject of research for many scientists and researchers until 

Marin Soljacic’s team’s demonstration in 2007 [174] which brought the subject of WPT to the 
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spotlight. This was the beginning of a new race on WPT for wireless charging application both in 

the industry and academia [23, 175]. 

       The smart implanted medical devices have been the focus of many research programs over the 

last few decades [146, 164]. Most of the modern implanted devices are able to receive commands 

from the outside world or relay information from various sensors within the host body. This makes 

the implanted antenna an important component of the implanted devices in the future of healthcare 

technology. However, there are many challenges involved in the design of implanted antennas, 

including but not limited to: antenna miniaturization, antenna loss, compatibility with the human 

tissues, detuning due to the dynamic nature of human body as described in Chapters 1 and 3.  

       The classical WPT design introduced in [174] consists of a drive coil, transmitting or primary 

coupler, receiving or secondary coupler, and the load coil. This system in addition to the matching 

circuits of drive and load coils should be optimized for any specific application. The optimization 

goal is the wireless power transfer efficiency which can be translate to the ratio of the delivered 

power to the load over the available power to the drive coil. Although the size and shape of the 

coils are not the most important optimization parameters for wireless charger in the case of 

cellphones or consumer devices, implanted devices are very sensitive to the size and shape of the 

implant. One of the main issues with the classical design proposed in [174], which has been 

followed by many inventors, is its number of coils and three dimensional nature of the transmitting 

side and the receiving side. The proper design for an implanted device would be a flat structure to 

reduce the occupied volume with the implant. 

       ECLA was proposed as a self-matched coupler both as a radiating and coupling component. 

As a coupler, it has been shown that ECLA can reach proper quality factor for an efficient WPT 

system. At the same time, there is no required matching circuitry or drive coil which decrease the 

loss and the volume of the implant. Therefore, ECLA will be used in this effort for the main 

coupling device. 

       The design of implanted WPT and the simulation results are described in Section 5.2 and 

Section 5.3. Measurement setup in addition to the measured data is studied in section 5.4. The 

summary of the chapter is provided in Section 5.5. 
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5.2 Implanted Wireless Power Transfer 

Wireless implanted devices in general have to satisfy the limits on the SAR dictate by the FCC 

and ERC as described in chapter 1. As described on Chapters 2 and 3, the loop antenna is the 

suitable design for implanted devices application. So in this chapter the WPT for implanted devices 

will be explained using our proposed ECLA. 

       Two different antenna sizes are considered in this chapter for two different applications. The 

small ECLA is (5x5x3 mm3) and will be used in a small sensor node or a smart pill. The large 

ECLA is a circular loop of radius 10 mm and will be used for higher required power where there 

is not very strict limitation on the coupler size. Both ECLAs are surrounded with a biocompatible 

insulation layer, has thickness of 1mm, relative dielectric constant of 2.07 and zero conductivity.   

Another circular ECLA with radius of 17.25 mm is used as a driver (transmitting) antenna. The 

three ECLAs have a resonant frequency at MICS band dedicated by FCC and ERC for implanted 

applications. The resonant frequency of each ECLA is fixed at MICS frequency band using the 

distributed capacitor dimensions. 

 

5.2.1 WPT inside One-Layer Model 

The preliminary simulation is performed in a block of material with the electrical property of 

muscle tissue (relative dielectric constant “�� = 58 “and conductivity”� = 0.81 “) and size of 

(200x200x200 mm3) as shown in the Figure 5.1. Using HFSS, the scattering parameters (S11) of 

the three ECLAs inside one-layer muscle model and free space are shown in Figure 5.2. 

       The parameter of interest is S12 which includes all the loss mechanism and represents the total 

power transfer loss. Scattering parameters (S12) between two circular ECLAs and between circular 

and square ECLAs at distance 2 cm and 3 cm between implanted devices are shown on Figure 5.3 

and Figure 5.4. It has been shown that the electric size of the resonators can affect the coupling; 

the larger the coupler, the higher the coupling efficiency [176, 177]. Figure 5.3 shows that S12 for 

the small implanted antenna varies from -10.5 dB to -16.5 dB as the implanted ECLA moves 10 

mm deeper into the lossy material. Figure 5.4 shows that the larger ECLA performs much better 

and its S12 changes from -7.2 dB to -13 dB for the same situation. This experiment has been 

repeated for different distances � for both receiving antennas, and the result are presented in Figure 

5.5. One can see the effect of antenna size and also distance on the WPT efficiency. The PL for 
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the small antenna is almost 5 dB higher than the large antenna for distances larger than 15 mm 

which can be assigned to the higher antenna loss in the small antenna. Although large distances 

impose high path loss to the implanted WPT system, based on this simulations, one can have a 

realistic WPT system 2 cm to 3 cm below the skin. 

 
Figure 5.1: Small square and large circular ECLAs with one-layer muscle model.   

 
 
Figure 5.2: Scattering Parameters (S11) of circular and small square ECLAs inside one-layer muscle tissue and free 

space. 
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Figure 5.3: Scattering Parameters (S12) between square and circular ECLAs inside one-layer muscle tissue at 
different distance ‘�’ between ECLAs. 

 
Figure 5.4: Scattering Parameters (S12) between two circular ECLAs inside one-layer muscle tissue at different 
distance ‘�’ between ECLAs. 
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Figure 5.5: Path Loss between two circular ECLAs and between circular and square ECLAs verse distance “�” 

between ECLAs.   

    

5.2.2 Effect of ECLA Polarization on WPT 

ECLA inside human body models can have either parallel or perpendicular polarization, where 

implanted receiving ECLA parallel or perpendicular to the transmitting ECLA, respectively. 

ECLA with two cases of polarization are shown in Figure 5.6, and the PL between the two ECLAs 

in the two cases of polarization are shown in Figure 5.7. Based on these results, ECLA with 

perpendicular polarization has around 15 dB gain in PL compared to ECLA with parallel 

polarization. 
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Figure 5.6: Small square and large circular ECLAs with one-layer muscle model in the two cases of polarization. 

 

Figure 5.7: Scattering parameters between two circular ECLAs and between square and circular ECLA in the two 

cases of polarization. 
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5.2.3 Effect of Feeding Port Metal on WPT 

To measure the ECLA performance inside human body models using vector network analyzer, a 

metal part must be connected to the feeding port of ECLA as shown in Figure 5.8. The PL between 

two circular ECLAs and between circular and square ECLAs with and without metal parts are 

shown in Figure 5.9. From these results, the adding of the metal parts increase the PL by around 

1dB to 2 dB compared to ECLA without metal parts 

 

Figure 5.8: Small square and large circular ECLAs with one-layer muscle model with metal parts 
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(a) 

 

(b) 

Figure 5.9: PL between two ECLAs with metal parts (a) two circular ECLA and (b) square and circular ECLA. 

 

5.3 WPT inside Human Head and Body Models 

Figure 5.10 and Figure 5.11 show the simulation setup using a more sophisticated human head and 

human body models using XF7. The larger antenna (circular ECLA with radius 10 mm) is located 

in the chest, 2 cm and 3 cm under the skin, next to the heart which can be used for charging a 

pacemaker battery (Figure 5.11). The small antenna (square ECLA with dimensions 5x5x3 mm3) 

is located in the brain “2 cm and 3 cm under the skin” as a BMI device which might operate based 

on RFID technology (Figure 5.10). In both cases the transmitting antenna is a circular ECLA with 

radius 17.25 mm located 2 mm from the skin of the human body chest or human head in free space.  

All ECLAs have a resonant frequency at MICS frequency band as shown in Figure 5.12. 
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Figure 5.10: Small square and large circular ECLAs with human head. 

 
Figure 5.11: Large circular ECLAs with human body chest. 
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       The scattering parameters (S12) between circular and square ECLAs with human head model 

and between two circular ECLAs with human chest model are presented in the Figure 5.13 and 

Figure 5.14 respectively. Due to the problem complexity and simulation time the results are 

calculated at the required distances (2 cm and 3 cm) between ECLAs. The maximum WPT 

efficiency computed by XF7 for implanted devices located 2 cm and 3 cm under the skin in the 

chest is about 63% (-2 dB) and 26% (-5.8 dB) respectively. The results for the small square ECLA 

inside the head for distances 2 cm and 3 cm are 8.9% (-10.5 dB) and 4% (-14 dB), respectively. 

 

Figure 5.12: Scattering Parameters (S11) of circular and small square ECLAs inside human chest, human head and 

free space. 

 

        Figure 5.15 shows the SAR values inside the human head and chest averaged over 1 g of 

tissue mass for 1 W input power from a circular ECLA located 2 mm from the surface of the human 

head or chest. From these results, the maximum 1 g averaged SAR for 1 W input power inside the 
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inside one-layer muscle tissue using HFSS is about 27 W/kg.  Due to the SAR limitation, the 
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respectively. These values for the square ECLAs in the head are 5.93 mW (7.73 dBm) and 2.66 

mW (4.25 dBm), which sufficiently exceed the minimum required power for modern RFID tags 

(-18 dBm). 
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Figure 5.13:  Scattering Parameters (S12) between square and circular ECLAs with human head at different distance 
‘�’ between ECLAs. 

 
Figure 5.14:  Scattering Parameters (S12) between two circular ECLAs with human body chest at different distance 

‘�’ between ECLAs. 
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Figure 5.15:  1g averaged SAR inside human chest and human head due to circular ECLA. 

 

5.4 Experimental Work 

A solution made by 51.16% water, 46.78% sugar and  1.49% salt has electric properties close to 

muscle tissues at MICS frequency band ( relative dielectric constant “�� = 58 “and 

conductivity”� = 0.83 “). This solution has been used for the experimental results in this chapter.  

A box of size (35x25x25 cm3) is filled with human body solution, the driver ECLA (circular ECLA 

with radius 17.25 mm) is placed 2 mm from the solution surface and the load ECLA (circular 

ECLA with radius 10 mm or square ECLA with dimensions 5x5x3 mm3) is placed at the center of 

the solution and move toward the surface of the solution as shown in Figure 5.16. Using the vector 

network analyzer, the scattering parameters S11 of all ECLAs and S12 between the driver and load 

ECLAs with different separation distance ‘�’ are measured. Scattering parameters S11 of all 

ECLAs and S12 between the two circular ECLAs at distance 2 cm and 3 cm are shown in Figure 

5.17 and Figure 5.18 respectively.  The PL between the two circular ECLAs and between circular 

and square ECLAs verses distance “�” is shown in Figure 5.19. 

        Based on these results, the measured data inside this solution are much higher than the 

simulation results using HFSS. There are a few possibilities suggested here for the main cause of 

these discrepancies: The simulation results are computed for cases where the antennas are not 

connected to any feeding cable while the measured data include the effects of the feeding cables. 
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No balun was used to limit the currents on the outer surface of the coaxial cables. Also, the feeding 

cables are in direct connection with the lossy solution. This will increase the overall loss 

significantly. The other parameter which might be important is the accuracy of the solution in 

terms of electromagnetic properties. In practical cases, there will not be any coaxial cable 

connected to the implanted antenna. 

 
Figure 5.16:   Experimental work setup for circular and square ECLAs with human body solution. 

 
Figure 5.17:   Scattering Parameters (S11) of large circular and small circular ECLAs inside human body solution 

and free space. 
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Figure 5.18:   Scattering Parameters (S12) between two circular ECLAs with human body solution at different 
distance “�” between ECLAs.  

 

Figure 5.19:   Path Loss between two circular ECLAs and between square and circular ECLAs with human body 
solution verses distance “�”.     
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5.5 Chapter Summary 

WPT is an important issue for the implanted device applications, where it is used to deliver the 

power to implanted devices instead of using batteries which have specific life time. WPT for 

implanted devices inside the human body was investigated using the proposed ECLA with 

different shapes and dimensions. The WPT was investigated using HFSS inside one-layer muscle 

model and inside the human body models using XF7. The simulation results were validated using 

experimental work. From these results an efficient WPT for implanted devices will be occurred 

when the implanted device located at 2 cm or 3 cm inside the human body. The maximum allowed 

power for implanted antenna is about 0.06 watts, and the maximum WPT efficiency for implanted 

devices located at 2 cm inside the human body is about -2 dB (63%). The power delivered to the 

implanted device is about 0.037 watts which it is large enough for charging its batteries.  
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Chapter 6 

 
Conclusion & Future Work 

 
This dissertation proposed a magnetic field antenna for implanted applications as in WBAN. The 

magnetic field antenna has a better performance inside a lossy medium (as human body) compared 

to the electric field antenna of the same size and the same input power. The performance of the 

antenna is measured in terms of power loss (SAR) and radiated power. The proposed ECLA as a 

self-resonator consists of distributed capacitance and inductance. ECLA can be tuned to any 

frequency using the distributed capacitor or using a lumped capacitor in parallel with the 

distributed capacitor. The input impedance of the antenna can be tuned to any frequency using the 

feeding head dimensions. ECLA is designed at the allowed frequency bands MICS, ISM and 3.5 

GHz, which are dedicated by FCC and ERC for implanted applications.  The channel model inside 

the human body for WBAN is studied using the proposed ECLA. Also, the WPT for implanted 

devices is investigated using the proposed ECLA.  
 

6.1 Summary of the Dissertation 

Extensive research has been conducted in the design of antennas for implanted devices 

applications. Most of the previous designs for implanted applications are electric field antennas 

which suffer from two main problems:  high near-zone electric field leading to high SAR inside 

human body tissues and the detuning effect due to electrical properties of human body tissues. In 

this research an ECLA antenna is proposed as a magnetic field antenna to tackle all the above 

limitations for implanted devices applications. In the beginning, a brief description for the 

implanted antenna design challenges for WBAN applications as frequency bands, power loss, 

channel model, power source, energy consumption and etc. were investigated. All the previous 

research on antenna design and channel model was presented.  
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       A fair comparison between the performance of magnetic field antenna and electric field 

antenna inside a lossy medium, such as a human body, was investigated. The comparison was 

investigated in terms of power loss and radiated power. It was found that the magnetic field antenna 

has a better performance inside a lossy medium compared to an electric field antenna of the same 

size and the same accepted power. 

       The proposed ECLA was investigated as a magnetic field antenna for implanted device 

applications as in WBAN. ECLA structure and the control of the resonant frequency were 

explained. The performance of ECLA inside different human body models at the allowed 

frequency bands was investigated using simulation software and validated using experimental 

work. The effect of ECLA dimensions and the insulation layer on ECLA performance were 

investigated. Also, the performance of ferrite-loaded ECLA was investigated inside the human 

body models. It was found that ECLA has better performance inside the human body models in 

terms of power loss, and it is less-sensitive to the detuning effect due to the electrical properties of 

human body tissues. 

         The channel models for WBAN inside and near the human body was investigated using the 

proposed ECLA antenna. Channel model was investigated in term of PL which contains all the 

loss mechanisms associated with the antenna. PL was investigated inside different human body 

models at the allowed frequency bands using simulation software and validated using some 

experimental work. Effects of antenna size, antenna polarization, model shape & dimensions, 

model electrical properties on PL were investigated. Also, PL between the ferrite-loaded ECLA 

inside the human body model was investigated and compared to non-ferrite-loaded ECLA. It was 

found that MICS band has the best propagation channel inside human body models compared to 

other frequency bands. ECLA polarization and ECLA size have a considerable effect on PL; on 

the other hand, the human body shape and dimensions have small effect on PL. Human body 

conductivity has a large effect on PL compared to human body relative dielectric constant. The 

maximum PL inside the human body models equals 90 dB in the worst case scenario. 

       Finally, the WPT as a powering technology for implanted devices instead of using batteries 

which have a specific life-time was investigated. WPT was investigated inside different human 

body models using simulation software and validated using some experimental work. It was found 

that an efficient WPT for implanted devices can be achieved for implanted devices located at a 

distance of 2 or 3 cm inside the human body. The maximum WPT efficiency of 63% can be 
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achieved inside the human body. Due to the SAR limitation the maximum allowed input power to 

antenna is about 0.06 watts which will deliver a 0.04 watts to the implanted devices.    
 

6.2 Suggestions for Future Work 

The patient’s safety is an important factor in the design of the WBAN for implanted applications. 

The power lost inside the human body due to the WBAN components, which is measured using 

SAR, must be kept as small as possible. For future research, the following parameters must be 

considered in the WBAN design: 

• Antenna types, materials and shapes. 

• Operating frequency band.  

       A large amount of research has been conducted to design WBANs protocols in the PHY layer, 

MAC layer and network layer. The following points must be considered in the future research of 

the WBAN protocols design for implanted applications: 

• Take the movement of the human body into consideration. 

• Consider the mobility of the WBAN nodes. 

• Low power features such as an adaptive duty cycle for lowering the idle listening and 

overhearing. 

• The uses of the human physiology such as heart rate for time synchronization.  

• Use a combination of thermal aware routing with an energy efficient mechanisms. 

•  Dynamic management of resource. 

• Power management, sensor calibration and context aware network configuration. 

• The computational load should be limited. 

       All WBAN devices require an energy source for data collection, processing and transmission, 

so the developing of suitable power supply is an important issue. Most of WBAN devices are 

powering up using batteries which have a specific life-time and may not be replaced as in 

implanted applications. It is important to develop a suitable technique for recharging the batteries. 

The most suitable technique for recharging batteries is the WPT. Due to the limited energy 

provided by batteries, the following points must be considered in the future research: 

• Study the energy scavenging techniques in details for implanted applications. 
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• Energy scavenging from body sources such as body heat. 

• Develop a better scheduling algorithm and power management. 

For the design of a power efficient WBAN the following parameters must be considered: 

• Average bandwidth. 

• Maximum required bandwidth. 

• Active power. 

• Standby power. 

• Startup time. 

• Communication setup. 

       The material used in the design of the WBAN sensor and actuator for implanted application 

are very important, so the following points must be considered in the future research: 

• Develop a biocompatible material for sensor and actuator. 

• The size, shape and types of the materials are very important for implanted applications. 

       The communication of health related information between sensors in WBAN and over the 

internet to servers is strictly private and confidential, so security, authentication, privacy, QoS, and 

reliability are very important for implanted applications which must be considered for future 

research.  

        In most cases, WBAN are designed by engineers and set up in the hospital by medical staff, 

so the WBAN must be capable for configuring and maintaining itself automatically which must 

be considered as an important point for future research. 

       Much research has been conducted to model signal loss through the human body. Another 

interesting research point is to use the human body model as a medium to transmit the electrical 

signal from one area of the body to another area. Also, a complete PL model inside the human 

body in terms of different parameters is an important issue in the future research. 
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