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Abstract 

In Wireless Body Area Network (WBAN), the implanted biosensor collects various 

physiological data and wirelessly transmits the information to external medical devices in real 

time. The antenna design for this application faces great challenges as the microwave 

propagation medium is not the free space as the human tissues constitute part of the transmission 

channel. The effects of the human body should be taken into consideration during the antenna 

design.  

The present thesis aims to arrive at the optimum design of the on-body antenna to operate as 

a central antenna for WBAN. Five types of helical antennas are proposed in the present thesis 

having a dual-frequency operation at 2.45 GHz and 5.8 GHz. The proposed antennas are 

optimized to maximize the Signal-to-Noise-Ratio (SNR) and, hence, to minimize the BER and 

the Specific Absorption Rate (SAR) in the human tissues. 

In this thesis, a semi-analytic rigorous technique for the assessment of microwave propagation on 

the medium equivalent to the human body is developed and the radiated fields from the proposed 

on-body antennas in the near zone are evaluated. 

The commercially available CST® simulator is used and experimental measurements are 

done for the five fabricated prototypes. The near-field distribution over the surface of human 

body is evaluated at 2.45 GHz using a Matlab® program, while the far-field radiation patterns 

obtained by experimental measurements showing good agreement with those obtained by the 

CST® simulator. It is shown that the radiation patterns produced by the more compact antennas; 

the conical-helix monopole and the monopole-spiral antennas show better performance and more 

appropriate for the intended application.  

It is clear from the obtained results that the conical-helix/monopole and the monopole-spiral 

antennas have the highest performance. These antennas are shown to achieve the minimum BER 

of 5.3 × 10-5 and 6× 10-8 for both antennas respectively. In addition, the minimum average of the 

SAR that does not exceed 0.3 W/Kg in the human tissues while consuming the minimum value 

of the input power when compared with the other antenna types.  
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Chapter 1 

Introduction 

1.1. Wireless Body Area Networks 

Medical implant biosensors are an integral part of the Wireless Body Area Network 

(WBAN), where wearable devices and implants are interconnected with wearable or implanted 

link sensor nodes. The general architecture of body area networks is that a link node wearable on 

the surface talks to and listens from the implanted and other surface mounted devices. It then 

combines and relays the signal to devices external to the body – mainly a monitoring or 

controlling device on the surface or a few meters away from the body. 

Biosensors are mainly designed for the purpose of diagnostic, therapeutic and assistive 

applications in health-care, active living and sports technology. In WBAN, to monitor a patient’s 

health status, the implanted device collects various physiological data and wirelessly transmits 

the information to external medical devices in real time. The antenna design for this purpose 

faces great difficulties as the wireless communication medium is not through-the-air but uses the 

human tissues as part of the transmission channel. The human body is lossy in nature and also 

has higher permittivity, so the designer needs to consider the human body effects in the antenna 

design. Thus, the placement of antenna over the body can significantly contribute to its 

performance. The factors affecting the antenna design include antenna impedance matching, 

radiation pattern, Specific Absorption Rate (SAR), size compactness, space constraints, desired 

radiation characteristics, low cost, light weight, multi-band operation, interference mitigation, 

reconfigurability, positioning, bending and stable performance with the variation of the gap 

between the antenna and the human body. To comply with the safety guide lines, a limitation is 

applied to the effective power radiated from the antenna. This power limitation added extra 

challenge to the antenna design in the human body lossy medium.  

For wearable antennas intended for on/off-body wireless communications, the challenge is 

to design an antenna with dual operation modes, each mode has it specific radiation 

characteristics, and to make the antenna input impedance matching less sensitive to potentially 
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varying distance between the antenna and the human body. For the first mode the antenna is used 

for on-body communications to collect vital information from the human body (i.e. from the in-

body and on-body biosensors). This requires the antenna to have wide-beam or omnidirectional 

radiations in the plane parallel to the human body surface to provide maximum coverage over the 

body. This can be achieved by minimizing the radiations that are away from the human body (i.e. 

off-body). By introducing a null in the direction normal to the body, we can suppress off-body 

radiations and can enhance the on-body radiations. In the second mode of operation the antenna 

is used to transmit the collected information towards the outside Wi-Fi for example. In this case, 

the radiated beam can be directed towards the receiving device placed away of the patient’s 

body. 

1.2.   Research Motivation 

Lower energy consumption of each biosensor antenna and reliable transmission of 

biomedical data are of critical priority in WBANs. The patient needs on-body antennas to collect 

the monitored medical data; which represents emergency situation or normal medical data that 

needs more reliability for transmission from on-body antennas to the sensor node and then to an 

external device in addition to increasing the lifetime for biosensor nodes. Therefore, designing a 

dual-antenna that can perform in both on- and off- body communication while decreasing the 

specific absorption rate (SAR) and reducing the harmful effects on the human body will support 

this motivation. 

1.3.   Research Problem  

The antenna design for this application faces great challenges as the microwave propagation 

medium is not the free space as the human tissues constitute part of the transmission channel. 

The human body has high permittivity and conductivity, so the effects of the human body should 

be taken into consideration during the antenna design. The factors affecting the antenna design 

include antenna impedance matching, multi-band operation, radiation pattern, and the constraints 

on the Specific Absorption Rate (SAR) in the human tissues. To comply with the safety limits of 

microwave exposure, a limitation is applied to the effective power radiated from the on-body 
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antenna. This power limitation adds extra challenge to the antenna design in the presence of the 

human body lossy medium.  

1.4.   Research Aim and Objectives 

1.4.1. Research Aim 

The aim of this research is to arrive at the optimum design of the on-body antenna to operate 

as a central antenna for WBAN.  

Each antenna should have dual-frequency operation at 2.45 GHz for the on-body 

communications (WBAN) and 5.8 GHz for the off-body communications (Wi-Fi). The aim is to 

maximize the Signal-to-Noise-Ratio (SNR) and the SAR in the human tissues, hence, to 

minimize the Bit-Error-Rate (BER) for efficient on-body communications of the WBAN at the 

two frequencies of operation. 

1.4.2. Research Objectives 

The present thesis aims to arrive at the optimum design of the on-body antenna to operate as 

a central antenna for WBAN. This antenna should fulfill the following requirements:  

 Dual-frequency operation 2.45 GHz for the on-body communications (WBAN) and 5.8 GHz 

for the off-body communications (Wi-Fi).  

 Broadside radiation pattern at 2.45 GHz for on-body communications. 

 End-fire radiation pattern at 5.8 GHz for off-body communications. 

 Maximization of the frequency bandwidth for the off-body communications to achieve high 

bit rate for transferring the data records from the WBAN to the external storage devices 

through the Wi-Fi in short time to minimize the electromagnetic doze in the human body. 

 Minimization of the input power of the biosensor antennas to achieve long life time of the 

difficult-to-replace batteries of the biosensors. 

 Maximizing the Signal-to-Noise-Ratio (SNR) and, hence, minimizing the Bit-Error-Rate 

(BER) for efficient on-body communications of the WBAN. 
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 Minimization of the SAR in the human tissues at the two frequencies of operation, 

especially at the lower frequency of the WBAN (2.45 GHz.) as the microwave at this 

frequency is much more penetrable into the human tissues than the case at the higher 

frequency (5.8 GHz). 

The on-body central antenna design has considerable challenges as some of the above design 

objectives are contradicting. For example, to reduce the BER in the communication system 

WBAN, the input power of the antennas should be increased, which leads to increase the SAR in 

the human tissues. Thus, some of the on-body antenna design objectives are contradicting. 

Consequently, a compromise should be made to realize threshold values of some performance 

measures such as the maximum BER and the minimum SAR. 

1.5. Thesis Contribution 

This thesis proposes five novel on-body antennas to operate for WBAN. Each antenna 

performs in dual-frequency mode. These antennas were designed using the de-embedding 

technique and optimized to minimize the input power as well as the SAR. 

A mathematical model is done for the designed on-body antennas to develop a propagation 

model of electromagnetic waves on the human body which is a lossy medium. The propagation 

model provides description of the electric field components in order to get the total radiated field 

from the on-body helical antennas placed above the human body. 

Furthermore, several studies were made to develop the dependence of the SNR and BER on 

the height and the apex angle of the conical helix antenna. These studies resulted in that with 

increasing the height of the conical helix, the SNR is increased and the BER is decreased, while 

when increasing the apex angle the SNR and BER stay constant.  

1.6. Application 

The proposed dual on-body antennas in this thesis are designed to perform for WBAN in 

medical applications where the patient is being monitored in the hospital. The data are collected 

and sent to an external device through Wi-Fi to the doctor to be analyzed.  
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1.7. Thesis Organization 

In addition to this chapter of introduction, the thesis contains other six chapters which are 

organized as follows; 

Chapter 2: An overview of the types of the medical implant biosensors is presented showing the 

difference between the in-body, on-body, and off-body biosensors and the uses of each type. The 

WBAN architecture is illustrated with the associated network problems and design 

considerations. The wireless communication protocols used in the WBAN is reviewed. Finally, 

the antenna design considerations for the on/off body biosensor are investigated. The most 

important factors affecting the antenna design include antenna detuning, impedance matching, 

radiation pattern, SAR, size compactness, space constraints, low cost, light weight, multi-band 

operation, interference mitigation, configurability, positioning, bending and stable performance 

with the variation of the gap between the antenna and the human body. The details of each 

design parameter is presented with some examples for antennas designed to work as an on/off 

body biosensor. 

Chapter 3: A semi-analytic rigorous technique for the assessment of microwave propagation on 

the medium equivalent to the human body is developed to evaluate the near field radiated from 

arbitrarily shaped wire antennas at the possible locations of on-skin antennas connected to 

implantable (in-body) biosensors. Three types of helical antennas are proposed to be employed 

as central antennas for WBAN. Each of the proposed antennas is a dual-band of the helical wire 

type. It is designed to operate in the end-fire (axial) mode to communicate with the Wi-Fi 

communication system (5.0 − 6.0 GHz). Also, it is designed to operate in the broad-side 

(normal) mode to communicate with the on-skin biosensor antennas at 2.45 GHz [. The radiated 

fields from the proposed on-body antenna helical antenna types in the near zone are evaluated 

using the proposed semi-analytic technique. 

 

Chapter 4: The cylindrical helix, conical helix, and inverted conical helix antennas proposed to 

operate as central antennas for WBAN are investigated through semi-analytic technique, CST® 

simulator, and experimental measurements. Each of the proposed helical antennas is a dual-band 

that is designed to produce in the end-fire radiation to communicate (through its far-field) with 
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the Wi-Fi antenna at 5.8 GHz, and to produce broad-side radiation to communicate (through its 

near field) with the on-skin biosensor antennas at 2.45 GHz. Three prototypes of the proposed 

helical antennas are fabricated. Each antenna is matched with 50Ω coaxial feeder over a wide 

frequency band, mounted on a copper circular disc, and covered with a very thin dielectric radom 

for protecting the wire antenna. Such an antenna when covered by the radom is shaped like a 

hemispherical button that can be attached to the patient clothes and, hence, it can be considered 

as wearable antenna. The near-field distribution over the surface of human body is presented at 

2.45 GHz. The radiation patterns obtained by experimental measurements for the three fabricated 

prototypes show good agreement with those obtained by the CST® simulator and are shown to 

be appropriate for communication with the Wi-Fi antennas at 5.8 GHz. 

Chapter 5 & 6: Quantitative assessment of the WBAN communication system performance is 

achieved when each of the five proposed helix antennas is employed as on-body central antenna 

for the WBAN. For its high immunity to noise, the utilized modulation system is assumed to be 

𝑀-ary Phase-Shift Keying (PSK), with 𝑀 = 8 and 𝑀 = 16. A channel modeling is performed 

for such a communication system by considering Additive White Gaussian Noise (AWGN) to 

evaluate the SNR and, hence, the corresponding BER can be calculated. This enables the 

calculation of the minimum input power of the proposed on-body WBAN central antenna that 

achieves the required BER for a specific data rate. On the other hand, the distribution of the 

microwave power density near the body surface is evaluated by simulation and experimental 

measurements to ensure the realization of the electromagnetic exposure safety limits. Also, the 

SAR distribution inside the human tissues of concern is evaluated. It is shown that the conical-

helix/monopole and monopole-spiral antenna have higher performance than that of the other 

three proposed helix antennas. The effects of the on-body conical helix antenna dimensional 

parameters and the antenna height above the human body surface on such performance measures 

and electromagnetic doze level are numerically studied for the purpose of arriving at the 

optimum design of the proposed on-body wearable conical helix antenna. It is shown that SNR is 

increased and, hence, the BER is decreased with increasing the height of the helix while being 

constant and independent of the apex angle of the conical helix. 

Chapter Seven: The conclusions of the present thesis are summarized and some extensions 

suggested as future work for more complete design of the antenna system for WBAN. 
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Chapter 2 

On/Off-Body Antennas for Biosensor Network (Literature Review) 

2.1. Introduction 

Technological advancement, miniaturization of electronic devices and progress in ad-hoc 

network routing protocols and embedded systems have facilitated developments in the field of 

biosensors and biosensor networks. Biosensor networks are a collection of biosensor units that 

collect information about biological responses and process it in order to make a decision for a 

desired outcome. Medical implant biosensors communications have achieved great progress over 

the past six decades.  Low power communications and long term operation of medical implants 

have been the sought of research since 1950 [1]. Reliable communications, high degree of 

miniaturization, and sustainable power sources, are the primary target of implanted medical 

devices (IMDs) design, while maintaining bio-compatibility to surrounding tissues adhering to 

the human safety limits set by appropriate guidelines.  

IMDs are designed mainly for the purpose of diagnostic, therapeutic and assistive 

applications in health-care, active living and sports technology. Diagnostic implants measure 

vital health signs and include devices such as intra-cranial pressure monitors [2], [3], glucose 

sensors [4], deep brain activity sensors [5], oximeters [6], pH sensors [7], and gastrointestinal 

imagery pills [8]. The second category, therapeutic IMDs, have been used to treat some form of 

ailment via electromagnetic stimulation or targeted biochemical intervention according to a pre-

calibrated stimulus or controlled closed loop feedback generated by another implanted sensory 

unit. These IMDs are used in applications such as pacemakers, nerve and muscle stimulator, 

deep brain stimulator [9], gastric defibrillators [10], targeted drug delivery systems [11]. Finally, 

assistive IMDs assist sick or even healthy people in improving anatomical and physiological 

functions. Some examples include cochlear implants [12], bionic vision implants [13], brain 

computer interfaces for prosthetic limbs [14], and athletic performance monitors. 
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2.2. Medical Implant Biosensor types 

2.2.1. In-body Biosensors 

Important application of biosensors is monitoring and measuring activity inside the human 

body. This kind of sensors are denominated as implantable biosensors when partially or fully 

introduced into the human body aiming to remain there for long periods of time in a minimally 

invasive way. Implantable devices are another viable alternative for a continuous monitoring, 

minimizing the pain and discomfort of the person. In the near future, these implanted electronics 

will be an important tool in biomedicine, since it can provide a clearer picture of the cascade of 

events occurring inside the body in a certain period of time, helping monitoring chronic diseases, 

or progress after treatment and/or surgery. They can be found in the body, heart, eyes, blood and 

brain. Implantable biosensors have several advantages over other monitoring devices, since they 

can monitor biological metabolites, nerve electrical stimulation, the detection of electric signals, 

restoring body functions, and be used for drug delivery, between others directly from inside the 

biological body [15]. A good example is monitoring blood pressure, an essential parameter in all 

organs of the human body. A change in the pressure may result in a deteriorating or injury of the 

physiological function.  Hypertension and infarction are usual and serious health problems 

associated with the function or dysfunction of the cardiac muscle. Investigations of implantable 

and miniaturized blood pressure biosensors for continuous monitoring of hypertension and 

consequent efficient treatment are being made [16]. 

Developing a fully implantable biosensor requires the integration of heterogeneous 

elements, including electrodes for the recognition/sensing of the target vital signals, a circuit 

capable of performing measurements and transmitting the data, and a power source. The final 

shape and dimensions of the implantable biosensor must be biocompatible and well tolerated by 

the host, in order to avoid toxicity and chronic inflammation [17]. Hence, one of the highest 

obstacles on the development of implantable devices delays on the challenges associated with the 

mismatch between the hard, planar surfaces of semiconductor wafers and the soft, curvilinear 

tissues of biological systems. They tend to easily damage the surrounding tissues during insertion 

and exert chronic stress onto the adjacent biological environment, due to their sharp edges, 

steepness, design and size [18, 19]. So, clearly, conventional sensors, partially or fully rigid 
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implants based on silicon wafer substrates, are more likely to be rejected and fouled. These 

materials are described as causing formation of fibrous capsules around the system diminishing 

the in vivo sensor performance, resulting in sensor failure [20–22]. Thus, for medical 

applications, it is mandatory to promote a replacement of silicon wafers by biocompatible, soft 

and flexible substrates, like biopolymer-based substrates, in order to alleviate that body-foreign 

issue and suppress fibrotic tissue encapsulation [16, 20]. Commonly used polymeric substrates 

are polyethylene naphthalate, polyethylene terephthalateble and polyimide [23]. These polymer 

substrates are essential for devices to overcome the mismatch between the hard, planar surfaces 

of semiconductor wafers and the soft, curvilinear tissues of biological systems [24-25].  

One of the most common processes that employ an in-body sensor is the Deep brain 

stimulation (DBS). DBS is an elective surgical procedure in which electrodes are implanted into 

certain brain areas as shown in Figure 2.1. These electrodes, or leads, generate electrical 

impulses that control abnormal brain activity. The electrical impulses can also adjust for the 

chemical imbalances within the brain that cause various conditions. Stimulation of brain areas is 

controlled by a programmable generator that is placed under the skin in the upper chest. 

 

Figure 2.1: Deep brain Stimulation using an in-body biosensor controlled by a 

neurostimulator. [26] 

In this therapy, electrodes are surgically placed deep into the brain where they electrically 

stimulate specific structures in an effort reduce the symptoms of various brain-based disorders. 

The U.S. Food and Drug Administration (FDA) first approved the use of DBS in 1997 

for essential tremor. Since then, the FDA or other global regulators have approved DBS for 

https://my.clevelandclinic.org/health/treatments/21088-deep-brain-stimulation
https://my.clevelandclinic.org/health/treatments/21088-deep-brain-stimulation
https://www.fda.gov/home
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Parkinson’s disease, dystonia, tinnitus, epilepsy, obsessive-compulsive disorder, and neuropathic 

pain. DBS is also being investigated as a treatment for Tourette syndrome and psychiatric 

disorders such as depression. It is estimated that more than 150,000 people globally have 

received a DBS implant [26]. Researchers have also put a great deal of time into manipulating 

the vagus nerve using neural implants. The vagus nerve connects most of our key organs to the 

brain stem, and researchers are hacking this communication superhighway in an effort to treat 

heart failure, stroke, rheumatoid arthritis, Crohn’s disease, epilepsy, type 2 diabetes, obesity, 

depression, migraine, and other ailments. 

Another example of the in-body biosensor is the one used for the EndoStim [27] for the 

treatment of the gastro-oesophageal reflux disease (GORD) or laryngopharyngeal reflux (LPR). 

EndoStim involves applying electric current to the nerves around the lower oesophageal 

sphincter (LOS) to increase its effectiveness, a technology known as neuro-stimulation. The 

EndoStim system consists of a bipolar lead (electrical wire) that delivers low energy electrical 

pulses to the lower oesophageal sphincter and an Implantable Pulse Generator (IPG) – a small 

device similar to a pacemaker – which is wirelessly programmed and can be adjusted to suit each 

patient’s needs. By stimulating the LOS valve, it is expected to stay closed to prevent reflux and 

open to allow for food and drink to pass into the stomach. A diagram showing the EndoStim is 

shown in Figure 2.2. 

 

Figure 2.2: EndoStim biosensor for the treatment of the GORD or LPR. [27] 

 

https://spectrum.ieee.org/the-human-os/biomedical/bionics/tourette-syndrome-patient-my-life-with-a-brain-implant
https://spectrum.ieee.org/the-human-os/biomedical/devices/how-to-treat-psychiatric-disorders-with-brain-stimulation
https://spectrum.ieee.org/the-human-os/biomedical/devices/how-to-treat-psychiatric-disorders-with-brain-stimulation
https://spectrum.ieee.org/the-human-os/biomedical/devices/treating-depression-with-deep-brain-stimulation-worksmost-of-the-time
https://www.neuromodulation.com/deep-brain-stimulation
https://spectrum.ieee.org/biomedical/devices/the-vagus-nerve-a-back-door-for-brain-hacking
https://spectrum.ieee.org/biomedical/devices/the-vagus-nerve-a-back-door-for-brain-hacking
https://spectrum.ieee.org/tech-talk/biomedical/devices/vagus-nerve-implant-fails-to-fix-heart-failure
https://spectrum.ieee.org/the-human-os/biomedical/devices/vagus-nerve-stimulation-succeeds-in-longterm-stroke-recovery
https://spectrum.ieee.org/the-human-os/biomedical/devices/hacking-the-nervous-system-to-treat-arthritis
https://spectrum.ieee.org/the-human-os/biomedical/devices/vagus-nerve-stimulation-takes-on-crohns-disease
https://spectrum.ieee.org/biomedical/bionics/smart-neural-stimulators-listen-to-the-body
https://spectrum.ieee.org/the-human-os/biomedical/devices/stomachpowered-weight-loss-implant
https://spectrum.ieee.org/biomedical/devices/the-vagus-nerve-a-back-door-for-brain-hacking
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The Implantable Cardioverter Defibrillator (ICD) is another example for the implantable in-

body biosensor. It is a small battery-powered device placed in your chest to monitor your heart 

rhythm and detect irregular heartbeats. An ICD can deliver electric shocks via one or more wires 

connected to your heart to fix an abnormal heart rhythm as shown in Figure 2.3. 

 

Figure 2.3: Implantable Cardioverter Defibrillator. [28] 

 

Assessment of intracranial pressure (ICP) is of great importance in management of traumatic 

brain injuries (TBIs). An invasive implantable sensor for continuous ICP monitoring of the ICP 

can be used for this purpose. The implant comprises ultrathin (50 𝜇m) flexible spiral coils 

connected in parallel to a capacitive microelectromechanical systems (MEMS) pressure sensor. 

The implantable sensors are inductively coupled to an external on-body reader antenna. The ICP 

variation can be detected wirelessly through measuring the reader antenna’s input impedance 

[28]. A conceptual illustration of the implant placement is shown in Figure 2.4. 
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Figure 2.4: Conceptual illustration of the placement of the biosensor used for ICP 

monitoring. [28] 

As shown in Figure 2.4, the flexible spiral coil lies between the skull and skin and is connected 

to the MEMS sensor through an ultrathin RF coaxial cable. The deformable diaphragm of the 

MEMS sensor is in contact with CSF for subdural ICP measurement. Both the MEMS sensor and 

coaxial cable are placed in a protective chamber which improves the mechanical attachment of 

the implant to the skull and facilitates the implant removal in case of rejection. The protective 

chamber should be a biocompatible, nonmetallic cylindrical chamber to protect the MEMS 

sensor and cable in physiological environment after implantation. However, since the coaxial 

cable itself is shielded, presence of the chamber does not affect the telemetry operation. 

2.2.2. On - body Biosensors 

A strategy to perfectly integrate electronics with the human body is the approach of skin-

mounted epidermal electronics systems (EES) which provides a route to non-invasive continuous 

monitoring of clinically important physiological signals, such as skin temperature, heart rate, 

blood pressure, pulse and respiration rate, and transmits that information to the patient and the 

physician [29]. In addition to the assessment of these clinically relevant physiological 

parameters, sweat, saliva and tears also contain multiple physiology chemical constituents [30]. 

The use of this type of sensors holds considerable promise for maintaining and improving quality 

of life and consequently overrates the traditional systems. These traditional systems are known to 

possess wires or cables, point-contact electrodes affixed to the skin with adhesive pads, 
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mechanical clamps or straps, or penetrating needles, mostly mediated by conductive gels. 

Besides that, they are also poorly suited for practical applications outside of clinical settings, 

because they can cause discomfort, irritation and inflammation to the user, lose adhesion over 

time, lack mobility, be generally very bulky due to their robust, plan and hard formats and 

components and only allow the monitoring of one physiological signal [29]. 

2.2.3. Off - body Biosensors 

Post implant monitoring is an essential factor for the implantable devices and patient care. 

Remote monitoring fills the gap of the lack of information resultant from the conventional 

follow-up visits, providing large prospective trials, automatic daily transmissions and long-term 

support at a distance, allowing the patient to be at home [31]. Advances on implantable medical 

devices are demanding, since the methods to translate the follow-up observations are time 

consuming and complex. Better methods to transmit the collected data obtained are urging for 

further developments in implantable devices. A considerable increasing in the density of analysis 

and interpretation/processing algorithms is also required [32]. The devices are equipped with a 

micro-antenna for communication and thereby the sensed data are remotely transmitted to an 

external system, such as a computer, smartphone or tablet and network, like wireless body area 

networks (WBAN). The antenna may be built up by flexible materials and consequently, flexible 

coils, to improve the biocompatibility and conform to the inner body and organs. 

Wireless communication can be achieved by using radio frequency (RF), optical, sound, or 

infrared media, although RF is the most common [33]. Wireless RF telemetry also depends upon 

a considerable power and can experience poor transmission through biological tissue. Wireless 

data transmissions through electromagnetic induction, or light were developed, but they have 

troubles transmitting the data when the external data transmission unit alters from its proper 

position; therefore, other methods are being developed [34]. 

2.3. Importance of Biosensor Networks 

Medical implant biosensors are an integral part of the Wireless Body Area Network 

(WBAN), where wearable devices and implants are interconnected with wearable or implanted 

link sensor nodes as shown in Figure 2.5. Implants can also communicate with each other, as an 
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example is the implanted glucose sensor which communicates with an insulin pump. The general 

architecture of body area networks, as shown in Figure 2.5, is that a link node wearable on the 

surface talks to and listens from the implanted and other surface mounted devices. It then 

combines and relays the signal to devices external to the body – mainly a monitoring or 

controlling device on the surface or a few meters away from the body. Another likely scenario is 

the possibility of two implants talking to each other; for example, a glucose sensor and an insulin 

pump. To reduce complexity and power consumption it is better to implement advanced security 

features at the link node rather than each individual implanted or on-body device. 

So far, IMDs are designed for singular applications where communication is restricted 

between the IMD and external monitoring station either on-body or indoors. However, IMDs 

could be integrated into a wireless network of implants for more holistic and efficient data 

transmission. As such, the network of implants can be envisioned as an integral part of internet 

of things (IoT) for mainly two applications. On one hand, critical medical information could be 

passed on to patients’ physicians and/or next of skin for immediate medical intervention 

irrespective of where the patient is. On the other hand, diagnostic information from individual 

patients could be compiled and analyzed over time to assist in medical research. However, the 

later should be done in such way that patient privacy is protected. Although some IMD designs 

consider privacy and secrecy of medical data, this calls for a rigorous inclusion of physical and 

application layers of the implant communication network which increases transmission overhead 

and reduces bandwidth efficiency. 

Many different communication mechanisms have been employed and studied which include 

antenna enabled RF communication [35], inductive coupling between surfaces mounted and 

implanted coils [36]-[37], and recently the galvanically and capacitively coupled intra-body 

communication (IBC) [38]. Other emerging technologies such as ultrasonic [39]-[40], optical 

[41–43] and molecular intra-body communications [44–46] are also being investigated. 
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Figure 2.5: General architecture of body area networks. [35] 

2.4. WBAN Architecture 

Most of the IBC modalities considered in literature are based on the on-body (surface-to-

surface) communication where both the transmitter and receiver are worn on the surface of the 

skin. This modality, for example, enables ubiquitous communication for wire-free patient vital 

sign monitoring setups in hospitals. For implant communication as part of the WBAN 

architecture, two modalities are possible. The first modality is the implant-to-implant 

communication where both the transmitter and receiver are inside the human body. This 

modality can be used to communicate implants that operate in a closed loop control setting. 

Besides, implant to implant communication can also serve as information relaying mechanism to 

cover a long communication distance by chaining implants. The second assumes communication 

between a transceiver on the surface of the skin and an implant inside human body of given 

electrical characteristics (implant-to-surface) and (surface-to-implant). The implant-to-surface 

implants are used in diagnostic application where a sensed quantity is transmitted to outside the 

human body as shown in figure 2.6. On the other hand, the surface-to-implant modality can be 

used with therapeutic and assistive implants to pass stimulation or control signals from the 
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outside to the implant. This modality is also extensively used in wireless powering techniques to 

transfer power from external sources. 

 

Figure 2.6: WBAN Architecture. [38] 

 

2.5. Biosensor Networks Problems and Design Considerations 

2.5.1. Propagation Medium Losses 

Implant communication doesn’t only use the through-the-air wireless radio frequency 

communication, but also uses the human tissues as part of the transmission channel which adds 

extra challenges. Several researches have been conducted to study the effect of the human body 

on the electromagnetic signals based on analytic work, simulations, and experimental 

measurements. In [47], the dielectric properties of the different biological tissue types are 

characterized as a function of frequency which enabled the researchers to test the hypothesis and 

theories on how the tissues affect the RF signals at different frequencies.  
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2.5.2. Data Rates Required for Specific Medical Application 

The invasive nature of implantation surgeries places a stringent miniaturization requirement 

and sustainable powering regime for implants, especially for long term duration. The use of 

electronic medical implants and its proper design need to take into account the specific 

application of the device. The required data rate dictates the bandwidth and even the implant 

communication mechanism. For example, subcutaneous glucose sensor transmitter is implanted 

just under the skin (depth of 4 mm) with low data rate (of less than 10 kbps) and intermittent 

transmission while a cochlear implant requires a deeper implantation depth of 2.5 cm with a high 

data rate of up to 500 kbps in a continuous transmission mode [48].  

2.5.3. Processor Operating Time 

When a WBAN is controlled by the main processor of a mobile platform (i.e., personal 

server), the entire system cannot operate for long periods of time because this type of processor 

is not designed for continuous operation [49]. This problem can be mitigated by making the 

WBAN self-organizing so that the individual sensor nodes can operate without constant 

interventions from the personal server. In that case, the personal server would assume a more 

secondary role as a simple repository for the information collected locally as opposed to that of 

the coordinator of the network.  

2.5.4 Power Consumption and Battery Life Time 

The main obstacle for wider adoption of wearable health monitoring is current battery 

technology [49]. Long-life batteries for WBAN sensors are highly desirable, especially when the 

replacement of the battery needs to be done surgically. To resolve this problem there are new 

developments in the market for WBAN’s batteries. One of these is the case of printed batteries, 

which are especially suited for thin and flexible products like medical sensors in which they can 

be easily integrated [50]. 

Recently, the Interuniversity Microelectronic Centre has developed an economical radio chip for 

WBANs. The transceiver has ultralow-power consumption (0.687mW in receive mode and 

2.5mW in transmit mode), data rates between 64 kilobits per second (Kbps) and 1 megabits per 
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second (Mbps), and transmission range of up to 30 m. Moreover, there are already WBAN 

applications that use sophisticated energy harvesting mechanisms. Some common energy sources 

are the human body, from which vibrational or thermal energy is collected [51] or the 

surrounding environment, where ambient electromagnetic fields may provide the necessary 

energy [52]. These technologies enable wireless sensor users to collect more data over time and 

offer more opportunities to operate autonomously in diverse environments. 

In a WBAN, most energy-saving operations use duty-cycling approaches that periodically turn 

off the nodes so that they can operate in ultra-low-power modes for prolonged periods of time 

and be in active mode only when necessary, thereby achieving great energy savings [53, 54]. 

Evidently, such techniques strongly depend on time synchronization mechanisms. For this reason 

it is also important to evaluate in every communication protocol which mechanisms it uses to 

achieve the synchronization between sensors and how effectively its wake-up and turnoff cycles 

are implemented. 

2.6. Some Existing Wireless Communications Protocols for WBAN 

2.6.1. WI-FI—IEEE 802.11ax 

This standard provides secure, reliable, and fast connectivity and can be used to connect 

electronic devices to each other, to the Internet, and to wired networks that use Ethernet 

technology. It is indicated for applications such as wireless local area network connectivity, 

broadband Internet access, and healthcare, being currently the most widely used protocol in 

private households [55]. Wi-Fi can operate in the 2.4- and 5-GHz radio bands and is able to 

deliver data rates of up to 10 Gbps. 

2.6.2. BLUETOOTH—IEEE 802.15.3 

Bluetooth operates at 2.4 GHz, using a spread spectrum, full duplex signal at a high data rate of 

(11 to 55) Mbit/s. This frequency hopping adds protection against eavesdropping. The key 

features of the protocol are robustness, relatively high bandwidth, low latency, low cost, short 

range (10 m), and support for many mobile platforms [49]. This technology is indicated to 

provide connectivity among devices such as phones, personal data assistants, headsets, and 
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laptop computers and is currently in widespread use in hospitals, medical offices, assisted-living 

facilities, and homes. However, its high power consumption, its limitation of only up to eight 

devices in a personal area network, its inefficient idle modes, and the long start-up times make 

Bluetooth an unattractive option for wearable long-term health monitoring applications [49]. The 

Bluetooth version 4.0, Bluetooth Low Energy (BLE) technology, provides ultra-low power 

consumption, a data rate of up to 1 Mbps, a range of 10 m, and a fast start-up time (few 

milliseconds compared to Bluetooth’s seconds) [56]. It consumes only 10% of the power 

consumed by Bluetooth, extending its battery life by sleeping and waking up when it needs to 

send data [57]. Time needed for connection setup and data transfer is less than 3ms (classic 

Bluetooth needs 100 ms) [58]. These features make it particularly suitable for latency-critical 

WBAN applications [56]. Although a promising technology, it is not yet supported by many 

devices and hence cannot yet be used in MSNs [57]. 

2.6.3. IEEE 802.15.4 

The IEEE 802.15.4 standard defines robust radio physical and medium access control (MAC) 

layers, and the ZigBee alliance defines the network, security, and application frameworks. The 

protocol operates at 2.4 GHz, 950 MHz, 915 MHz, 868 MHz, 780 MHz, 500 MHz, and 3.1–10.6 

GHz frequency bands [59]. The capacity is 250 Kbps at 2.4 GHz, 40 Kbps at 915 MHz, and 20 

Kbps at 868 MHz. Some modern devices have an indoor communication range of 50m and an 

outdoor range of more than 500 m [60]. The basic framework conceives a 10-meter 

communications range with a transfer rate of 250 kbit/s. Tradeoffs are possible to favor more 

radically embedded devices with even lower power requirements, through the definition of not 

one, but several physical layers. Lower transfer rates of 20 and 40 kbit/s were initially defined, 

with the 100 kbit/s rate. 

IEEE standard 802.15.4 intends to offer the fundamental lower network layers of a type of 

wireless personal area network (WPAN) which focuses on low-cost, low-speed ubiquitous 

communication between devices. It can be contrasted with other approaches, such as Wi-Fi, 

which offer more bandwidth and requires more power. The emphasis is on very low cost 

communication of nearby devices with little to no underlying infrastructure, intending to exploit 

this to lower power consumption even more. 
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Even lower rates can be used, which results in lower power consumption. As already mentioned, 

the main goal of IEEE 802.15.4 regarding WPANs is the emphasis on achieving low 

manufacturing and operating costs through the use of relatively simple transceivers, while 

enabling application flexibility and adaptability. 

 ZigBee allows the formation of mesh networks, which let all participating devices communicate 

with one or many others, acting as routers transferring data between devices. When 

measurements obtained by multiple sensors must be accurately synchronized, as is the case, for 

example, with multichannel electrocardiogram sensors, we can use the IEEE 802.15.4 beacon 

enabled mode. In this mode, the personal area network coordinator of the network broadcasts 

beacons periodically to synchronize devices and specify the structure of the super frame. When a 

device receives a beacon, it synchronizes with the super frame structure and transmits its data 

[61]. 

2.7. Design Considerations for On/Off Body Antenna 

Several important factors need to be taken into consideration when designing on/off 

biosensor in a WBAN system. The most critical part of the WBAN communication system is the 

antenna. The antenna is a vital front-end component in any wireless system. Although many 

narrow- and wide-band antennas have been designed over the past decades, still there are several 

challenges when designing such antennas for modern systems. The most important factors 

affecting the antenna design include antenna detuning, impedance matching, radiation pattern, 

Specific Absorption Rate (SAR), size compactness, space constraints, desired radiation 

characteristics, low cost, light weight, multi-band operation, interference mitigation, 

reconfigurability, positioning, bending and stable performance with the variation of the gap 

between the antenna and the human body. For wearable antennas intended for on-body 

communications, the challenge is to achieve a wide beamwidth over the body and around, and to 

make the antenna input matching less sensitive to potentially varying distance between the 

antenna and the human body [62, 63]. 
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2.7.1. Impedance Matching and Tuning 

Wearable devices operating in 2.4GHz Industrial, Scientific and Medical (ISM) band and 4.9 

GHz public safety Wireless Local Area Network (WLAN)/5GHz IEEE 802.11 WLAN bands 

often require single or dual band operations. The operating frequency bands are narrow-band and 

can detune due to the human body loading effect. Therefore, the designer needs to consider the 

shift in operational frequency band due to the human body effect. The human body is lossy in 

nature and also has higher permittivity. When antenna designed in free space operates in near-

body scenario, the impedance mismatch can occur and can also detune the antenna. In [64, 65], 

single- and dual-band antennas with full ground plane have been reported and antenna 

performance has been investigated. These antennas have stable performance and are less 

sensitive to changing near-body conditions. 

2.7.2. Radiation Pattern 

On-body communications desire wide-beam or omnidirectional radiations in the plane 

parallel to the human body surface to provide maximum coverage over the body. This can be 

achieved by minimizing the radiations that are away from the human body (i.e. off-body). By 

introducing a null in the direction normal to the body, we can suppress off-body radiations and 

can enhance the on-body radiations. Printed antennas have radiations in the direction normal to 

the plane that are not suitable for on-body communications. By adjusting the current flow and 

introducing a full ground plane, desired radiation characteristics can be achieved that are suitable 

for on-body communications [64-66]. Moreover, the full ground plane also acts as a metallic 

reflector to minimize the radiations towards the body that can potentially be harmful. This also 

results in reduced SAR. The off-body radiation pattern should be directive beam in the direction 

away from the body and minimum in the direction parallel to the body to prevent the radiated 

electric field to induce SAR in the human body during transmitting the data to the central control 

station (patient mobile or doctor’s device) as shown in figure 2.7.  
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Figure 2.7: On- and Off- body Radiation Patterns. [64] 

2.7.3. Antenna Cost and Weight 

In wearable applications, communication devices are desired to be light weight and compact 

for ease of mobility. The other important factor is cost that need to be considered. From a 

commercial point of view, low cost solution can attract large number of customers. Therefore, it 

is critical to take care of size, cost and weight factors in addition to antenna performance. 

2.7.4. Antenna Placement  

The placement of antenna over the body (i.e. positioning) can significantly contribute to its 

performance. Bending limitations and scenarios can be determined based on the antenna 

placement and need to be investigated. The other challenge is to make the antenna insensitive to 

the variation of gap between the antenna and the human body. In [67], antenna placement 

options have been investigated and sensitivity analysis for wearable antenna has been carried out. 

Due to the full ground plane, this antenna performance is very insensitive to the separation 

between the antenna and the human arm. Moreover, small width of the antenna makes it a 

suitable candidate for on-body wearable devices and its placement along the arm length can 

avoid bending and hence possible detuning. It is important to consider the bending effects for 
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antennas in wearable communication devices, as this can impact the antenna performance. In 

[66], an armband wearable printed antenna has been presented. It has wide beam radiation 

pattern and has stable performance with the changing bending radius. In some wearable 

applications, crumpling is another factor that needs to be taken into account [68].  

2.7.5. Radiated Power Limitation 

In WBAN, to monitor a patient’s health status, the implanted device collects various 

physiological data and wirelessly transmits the information to external medical devices in real 

time [69]. However, they have a short transmission range due to the low radiation efficiency and 

the effective radiated power (ERP) regulation of 25 μW [70]. This limitation demonstrates the 

necessity of a dual-band on-body repeater antenna to deliver weak signals from implanted 

devices to external devices. In addition, antenna performance is significantly affected by body 

tissues due to the high dielectric constant and conductivity at the microwave frequency band. 

Also, the input impedance and resonance frequency cannot be changed, but the gain and 

radiation efficiency of an antenna can also be deteriorated when an antenna is operated on or in a 

body. In order to be insensitive to the human body effect, compact zeroth-order resonance (ZOR) 

antennas for implantable and wearable WBAN systems were proposed in [71, 72]. Additionally, 

to protect the human body from radio wave exposure, the structure of the antennas for WBAN 

must have a low specific absorption rate (SAR) [73]. 

2.7.6. Antenna Communication Bands 

The Medical Implant Communication System (MICS) is a low-power, short-range (2 m), high-

data-rate, 401–406 MHz (the core band is 402–405 MHz) communication network that has been 

accepted worldwide for transmitting data to support the diagnostic or therapeutic functions 

associated with medical implant devices [74]. The Federal Communications Commission (FCC) 

allocated additional spectrum (2360-2400 MHz) specifically for medical body area network 

(MBAN) devices in May 2012, effective on October 10 [74]. The off-body antenna that transmits 

data towards outside the body can either use the MICS band or the industrial, scientific and 

medical (ISM) band WLAN 802.11a (5.725–5.85GHz). 
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2.7.7. Examples for on-off Body Antenna Design  

In [74], a dual-band on-body antenna for a wireless body area network repeater system is 

proposed. The designed dual-band antenna has the maximum radiation directed toward the inside 

of the human body in the medical implantable communication service (MICS) band in order to 

collect vital information from the human body and directed toward the outside in the industrial, 

scientific, and medical (ISM) band to transmit that information to a monitoring system. In 

addition, the return loss property of the antenna is insensitive to human body effects by utilizing 

the epsilon negative zeroth-order resonance property. In [75-80], a reconfigurable beam-steering 

antenna was designed and fabricated in the WLAN 802.11a band (5.725–5.85GHz). The antenna 

is able to steer the maximum beam direction according to the mode of operation. 

2.8. Evaluation for Literature Findings and Previous Work for Proposed 

Helical Antennas 

An additional overview of previous related work in BSNs is clearly highlighted in this 

section. Some papers focused on the sensor node design and the traditional antenna design 

requirements in specific. On the other hand, other researchers focused on the application and was 

not restricted with certain antenna parameters’ constraints as long as the design satisfied their 

goal. 

Body centric wireless communication (BCWC) has drawn the attention in the past years. 

Since the antenna design as a wireless communication module in a BSN is difficult as it depends 

on the wearer’s age, posture and weight gain or loss. Therefore, the antenna specifications and 

design requirements are the most important and challenging issues in this field. Antennas used 

for BSNs can be divided into wearable and implantable antennas as mentioned before, therefore, 

the communication can be considered either as in-body, on-body or off-body each according to 

the location of the antenna. 

 

Therefore, the authors have proposed in [81], an electrical model for the human body that 

allows implants to use body centric communication (BCC). It defined BCC and stated its 
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properties that made it attractive to form a BAN over the e-Textiles embedded with wires. These 

properties are the flexibility of sensor locations and the attenuation of signals with distance, 

which gives more security as it needs to be close to the body to be connected to the network. 

Besides, this rapid attenuation reduces the interference with other BCC networks and allows for 

reusable bandwidth. The authors also clarified how BCC works by creating a potential difference 

in one area of the body and sensing the attenuated potential difference in another area. In 

addition, it discussed how the receiver architecture affects the channel gain.  

 

On the other hand, there are some drawbacks for using BCC such as the high attenuation 

in the channel, which will result in high power dissipation for data transmission. It was also 

obvious from the explanation in this paper that BCC can only use the conductive tissues – lying 

beneath the epidermis and acting as a spreading resistance from about 10 kHz to 10 MHz – as a 

network channel. At last, it was shown that the transmitter and receiver have to be electrically 

isolated in order to measure the BCC channel precisely. The authors have implemented their 

work here experimentally.  

 

Moreover, the authors have proposed in [82], a robust and energy-efficient wideband BCC 

transceiver.   

It is well known that BCC offers limited data rates up to 10 Mb/s which is insufficient to 

transfer multimedia data for wearable smart devices. However, the proposed BCC achieved high 

data rate of 60 Mb/s by employing more than one factor. The high data rate achieved in this work 

was a result of using high input impedance at the receiver, digital direct transmission. 

Finally, the proposed BCC was fabricated; the performance of the transceiver was measured, 

and then compared with other designs. 

 

While in [83], gave an overview for the BANs challenges for applications to achieve energy 

efficiency and sustainability. The authors addressed several topics in this study as applications, 

services, security, privacy issues, node and network architecture …etc. This work mainly 
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focused on the core position of radio channel on the overall system as well as the influence on 

the human body. Furthermore, a classification for BANs depending on the application was 

presented. The approach proposed is called true cross-layer protocol which focused on different 

problems such as mobility, delay and packet losses. Although BANs are dealing with short 

communication distance, the human body introduces strong shadowing and antenna 

misalignment.  

 

A survey was made in [84] to give an overview on the advantages and importance of WSNs 

for healthcare applications especially elderly people, chronically ill and children. In this study, 

the examples of how people could benefit from living in homes that have wireless sensor 

technologies for improved quality of life were evaluated. Several researches discussed the usage 

of large-scale wireless telecommunication technologies such as 3G, WiFi Mesh …etc. and others 

the usage of small-scale personal area technologies such as Bluetooth, RFID, ZigBee …etc. The 

link combining all the above technologies is the application. Then the authors have overviewed 

briefly the previous studies for healthcare applications. They observed that other studies either 

focused only on smart home perspective or had limited information about the design issues and 

challenges, while this survey provided different research approach not only from smart home 

perspective but also from a more healthcare perspective. Moreover, the benefits and 

considerations for healthcare monitoring systems were mentioned. 

 

A smart mobile system that collects, analyses, displays and streams multiple sensor data to 

centralized computing server was presented in [85]. The introduced smart phone uses Android 

system which provides the ability to communicate with sensor nodes (SNs) on demand and 

acquires real-time multiple sensor data simultaneously. The benefits of the proposed work are 

mobility, operating with low power to process, collect, and transmit the desired data wirelessly.  

 

In addition, a comprehensive approach in BSNs in [86] explained that BSNs work on 

improving the quality of life through improving their efficiency in various applications. The 

authors clarified that the requirements for any BSN device should be the wearability and the 
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limited power budget. Therefore, reducing the form factor and extending the time between 

battery recharges are very important issues. This paper proposed a solution for reducing energy 

consumption by implementing an ultralow-power BSN platform, exploiting periodic or 

predictable wireless channels, using adaptable sensing, coding and signal processing. 

 

Since power optimization is the major concern in the design of the BSN systems, therefore, 

proposed a novel signal processing approach to minimize power consumption of node 

localization is proposed in [87]. The problem that the authors introduced is that to recharge 

multiple sensor nodes puts so much burden on the end users. While the proposed solution is to 

develop an efficient signal, processing algorithms that reduce the computation load. Furthermore, 

introducing a compromise between accuracy and power consumption of node localization 

minimized sensing and computation power.  

A mobile monitoring system for epileptic patients is introduced in [88]. After explaining 

what epilepsy and its percentage is worldwide, the authors clarified that their motivation is to 

overcome the shortcomings in previous clinical video EEG monitoring of the targeted patients. 

These systems were either expensive, did not include other monitoring parameters like ECG 

…etc or of low availability. The proposed system is reconfigurable, mobile, and acquires multi-

parametric data. This system uses Bluetooth technology to transmit signals after collecting from 

sensors to a computer. 

 

In addition, a microstrip antenna designed for implantable BSN was presented in [89]. The 

challenging medium when implanting a sensor inside the human body is the tissues. The 

proposed antenna is designed to fit and adjust to the human tissues environment as well as to 

provide a reliable transmission. The challenges in designing the antenna are concerning the size, 

safety constraints and the power transmissions relative to the SAR.  Afterwards the permittivity 

and conductivity of each body part were studied which are essential for determining the signal 

propagation characteristics. This work was experimentally tested on a human arm model of three 

layers (skin, fat and muscle), then compared to the simulation results. The simulation results 
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showed that the antenna provided a return loss of -18.3 dB, maximum gain of -35.1 dB and an 

omni-directional pattern. 

 

Another design was introduced in [90] as a tuneable antenna using a cavity backed slot 

antenna (CBSA) for biomedical sensing applications. The novelty of this approach is the design 

of the antenna by isolating the feed currents from the body and providing frequency tuning of as 

a function of probe length. After explaining the antenna-body effects, there was an observation 

that the size of aperture is directly proportional to the directivity, while inversely proportional to 

the resonant frequency. The resonant frequency is the factor that determines the sensing depth, 

which means there will be a trade-off between both of them. 

 

Furthermore, the antenna design was explained and then the simulation results were 

obtained. The CBSA was fabricated and the measurements were obtained under three conditions: 

1) In close proximity to a skin tissue phantom. 2) In free space. 3) In close proximity to a human 

core.  The results showed that the proposed antenna is broadband (+400MHz) and efficient 

(88%). 

 

Another application the authors were interested in was the wireless drug dosage monitoring 

as in [91]. The proposed design is a helix antenna wrapped around a dielectric material core that 

acts as drug reservoir. The authors explained the need of drug dosage monitoring to provide 

feedback, medical tracking, and disease management also to avoid leakage. As shown in figure 

2.8, the drug dosage monitoring is done by tracking the resonant frequency of the helix antenna 

shifting between 2.4 – 2.5 GHz. 
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Figure 2.8: The antenna sensor with its simulated and measured results. [91] 

Therefore, the target is to increase the sensitivity over the required band as well as to make 

sure that the resonant frequency shifts within a certain range with the variation of the drug 

volume inside the reservoir. Finally, the proposed design did not focus on the size of the antenna 

as long as it acts as a good sensor with acceptable performance. 

 

On the other hand, some authors were interested in wire antennas’ size reduction. As in the 

case of wire antennas, the wire length is inversely proportion to the resonant frequency. 

Therefore, a proposed strategy to optimize helical windings with continuously varying the radii 

is presented in [92]. The previously introduced techniques to achieve resonance with shorter 

antenna such as inductive loading can be at the cost of degradation in bandwidth and efficiency. 

This paper introduced another way, which is adding wire length through helical windings and 

varying the radius in each turn. Changing the radius in each turn of the helical antenna can be 

explained one turn per time, but this will add complexity in the analysis. Finally, a comparison 

was done between an optimized uniform helix and a helix with continuously varying radii as 

shown in table 2.1. 
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Table 1.1: Comparison Between Unifom and Radius Variying Helices. [92] 

 

 

It can be seen from the table above that the helix with varying the radius provides a wider 

operating bandwidth and a slightly higher total efficiency. 

 

Furthermore, an octafilar helical antenna (OFHA) for ultra-high frequency (UHF) – RFID 

for portable reader was presented in [93]. The antenna is designed to resonate at 915 MHz and 

was placed on reader device in the presence of human hand model. The authors also mentioned 

that the proposed antenna for RFID technology is of circular polarization and small size, high 

gain and high front to back ratio. The QFHA consists of four arms with 45° shift between each of 

them, while the OFHA consists of eight arms having no ground plane as shown in figure 2.9. 
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Figure 2.9: The octafilar helical antenna. [93] 

 

A comparison between an OFHA and quadrifilar helical antenna (QFHA) was investigated 

under same environmental conditions. Results in figure 2.10 show that the comparison between 

both OFHA and QFHA according to return loss and gain.  

 

 

 

Figure 2.10: The compared simulated results return loss and gain. [93] 

Finally, it was obvious that the OFHA has better performance than the QFHA as it is clear 

that the gain is varied from 5.317 dB to 5.439 dB at frequency of 915 MHz.  
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Moreover, a dual-band multi-arm folded ellipsoidal helix antenna is designed in [94] for the 

wireless data communication and wireless power transferring functions of an artificial cardiac 

pacemaker. The antenna is designed to tune the dual resonant frequencies to the desired bands at 

900 MHz and 2.4 GHz by varying the pitch angle (α). Figures 2.11 and 2.12, show the antenna 

design and results when (α) have two values 0 and 0.6 and the impact on the return loss curve 

achieving a bandwidth of 10% at each band. 

 

 

 

Figure 2.11: The four-arm folded ellipsoidal helix antenna with variable (α). [94] 

 

 

Figure 2.12: The effect of varying (α) on resonant frequency. [94] 

 

 

Finally, the radiation pattern for the higher band at 2.4 GHz showed some distortion on the 

vertical plane compared to that of the lower band at 930 MHz. The other problem the authors 

faced at the 2.4 GHz band was its sensitivity to the fabrication imperfection, so they had to fine-

tune it manually. 

Another essential need for BSNs’ applications are biomedical implanted sensors that could 

achieve the target they were designed for as in [95]. The majority of the in-body sensors 
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communicate in frequencies less than 1 GHz. Although these sensors have low propagation 

losses, but on the expense of bandwidth and size in comparison with the frequencies higher than 

1 GHz. working above 1 GHz will reduce in size and provide wider band but with higher 

propagation losses. Then the authors discussed the three scenarios for In-Body path loss channel. 

These scenarios are In-Body to In-Body (IB2IB), In-Body to On-Body (IB2OB) and In-Body to 

Off-Body (IB2OFF) where each is explained clearly. Figure 2.13 (a and b), shows the two types 

of antennas used to be tested for the path loss in the three channel scenarios as previously 

mentioned. 

 

 

 

   

Figure 2.13: The effect of varying (α) on resonant frequency. [95] 

 

 

Two parallel helical antennas joined at the central feed point and then attached to a 

monopole are presented in [96] as shown in figure 2.14. 
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Figure 2.14: Bifilar Transverse Bilateral Helix Antenna. [96] 

 

This design is to achieve a second resonance to be close to the first resonance which leads to 

increase the B.W. The dimensions were briefly stated and the results showed that the B.W. was 

improved by 22% at 615 MHz with radiation efficiency of 63%. 

Moreover, a wireless communication link for a capsule endoscopy is presented in [97] for 

monitoring of small intestine in humans. The communication link includes both capsule inside-

body transmitting antenna and an outside-body receiving antenna as shown in figure 2.15.  

 

 

Figure 2.15: (a) Simulated Meander Antenna for Capsule Endoscopy. (b) Spiral Helix 

Antenna for outside application. [97] 

 

The transmitting capsule antenna operates at 600 MHz with bandwidth 10 MHz, while the 

outside antenna is a double spiral helix that has circular polarization to provide a communication 

link regardless the orientation of the capsule. The authors clarified the design limitations of both 

antennas. The communication link was tested for path loss detection with the variation of the 

capsule orientation. The results showed that there was a frequency shift of 10 MHz for different 
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positions of the antenna inside the intestine. Besides, the link quality is affected by the antenna 

mismatch and orientation during the operation.  

 

Another ingestible capsule endoscope multi-layer helical antenna is presented in [98] and 

operates at the ISM band (2.4 – 2.48) GHz. The proposed antenna is composed of three open 

loops at different layers connected via holes to form an axial-mode helical structure as shown in 

figure 2.16. 

 

 

 

 

 

 

Figure 2.16: Proposed Helical Antenna (a) Top View. (b) Side view. [98] 

 

The authors tested three positions that a swallowed capsule would pass through which are 

the stomach, the small intestine and the colon. The results showed that the radiation performance 

is affected by the three positions tested in this paper. Finally, compared to previous work in 

capsule systems this structure is less complex design and has wider impedance and axial ratio 

bandwidths. 

 

Previous related work concerning helices used for dual bands or tuning such as in [99], a 

helical antenna is printed on 10-layer ferrite package to achieve compactness. The target is to 

connect the antenna the bias coil in one structure to replace the need of large external magnets or 

coils, since antennas act as bias winding that provides frequency tuning. 
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Moreover, in [100 and 101] dual frequency helices was presented. The first design dual band 

is done by combining two helical antennas (cylindrical and conical). One of them resonates at 

860 MHz while the other at 1800 MHz, taking into consideration that both helices were normal 

modes. The target was to isolate between the transmitted and received signals using a four-port 

circulator as well as amplifying the gain using an amplifier. On the other hand, the second 

proposed dual band design was by testing three different configurations in order to reduce the 

size to be used for dual-mode cellular phones operating at two different frequencies. 

In addition, hearing-aid instruments are significantly important commercial products to 

whose who suffer from this problem. A quarter wave spiral monopole mounted on a ground 

plane is presented in [102] as shown in figure 2.17. It works at 2.4 GHz and is designed to be 

placed in the ear.  

 

 

 

Figure 2.17: Quarter-wave Monopole Antenna. [102] 

 

The proposed In-The-Ear (ITE) antenna is considered a solution for ear-to-ear link through a 

Bluetooth chip. This antenna is placed inside the ear as shown in figure 2.18, while most of the 

previous designs were mounted behind or on the outer part of the ear. 
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Figure 2.18: In-the-Ear Spiral Monopole Antenna. [102] 

An imbedded spiral antenna for endoscope was proposed as well in [103] as shown in figure 

2.19. The authors analysed a dual-spiral antenna with varying the length providing an 

omnidirectional radiation pattern and an UWB for short distance communication. Spiral antennas 

are well known with their wide band but of low gain. Then the antenna characteristics were 

explained and how it would overcome the drawbacks of the old conventional endoscope 

methods.  

 

 

Figure 2.19: Imbedded Spiral Antenna for Endoscope. [103] 
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Results showed that the omnidirectional radiation produced helps to transmit signals 

regardless the orientation or the location of the capsule. The obtained bandwidth is of 27.7% 

with operational frequency between 560 MHz and 740 MHz.  

 

Furthermore, another spiral antenna is designed and fabricated operates in the MICS band in 

[104] as shown in figure 2.20.  

 

 

Figure 2.20: Spiral MICS-Band Antenna. [104] 

 

The authors tested the effect of the existence of tumors in breast on the return loss as shown 

in figures 2.21 (a, b and C). It is used as a tool to detect the presence of cancer cells and its stage.  

 

 

(a) 
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(b) 

 

(c) 

Figure 2.21: (a) Return Loss of Spiral Antenna on Human Breast. (b) Return Loss when 

tumors occupy from 2% to 46% of the breast. (c) Return Loss when tumors occupy from 50% to 

100% of the breast. [104] 

 

The results showed that according to the percentage the tumor occupies from the breast 

volume, the resonance frequency increases or decreases.  

 

Many researchers focused on developing non-invasive techniques to monitor blood glucose 

levels for diabetes patients. The previous non-invasive methods used and stated in literature were 

mentioned briefly. The authors proposed a non-invasive radio-based blood glucose monitoring 

using two microstrip resonators operating in the 2.40 – 2.48 GHz band in [105]. The two 
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resonators are placed to face a four-layered phantom where one of the resonators is a patch 

resonator as shown in figure 2.22 (a), while the other is a spiral resonator as shown in 2.22 (b).  

 

 

(a) 

 

(b) 

 

Figure 2.22: (a) Spiral Resonator for BGL monitoring. (b) Patch Resonator for BGL 

monitoring (top and side views). [105] 

The two resonators were compared with respect to their ability to detect small changes in 

blood glucose level as well as, the ability to maintain the on-body channel during different 

physical activities was tested using simple received signal strength measurements. 

The phantom size is kept constant for both resonators’ simulations and by decreasing the 

blood permittivity; the results of S11 were obtained as shown in figure 2.23. 
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Figure 2.23: Simulated S11 for Both Resonators. [105] 

Finally, the results showed that the resonators were capable of detecting small changes in 

blood glucose level, but the system sensitivity must be optimized.  

 

In addition, a printed UWB antenna is proposed in [106] to overcome the band limitations of 

the patch antenna. After stating the unique advantages of UWB technology, it was also important 

to mention that antennas with a high degree of isolation from human body are required. The 

authors tested the effect of the human body on the performance of the antenna. The geometry of 

the proposed antenna as shown in figure 2.24. consists of three arc-shaped radiator patches on 

the top surface and a ground plane printed on the opposite side of a dielectric sheet.  

 

 

Figure 2.24: Detailed Geometry of the UWB Antenna. [106] 



42 

 

 

Since the antenna is fixed on clothes, therefore, the size of the antenna was not the concern 

of the authors due to the availability of large cloth area. Results showed that the bandwidth 

achieved from 4 GHz to 9.5 GHz – which is 75% - is suitable for off-body communication with 

maximum gain about 7.4 dBi. 

 

A single arm Archimedean spiral for radiometric temperature measurement inside human 

body is proposed in [107]. Measuring the temperature of tissues using non-invasive methods has 

many useful applications in medical fields. These applications such as breast cancer early 

diagnosis, controlling temperature during hyperthermia and monitoring of brain temperature of 

new born infant. The design parameters and dimensions were mentioned as shown in figure 2.25.  

 

Figure 2.25: Single-Arm Archimedean Spiral Antenna. [107] 

As it is known from [108] that temperature of any object if exceeded the 0°K will radiate an 

electromagnetic noise (thermal noise) over the whole frequency spectrum. Therefore, the specific 

absorption rate (SAR) of the antenna can be determined by measuring the rise in the temperature 

of the antenna's load during a certain time interval. 

 

Another compact and flexible embroidered spiral antenna used for wearable applications is 

proposed in [109]. Although, wide band antennas are suitable for wearable communications as 

on-body antennas, they often suffer from the detuning due to the presence human body. 

However, spiral antennas are well known for their wide bandwidth and low-profile qualities. 
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Therefore, the authors developed an embroidered spiral antenna and compared its performance 

once on a phantom and another time on a real human chest as shown in figures 2.26 (a, b). 

 

 

(a) 

 

(b) 

 

Figure 2.26: (a) Spiral Antenna. (b) Embroidered Spiral Antenna Measurement on Human 

Chest. [109] 

 

 

The fabrication of the antenna showed that it has light weight, flexible and easily integrated 

into clothing. Finally, the results showed that the return loss of the antenna when placed on a 

phantom chest was better than 6 dB from 0.5 to 3 GHz. 
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The field of wireless body area networks (WBAN) has witnessed huge progress recently. 

Flexible wearable devices are applied for monitoring and diagnosing patients to perform with 

low power consumption. WBAN can be categorized into ON, OFF and IN body communication 

depending upon the position of transmitting and receiving antennas.  

For ON body communication, an omnidirectional field parallel to the surface of the body is 

preferred. However, many wearable health care systems employ multiple bio-sensors for 

monitoring different vital signs at the same time. Therefore, flexible, compact and multiband 

antennas are in great demand. Dual-band antennas are considered a hot topic in solving this 

issue. A dual band dual polarized wearable antenna covering the lower and higher ISM bands is 

presented for ON body communication in [110]. The antenna has merit of small size, light 

weight, and flexibility but, it is only suitable for ON body applications.  

 

An interesting topic which is the RF switching system that can provide a wideband performance 

over high ranges of frequencies as in [111]. The switching system was controlled by a Bluetooth 

connection using an Android mobile phone. This system was connected to an array of eight 

testing. Head imaging is used for detecting deadly diseases such as stroke, cancer and internal 

brain bleeding. 

 

Another switching technique using the PIN diodes and a patch frequency reconfigurable antenna 

as in [112]. Depending on the switching state (ON/OFF), different operating frequencies were 

obtained. The proposed antenna can be controlled to operate either in a single or a dual band 

without changing its dimensions but by changing the state of the Pin diodes.  

 

Moreover, since this research is concerned with dual-mode antennas as mentioned earlier, 

there were two dual-mode patch antennas designed in [113]. The first paper presented a patch 

attached to the waist with two slots in order to enhance bandwidth and reduce the size, while the 

second was also a patch attached to the chest with signal electrode and a ground electrode. Both 

antennas were placed on body phantoms with a plastic layer between the antenna and the body. 

In addition, both designs were proposed for same reasons, which are checking the received 

voltage in the on-body mode and test simulated results (return loss and radiation pattern) for off-
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body mode. Although, the two designs are small in size, but they both have some drawbacks as 

well. The first design for example does not have a ground plane, which prevents the back 

radiation that affects the human body with the existence of the two slots as shown in figure 2.27.  

 

 

 

Figure 2.27: YZ – Plane Radiation for OFF-Body Communication. [113] 

 

Moreover, both designs have narrow bandwidths as well as the omnidirectional pattern in 

the off-body mode lead to waste of power, as the omnidirectional pattern is needed in the on-

body mode to offer more coverage to body parts.  

 

Briefly, as mentioned earlier in the related work of BSNs in this chapter, the challenges 

concerning sensor nodes were developing in many aspects. The main challenges facing the 

design of antennas for BSNs were illustrated as well. These challenges include the save of 

power, the design requirements such as high gain, efficiency, directivity, size and high 

wearability. Furthermore, the designed antenna must be of high transmission reliability to deliver 

the collected data accurately to the desired node or gateway. 

The requirements and limitations are set according to the application they were designed for in the 

first place. As the application of a BSN may require long-term real-time monitoring, therefore, the 

size of sensors should be reduced and any possible physical or chemical harm to the user should be 
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eliminated. Other applications may require large bandwidth or high gain and radiation efficiency 

regardless the size of the antenna. Previous studies as mentioned in this chapter aimed to improve 

and overcome many shortcomings by various means. However, many drawbacks are still hot topic 

research areas that could be useful for other researchers.  

Finally, in this chapter to sum almost everything up concerning previous related work, the 

following table 2.2 is summarizing the mentioned work earlier. 

 

Table 2.2:  Summarizing Previous Related Work 

REFERENCES ANTENNA 

DESIGN TYPE 

PURPOSE OF THE PAPER 

[81, 87] Survey  BCC Implants 

 Enhancing Channel Gain. 

[82-84] Survey  Healthcare monitoring issues (security, privacy …etc.) 

 Wearable and Implantable applications. 

[85] Survey  Low-power  

 BSN Architecture 

 Biosensor design 

[86, 88 and 89] Survey  Main constraints for sensors and antennas’ design. 

 Vital sign data 

 Challenges for BANs Applications 

[90]   Smart mobile for collecting, analysing, displaying and 

streaming data to an external server 

 Low-power system 

 Data analysis 

 Uses Bluetooth 



47 

 

[91] Survey  BSN Challenges 

 Reducing energy consumption by a novel circuit design 

 Reduce cost 

[92] Wearable 

motion sensors 

 Minimizing power consumption via real data collection. 

[93] EEG and 

ECG sensors 

 Reducing hardware by minimizing number of sensors 

placed for a patient. 

[94] Microstrip 

Patch Antenna 

 Miniaturization  

 Omnidirectional pattern 

[95] 

 

Tunable 

Cavity Backed-

slot Antenna 

 Biomedical sensor 

 Parameters variation’s effect on B.W. and frequency 

[96] Helical 

Antenna 

(Implanted) 

 Reducing Size for drug delivery 

 Reducing cost 

[97] Helical 

Antenna 

 Adding wire length to the helix (via radius variation) to 

resonate at certain frequency 

 Obtained B.W. is a little bit wider than of uniform helix 
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[98] Helical 

Antenna 

 Comparison between two helical antennas (OFHA and 

QFHA) 

Proposed OFHA is of: 

 Higher gain about 5.4 dB 

 Higher front-to-back ratio 

 Good Axial Ratio 

 Omnidirectional coverage 

[99] Helical 

Antenna 

 Small folded ellipsoidal helices with different pitch angle 

 Deigned to be implanted for cardiac pacemakers 

 Wireless data communication 

 Wireless power transfer 

 Dual-band antenna at 900 MHz and 2.4 GHz 

[100] Monopole 

and Helix 

antennas 

 Testing path loss for In-Body channel Scenarios: 

 IB2IB 

 IB2OB 

 IB2OFF 

[101] Two parallel 

Helical Antennas 

 B.W. Enhancement by resonating at close frequencies so 

leading to a wider band 

[102] 
1. Meander 

antenna 

implanted 

capsule 

2. Spiral-

Helical 

outside-

body 

 Implanted capsule with omnidirectional pattern 

 Outside antenna with directive pattern and circular 

polarization 

 Testing communication link quality between both with 

different capsule orientations. 

 Not concerned with size in case of outside helix as its total 

length is 4.18 cm 
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antenna 

[103] Helical 

Antenna 

(Implanted) 

 Reducing helical size 

 Reducing design complexity by using three-open loops on 

top of each other to get axial mode 

 B.W. achieved is 33.3% 

[104] Spiral 

Antenna 

 Reducing size to be placed inside the ear 

 Facilitate Ear-to-Ear link using Bluetooth chip 

[105] Spiral 

Antenna 

(Implanted) 

 To achieve omnidirectional pattern 

 Low power consumption at low frequency range 

 Wide B.W. to transmit high resolution images and large 

amount of data in real-time 

[106] Spiral 

Antenna 

(Implanted) 

 To study effect of changing the tumor’s percentage 

occupying the human breast on the resonance frequency. 

 Miniaturized  

[107] 
1. Patch 

resonator 

2. Spiral 

resonator 

 Compare their ability to detect small changes in BGL 

through simulations on body phantom 

 High data rate for ECG waveforms 
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[108] 

 

Three-Arc 

shaped radiators 

printed on a patch 

antenna 

 Wide B.W. of about 75% 

 Average gain of 7.4 dBi 

 Size is not the concern 

 Presence of full-ground plane to reduce effect on body 

tissues 

[109] 

 

Archimedean 

Spiral Antenna 

 Wide band 

 Directive beam 

 Circular polarization 

 Radiometric temperature measurement inside human body 

(using thermal camera) 

Spiral 

Antenna 

(wearable) 

 Compact and flexible to be placed on human chest 

 Designed to replace antennas on conventional portable 

wireless devices 

Embroidered 

Spiral Antenna 

(wearable) 

 Compact and flexible 

 Wide band to overcome detuning due to presence of human 

body 

[110 and 111]   BGL monitoring 

 Testing glucose level on the dielectric properties of the 

antenna 

[112]   Reducing size for implants 
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[113] Patch 

Antennas 

 Dual-mode for On- and Off-body communication 

 Miniaturized  

 Introducing slots to enhance B.W. 

 Low gain 

 

2.9. Conclusion 

 

In this chapter an overview for the types of the medical implant biosensors is presented 

showing the difference between the in-body, on-body, and off-body biosensors and the uses of 

each type. The WBAN architecture is illustrated with the associated network problems and 

design considerations. The wireless communication protocols used in the WBAN is reviewed. 

Finally, the antenna design considerations for the on/off body biosensor is investigated. The most 

important factors affecting the antenna design include antenna detuning, impedance matching, 

radiation pattern, SAR, size compactness, space constraints, low cost, light weight, multi-band 

operation, interference mitigation, reconfigurability, positioning, bending and stable performance 

with the variation of the gap between the antenna and the human body. The details of each 

design parameter is presented with some examples for antennas designed to work as an on/off 

body biosensor.   
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Chapter 3 

Assessment of Radiation from Compact Helical Antennas Proposed for 

On-Body Biosensor Networks 

3.1. Introduction 

This chapter has two main objectives; the first one is to develop a semi-analytic model for 

assessment of microwave propagation on the medium equivalent to the human body. The second 

objective is to provide designs of three types of helical antennas proposed to operate as central 

on-body antennas in Wireless Body Area Networks (WBANs) and to evaluate the near field 

radiated from the proposed antennas at the possible location of the on-skin antennas for 

implantable (in-body) biosensors. 

This chapter highlights the considerations and challenges when designing antennas suitable 

for on-body communication in WBANs. Designing antennas that are required to operate near the 

human body surface is challenging as several important factors need to be taken into 

consideration along with the human body effects. These factors include antenna detuning, 

impedance matching, radiation pattern, Specific Absorption Rate (SAR), size, cost, weight, 

positioning, bending and stable performance with the variation of the gap between the antenna 

and the human body. An antenna designed to overcome the addressed challenges and to achieve 

the operational requirements is suitable for on-body communication as human-body wearable 

antenna.  

The antenna design, location and performance depend on the medium of propagation. 

Antenna parameters are massively changing when it is in free space than in any other medium. 

Therefore, when designing an antenna for body sensor networks with proximity to the human 

body, the performance will change in a very noticed way. It is hard to apply the traditional theory 

of the antenna and channel to observe their normal characteristics separately. The antenna when 

mounted on a lossy, dispersive medium (e.g. human body) it acts as a radiator that is affected by 

this propagation medium. Therefore, the concept of the antenna de-embedding is the solution for 
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dealing with the antenna on its own, modelling it and taking into consideration the effect of the 

surrounding medium. 

3.2. The Proposed Antennas System for On-Body Biosensor 

Communication  

Each of the proposed antennas is a dual-band of the helical wire type. It is designed to 

operate in the end-fire (axial) mode to communicate with the Wi-Fi communication system 

(5.0 − 6.0 GHz). Also, it is designed to operate in the broad-side mode to communicate with the 

on-skin biosensor antennas at 2.45 GHz. This configuration is illustrated in Figure 3.1. 

 

Figure 3.1: The on-body antenna connects the biosensor network to the Wi-Fi. 

The microwave propagation model developed in the present chapter is based on the 

assumption that the on-body central antenna communicates with the on-skin biosensor antennas 

via on-body microwave propagation as shown in Figure 3.2. A photograph showing one of the 

antennas proposed in the present thesis (conical helix antenna) attached to the clothes of the 

Wi-Fi 

On-body 
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In-body 
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On-body Propagation 
(2.45 GHz) 
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Far-Field Pattern 
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patient as wearable antenna is shown in Figure 3.2(a). An illustrative schematic showing the in-

body sensors connected to the on-skin antennas is shown in Figure 3.2(b). On-skin antennas 

connected to the implanted (in-body) sensors through implanted RF coaxial electrodes are 

preferable to in-body antennas that are directly mounted on the implanted biosensors as they 

require much less power and thus avoiding high level of the SAR localized in some tissues and 

enabling long life-time of the batteries. 

 

Figure 3.2: The on-body central antenna communicates with the on-skin biosensor antennas 

via on-body microwave propagation, (a) Photograph showing one of the antennas proposed in 

the present thesis attached to clothes of the patient as wearable antenna, (b) Illustrative schematic 

showing the in-body sensors connected to the on-skin antennas. 
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3.3. Propagation Model of EM Waves near the Surface of the Human Body 

The propagation of the microwave near the surface of the human body in a WBAN, see 

Figure 3.3., is strongly dependent on the geometry and electric properties of the human body and 

the positions of the transmitting and receiving antennas. A special model should be developed 

for the assessment of the radiated field distribution on the body surface and the field inside the 

human tissues [114]. The present section is dedicated for this purpose. 

 

Figure 3.3: Propagation of microwave on the surface of the human body for on-body 

biosensor network communication [114]. 

 

3.3.1. Geometry of the Problem 

A mathematical model is done for the designed on-body antennas to develop a propagation 

model of electromagnetic waves on the human body which is a lossy medium. The propagation 

model provides description of the electric field components in order to get the total radiated field 

from the on-body helical antennas placed above the human body. This mathematical model is 

considered one of the main contributions of this work. 

Assuming a flat surface model for the human chest-belly area over which the on-body 

antennas are located, see Figure 3.4, the electric field due to a transmitting isotropic radiator 

located at a height ℎ𝑡 above the body surface and received by an isotropic receiver located at a 

height ℎ𝑟 above the body can be calculated with the aid of the geometry shown in Figure 3.5. 
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Figure 3.4: The radiation from the on-body antenna covers the chest-belly area occupied by 

the biosensor antennas. 

  

 

Figure 3.5: Geometry used to develop the propagation model of electromagnetic waves on 

the human body. 
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The length of the direct path from the transmitting to the receiving antennas is expressed as 

follows. 

𝑑 =
𝐷

cos 𝜓
 (3-1) 

where 𝐷 is the horizontal distance between the transmitting and receiving antennas and 𝜓 is 

the elevation angle of the receiving antenna relative to the transmitting. 

𝜓 = tan−1 (
ℎ𝑡 − ℎ𝑟

𝐷
) (3-2) 

The distance between the projection point of the transmitting antenna on the body surface 

and the point of reflection of the incident ray on this surface can be calculated as follows. 

𝐷1 = 𝐷
ℎ𝑡

ℎ𝑡 + ℎ𝑟
 (3-3) 

The total length of the distance travelled by the indirect ray (incident and reflected) to arrive 

at receiving antenna  

𝑑𝑖𝑛 = 𝑑1 + 𝑑2 =
𝐷

cos 𝜓1
 (3-4) 

where the angle 𝜓1, the distance 𝑑1, and the distance 𝑑2 can, respectively, be evaluated as 

follows, 

𝜓1 = tan−1 (
ℎ𝑡 + ℎ𝑟

𝐷
) (3-5) 

𝑑1 =
𝐷1

cos 𝜓1
 (3-6) 

𝑑2 =
𝐷 − 𝐷1

cos 𝜓1
 (3-7) 

3.3.2. Mechanisms of Microwave Propagation near the Surface of the Human Body 

The propagation mechanisms shown in Figure 3.5 provide descriptions of the electric field 

components. The electric field of the propagating wave can be divided into three parts; direct 
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wave 𝐸𝑑, reflected wave on the dissipated medium (human body surface) 𝐸𝑔 and the surface 

wave 𝐸𝑠. 

𝐸 = 𝐸𝑑 + 𝐸𝑔 + 𝐸𝑠 (3-8) 

3.3.2.1. Direct Wave 

The direct wave travels a distance 𝑑 until it reaches the receiver therefore the field 

component will be normal on the direction of propagation multiplied by the factor cos 𝜓 and 

then multiplied by the Green’s function that is clarified in (3-20) where the phase must be taken 

into consideration as follows.  

𝐸𝑑 =
1

𝑑
 𝑒(−𝑗

2𝜋𝑑
𝜆

) cos 𝜓 (3-9) 

3.3.2.2. Reflected Wave 

The ground reflected wave travels two distances, from the transmitting antenna to the 

ground reflecting point (on the human body surface) and then to the receiver. The reflection 

coefficient  𝛤 is multiplied due to the reflection of the wave and since the wave first hits the 

ground point therefore, its normal component is multiplied once by cos 𝜓 and then once more 

when it is delivered at the receiver point. 

𝐸𝑔 =
𝛤

𝑑𝑖𝑛
𝑒(−𝑗

2𝜋𝑑𝑖𝑛
𝜆

) cos2 𝜓1 (3-10) 

3.3.2.3. Surface Wave 

The surface wave is transmitted along the human body surface and travels a distance 𝑑𝑖𝑛. 

This wave suffers from high attenuation due to the lossy dispersive medium (human body) 

therefore, 𝛼𝑠 is taken into consideration. 

𝐸𝑠 =
𝑇

𝑑𝑖𝑛
𝑒(−𝛼𝑠𝑑2 cos 𝜓1) 𝑒

−𝑗2𝜋(
𝑑1
𝜆

 + 
𝑑2
𝜆𝑠

)
cos 𝜓1 (3-11) 

where, 𝛼𝑠  is the attenuation of the surface waves. 
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3.3.3. Polarization of the Radiated Field for Current Element above Lossy Medium 

This section is concerned with the definition of the polarization designations. The incident 

electric field is decomposed as shown in Figure 3.6. The unit vectors defining the orientation of 

the horizontal and vertical components of electric field can be, respectively, obtained as follows, 

�̂�ℎ =
�̂�𝒛 × �̂�𝒊 

sin 𝜃𝑖
 (3-12) 

�̂�𝑣 = �̂�𝑘𝑖 × �̂�ℎ (3-13) 

The angle of polarization (𝜓) is the angle between the incident electric field vector 𝐄𝑖 and 

the horizontal direction defined by  �̂�ℎ. This angle can be calculated as follows. 

𝜓 = cos−1 (
𝐄𝑖 ∙ �̂�

𝐸𝑖
) (3-14) 

The horizontally polarized electric field vector of the incident plane wave can be expressed 

as follows 

𝐄𝑖ℎ
= �̂�ℎ 𝐸𝑖 cos 𝜓𝑖 (3-15) 

The vertically polarized electric field vector of the incident plane wave can be expressed as 

𝐄𝑖𝑣
= �̂�𝑣 𝐸𝑖 sin 𝜓𝑖 (3-16) 

According to the geometry shown in Figure 3.6, it can be shown that 

�̂�ℎ = −�̂�𝑥 sin 𝜙𝑖 + �̂�𝑦 cos 𝜙𝑖 , (3-17) 

and, 

�̂�𝑣 = −�̂�𝑥 cos 𝜃𝑖 cos 𝜙𝑖 − �̂�𝑦 cos 𝜃𝑖 sin 𝜙𝑖 + �̂�𝑧 sin 𝜃𝑖 (3-18) 

In terms of �̂� and �̂�, the incident electric field vector can be expressed as 

𝐄𝑖 = 𝐸𝑖(�̂�ℎ  cos 𝜓𝑖 + �̂�𝑣  sin 𝜓𝑖) (3-19) 

In terms of the angles 𝜃𝑖, 𝜙𝑖 and 𝜓𝑖, the incident electric field vector can be expressed as 
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𝐄𝑖 = 𝐸0 𝑒−𝑗𝑘𝑜�̂�𝑘𝑖.𝐫 (�̂�𝑥(sin 𝜙𝑖 cos 𝜓𝑖 − cos 𝜃𝑖 cos 𝜙𝑖 sin 𝜓𝑖)

− �̂�𝑦(cos 𝜙𝑖 cos 𝜓𝑖 + cos 𝜃𝑖 sin 𝜙𝑖 sin 𝜓𝑖)  + �̂�𝑧 sin 𝜃𝑖 sin 𝜓𝑖 ) 
(3-20) 

 

Figure 3.6: Definition of the vertical and horizontal polarization vectors for the incident ray 

of light. 

 

3.3.4. Fresnel Reflection on the Human Body 

The propagating wave in free space has its vertical and horizontal polarizations. However, 

when considering a lossy medium such as the human body; the horizontal and vertical 

components of the field incident on the interface plane between the free space and the lossy 

medium are subjected to different values of the reflection and transmission coefficients. The 

reflection coefficient of the vertically polarized wave can be expressed as follows. 

𝛤𝑣 =
cos 𝜃𝑡 − √𝜖𝑟 cos 𝜃𝑖

cos 𝜃𝑡 + √𝜖𝑟 cos 𝜃𝑖

 (3-21) 

The reflection coefficient of the horizontally polarized wave can be expressed as follows. 
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𝛤ℎ =
cos 𝜃𝑖 − √𝜖𝑟 cos 𝜃𝑡

cos 𝜃𝑖 + √𝜖𝑟 cos 𝜃𝑡

 (3-22) 

The transmission coefficient of the vertically polarized wave can be expressed as follows. 

𝑇𝑣 =
2 cos 𝜃𝑖

cos 𝜃𝑡 + √𝜖𝑟 cos 𝜃𝑖

 (3-23) 

The transmission coefficient of the horizontally polarized wave can be expressed as follows. 

𝑇ℎ =
2 cos 𝜃𝑖

cos 𝜃𝑖 + √𝜖𝑟 cos 𝜃𝑡

 (3-24) 

where, where 𝜃𝑖 is the angle of incidence and 𝜃𝑡 is the angle of refraction (transmission into the 

lossy medium). These angles can be expressed as follows. 

𝜃𝑖 =
𝜋

2
− 𝜓1 (3-25-a) 

𝜃𝑡 = sin−1 (
sin 𝜃𝑖

√𝜖𝑟

) (3-25-b) 

As shown in the equations above, 𝛤𝑣  , 𝛤ℎ  , 𝑇𝑣 , 𝑇ℎ the reflection and transmission 

coefficients for both vertical and horizontal components, respectively are calculated for the 

human body tissues, given 𝜖𝑟.  

3.4. Evaluation of the Electric Field Radiated from a Wire Antenna over 

the Human Body 

3.4.1.Evaluation of the Magnetic and Scalar Potentials due to Current Element 

above Lossy Medium 

For a dual-mode helical antenna, it will act in an on-body communication mode to receive 

from the sensor antenna mounted on the human body and transmits in an off-body 

communication mode to an external wireless system. The current distribution 𝐉 flowing on the 

antenna’s surface will be integrated on the helical surface in order to obtain the radiated electric 

field by calculating the magnetic vector potential A as follows, 
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𝐄 = −𝑗𝜔𝐀 − 𝛁Φ (3-26) 

where, 𝐀 is the magnetic vector potential and Φ is the scalar electric potential. For a wire 

antenna of arbitrary shape,  𝐀 and Φ can, respectively, be expressed as follows. 

𝑨 =
𝜇

4𝜋
∫ 𝐺 𝐽(𝑥𝑠, 𝑦𝑠 , 𝑧𝑠)  𝒅𝒍 

𝐴𝑛𝑡𝑒𝑛𝑛𝑎 𝐿𝑒𝑛𝑔𝑡ℎ

 (3-27) 

𝛷 =
𝑗

4𝜋𝜀𝜔
∫ 𝐺 𝜵𝑙 . [ 𝐽(𝑥𝑠, 𝑦𝑠, 𝑧𝑠)𝒅𝒍 ] 

𝐴𝑛𝑡𝑒𝑛𝑛𝑎 𝐿𝑒𝑛𝑔𝑡ℎ

 (3-28) 

where, 𝐽(𝑥𝑠, 𝑦𝑠, 𝑧𝑠) is the current at a point (𝑥𝑠, 𝑦𝑠, 𝑧𝑠) on the wire antenna, 𝐝𝐥 is the 

infinitesimal  length vector (of the wire) at the point (𝑥𝑠, 𝑦𝑠, 𝑧𝑠), and G is the Green’s function of 

free space corresponding to the direct wave. This function can be defined as follows. 

𝐺𝑑 =
𝑒−𝑗𝑘𝑅𝑑

𝑅𝑑
, 𝑅𝑑 = |𝒓𝑓 − 𝒓𝑠| (3-29-a) 

𝐺𝑖𝑛𝑑 =
𝑒−𝑗𝑘𝑅𝑖𝑛𝑑

𝑅𝑖𝑛𝑑
, 𝑅𝑖𝑛𝑑 = |𝒓𝑔 − 𝒓𝑠| + |𝒓𝑓 − 𝒓𝑔| (3-29-b) 

where 𝐫𝑓 = (𝑥𝑓 , 𝑦𝑓 , 𝑧𝑓) is the position vector of a point in radiation zone (near or far) and 

𝐫𝑠 = (𝑥𝑠, 𝑦𝑠, 𝑧𝑠)  is the position vector of a point on the wire antenna. 

3.4.2. Geometric Models of the Helical Wire Antennas 

3.4.2.1. Infinitesimal Length on Wire Antennas 

In the Cartesian coordinates, the infinitesimal length vector can be expressed as 

𝐝𝐥 = 𝑑𝑥 �̂�𝑥 + 𝑑𝑦 �̂�𝑦 + 𝑑𝑧 �̂�𝑧 (3-30) 

In the cylindrical coordinates, the infinitesimal length vector can be expressed as 

𝐝𝐥 = 𝑑𝑟 �̂�𝑟 + 𝑟𝑑𝜙 �̂�𝜙 + 𝑑𝑧 �̂�𝑧 (3-31) 

In the spherical coordinates, the infinitesimal length vector can be expressed as 

𝐝𝐥 = 𝑑𝑟 �̂�𝑟 + 𝑟𝑑𝜃 �̂�𝜃 + 𝑟 sin 𝜃 𝑑𝜙 �̂�𝜙 (3-32) 
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The 𝐝𝐥 vector can be transformed from cylindrical to Cartesian coordinates as follows,  

(
𝑑𝑥
𝑑𝑦
𝑑𝑧

) = (
cos 𝜙 − sin 𝜙 0
sin 𝜙 cos 𝜙 0

0 0 1

) (
𝑑𝑟

𝑟𝑑𝜙
𝑑𝑧

) (3-33) 

If the wire antenna is segmented into 𝑁 equal length segments; each with a length 𝐿/𝑁, the  

length-element vectors representing wire segments can be expressed as follows. 

∆𝒍𝑛 = ∆𝑥𝑛 �̂�𝑥 + ∆𝑦𝑛 �̂�𝑦 + ∆𝑧𝑛 �̂�𝑧 (3-34) 

3.4.2.2. Infinitesimal Length on Helical Wire Antenna 

The parametric equations for the coordinates of a point on the helix can be expressed as 

follows. 

𝑟 = 𝑎, 𝑧 = 𝑎 𝜙𝑠 tan 𝜓𝑝 (3-35) 

where, a is the helix radius and 𝜓𝑝  is the pitch angle of the helix. It should be noted that 𝜙𝑠 

is the angular coordinate of the cylindrical system which is a free parameter that takes a value to 

identify a specific point on the helical wire. 

As shown in Figure 3.7, for unwrapped infinitesimal length element on the helical wire, one 

has 

𝑑𝑟 = 0, 𝑑𝑧 = 𝑎 𝑑𝜙𝑠 tan 𝜓𝑝 (3-36) 

 

Figure 3. 7: Unwrapped turn of a helix 

Thus, the infinitesimal length vector on a helical wire can be expressed as 

𝐝𝐥 = 𝑎 𝑑𝜙𝑠  (�̂�𝜙 + tan 𝜓𝑝  �̂�𝑧) (3-37) 

Substituting from (3-37) into (3-33), one gets 

𝜓𝑝 

𝒅𝒛 

𝒂 𝒅𝝓 
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(
𝑑𝑥
𝑑𝑦
𝑑𝑧

) = (
cos 𝜙𝑠 − sin 𝜙𝑠 0
sin 𝜙𝑠 cos 𝜙𝑠 0

0 0 1

) (

0
𝑎 𝑑𝜙𝑠 

𝑎 tan 𝜓𝑝 𝑑𝜙𝑠

) (3-38) 

Let the cylindrical coordinates of a point on the wire antenna be (𝑟𝑠, 𝜙𝑠, 𝑧𝑠); thus, according 

to (3-38), the Cartesian components of the length element vectors on the wire antenna can be 

expressed as follows. 

𝑑𝑥 = −𝑎 sin 𝜙𝑠  𝑑𝜙𝑠 (3-39-a) 

𝑑𝑦 = 𝑎 cos 𝜙𝑠  𝑑𝜙𝑠 (3-39-b) 

𝑑𝑧 = 𝑎 tan 𝜓𝑝  𝑑𝜙𝑠 (3-39-c) 

The length-element vector in the Cartesian coordinates can be expressed as follows. 

𝒅𝒍 = 𝑎 𝑑𝜙𝑠(− 𝑠𝑖𝑛 𝜙𝑠 �̂�𝑥 + 𝑐𝑜𝑠 𝜙𝑠 �̂�𝑦 + 𝑡𝑎𝑛 𝜓𝑝 �̂�𝑧)  (3-40) 

3.4.2.3. Infinitesimal Length on the Conical Helix Wire Antenna 

The parametric equations for the coordinates of a point on the helix can be expressed as 

follows. 

𝑟 = 𝑐𝑟 𝜙𝑠, 𝑧 =
𝑐𝑟

tan 𝜃0
𝜙𝑠 (3-41) 

where, 𝑐𝑟 is a constant equal to the rate of increase of the conical helix radius with the angle 

𝜙𝑠 and 𝜃0 is half the apex angle. It should be noted that 𝜙𝑠 is the free parameter that takes a value 

to identify a specific point on the helical wire. 

For the conical helix antenna, one has 

𝑑𝑟 = 𝑐𝑟 𝑑𝜙𝑠, 𝑑𝑧 =
𝑐𝑟

tan 𝜃0
 𝑑𝜙𝑠 (3-42) 

Thus, the infinitesimal length vector on a conical helix wire can be expressed as 

𝐝𝐥 = 𝑐𝑟 𝑑𝜙𝑠  (�̂�𝑟 + 𝜙𝑠 �̂�𝜙 +
1

tan 𝜃0
 �̂�𝑧) (3-43) 

Substituting from (3-43) into (3-33), one gets 
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(
𝑑𝑥
𝑑𝑦
𝑑𝑧

) = (
cos 𝜙𝑠 − sin 𝜙𝑠 0
sin 𝜙𝑠 cos 𝜙𝑠 0

0 0 1

) (

𝑐𝑟 𝑑𝜙𝑠

𝑐𝑟 𝜙𝑠𝑑𝜙𝑠 
𝑐𝑟

tan 𝜃0
𝑑𝜙𝑠

) (3-44) 

Let the cylindrical coordinates of a point on the wire antenna be (𝑟𝑠, 𝜙𝑠, 𝑧𝑠); thus, according 

to (3-44), the Cartesian components of the length element vectors on the conical-helix wire 

antenna can be expressed as follows. 

𝑑𝑥 = 𝑐𝑟 (cos 𝜙𝑠 − 𝜙𝑠 sin 𝜙𝑠) 𝑑𝜙𝑠 (3-45-a) 

𝑑𝑦 = 𝑐𝑟 (sin 𝜙𝑠 + 𝜙𝑠 cos 𝜙𝑠) 𝑑𝜙𝑠 (3-45-b) 

𝑑𝑧 =
𝑐𝑟

tan 𝜃0
𝑑𝜙𝑠 (3-45-c) 

The length-element vector in the Cartesian coordinates can be expressed as follows. 

𝒅𝒍 = 𝑐𝑟 𝑑𝜙𝑠 [(𝑐𝑜𝑠 𝜙𝑠 − 𝜙𝑠 𝑠𝑖𝑛 𝜙𝑠) �̂�𝑥 + (𝑠𝑖𝑛 𝜙𝑠 + 𝜙𝑠 𝑐𝑜𝑠 𝜙𝑠) �̂�𝑦 +
1

𝑡𝑎𝑛 𝜃0
�̂�𝑧]  (3-46) 

3.4.2.4. Segmentation of the Helical Wire Antenna 

The components of the length-element vector can be expressed as 

∆𝑥𝑛 = −𝑎 sin 𝜙𝑠𝑛
 ∆𝜙𝑠 (3-47-a) 

∆𝑦𝑛 = 𝑎 cos 𝜙𝑠𝑛
 ∆𝜙𝑠 (3-47-b) 

∆𝑧𝑛 = 𝑎 tan 𝜓𝑝  ∆𝜙𝑠 (3-47-c) 

where ∆ϕs is the azimuth angle subtended by the length element ∆𝐥𝑛; for a helix of 𝑇 turns, 

it can be expressed as follows. 

∆𝜙𝑠 =
2𝑇𝜋

𝑁
 (3-48) 

The discrete angular coordinate on the helical wire can be expressed as follows. 

𝜙𝑠𝑛
= 𝑛 ∆𝜙𝑠 =

2𝑛𝑇𝜋

𝑁
 (3-49) 
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Thus, all the segments on the helical wire have the same length, which can be calculated as 

follows. 

∆𝑙𝑛 =
𝑇

𝑁
2𝜋𝑎√ 1 + tan2 𝜓𝑝  , 𝑛 = 1,2, . . , 𝑁 (3-50-I) 

∆𝑙𝑛 =
𝑇

𝑁
2𝜋𝑎√ sec2 𝜓𝑝  , 𝑛 = 1,2, . . , 𝑁 (3-50-II) 

∆𝑙𝑛 =
𝑇

𝑁

2𝜋𝑎

cos 𝜓𝑝
 , 𝑛 = 1,2, . . , 𝑁 (3-50-III) 

Thus, the length element vector can be expressed as follows. 

∆𝒍𝑛 = 𝑎 ∆𝜙𝑠 (− 𝑠𝑖𝑛 𝜙𝑠 �̂�𝑥 + 𝑐𝑜𝑠 𝜙𝑠 �̂�𝑦 + 𝑡𝑎𝑛 𝜓𝑝 �̂�𝑧)  (3-51) 

 

Substituting from (3-30) of the appendix into (3-27), the components of the vector magnetic 

potential at a point far from the antenna can be expressed as follows. 

𝐴𝑥 =
𝜇

4𝜋
∫ 𝐽𝑥 𝐺𝑑  𝑑𝑥

𝐴𝑛𝑡𝑒𝑛𝑛𝑎 𝐿𝑒𝑛𝑔𝑡ℎ

 (3-52-a) 

𝐴𝑦 =
𝜇

4𝜋
∫ 𝐽𝑦 𝐺𝑑  𝑑𝑦

𝐴𝑛𝑡𝑒𝑛𝑛𝑎 𝐿𝑒𝑛𝑔𝑡ℎ

 (3-52-b) 

𝐴𝑧 =
𝜇

4𝜋
∫ 𝐽𝑧 𝐺𝑑 𝑑𝑧

𝐴𝑛𝑡𝑒𝑛𝑛𝑎 𝐿𝑒𝑛𝑔𝑡ℎ

 (3-52-c) 

3.4.3. Radiated Field due to Direct Path (Line-of-Sight) 

The integral (3-27) can be discretized over the wire length to be expressed as follows. 

𝑨𝑑 =
𝜇

4𝜋
∑ 𝐽𝑛 𝐺𝑑𝑛

𝑁

𝑛=1

∆𝒍𝑛, 𝑛 = 1,2, . . 𝑁 (3-53) 

where Gdn
 is the discrete analog of Gd and can be expressed as follows 
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 𝐺𝑑𝑛
=

𝑒−𝑗𝑘𝑅𝑑𝑛

𝑅𝑑𝑛

, 𝑅𝑑𝑛
= |𝒓𝑓 − 𝒓𝑠𝑛

| (3-54) 

The components of the vector magnetic potential can be expressed as follows. 

𝐴𝑑𝑥
=

𝜇

4𝜋
∑ 𝐽𝑛𝑥

 𝐺𝑑𝑛

𝑁

𝑛=1

∆𝑥𝑛, 𝑛 = 1,2, . . 𝑁 (3-55-a) 

𝐴𝑑𝑦
=

𝜇

4𝜋
∑ 𝐽𝑛𝑦

 𝐺𝑑𝑛

𝑁

𝑛=1

∆𝑦𝑛, 𝑛 = 1,2, . . 𝑁 (3-55-b) 

𝐴𝑑𝑧
=

𝜇

4𝜋
∑ 𝐽𝑛𝑧

 𝐺𝑑𝑛

𝑁

𝑛=1

∆𝑧𝑛, 𝑛 = 1,2, . . 𝑁 (3-55-c) 

Thus, the electric field radiated by the wire antenna in the direct path (line-of-sight) at a 

relatively far point can be expressed using (3-27) to get the following expression. 

𝑬𝑑 = −𝑗𝜔
𝜇

4𝜋
∑ 𝐽𝑛 𝐺𝑑𝑛

𝑁

𝑛=1

∆𝒍𝑛, 𝑛 = 1,2, . . 𝑁 (3-56) 

3.4.4. Radiated Field due to Indirect Path (Ground-Reflected Ray) 

It can be shown that, for the ground reflected wave, the Greens function has the following 

components. 

 𝐺ℎ𝑖𝑛𝑑𝑛
=

𝑒−𝑗𝑘𝑅𝑖𝑛𝑑𝑛

𝑅𝑖𝑛𝑑𝑛

 𝛤ℎ, 𝑅𝑖𝑛𝑑𝑛
= |𝒓𝑔 − 𝒓𝑠𝑛

| + |𝒓𝑓 − 𝒓𝑔| (3-57-a) 

 𝐺𝑣∥𝑖𝑛𝑑𝑛
= −

𝑒−𝑗𝑘𝑅𝑖𝑛𝑑𝑛

𝑅𝑖𝑛𝑑𝑛

 𝛤𝑣, 𝑅𝑖𝑛𝑑𝑛
= |𝒓𝑔 − 𝒓𝑠𝑛

| + |𝒓𝑓 − 𝒓𝑔| (3-57-b) 

 𝐺𝑣⊥𝑖𝑛𝑑𝑛
=

𝑒−𝑗𝑘𝑅𝑖𝑛𝑑𝑛

𝑅𝑖𝑛𝑑𝑛

 𝛤𝑣, 𝑅𝑖𝑛𝑑𝑛
= |𝒓𝑔 − 𝒓𝑠𝑛

| + |𝒓𝑓 − 𝒓𝑔| (3-57-c) 

where the subscript ℎ indicates the direction of horizontal polarization, 𝑣∥ indicates the 

direction normal to the horizontal plane, and 𝑣⊥ indicates the direction of the component of the 

vertical polarization parallel to the horizontal plane. 
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Thus, the ground-reflected electric field due to the current on the 𝑛𝑡ℎ segment of the wire 

antenna can be expressed as follows 

∆𝒆𝑖𝑛𝑑𝑛
= −𝑗𝜔

𝜇

4𝜋
𝐽𝑛

𝑒−𝑗𝑘𝑅𝑖𝑛𝑑𝑛

𝑅𝑖𝑛𝑑𝑛

 [𝛤ℎ∆𝑙𝑛ℎ
�̂�ℎ

+ 𝛤𝑣(∆𝑙𝑛𝑣
𝑐𝑜𝑠 𝜓 �̂�𝑣⊥

− ∆𝑙𝑛𝑣
𝑠𝑖𝑛 𝜓 �̂�𝑣∥

)], 𝑛 = 1,2, . . 𝑁 

(3-58) 

The last expression (3-36) can be rewritten as follows. 

∆𝒆𝑖𝑛𝑑𝑛
= −𝑗𝜔

𝜇

4𝜋
𝐽𝑛

𝑒−𝑗𝑘𝑅𝑖𝑛𝑑𝑛

𝑅𝑖𝑛𝑑𝑛

 [𝛤ℎ∆𝑙𝑛ℎ
�̂�ℎ + 𝛤𝑣 (∆𝑙𝑛𝑣⊥

�̂�𝑣⊥
− ∆𝑙𝑛𝑣∥

�̂�𝑣∥
)] ,

𝑛 = 1,2, . . 𝑁 

(3-59) 

Making use of (3-35), the last expression (3-37) can be rewritten as follows. 

∆𝒆𝑖𝑛𝑑𝑛
= −𝑗𝜔

𝜇

4𝜋
𝐽𝑛  [ 𝐺ℎ𝑖𝑛𝑑𝑛

∆𝑙𝑛ℎ
�̂�ℎ +  𝐺𝑣∥𝑖𝑛𝑑𝑛

∆𝑙𝑛𝑣∥
�̂�𝑣∥

+  𝐺𝑣⊥𝑖𝑛𝑑𝑛
∆𝑙𝑛𝑣⊥

 �̂�𝑣⊥
] ,

𝑛 = 1,2, . . 𝑁 
(3-60) 

3.4.5. Total Radiated Field 

The direct (line-of-sight) electric field due to the current flowing in the length element ∆𝐥n 

can be expressed as follows 

∆𝒆𝑑𝑛
= −𝑗𝜔

𝜇

4𝜋
𝐽𝑛 �̿�𝑑𝑛

∆𝒍𝑛, 𝑛 = 1,2, . . 𝑁 (3-61) 

 

where 

�̿�𝑑𝑛
=  (

 𝐺𝑑𝑛
0 0

0  𝐺𝑑𝑛
0

0 0  𝐺𝑑𝑛

) , 𝑛 = 1,2, . . 𝑁 (3-62) 

The indirect (ground-reflected) electric field due to the current flowing in the length element 

∆𝐥n can be expressed as 

∆𝒆𝑖𝑛𝑑𝑛
= −𝑗𝜔

𝜇

4𝜋
𝐽𝑛 �̿�𝑖𝑛𝑑𝑛

∆𝒍𝑛, 𝑛 = 1,2, . . 𝑁 (3-63) 
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where 

�̿�𝑖𝑛𝑑𝑛
=  (

 𝐺ℎ𝑖𝑛𝑑𝑛
0 0

0  𝐺𝑣∥𝑖𝑛𝑑𝑛
0

0 0  𝐺𝑣⊥𝑖𝑛𝑑𝑛

) , 𝑛 = 1,2, . . 𝑁 (3-64) 

Thus, the total radiated field due to the current flowing in the length element ∆𝐥n can be 

expressed as 

∆𝒆𝑛 = ∆𝒆𝑑𝑛
+ ∆𝒆𝑖𝑛𝑑𝑛

, 𝑛 = 1,2, . . 𝑁 (3-65) 

The last expression can be written as follows. 

∆𝒆𝑛 = −𝑗𝜔
𝜇

4𝜋
𝐽𝑛 �̿�𝑛∆𝒍𝑛, 𝑛 = 1,2, . . 𝑁 (3-66) 

where, 

�̿�𝑛 = 𝐺𝑑𝑛
�̿� + �̿�𝑖𝑛𝑑𝑛

 (3-67) 

where �̿� is 3 × 3 unity matrix, 

�̿� = (
1 0 0
0 1 0
0 0 1

)  

From (3-40) and (3-42) the total dyadic Green’s function can be expressed as follows. 

�̿�𝑛 = (

 𝐺𝑛𝑥𝑥
0 0

0  𝐺𝑛𝑦𝑦
0

0 0  𝐺𝑛𝑧𝑧

) , 𝑛 = 1,2, . . 𝑁 (3-68-a) 

where, 

 𝐺𝑛𝑥𝑥
=   𝐺𝑑𝑛

+ 𝐺ℎ𝑖𝑛𝑑𝑛
 

 𝐺𝑛𝑦𝑦
=  𝐺𝑑𝑛

+  𝐺𝑣∥𝑖𝑛𝑑𝑛
 

 𝐺𝑛𝑧𝑧
=  𝐺𝑑𝑛

+  𝐺𝑣⊥𝑖𝑛𝑑𝑛
 

(3-68-b) 

The total radiated field due to the current flowing along the wire antenna can be expressed as 

follows. 
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𝑬 = ∑ ∆𝒆𝑛

𝑁

𝑛=1

 (3-69) 

Substituting form (4-35) into (3-38), the following expression is obtained for the radiated 

electric field. 

𝑬 = −𝑗𝜔
𝜇

4𝜋
∑ 𝐽𝑛 �̿�𝑛∆𝒍𝑛

𝑁

𝑛=1

 (3-70) 

Alternative Derivation: 

The vector magnetic potential due to the direct path can be expressed as follows. 

𝑨𝑑 =
𝜇

4𝜋
∑ 𝐽𝑛 �̿�𝑑𝑛

𝑁

𝑛=1

∆𝒍𝑛, 𝑛 = 1,2, . . 𝑁 (3-71) 

The vector magnetic potential due to the indirect (ground-reflected) path can be expressed as 

follows. 

𝑨𝑖𝑛𝑑 =
𝜇

4𝜋
∑ 𝐽𝑛 �̿�𝑖𝑛𝑑𝑛

𝑁

𝑛=1

∆𝒍𝑛, 𝑛 = 1,2, . . 𝑁 (3-72) 

The total vector magnetic potential can be expressed as 

𝑨 = 𝑨𝑑 + 𝑨𝑖𝑛𝑑  (3-73) 

Therefore, substituting from (3-49) and (3-50) into (3-51) the total magnetic potential vector 

can be calculated as follows. 

𝑨 =
𝜇

4𝜋
∑ 𝐽𝑛 �̿�𝑛

𝑁

𝑛=1

∆𝒍𝑛, 𝑛 = 1,2, . . 𝑁 (3-74) 

Thus, the total radiated electric field can be expressed as follows. 

𝑬 = −𝑗𝜔𝑨 = −𝑗𝜔
𝜇

4𝜋
∑ 𝐽𝑛 �̿�𝑛

𝑁

𝑛=1

∆𝒍𝑛, 𝑛 = 1,2, . . 𝑁 (3-75) 

The final expression (3-53) is the same as (3-48). 
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3.5. Evaluation of the Radiated Fields from Helical Wire Antennas Placed 

above the Human Body Surface for WBAN 

The radiated electric field from a wire antenna of arbitrary shape can be evaluated from the 

vector magnetic potential and scalar electric potentials as described in Section 3.4. The 

geometrical models of the helical wire antennas are usually described in the cylindrical 

coordinate system.  The vector magnetic potential 𝐀 and, hence, the radiated electric field cannot 

be evaluated directly in the cylindrical coordinates, and since the length elements of the helical 

wire antennas is expressed in the cylindrical coordinates (as explained the above) a 

transformation to the Cartesian coordinates is needed. The 𝐝𝐥 vector can be transformed from 

cylindrical to Cartesian coordinates as described above. 

3.5.1.Helical Antenna Proposed as Central Antenna for On-Body Biosensor 

Communications 

3.5.1. 1. Geometry of the Helical Wire Antenna 

The geometry of the helix is described in Section 3.4.2.2 of the thesis appendix. The 

geometry of helical antenna is modeled in a Matlab® program written for this purpose and the 

resulting geometrical model is presented in Figure 3.8 for a right-hand wrapped helix. The helix 

diameter is 𝐷𝐻, the height is 𝐻𝐻 and the number of turns is 𝑁𝑇. The pitch angle of the helix can 

be calculated as follows. 

𝜓𝑝 = 𝑡𝑎𝑛−1 (
𝐻𝐻

𝑁𝑇𝜋𝐷𝐻
) (3-76) 

This model of the helical antenna is segmented as described in Section 3.4.2.4 and then 

equation (3-48) can be applied to evaluate the radiated electric field. 



72 

 

 

Figure 3. 8: Geometry of the helical antenna (a) Three-dimensional view, (b) Elevation 

view, (c) Top view, (d) Side view. 

3.5.1.2. Radiated Fields due to Helical Wire Antenna 

The components of the electric field radiated from the helical wire with the geometry 

described in Section 3.5.1 can be obtained by substitution from (3-51) into (3-48). Thus, the total 

radiated electric field can be expressed as follows. 

𝐸𝑥 = 𝑗𝜔
𝜇𝑎𝑇

2𝑁
∑ 𝐽𝑛 𝐺𝑛𝑥𝑥

𝑁

𝑛=1

 𝑠𝑖𝑛 (
2𝑛𝑇𝜋

𝑁
),   (3-77-a) 

𝐸𝑦 = −𝑗𝜔
𝜇𝑎𝑇

2𝑁
∑ 𝐽𝑛 𝐺𝑛𝑦𝑦

𝑁

𝑛=1

 𝑐𝑜𝑠 (
2𝑛𝑇𝜋

𝑁
),   (3-77-b) 

𝐻H 

𝐷H 

𝐷H 

(a) 
(b) 

(c) (d) 
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𝐸𝑧 = −𝑗𝜔
𝜇𝑎𝑇

2𝑁
 𝑡𝑎𝑛 𝜓𝑝 ∑ 𝐽𝑛 𝐺𝑛𝑧𝑧

𝑁

𝑛=1

,  (3-77-c) 

3.5.1.3. Current Distribution on Long-Wire Helical Antennas  

Assuming a long wire antenna (𝐿 ≫ 𝜆) therefore, the current distribution along the wire 

length is supposed to be sinusoidal with period 𝜆 and linearly decaying amplitude. Thus, the 

current distribution can be expressed as follows. 

𝐽(𝑙) = 𝛼(𝑙) cos
2𝜋𝑙

𝜆
 (3-78) 

where 𝑙 is a variable representing the distance along wire length relative to the feeding point, and 

𝛼(𝑙) describes the decay of the current amplitude while moving along the helix wire away from 

the feed point. The linear decay of the sinusoidal current amplitude is appropriate and can be 

described as follows. 

𝛼(𝑙) = 𝑐1𝑙 + 𝑐2 (3-79) 

where 𝑐1 and 𝑐2 are constants that can be determined as follows. 

The current is maximum and equal to 𝐽𝑜 at the input port of the antenna (𝑙 = 0);  

𝐽(0) = 𝐽𝑜 (3-80) 

This follows, form (3-56) and (3-57) that, 

𝑐2 = 𝐽𝑜 (3-81) 

The current vanishes at the end of the wire;  

𝐽(𝐿) = 0 (3-82) 

It follows, form (3-56), (3-57), and (3-60) that, 

0 = 𝑐1𝐿 + 𝐽𝑜 (3-83) 

Thus, one has 

𝑐1 = −
𝐽𝑜

𝐿
= −

𝐽𝑜

2𝜋𝑎𝑇
 

(3-84) 
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Thus, the linearly decaying amplitude of the current along the wire can be expressed as, 

𝛼(𝑙) = 𝐽𝑜 (1 −
𝑙

2𝜋𝑎𝑇
) 

(3-85) 

Substituting from (3-63) into (3-56), the current distribution along the wire of a helical 

antenna can be expressed as follows.  

𝐽(𝑙) = 𝐽𝑜 (1 −
𝑙

2𝜋𝑎𝑇
) cos

2𝜋𝑙

𝜆
 

(3-86) 

As the length variable can be expressed in terms of the angle 𝜙𝑠 as 𝑙 = 𝑎𝜙𝑠, the current 

distribution can be expressed as, 

𝐽(𝜙𝑠) = 𝐽𝑜 (1 −
𝑎𝜙𝑠

2𝜋𝑎𝑇
) cos (

2𝜋𝑎𝜙𝑠

𝜆
) (3-87) 

Considering the segmentation of the helical wire according to (3-49), the discrete 

distribution of the current can be given as follows. 

𝐽𝑛 = 𝐽𝑜 (1 −
𝑎𝜙𝑠𝑛

2𝜋𝑎𝑇
) cos (

2𝜋𝑎𝜙𝑠𝑛

𝜆
) (3-88) 

Substituting for 𝜙𝑠𝑛
 from (A-20) into (5-12), one gets 

𝐽𝑛 = 𝐽𝑜 (1 −
𝑛

𝑁
) cos (

4𝑛𝑇𝜋2𝑎

𝜆𝑁
) (3-89) 

Substituting from (3-67) into (3-48), one gets the following expression of the electric field at 

a point near the surface of the human body. 

𝑬 = −𝑗𝜔
𝜇𝐽𝑜

4𝜋
∑ (1 −

𝑛

𝑁
) 𝑐𝑜𝑠 (

4𝑛𝑇𝜋2𝑎

𝜆𝑁
) �̿�𝑛

𝑁

𝑛=1

∆𝒍𝑛   (3-90) 

The electric field given by (5-67) can be expressed in terms of its components as follows. 

𝐸𝑥 = 𝑗𝜔
𝜇𝑎𝑇𝐽𝑜

2𝑁
∑ (1 −

𝑛

𝑁
) 𝑐𝑜𝑠 (

4𝑛𝑇𝜋2𝑎

𝜆𝑁
) 

𝑁

𝑛=1

𝑠𝑖𝑛 (
2𝑛𝑇𝜋

𝑁
) 𝐺𝑛𝑥𝑥

   (3-91-a) 
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𝐸𝑦 = −𝑗𝜔
𝜇𝑎𝑇𝐽𝑜

2𝑁
∑ (1 −

𝑛

𝑁
) 𝑐𝑜𝑠 (

4𝑛𝑇𝜋2𝑎

𝜆𝑁
) 

𝑁

𝑛=1

𝑐𝑜𝑠 (
2𝑛𝑇𝜋

𝑁
) 𝐺𝑛𝑦𝑦

   (3-91-b) 

𝐸𝑧 = −𝑗𝜔
𝜇𝑎𝑇𝐽𝑜

2𝑁
𝑡𝑎𝑛 𝜓𝑝 ∑ (1 −

𝑛

𝑁
) 𝑐𝑜𝑠 (

4𝑛𝑇𝜋2𝑎

𝜆𝑁
) 𝐺𝑛𝑧𝑧

𝑁

𝑛=1

   (3-91-c) 

3.5.2. Conical and Inverted Conical Helix as Central Antennas for On-Body 

Biosensor Communications 

The conical helix antenna is a wire antenna wrapped like a helix with its radius decaying (or 

increasing) linearly with increasing the angular coordinate as the wire is further wrapped. Two 

types of conical helix antennas are considered in the present thesis as shown in Figure 3.9; the 

conical helix antenna is placed with its base near to the ground plane, whereas the inverted 

conical helix is paced with its tip (apex) near to the ground plane where the feed points are 

shown in the figure. In this section, the fields radiated form the two types of these conical helix 

antennas are evaluated. 

 

Figure 3. 9: Two types of helical wire antennas with conical external shape: (a) Conical 

helix, (b) Inverted conical helix. 

 

(a) (b) 

Feed point 
Feed point 
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The geometry of the conical helix is described in Section 3.4.2.3. The geometry of this type 

of helical antenna is modeled in a Matlab® program written for this purpose and the resulting 

geometrical model is presented in Figure 3.10 for a right-hand wrapped conical helix. The 

diameter of the largest turn on the helix is 𝐷𝐶 , the height is 𝐻𝐶 and the number of turns is 𝑁𝑇. 

The half apex angle of this conical helix can be calculated as follows. 

𝜗0 = 𝑡𝑎𝑛−1 (
𝐷𝐶

2𝐻𝐶
) (3-92) 

In a way similar to that followed with the helical antenna described above, this model of the 

conical helix antenna is segmented as described in Section 3.4.2.4 and then equation (4-36) can 

be applied to evaluate the radiated electric field. 

 

Figure 3. 10: Geometry of the conical helix antenna (a) Three-dimensional view, (b) 

Elevation view, (c) Top view, (d) Side view. 
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3.6. Switching Mechanism  

The proposed on-body antennas are designed to operate in dual-band mode 2.45 GHz and 

(5.0 – 6.0) GHz. The on-body antenna is collecting data from sensors mounted on the patient’s 

body all the time when operating in the broadside mode to communicate with the biosensor 

antennas. The on-body proposed antennas will switch to the axial mode to communicate with an 

external device through Wi-Fi when the doctor demands the data of a certain patient.   

3.7. Conclusion 

The present chapter proposes three types of helical antennas to be employed as central 

antenna for WBAN. Each of the proposed antennas is a dual-band of the helical wire type. It is 

designed to operate in the end-fire (axial) mode to communicate with the Wi-Fi communication 

system (5.0 − 6.0 GHz). Also, it is designed to operate in the broad-side mode to communicate 

with the on-skin biosensor antennas at 2.45 GHz. A rigorous technique for the assessment of 

microwave propagation on the medium equivalent to the human body is developed to evaluate 

the near field radiated from arbitrarily shaped wire antennas at the possible locations of on-skin 

antennas connected to implantable (in-body) biosensors. The radiated fields from the proposed 

on-body antenna helical antenna types in the near zone are evaluated using the proposed semi-

analytic technique. 
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Chapter 4 

Electromagnetic Simulation and Experimental Study of the On-Body 

Helical Antennas Proposed for Biosensor Networks 

4.1. Introduction 

This chapter is concerned with the quantitative studies of the three types of helical wire 

antennas proposed for being employed as on-body central antennas in WBANs. As explained in 

Chapter 3, each of the proposed helical antennas is a dual-band that is designed to operate in the 

end-fire (axial) mode to communicate (through its far-field) with the ceil-mounted Wi-Fi antenna 

at 5.8 GHz, and to operate in the broad-side mode to communicate (through its near field) with 

the on-skin biosensor antennas at 2.45 GHz. Three types of wire helical antennas are investigated 

in this chapter; these are the cylindrical helix, conical helix, and inverted conical helix antennas. 

Each antenna is matched with 50Ω coaxial feeder over a wide frequency band, mounted on a 

copper circular disc (representing the ground plane and the board on which the electronic circuit 

can be embedded), and covered with a very thin dielectric radome (almost transparent the 

microwave frequencies) for protecting the wire antenna. Such an antenna when covered by the 

radome is shaped like a hemispherical button that can be attached to the patient clothes and, 

hence, it can be considered as wearable antennas. 

The design of the proposed antennas permits the use of low power (few milli-Watts) while 

communicating (at 2.45 GHz) with the on-skin antennas which are connected to in-body 

biosensors and allows the use of higher level of power while communicating with the Wi-Fi 

antenna (at 5.8 GHz). The power consumption is, thus, optimized leading to low level of the SAR 

in the human tissues and long life-time of the battery. 

Three techniques are used for this purpose: (i) the semi-analytic technique developed in 

Chapter 4 for the assessment of the near-field distribution near the body surface (at the frequency 

2.45 GHz), (ii) the commercially available CST® simulation package for the assessment of the 

far-field and radiation patterns (in the band around the Wi-Fi frequency 5.8 GHz), and (iii) 

experimental measurements of the three fabricated prototypes of the proposed helical antennas. 
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4.2. Near Field Distribution due to the Proposed On-Body Antennas 

The evaluation of the near field just over the skin is a necessary requirement for the 

performance assessment of the on-body communication between the proposed central antenna 

and distributed on-skin biosensor antennas (investigated later on in Chapter 5). Also, the 

calculation of the electric field penetrating the human tissues namely the skin, fat, and muscle 

tissues is necessary for the evaluation of the SAR in these tissues. It should be noted that the 

human body area of concern in the present study is that rectangular area surrounded by the blue 

dashed rectangle shown in Figure 4.1. The near field is evaluated using the semi-analytic method 

explained, in detail, in Chapter 3 under the assumption of a flat surface of this region of the 

body. It should be noted that this rectangular area has the dimensions 𝐿𝑥 = 20 cm  and 𝐿𝑦 =

30 cm in the following presentations and discussions of numerical results unless otherwise 

indicated. 

 

Figure 4.1: The radiation from the on-body antenna covers the chest-belly area surrounded 

by the blue dashed rectangle and occupied by the on-skin biosensor antennas. 

4.2.1. Near Field Distribution due to Cylindrical Helix Antenna on the Human Body 
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The proposed cylindrical helix antenna has the geometric model shown in Figure 4.2 that is 

generated by a Matlab ® program for this purpose. This program applies the semi-analytic 

technique described in Chapter 4 to evaluate the near field over the body surface within the 

rectangular area bounded by the dashed rectangle shown in Figure 4.1.  The proposed wire helix 

has a height 𝐻𝐻 = 2cm, a diameter 𝐷𝐻 = 2cm, and a number of turns 𝑁𝑇 = 4. 

 

(a) 

 

(b) 

 

(c) 

Figure 4.2: Geometry of the helical antenna in the Matlab, (a) Three-dimensional view, (b) 

Elevation view, (c) Top view, 𝑵𝑻 = 𝟒, 𝑯 = 𝟐𝟎 𝐦𝐦, 𝑫 = 𝟐𝟎 𝐦𝐦. 

 

The electric field intensity distribution on the skin surface over the rectangular area 

(indicated by the dashed rectangle in Figure 4.1) is presented in Figure 4.3 using the shown color 

code when the operating frequency is 2.45 GHz and the input power to the helical antenna is 

0 dBm. It is shown that the electric field magnitude does not exceed 7 V/m. The corresponding 
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power density distribution in the skin and SAR distribution in the different tissues are evaluated 

later on in Chapter 5. However, the calculated magnitude of the electric field on the skin is 

obviously low, which means low level of the SAR in the human tissues. 

 

Figure 4.3: Distribution of the electric field magnitude in the plane of the biosensor 

antennas (parallel to the skin of the human body) due to a central on-body cylindrical helix 

antenna, 𝑯𝑯 = 𝟐𝟎 𝐦𝐦, and 𝑫𝑯 = 𝟐𝟎 𝐦𝐦, 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳 , 𝑷𝒊𝒏 = 𝟎 𝐝𝐁𝐦. 

4.2.2. Far-Field Pattern due to Cylindrical Helix Antenna on the Human Body 

The geometric model of the same cylindrical helix antenna in the CST® simulator is 

presented in Figure 4.4. The diameter of the circular copper plate is 4 cm. The CST simulator is 

used to evaluate the far-field pattern at 5.8 GHz when the input power to the antenna is 10 dBm. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.4: Geometric model of the inverted helical antenna on a circular disc in the CST® 

simulator, (a) Top view, (b) Side view, (c) Elevation view, (d) Three-dimensional view, 𝑵𝑻 = 𝟒, 

𝑯𝑯 = 𝟐𝟎 𝐦𝐦, and 𝑫𝑯 = 𝟐𝟎 𝐦𝐦. 

The three-dimensional far-field radiation pattern of the on-body cylindrical helix antenna is 

presented in Figure 4.5 at 5.8 GHz for input power of 10 dBm. It is clear that the radiation 

pattern is directive and can be oriented towards the room ceil where the Wi-Fi antenna is 

mounted. 



83 

 

 

Figure 4.5: Three-dimensional far-field radiation pattern of a central on-body cylindrical 

helix antenna, 𝑯𝑯 = 𝟐𝟎 𝐦𝐦, and 𝑫𝑯 = 𝟐𝟎 𝐦𝐦, 𝒇 = 𝟓. 𝟖 𝐆𝐇𝐳 , 𝑷𝒊𝒏 = 𝟏𝟎 𝐝𝐁𝐦. 

 

The far-field radiation patterns of the right-hand and left-hand polarized electric field for the 

proposed on-body cylindrical helix antenna at 𝑓 = 5.8 GHz is presented in Figure 4.6 in the 

planes 𝜙 = 0, 180° and 𝜙 = 90°, 270°. It is shown that the radiation patterns are directive and 

dominated by right-hand circular polarization. The dependence of the axial ratio on the 

frequency is presented in Figure 4.7. This antenna has a wide frequency band of the acceptable 

axial ratio, which is maintained below 3dB over the frequency band (3.8 − 7.8 GHz). 
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(a) 

 

(b) 

Figure 4.6: Far-field radiation patterns of the right-hand and left-hand polarized electric 

field for the proposed cylindrical helix antenna in the planes (a) 𝝓 = 𝟎, 𝟏𝟖𝟎° and (b) 𝝓 =
𝟗𝟎°, 𝟐𝟕𝟎°, 𝑵𝑻 = 𝟒, 𝑯𝑯 = 𝟐𝟎 𝐦𝐦, 𝑫𝑯 = 𝟐𝟎 𝐦𝐦, 𝒇 = 𝟓. 𝟖 𝐆𝐇𝐳. 

 

 

Figure 4.7: Frequency dependence of the axial ratio of the far-field radiated from the 

proposed cylindrical helix antenna in the direction 𝜽 = 𝟎, 𝑵𝑻 = 𝟒, 𝑯𝑯 = 𝟐𝟎 𝐦𝐦, 𝑫𝑯 =
𝟐𝟎 𝐦𝐦. 
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4.2.3. Near Field Distribution due to Inverted Conical Helix Antenna on the Human 

Body 

The proposed inverted conical helix antenna has the geometric model shown in Figure 4.8 

that is generated by a Matlab ® program for this purpose. This program applies the semi-analytic 

technique described in Chapter 4 to evaluate the near field over the body surface within the 

rectangular area bounded by the dashed rectangle shown in Figure 4.1.  The proposed inverted 

conical helix has a height 𝐻𝐶 = 2cm, half cone-angle 𝜃0 =  26.5°, and a diameter 𝐷𝐶 = 2cm. 

 

(a) 

 

(b) 

 

(c) 

Figure 4.8: Geometry of the inverted conical helix antenna, (a) Three-dimensional view, (b) 

Elevation view, (c) Top view, 𝑵𝑻 = 𝟒, 𝑯 = 𝟐𝟎 𝐦𝐦, 𝜽𝟎 =  𝟐𝟔. 𝟓°, 𝑫 = 𝟐𝟎 𝐦𝐦. 
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The electric field intensity distribution on the skin surface over the rectangular area of 

concern is presented in Figure 4.9 when the operating frequency is 2.45 GHz and the input power 

to the inverted conical helix antenna is 0 dBm. It is shown that the electric field magnitude does 

not exceed 5 V/m. The corresponding power density distribution on the skin and SAR 

distribution in the different tissues are evaluated later on in Chapter 5. However, the calculated 

magnitude of the electric field on the skin is obviously low, which means low level of the SAR 

in the human tissues. 

 

Figure 4.9: Electric field distribution in the plane of the biosensor antennas (parallel to the 

skin of the human body) due to a central on-body inverted conical helix antenna, 𝑵𝑻 = 𝟒, 𝑯 =
𝟐𝟎 𝐦𝐦, and 𝑫 = 𝟐𝟎 𝐦𝐦, 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳 , 𝑷𝒊𝒏 = 𝟎 𝐝𝐁𝐦. 

4.2.4. Far-Field Pattern due to Inverted Conical Helix Antenna on the Human Body 

The geometric model of the same inverted conical helix antenna in the CST® simulator is 

presented in Figure 4.10. The diameter of the circular copper plate is 4 cm. The CST simulator is 

used to evaluate the far-field pattern at 5.8 GHz when the input power to the antenna is 10 dBm. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.10: Geometric model of the inverted conical helix antenna on a circular disc in the 

CST® simulator, (a) Top view, (b) Side view, (c) Elevation view, (d) Three-dimensional view, 

𝑵𝑻 = 𝟒, 𝑯𝑪 = 𝟐𝟎 𝐦𝐦, 𝜽𝟎  =  𝟐𝟔. 𝟓°, and 𝑫𝑪 = 𝟐𝟎 𝐦𝐦. 

 

The three-dimensional far-field radiation pattern of the on-body inverted conical helix 

antenna is presented in Figure 4.11 at 5.8 GHz for input power of 10 dBm. It is clear that the 

radiation pattern is directive and can be oriented towards the room ceil where the Wi-Fi antenna 

is mounted. 
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Figure 4.11: Three-dimensional far-field radiation pattern a central on-body conical helix 

antenna, 𝑯𝑪 = 𝟐𝟎 𝐦𝐦, 𝜽𝟎 =  𝟐𝟔. 𝟓°, 𝑫𝑪 = 𝟐𝟎 𝐦𝐦, 𝒇 = 𝟓. 𝟖 𝐆𝐇𝐳 , 𝑷𝒊𝒏 = 𝟏𝟎 𝐝𝐁𝐦. 

 

The far-field radiation patterns of the right-hand and left-hand polarized electric field for the 

proposed on-body inverted conical helix antenna at 𝑓 = 5.8 GHz is presented in Figure 4.12 in 

the planes 𝜙 = 0, 180° and 𝜙 = 90°, 270°. It is shown that the radiation patterns are directive 

and dominated by right-hand circular polarization. The dependence of the axial ratio on the 

frequency is presented in Figure 4.13. This antenna has a wide frequency band of the acceptable 

axial ratio, which is maintained below 3dB over the frequency band (4.2 − 8.0 GHz). 
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(a) 

 

(b) 

Figure 4.12: Far-field radiation patterns of the right-hand and left-hand polarized electric 

field for the proposed conical helix antenna in the planes (a) 𝛟 = 𝟎, 𝟏𝟖𝟎° and (b) 𝛟 =
𝟗𝟎°, 𝟐𝟕𝟎°, 𝐍𝐓 = 𝟒, 𝐇𝐂 = 𝟐𝟎 𝐦𝐦, 𝛉𝟎 =  𝟐𝟔. 𝟓°, 𝐃𝐂 = 𝟐𝟎 𝐦𝐦, 𝐟 = 𝟓. 𝟖 𝐆𝐇𝐳 , 𝐏𝐢𝐧 = 𝟏𝟎 𝐝𝐁𝐦. 

 

 

Figure 4.13: Frequency dependence of the axial ratio of the far-field radiated from the 

proposed inverted conical helix antenna in the direction 𝜽 = 𝟎, 𝑵𝑻 = 𝟒, 𝑯𝑪 = 𝟐𝟎 𝐦𝐦, 𝜽𝟎 =
 𝟐𝟔. 𝟓°, 𝑫𝑪 = 𝟐𝟎 𝐦𝐦, 𝒇 = 𝟓. 𝟖 𝐆𝐇𝐳 , 𝑷𝒊𝒏 = 𝟏𝟎 𝐝𝐁𝐦. 
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4.2.5. Near Field Distribution due to Conical Helix Antenna on the Human Body 

The proposed conical helix antenna has the geometric model shown in Figure 4.14 that is 

generated by a Matlab ® program for this purpose. This program applies the semi-analytic 

technique described in Chapter 4 to evaluate the near field over the body surface within the 

rectangular area bounded by the dashed rectangle shown in Figure 4.1.  The proposed conical 

helix has a height 𝐻𝐶 = 2cm, half cone-angle 𝜃0 =  26.5°, and a diameter 𝐷𝐶 = 2cm. 

 

(a) 

 

(b) 

 

(c) 

Figure 4.14: Geometry of the conical helix antenna, (a) Three-dimensional view, (b) 

Elevation view, (c) Top view, 𝑵𝑻 = 𝟒, 𝑯 = 𝟐𝟎 𝐦𝐦, 𝜽𝟎 =  𝟐𝟔. 𝟓°, 𝑫 = 𝟐𝟎 𝐦𝐦. 
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The electric field intensity distribution on the skin surface over the rectangular area of 

concern is presented in Figure 4.15 when the operating frequency is 2.45 GHz and the input 

power to the conical helix antenna is 0 dBm. It is shown that the electric field magnitude does 

not exceed 5.5 V/m. The corresponding power density distribution on the skin and SAR 

distribution in the different tissues are evaluated later on in Chapter 5. However, the calculated 

magnitude of the electric field on the skin is obviously low, which means low level of the SAR 

in the human tissues. 

 

Figure 4.15: Electric field distribution in the plane of the biosensor antennas (parallel to the 

skin of the human body) due to a central on-body conical helix antenna, 𝑵𝑻 = 𝟒, 𝑯𝑪 = 𝟐𝟎 𝐦𝐦, 

𝜽𝟎  =  𝟐𝟔. 𝟓°, 𝑫𝑪 = 𝟐𝟎 𝐦𝐦. 

4.2.6. Far-Field Pattern due to Conical Helix Antenna on the Human Body 

The geometric model of the same conical helix antenna in the CST® simulator is presented 

in Figure 4.16. The diameter of the circular copper plate is 4 cm. The CST simulator is used to 

evaluate the far-field pattern at 5.8 GHz when the input power to the antenna is 10 dBm. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 4.16: Geometric model of the inverted helical antenna on a circular disc in the CST® 

simulator, (a) Top view, (b) Side view, (c) Elevation view, (d) Three-dimensional view, 𝑵𝑻 = 𝟒, 

𝑯𝑯 = 𝟐𝟎 𝐦𝐦, and 𝑫𝑯 = 𝟐𝟎 𝐦𝐦. 

 

The three-dimensional far-field radiation pattern of the on-body cylindrical helix antenna is 

presented in Figure 4.5 at 5.8 GHz for input power of 10 dBm. It is clear that the radiation 

pattern is directive and can be oriented towards the room ceil where the Wi-Fi antenna is 

mounted. 
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Figure 4.17: Three-dimensional far-field radiation pattern a central on-body conical helix 

antenna, 𝑯𝑪 = 𝟐𝟎 𝐦𝐦, 𝜽𝟎 =  𝟐𝟔. 𝟓°, 𝑫𝑪 = 𝟐𝟎 𝐦𝐦, 𝒇 = 𝟓. 𝟖 𝐆𝐇𝐳 , 𝑷𝒊𝒏 = 𝟏𝟎 𝐝𝐁𝐦. 

 

The far-field radiation patterns of the right-hand and left-hand polarized electric field for the 

proposed on-body conical helix antenna at 𝑓 = 5.8 GHz is presented in Figure 4.18 in the planes 

𝜙 = 0, 180° and 𝜙 = 90°, 270°. It is shown that the radiation patterns are directive and 

dominated by right-hand circular polarization. The dependence of the axial ratio on the 

frequency is presented in Figure 4.19. This antenna has a wide frequency band of the acceptable 

axial ratio, which is maintained below 3dB over the frequency band (4.2 − 8.0 GHz). 
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(a) 

 

(b) 

Figure 4.18: Far-field radiation patterns of the right-hand and left-hand polarized electric 

field for the proposed conical helix antenna in the planes (a) 𝝓 = 𝟎, 𝟏𝟖𝟎° and (b) 𝝓 =
𝟗𝟎°, 𝟐𝟕𝟎°, 𝑵𝑻 = 𝟒, 𝑯𝑪 = 𝟐𝟎 𝐦𝐦, 𝜽𝟎 =  𝟐𝟔. 𝟓°, 𝑫𝑪 = 𝟐𝟎 𝐦𝐦, 𝒇 = 𝟓. 𝟖 𝐆𝐇𝐳 , 𝑷𝒊𝒏 =

𝟏𝟎 𝐝𝐁𝐦. 

 

Figure 4.19: Frequency dependence of the axial ratio of the far-field radiated from the 

proposed inverted conical helix antenna in the direction 𝜽 = 𝟎, 𝑵𝑻 = 𝟒, 𝑯𝑪 = 𝟐𝟎 𝐦𝐦, 𝜽𝟎 =
 𝟐𝟔. 𝟓°, 𝑫𝑪 = 𝟐𝟎 𝐦𝐦, 𝒇 = 𝟓. 𝟖 𝐆𝐇𝐳 , 𝑷𝒊𝒏 = 𝟏𝟎 𝐝𝐁𝐦. 
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4.3. Experimental Measurements and Discussions 

For experimental assessment of the proposed types of on-body helical antennas, a prototype 

is fabricated for each type. The reflection coefficient at the antenna port is measured using vector 

network analyzer (VNA) of the Agilent Field Fox N9918A. The far-field radiation patterns are 

measured using the sane VNA and a reference right-hand circularly polarized horn antenna. 

4.3.1. Fabrication of the On-Body Helical Antenna Prototypes 

For the fabrication of each antenna, a copper wire is wrapped, mounted on a circular copper 

plate, connected to an SMA connector, an impedance matching element is added, and finally the 

wire antenna is covered with a hemispherical radome of very thin dielectric which is almost 

transparent to microwaves. An example is sown in Figure 4.20. 

 

(a) 

 

(b) 

 

(c) 

Figure 4.20: The conical helix antenna proposed to play the role of a central on-body 

antenna for on-body biosensor antenna network (a) Shape and relative size of the wire antenna, 

(b) The antenna mounted on a circular copper disc and connected to an SMA connector and an 

impedance matching element is added, (c) The wire antenna is covered with a microwave-

transparent hemispherical radome. 

4.3.1.1. Wrapping the Wire of the Proposed Helical Antennas 

The first stage of fabricating each of the proposed helical antennas is to wrap the wire as 

shown in Figure 4.21. A wire wrapped in the right-hand sense as the wires at the bottom of 
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Figure 4.21 produces right-hand circularly polarized field whereas a wire wrapped in the left-

hand sense as the wires at the top of Figure 4.21 produces left-hand circularly polarized field. 

 

(a) 

 

(b) 

 

(c) 

Figure 4.21: Fabricated wires for the three types of medical antennas. The upper antennas 

are Left-hand circularly polarized whereas the lower antennas are right-hand circularly polarized, 

(a) Helical antenna, (b) Conical helix antenna, (c) Inverted conical helix antenna. 

 

4.3.1.2. Mounting the Wrapped Wire antenna on a Circular Conducting Plate 

A ground plane and a feeding coaxial connector are necessary for the operation of such 

monopole helical antennas. A circular copper disc of 4 cm diameter is prepared for this purpose 

and an SMA coaxial connector is mounted with its outer conductor welded to the circular disc as 

shown in Figure 4.22.  

One of the terminals of the wrapped helical wire is welded to the inner conductor the SMA 

connector shown in Figure 4.22(b). The three types of the wrapped helical wires after being 
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mounted on the circular copper disc and welded to the SMA inner conductor are shown in Figure 

4.23. 

 

 

 

(a) 

 

(b) 

Figure 4.22: Fabricated copper circular disc to act as a ground base for the three types of 

helical antennas with a mounted SMA connector, (a) Bottom view, (b) Top view. 
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Figure 4.23: The fabricated prototypes of the three proposed helical antennas mounted on a 

circular copper disc with SMA connector for feeding (without being covered by the radome). 

 

4.3.1.3. Adding Impedance Matching Elements to the Antenna Structure 

The wire antenna should be matched with the 50Ω SMA coaxial connector. The wire helix 

antennas are characterized by an advantage of low imaginary part of the input impedance at the 

design frequency for end-fire radiations. Unfortunately, they are, also, characterized by a 

resistive part of the impedance that is much smaller than 50Ω. The real part of the impedance can 

be increased to 50Ω by attaching a small conductive patch of rectangular or triangular shape to 

the wire of the antenna near the feed point as shown in Figures 4.24, 4.25, and 4.26 for the three 

types of helical antennas. The shape, size and location of such a patch for impedance matching 

can be properly attached to the helical wire with the aid of a VNA. 
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(a) 

 

(b) 

Figure 4.24: The cylindrical helix antenna mounted on a circular copper disc and connected 

to the inner conductor of an SMA connector (a) without impedance matching, (b) with a strip 

patch connected near the feed point for impedance matching. 

 

 

(a) 

 

(b) 

Figure 4.25: The inverted conical helix antenna mounted on a circular copper disc and 

connected to the inner conductor of an SMA connector (a) without impedance matching, (b) with 

a triangular patch connected near the feed point for impedance matching. 
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(a) 

 

(b) 

Figure 4.26: The conical helix antenna mounted on a circular copper disc and connected to 

the inner conductor of an SMA connector (a) without impedance matching, (b) with a triangular 

patch connected near the feed point for impedance matching. 

4.3.1.4. Covering the Wire Antennas with Radoms 

For protecting the wrapped wires of the fabricated helical antennas from deformation due to 

unavoidable mechanical stresses, a hemispherical Radom of very thin dielectric material is used 

to cover each antenna as shown in Figure 4.27. As this radome is very thin, it is almost 

electromagnetically transparent at the microwave frequencies and, consequently, has no effect on 

the helical antenna characteristics. The wire antennas for the three fabricated prototypes are 

partially uncovered and connected to coaxial cables as shown in Figures 4.28, 4.29, and 4.30.  
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Figure 4.27: The fabricated prototypes of the three proposed helical antennas mounted on a 

circular copper disc and covered by hemispherical radome with SMA feeding connector. 

 

Figure 4.28: The matched cylindrical helix antenna on a copper circular disc with SMA 

connector is being covered with hemispherical radome. 
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Figure 4.29: The matched inverted conical helix antenna on a copper circular disc with 

SMA connector is being covered with hemispherical radome. 

 

Figure 4.30: The matched conical helix antenna on a copper circular disc with SMA 

connector is being covered with hemispherical radome. 
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Finally, for measurement purposes, the antenna prototypes are connected to flexible50Ω 

coaxial cables as shown in Figure 4.31. 

 

 

Figure 4.31: The final form of the proposed on-body medical antenna connected to a 

coaxial cable for the purpose of experimental measurements. 

4.3.2. Experimental Assessment of the Proposed Antenna Performance 

The three fabricated prototypes of the proposed helical antennas are experimentally 

characterized. For each antenna type, the frequency response of the reflection coefficient |𝑆11| is 

measured over a wide range of the frequency. Also, the far-field radiation patterns are measured 

and compared to the radiation patterns obtained by electromagnetic simulation using the 

commercially available CST microwave studio suite. 

4.3.2.1.Measurement of the Reflection Coefficient of the Cylindrical Helix Antenna  

The experimental setup for measuring the frequency response of the reflection coefficient 

|𝑆11| of the cylindrical helix antenna is shown in Figure 4.32. As shown when comparing Figure 

4.32(a) to 4.32(b), the reflection coefficient seems to be almost unaffected by the placement of 

the radome to cover the cylindrical helix antenna. 
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(a) 

 

(b) 

Figure 4.32: Measurement of the reflection coefficient |𝑺𝟏𝟏| of the helical antenna using the 

VNA of the Agilent Field Fox N9918A, (a) The uncovered antenna, (b) The antenna covered 

with the hemispherical radome. 

 

Figure 4.33 presents the measured frequency responses of the reflection coefficient |𝑆11| of 

the cylindrical helix antenna to show the improvement of the return loss over the operational 

frequency band due to the addition of the matching strip patch element to the wrapped wire near 

the feeding port. Also, it is shown that the placement of the antenna on the human body leads to 

a significant shift of the frequency band of matched impedance of the cylindrical helix antenna 

towards the higher frequencies, which makes it more appropriate for the frequency band of the 

Wi-Fi. 
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Figure 4.33: Measured frequency response of the reflection coefficient |𝑺𝟏𝟏| of the 

cylindrical helix antenna showing the effect of adding the matching element and the placement 

of the antenna on the human body.  

 

4.3.2.2.Measurement of the Reflection Coefficient of the Inverted Conical Helix 
Antenna  

The experimental setup for measuring the frequency response of the reflection coefficient 

|𝑆11| of the inverted conical helix antenna is shown in Figure 4.34. When comparing Figure 

4.34(a) to 4.34(b), it becomes clear that the reflection coefficient of the inverted conical helix 

antenna is almost unaffected by the placement of the radome over the entire frequency range. 

Figure 4.35 presents the measured frequency responses of the reflection coefficient |𝑆11| of 

the inverted conical helix antenna to show the improvement of the return loss over the 

operational frequency band due to the addition of the matching triangular patch element to the 

wrapped wire near the feeding port. Also, it is shown that the placement of the antenna on the 

human body leads to improve the return loss of the inverted conical helix antenna with a slight 

shift of the frequency band of matched impedance. 
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(a) 

 

(b) 

Figure 4.34: Measurement of the reflection coefficient |𝑺𝟏𝟏| of the inverted conical helix 

antenna using the VNA of the Agilent Field Fox N9918A (a) The uncovered antenna, (b) The 

antenna covered with the hemispherical radome. 
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Figure 4.35: Measured frequency response of the reflection coefficient |𝑺𝟏𝟏| of the inverted 

conical helix antenna showing the effect of adding the matching element and the placement of 

the antenna on the human body. 

4.3.2.3. Measurement of the Reflection Coefficient of the Conical Helix Antenna  

The experimental setup for measuring the frequency response of the return loss |𝑆11| of the 

conical helix antenna is shown in Figure 4.36. When comparing Figure 4.36(a) to 4.36(b), it 

becomes clear that the return loss of the conical helix antenna over the entire frequency range is 

almost unaffected by the placement of the radome. 



108 

 

 

(a) 

 

(b) 

Figure 4.36: Measurement of the reflection coefficient |𝑺𝟏𝟏| of the conical helix antenna 

using the VNA of the Agilent Field Fox N9918A, (a) The uncovered antenna, (b) The antenna 

covered with the hemispherical radome. 

 

Figure 4.37 presents the measured frequency responses of the reflection coefficient |𝑆11| of 

the conical helix antenna to show the improvement of the return loss over the operational 

frequency band due to the addition of the matching triangular patch element to the wrapped wire 

near the feeding port. Also, it is shown that the placement of the antenna on the human body 

leads to improve the return loss of the inverted conical helix antenna with a slight shift of the 

frequency band of matched impedance. 
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Figure 4.37: Measured frequency response of the reflection coefficient |𝑺𝟏𝟏| of the conical 

helix antenna showing the effect of adding the matching element and the placement of the 

antenna on the human body. 

4.3.2.4. Measurement of the Radiation Pattern of the Cylindrical Helix Antenna 

The experimental setup for measuring the radiation patterns of the proposed on-body helical 

antennas using the VNA of the Agilent Field Fox N9918A is shown in Figure 4.38. A reference 

right-hand circlarly polarized helical antenna is connected to port ‘2’ of the VNA whereas the 

helical antenna under test is connected to port ‘1’ to obtain its radiation pattern by measuring the 

transmission coefficient |𝑆21| at 5.8 GHz. 

The measured radiation patterns of right-hand circularly polarized field of the cylindrical 

helix antenna in the elevation planes 𝜙 = 0, 180° and 𝜙 = 90°, 270° are presented in Figure 

4.39 in comparison to the radiation pattern obtained by the CST simulator for the same antenna 

model. The measured radiation patterns of the cylindrical helix antenna show good agreement 

with those obtained by simulation. 
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Figure 4.38: Experimental setup for measuring the radiation pattern of the proposed on-

body helical antennas using the VNA of the Agilent Field Fox N9918A. 
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(a) 

 

(b) 

Figure 4.39: Comparison between the simulated and measured far-field radiation patterns of 

the right-hand circular polarization for the cylindrical helix antenna in the planes (a) 𝝓 =
𝟎, 𝟏𝟖𝟎° and (b) 𝝓 = 𝟗𝟎°, 𝟐𝟕𝟎°, 𝒇 = 𝟓. 𝟖 𝐆𝐇𝐳. 

 

4.3.2.5. Measurement of the Radiation Pattern of the Inverted Conical Helix Antenna 

The measured radiation patterns of right-hand circularly polarized field of the inverted 

conical helix antenna in the elevation planes 𝜙 = 0, 180° and 𝜙 = 90°, 270° are presented in 

Figure 4.40 in comparison to the radiation pattern obtained by the CST simulator for the same 

antenna model. The measured radiation patterns of the inverted conical helix antenna seem to be 

in good agreement with those obtained by simulation. 
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(a) 

 

(b) 

Figure 4.40: Comparison between the simulated and measured far-field radiation patterns of 

the right-hand circular polarization for the inverted conical helix antenna in the planes (a) 𝝓 =
𝟎, 𝟏𝟖𝟎° and (b) 𝝓 = 𝟗𝟎°, 𝟐𝟕𝟎°, 𝒇 = 𝟓. 𝟖 𝐆𝐇𝐳. 

 

4.3.2.6. Measurement of the Radiation Pattern of the Conical Helix Antenna 

The measured radiation patterns of right-hand circularly polarized field of the conical helix 

antenna in the elevation planes 𝜙 = 0, 180° and 𝜙 = 90°, 270° are presented in Figure 4.41 in 

comparison to the radiation patterns obtained by the CST simulator for the same antenna model. 

The measured radiation patterns of the conical helix antenna come in good agreement with those 

obtained by simulation. 
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(a) 

 

(b) 

 

Figure 4.41: Comparison between the simulated and measured far-field radiation patterns of 

the right-hand circular polarization for the conical helix antenna in the planes (a) 𝝓 = 𝟎, 𝟏𝟖𝟎° 

and (b) 𝝓 = 𝟗𝟎°, 𝟐𝟕𝟎°, 𝒇 = 𝟓. 𝟖 𝐆𝐇𝐳. 

4.4. Conclusion 

The cylindrical helix, conical helix, and inverted conical helix antennas proposed to operate 

as central antennas for WBAN are investigated through semi-analytic technique, CST simulator, 

and experimental measurements. Each of the proposed helical antennas is a dual-band that is 

designed to produce in the end-fire radiation to communicate (through its far-field) with the Wi-

Fi antenna at 5.8 GHz, and to produce broad-side radiation to communicate (through its near 

field) with the on-skin biosensor antennas at 2.45 GHz. Three prototypes of the proposed helical 

antennas are fabricated. Each antenna is matched with 50Ω coaxial feeder over a wide frequency 

band, mounted on a copper circular disc, and covered with a very thin dielectric radome for 

protecting the wire antenna. Such an antenna when covered by the radome is shaped like a 

hemispherical button that can be attached to the patient clothes and, hence, it can be considered 

as wearable antenna. The near-field distribution over the surface of human body is presented at 

2.45 GHz. The radiation patterns obtained by experimental measurements for the three fabricated 
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prototypes show good agreement with those obtained by the CST simulator and are shown to be 

appropriate for communication with the Wi-Fi antennas at 5.8 GHz. These experiments were 

done according to the semi-analytic model mentioned in chapter three and optimized to obtain 

the desired results. The laboratory these experiments took place had different sources of 

interference when testing the noise effect such as mobile phones. However, the readings of the 

power density distribution, SAR and radiation patterns was taken in an anechoic chamber. 
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Chapter 5 

Performance Assessment of the Proposed On-Body Helical Antennas 

5.1. Introduction 

This chapter aims to arrive at the optimum design of the on-body central helix antenna that 

fulfills the following requirements:  

(i) Dual-frequency operation 2.45 GHz for the on-body communications (WBAN) and 

5.8 GHz for the off-body communications (Wi-Fi).  

(ii) Broadside radiation pattern at 2.45 GHz. 

(iii) End-fire radiation pattern at 5.8 GHz. 

(iv) Maximization of the frequency bandwidth for the off-body communications to achieve 

high bit rate for transferring the data records from the WBAN to the external storage 

devices through the Wi-Fi in short time to minimize the electromagnetic doze in the 

human body. 

(v) Minimization of the input power of the biosensor antennas to achieve long lifetime of the 

difficult-to-replace batteries of the biosensors. 

(vi) Maximizing the SNR and, hence, minimizing the BER for efficient on-body 

communications of the WBAN. 

(vii) Minimization of the SAR in the human tissues at the two frequencies of operation, 

especially at the lower frequency of the WBAN (2.45 GHz.) as the microwave at this 

frequency is much more penetrable into the human tissues than the case at the higher 

frequency (5.8 GHz). 

The on-body central antenna design has considerable challenges as some of the above design 

objectives are contradicting. For example, to reduce the BER in the communication system 

WBAN to fulfill the objective (vi), the input power of the antennas should be increased, which 

leads to increase the SAR in the human tissues. Thus, the fulfillment of the antenna design 

objective (iv) contradicts with the design objectives (v) and (vii). Consequently, a compromise 

should be made to realize threshold values of some performance measures such as the maximum 

BER and the maximum SAR. 
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For these purposes the present chapter is concerned with the quantitative assessment of the 

WBAN communication system performance when each of the proposed helix and conical helix 

antennas is employed as on-body central antenna for the WBAN. For its high immunity to noise, 

the utilized modulation system is assumed to be 𝑀-ary PSK, with 𝑀 = 8 and 𝑀 = 16. A 

channel modeling is performed for such a communication system by considering AWGN to 

evaluate the SNR and, hence, the corresponding BER can be calculated. This enables the 

calculation of the minimum input power of the proposed on-body WBAN central antenna that 

achieves the required BER for a specific data rate. On the other hand, the distribution of the 

microwave power density near the body surface is evaluated by simulation and experimental 

measurements to ensure the realization of the electromagnetic exposure safety limits. Also, the 

SAR distribution inside the human tissues of concern is evaluated. The effects of the on-body 

antenna dimensional parameters and, also, the antenna height above the human body surface on 

such performance measures and electromagnetic doze level are numerically studied for the 

purpose of arriving at the optimum design of the proposed on-body wearable conical helix 

antenna. 

5.2.  Calculation of SAR in the Human Tissues due to the Central On-Body 

Antenna 

The semi analytic technique developed in Chapter 3 can be applied to calculate the electric 

filed in the free space region near the body surface and inside the human tissues near the skin 

layer. If the electric field in the tissue is known the SAR can be calculated as follows. 

SAR =  
𝜎|𝐸|2

𝜌
 (5-1) 

where σ and ρ are the conductivity and mass density of the tissue and |E| is the magnitude of 

the electric field inside the tissue. 

The microwave propagation on the surface of the human body is mainly at the frequency 

2.45 GHz proposed for the WBAN. Hence, it is expected that the study of the SAR distribution 

in the human tissues due to the on body communications at 2.45 GHz is more important. 

According to (5-1), the mass density and the electric properties of the human tissues should be 



117 

 

known to calculate the SAR. The mass density, dielectric constant, and conductivity of the 

human tissues of concern at 2.45 GHz are listed in Tables 5.1 and 5.2, respectively. 

Table 5.1: Average mass density of the concerned types of human tissues [115]. 

Tissue Type Mass Density, 𝜌(kg/m3) 

Skin 1109 

Fat 911 

Muscle 1090 

Table 5.2: Electric properties of concerned types of human tissues at 𝟐. 𝟒𝟓 𝐆𝐇𝐳 [115]. 

Tissue Type Dielectric Constant, 𝜀𝑟 Conductivity, 𝜎(S/m) 

Skin 38 1.46 
Fat 5.3 0.11 

Muscle 52.7 1.77 

   

5.3.  Channel Modeling for WBAN communications and Assessment of 

Noise Power 

 For transmitting information through physical channels in the communication systems, the 

design of these systems requires to construct mathematical models which show the most 

important features of the transmission media. It is assumed that the unavoidable ambient light 

interfering with the signal carried by the diffused optical beam can be modeled as Additive 

White Gaussian Noise (AWGN) with power spectral density 𝑁0/2 (W/Hz). In such a model, the 

transmitted signal 𝑠(𝑡) is distorted by such type of noise 𝑛(𝑡) and consequently, the signal 

received at the optical detector, x(t), can be expressed in the time-domain as follows. 

𝑥(𝑡) = 𝑠(𝑡) + 𝑛(𝑡) (5-2) 

The discrete time samples of the noise function can be expressed as follows. 

𝑛𝑝 = 𝑛(𝑡𝑝), 𝑡𝑝 = (𝑝 − 1)∆𝑡, 𝑝 = 1,2, . . , 𝑃 (5-3) 

where 𝑃 is total number of time samples that covers the time period required for simulation of 

the transmission/reception process of large enough number of symbols. 
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For such a simulation, the values of np, for p = 1,2, . . , P, can be generated using a Gaussian 

probability distribution function of the following form. 

𝑔𝑛 =
1

𝜎𝑛√2𝜋
𝑒

−
𝑛2

2𝜎𝑛
2

=
1

√2𝜋𝑁0

𝑒
−

𝑛2

𝑁0 (5-4) 

with 𝜎𝑛
2 = 𝑁0/2. 

In the frequency-domain, the received signal can be expressed, in a complex (phasor) diagram, 

as follows. 

𝑟𝑥𝑒𝑗𝜑𝑥 = 𝑟𝑠𝑒𝑗𝜑𝑠 + 𝑟𝑛𝑒𝑗𝜑𝑛  (5-5) 

where 𝑟𝑥, 𝑟𝑠, and 𝑟𝑛 are the magnitudes of the received, transmitted, and noise signals, 

respectively, whereas 𝜑𝑥, 𝜑𝑠, and 𝜑𝑛 are the associated phases for these signals, respectively. 

Assuming that the optical bandwidth is 𝐵𝑊 = 2𝑅𝑏, where 𝑅𝑏 is the bit rate, the noise power 

can be evaluated as: 

𝑃𝑁 =
1

2
 𝑁𝑜𝐵𝑊 (5-6) 

where 𝑃𝑁 is the noise power. 

To model the AWGN numerically, the phase, 𝜑𝑛, associated with the noise can be generated 

using a uniformly distributed probability distribution function over the interval 0 ≤ 𝜑𝑛 ≤ 2𝜋, 

whereas it may be convenient to set the magnitude of the noise, 𝑟𝑛, to a constant value as 

follows. 

𝑟𝑛 = √𝑃𝑁 (5-7) 

Thus, the representation of the received signal in the complex plane (for a constellation diagram) 

due to the addition of the AWGN can be described as shown in Figure 5.1. 
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Figure 5.1: Representation of the received signal, 𝒓𝒙𝒆𝒋𝝋𝒙, for a specific transmitted symbol, 

𝐫𝐬𝐞𝐣𝛗𝐬, after adding the AWGN 𝐫𝐧𝐞𝐣𝛗𝐧.  

 

5.4.  Assessment of Signal Strength and SNR over the Skin of the Human 

Body in Communication System of the WBAN 

The angular distribution of the transmitted signal strength (power) due to the on-body 

central antenna can be evaluated as: 

𝑃𝑠(𝑅, θ, ϕ) = 𝑃𝑅𝑥(𝑅) 𝑆(θ, ϕ) (5-8) 

where, S(θ, ϕ) is the power radiation pattern of the central on-body antenna and PRx(R)  is the 

level of the signal at a distance R from this antenna. If the propagation were only in free space, 

the received power would be expressed as follows. 

𝑃𝑅𝑥(𝑅) = 𝑃𝑇𝑥  (
𝜆

4𝜋𝑅
)

2

 
(5-9 ) 

For more accurate results, the received power level, 𝑃𝑅𝑥(𝑅), is assessed using the on-body 

antenna de-embedding method proposed in Chapter 3. The SNR for an on-body sensor antenna 

located at (𝑅, θ, ϕ) can be calculated as follows. 
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𝑆𝑁𝑅 =
𝑃𝑠

𝑃𝑁
=

𝑃𝑅𝑥(𝑅) 𝑆(θ, ϕ)
1
2
 𝑁𝑜𝐵𝑊

 (5-10) 

5.5. Assessment of the BER through Numerical Simulation 

The following expression gives the relation between the SNR and the ratio 𝐸𝑏/𝑁𝑜. 

𝑆𝑁𝑅 =
𝑃𝑠

𝑃𝑁
=

𝐸𝑏𝑅𝑏
1
2

 𝑁𝑜𝐵𝑊

 (5-11) 

In another form, the relation (5-11) can be expressed as 

(𝐸𝑏/𝑁𝑜)𝑑𝐵 = 𝑆𝑁𝑅𝑑𝐵 − (𝑅𝑏/𝐵𝑊)𝑑𝐵 − 3 (5-12) 

It should be noted that the quantity (𝑅𝑏/𝐵𝑊) is defined as the spectral efficiency of the 

communication system.  

In the present chapter, the dependence of the BER on the SNR (or 𝐸𝑏/𝑁𝑜) is assessed 

through numerical simulation by generating random symbols (uniformly distribution) associated 

with noise samples (Gaussian distribution). Also, the calculation of the BER depends on the 

modulation technique implemented in the communication system of the Body Sensor Network 

(BSN). The 𝑀ary-PSK is used for performance assessment of a BSN employing the central on-

body antennas proposed in the present work.  In digital modulation scheme, the modulated signal 

is characterized by constellation diagram. 

5.6. Results and Discussions 

This section is concerned with the presentation and discussion of some numerical and 

experimental results concerned with the assessment of electromagnetic exposure, SAR 

distribution in the human tissues, and the performance assessment of communication system of 

the WBAN employing the on-body conical helix antennas proposed in the present thesis. The on-

body communications is performed between the on-body central antenna and the distributed on-

skin antennas that are attached to the in-body (implantable) biosensors. Some important 

performance measures for the proposed WBAN systems such as the power density distribution, 

SNR, and BER are evaluated. The AWGN is modeled and the dependence of the performance of 

such WBAN implementing M-ary PSK modulation technique, with 𝑀 = 8 and 𝑀 = 16, on the 
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various design parameters of the proposed on-body central antennas is investigated and 

discussed. 

5.6.1. Experimental Measurement and Numerical Assessment of the Power Density 

Distribution on the Human Body Surface 

It is proposed, in the present thesis, that the Wi-Fi antenna with which the on-body central 

antenna of the WBAN communicates at 5.8 GHz is mounted on the room ceil as illustrated in 

Figure 3.1 (Chapter 3). For realistic situation while measuring the microwave power density 

distribution near the human body surface, the experimental measurements are performed while 

the patient is laid as shown in Figure 3.2 (Chapter 3) while the Wi-Fi antenna operating at 

5.8 GHz is mounted on the room ceil and oriented downwards as shown in Figure 5.2. 

 

Figure 5.2: Wi-Fi Antenna operating at 𝟓. 𝟖 𝐆𝐇𝐳 is mounted on the ceil of the room and 

directed downwords. 

 

Under this situation, the measurement of the power density distribution near the skin of the 

body using the radiation hazard meter Extech® model 480846 as shown in Figure 5.3. In the 
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absence of the on-body conical helix antenna, the radiation hazard meter displays an average 

power density of  0.008 𝜇W/cm2 as shown in Figure 5.3(a). This very low level of the power 

density is caused by the ambient radiation from the Wi-Fi antenna that is mounted on the room 

ceil as shown in Figure 5.2.  When placing the prototype of the conical helix antenna (without 

the Radom and being excited with input power 𝑃𝑖𝑛 = 0 dBm at 𝑓 = 2.45 GHz) with random 

orientation on the patient chest and placing radiation hazard meter close to this antenna as shown 

in Figure 5.3 (b), the measured power density is 0.200 𝜇W/cm2. Thus, even when the on-body 

conical helix antenna is excited the maximum value of the measured power density on the human 

body surface is very low which indicates that the electromagnetic exposure is quite below the 

safety limit. Thus the maximum SAR inside the human tissues is expected to be very low. 

 

(a) 

 

(b) 

Figure 5.3: Measurement of the power density distribution near the skin of the body using 

the radiation hazard meter Extech® model 480846 due to, (a) Ambient radiation from the Wi-Fi 

antenna mounted on the ceil as shown in Figure 5.2, (b) Radiation by the proposed conical helix 

antenna without the radome (input power  𝑷𝒊𝒏 = 𝟎 𝐝𝐁𝐦 at 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳). 
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The power density distribution near the skin of the body is measured using the radiation 

hazard meter when the conical helix antenna (covered with the radome) is placed on the patient 

chest and excited with input power  𝑃𝑖𝑛 = 0 dBm at 𝑓 = 2.45 GHz. The power density meter 

shows a reading of 0.041 𝜇W/cm2 when antenna is oriented with tip pointing to the power 

density meter as shown in Figure 5.4(a). When the antenna is oriented with tip pointing to the 

room ceil (normal operation) the reading of the power density meter is 0.276 𝜇W/cm2. 

Comparing the two readings of the power density meter taking the orientations of the antenna 

into consideration indicates that the radiation of the conical helix antenna has mainly broadside 

radiation at this frequency. However, the power density still ensures safe values of the 

electromagnetic exposure. 

 

(a) 

 

(b) 

Figure 5.4: Measurement of the power density distribution near the skin of the body using 

the radiation hazard meter Extech® model 480846  when the conical helix antenna is excited 

with input power  𝑷𝒊𝒏 = 𝟎 𝐝𝐁𝐦 at 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳, (a) The antenna is oriented with tip pointing 
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to the power density meter , (b) The antenna is oriented with tip pointing to the room ceil 

(normal operation). 

 

Figure 5.5 presents the distribution of the microwave power density just on the skin surface 

over the rectangular area surrounded by the blue dashed rectangle shown in Figure 3.1 (Chapter 

3) due to the placement of the conical helix antenna during normal operation with input power  

𝑃𝑖𝑛 = 4 dBm at 𝑓 = 2.45 GHz. It should be noted that the power density distribution is evaluated 

using the semi-analytic technique developed in Chapter 3. It is shown that the maximum power 

density on the skin doesn’t exceed 0.035 mW/cm2, which ensures safe level of electromagnetic 

exposure. 

 

Figure 5.5: Distribution of the power density just on the surface of the body due to conical helix antenna 

fed with input power  𝑷𝒊𝒏 = 𝟒 𝐝𝐁𝐦 at 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳 

 

5.6.3. SAR Distribution in the Skin, Fat and Muscle Tissues 

The SAR distributions in the tissues of skin, fat, and muscle due to the placement of the 

conical helix antenna on the patient chest as shown in Figure 3.2 (Chapter 3) with input power  



125 

 

𝑃𝑖𝑛 = 4 dBm at 𝑓 = 2.45 GHz are presented in Figures 5.6, 5.7, and 5.8. The SAR is evaluated 

using (5.1), where the magnitude of the electric field in the human tissues is evaluated using the 

semi-analytic technique developed in Chapter 3. It is shown that the maximum value of the SAR 

occurs in the skin tissues whereas the fat tissues has the minimum value of the SAR due to the 

higher conductivity of the skin tissue and larger depth of the fat tissues inside the human body. 

The maximum SAR in all the tissues doesn’t exceed 0.3 W/kg, which ensures safe level of 

electromagnetic exposure. 

 

Figure 5.6: SAR distribution in the skin tissues due to conical helix antenna fed with input power, 𝑷𝒊𝒏 =
𝟒 𝐝𝐁𝐦 at 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳. 
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Figure 5.7: SAR distribution in the fat tissues due to conical helix antenna fed with input power, 𝑷𝒊𝒏 =
𝟒 𝐝𝐁𝐦 at 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳. 

 

Figure 5.8: SAR distribution in the muscle tissues due to conical helix antenna fed with input power, 

𝑷𝒊𝒏 = 𝟒 𝐝𝐁𝐦 at 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳. 

5.6.4. Performance Analysis of the On-Body Communication System 



127 

 

In any communication system, data rates are required to by high enough to transfer the data 

records within acceptable time intervals according to the specific application requirements. Also, 

the BER should be below a specific (threshold) maximum value for reliable communications. 

However, increasing the data transfer rate has the effect of increasing the noise and, hence, 

increasing the BER unless the input power of the transmitted antenna is increased. This section 

provides a model for the assessment of the communication system of the WBAN employing the 

proposed conical helix as a central antenna for on-body communications with the on-skin 

biosensor network. 

5.6.4.1. Modeling the AWGN and the Received Signal in the Constellation Diagram 

The constellation diagram for 𝑀ary-PSK, with 𝑀 = 8, is presented in Figure 5.9 for the 

eight transmitted (reference) symbols before and after the addition of AWGN with different 

values of the 𝐸𝑏/𝑁𝑜. It should be mentioned that the AWGN is modeled as described in Section 

5.3 and Figure 5.1. It is clear, in Figure 5.9, that the phase error associated with the received 

signal increases with decreasing the 𝐸𝑏/𝑁𝑜, which may lead to an increasing BER.  
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 5.9: Constellation diagram for 8-PSK modulation system with 50% spectral efficiency after 

adding the AGWN for different values of 𝑬𝒃/𝑵𝒐 (a) Reference symbols (c) 𝑬𝒃/𝑵𝒐 = 𝟐𝟓 𝐝𝐁, (d) 

𝑬𝒃/𝑵𝒐 = 𝟐𝟎 𝐝𝐁, (e) 𝑬𝒃/𝑵𝒐 = 𝟏𝟓 𝐝𝐁, (f) 𝑬𝒃/𝑵𝒐 = 𝟏𝟎 𝐝𝐁. 
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For a given value of the SNR or, equivalently, 𝐸𝑏/𝑁𝑜, the BER can be evaluated for a 

specific digital modulation technique. Some curves for the BER and SER versus 𝐸𝑏/𝑁0 for 

WBAN communication system that implements 𝑀-ary PSK modulation with different number of 

symbols, 𝑀 are presented in Figure 5.10. It should be noted that these curves are obtained by 

simulation of the communication process employing 𝑀-ary PSK using the AGW as described in 

Section 5.3, 5.4, and 5.5. 

 

(a) 

 

(b) 

 

 

(c) 

 

 

(d) 

Figure 5.10: BER and SER versus the 𝑬𝒃/𝑵𝟎 for BSN that implements 𝑴-ary PSK modulation with 

different number of symbols. (a) 𝑴 = 𝟒, (b) 𝑴 = 𝟖,(c) 𝑴 = 𝟏𝟔, (d) 𝑴 = 𝟑𝟐. 
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5.6.4.2. Distribution of the Received Power, SNR and BER due to Cylindrical Helix 
Antenna 

Assuming isotropic receiving biosensor antennas allocated on the patient body within the 

area indicated in Figure 4.1 (Chapter 4), the distributions of the received power and SNR over 

the area of concern on the human body surface due to a central on-body cylindrical helix antenna 

placed as shown in Figure 3.2 (Chapter 3) and fed with input power, 𝑃𝑖𝑛 = 4 dBm at 𝑓 =

2.45 GHz, are presented in Figure 5.11. It is shown that SNR over the area of concern on the 

surface of the human body is high enough for reliable communications despite the on-body 

cylindrical helix antenna is fed with relatively low power (4 dBm).  

The corresponding distributions of the BER over the same area on the body surface are 

presented in Figure 5.12 assuming that the WBAN is employing 𝑀-ary PSK modulation 

technique for 𝑀 = 8, and 𝑀 = 16. Obviously the BER obtained for 𝑀 = 16 is higher than that 

obtained for 𝑀 = 8. However, the achieved BER seems to acceptable in the two cases, which 

indicates that the proposed cylindrical helix antenna is quite efficient for reliable on-body 

communications of the WBAN as it results in acceptable BER even when it is fed with low value 

of the input power. 
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(a) 

 

(b) 

Figure 5.11: Distribution of the received power and SNR over the area within which the (isotropic) 

biosensor antennas are allocated due to a central on-body cylindrical helix antenna fed with input power, 

𝑷𝒊𝒏 = 𝟒 𝐝𝐁𝐦 at 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳, (a) Power received by isotropic biosensor antennas, (b) SNR at the 

receiving biosensor antennas. 
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 (a) 

 

(b) 

Figure 5.12: Distribution of the BER over the area within which the (isotropic) biosensor antennas are 

allocated due to a central on-body cylindrical helix antenna fed with input power, 𝑷𝒊𝒏 = 𝟒 𝐝𝐁𝐦 at 𝒇 =
𝟐. 𝟒𝟓 𝐆𝐇𝐳, (a) BER for 8-symbol PSK, (b) BER for 16-symbol PSK. 

 

5.6.4.3. Distribution of the Received Power, SNR and BER due to the Conical Helix 
Antenna 

Assuming isotropic receiving biosensor antennas allocated on the patient body within the 

area indicated in Figure 4.1 (Chapter 4), the distributions of the received power and SNR over 

the area of concern on the human body surface due to a central on-body conical helix antenna 

placed as shown in Figure 3.2 (Chapter 3) and fed with input power, 𝑃𝑖𝑛 = 4 dBm at 𝑓 =

2.45 GHz, are presented in Figure 5.13. It is shown that SNR over the area of concern on the 

surface of the human body is high enough for reliable communications despite the on-body 

conical helix antenna is fed with relatively low power (4 dBm).  

The corresponding distributions of the BER over the same area on the body surface are 

presented in Figure 5.14 assuming that the WBAN is employing 𝑀-ary PSK modulation 

technique for 𝑀 = 8, and 𝑀 = 16. Obviously the BER obtained for 𝑀 = 16 is higher than that 

obtained for 𝑀 = 8. However, the achieved BER seems to acceptable in the two cases, which 

indicates that the proposed conical helix antenna is quite efficient for reliable on-body 
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communications of the WBAN as it results in acceptable BER even when it is fed with low value 

of the input power. 

When comparing the BER distributions presented in Figure 5.16 when the conical helix 

antenna is used as on-body central antenna for WBAN communication system to the BER 

distributions presented in Figure 5.14 when the cylindrical helix antenna is used for the same 

purpose, it becomes clear that the conical helix antenna shows higher performance. 

 

(a) 

 

(b) 

Figure 5.13: Distribution of the received power and SNR over the area within which the (isotropic) 

biosensor antennas are allocated due to a central on-body conical helix antenna fed with input power, 

𝑷𝒊𝒏 = 𝟒 𝐝𝐁𝐦 at 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳, (a) Power received by isotropic biosensor antennas, (b) SNR 
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(a) 

 

(b) 

Figure 5.14: Distribution of the BER over the area within which the (isotropic) biosensor antennas are 

allocated due to a central on-body conical helix antenna fed with input power, 𝑷𝒊𝒏 = 𝟒 𝐝𝐁𝐦 at 𝒇 =
𝟐. 𝟒𝟓 𝐆𝐇𝐳, (a) BER for 8-symbol PSK, (b) BER for 16-symbol PSK. 

5.6.5.  Optimization of the Conical Helix Antenna for Higher Performance of the 

WBAN Communication System 

As the conical helix antenna is shown to be of higher performance when compared to the 

other two types helical antennas when proposed to work as on-body central antenna for WBAN 

communications, it is convenient to study the effect of the dimensional parameters and the 

location of the conical helix antenna relative to the skin surface on the performance of the 

communication system regarding the SNR and the BER. 

5.6.5.1. Dependence of the SNR and BER on the Height of the Conical Helix Antenna  

The effects of the height of the conical helix antenna proposed for on-body communications 

in WBANs on the SNR and the BER are presented in Figures 5.15 and 5.16, respectively, for 

different values of the input power to the antenna. As shown in the figures, the SNR is increased 

and hence, the BER is decreased with increasing the height of the conical helix. 
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Figure 5.15: Dependence of the minimum resulting SNR on the height of the conical helix when used in 

WBAN as a central on-boday antenna fed with different values of the input power at 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳. 

 

 

Figure 5.16: Dependence of the maximum resulting BER on the height of the conical helix when used in 

WBAN as a central on-boday antenna fed with different values of the input power at 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳. 
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5.6.5.2. Dependence of the SNR and BER on the Apex Angle of the Conical Helix 
Antenna  

The effects of the apex angle of the conical helix antenna proposed for on-body 

communications in WBANs on the SNR and the BER are presented in Figures 5.17 and 5.18, 

respectively. As shown in these figures, the SNR and, hence, the BER seem be constant and 

independent of the apex angle of the conical helix. This study is considered one of the most 

important contributions in this thesis. 

 

Figure 5.17: Dependence of the minimum resulting SNR on the half apex-angle of the conical helix when 

used in WBAN as a central on-body antenna fed with input power, 𝑷𝒊𝒏 = 𝟒 𝐝𝐁𝐦 at 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳. 
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Figure 5.18: Dependence of the maximum resulting BER on the half apex-angle of the conical helix 

when used in WBAN as a central on-body antenna fed with input power, 𝑷𝒊𝒏 = 𝟒 𝐝𝐁𝐦 at 𝒇 =
𝟐. 𝟒𝟓 𝐆𝐇𝐳. 

5.6.5.3. Dependence of the SNR and BER on the Height of the Conical Helix Antenna 
above the Skin of the Human Body 

The height at which the conical helix antenna (proposed for on-body communications in 

WBANs) is placed has a significant effect on the SNR and the BER as shown in Figures 5.19 

and 5.20, respectively, for different values of the input power to the antenna. As shown in these 

figures, the SNR is increased and, hence, the BER is decreased with increasing the height of the 

conical helix above the surface of the human body. 
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Figure 5.19: Dependence of the minimum resulting SNR on the location of the conical helix above the 

surface of the human body when used in WBAN as a central on-body antenna fed with different values of 

the input power at 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳. 

 

 

Figure 5.20: Dependence of the maximum resulting BER on the location of the conical helix above the 

surface of the human body when used in WBAN as a central on-body antenna fed with different values of 

the input power at 𝒇 = 𝟐. 𝟒𝟓 𝐆𝐇𝐳. 
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5.7. Conclusion 

Quantitative assessment of the WBAN communication system performance is achieved 

when each of the cylindrical and conical helix antennas is employed as on-body central antenna 

for the WBAN. For its high immunity to noise, the utilized modulation system is assumed to be 

𝑀-ary PSK, with 𝑀 = 8 and 𝑀 = 16. A channel modeling is performed for such a 

communication system by considering AWGN to evaluate the SNR and, hence, the 

corresponding BER can be calculated. This enables the calculation of the minimum input power 

of the proposed on-body WBAN central antenna that achieves the required BER for a specific 

data rate. On the other hand, the distribution of the microwave power density near the body 

surface is evaluated by simulation and experimental measurements to ensure the realization of 

the electromagnetic exposure safety limits. Also, the SAR distribution inside the human tissues 

of concern is evaluated. It is shown that the conical helix antenna has higher performance than 

that of the cylindrical helix antenna. The effects of the on-body conical helix antenna 

dimensional parameters and, also, the antenna height above the human body surface on such 

performance measures and electromagnetic doze level are numerically studied for the purpose of 

arriving at the optimum design of the proposed on-body wearable conical helix antenna. It is 

shown that SNR is increased and, hence, the BER is decreased with increasing the height of the 

conical helix while being constant and independent of the apex angle of the conical helix. 
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Chapter 6 

 

Low Power Dual-Band Conical-Helix/Monopole and Monopole/Spiral 

On-Body Antennas 

6.1. Introduction 

Novel dual-band conical-helix/monopole and monopole/spiral antennas are proposed to 

operate as on-body central antennas for Wireless Body Area Network (WBAN). The proposed 

antennas communicates in three ways: (i) off-body communication through its end-fire radiation 

with the ceil-mounted Wi-Fi antenna at 5.8 GHz, (ii) on-body communication through its 

broadside radiation with the on-skin biosensor antennas at 3.0 GHz, and (iii) in-body 

communication with the in-body (implanted) biosensor antennas at 3.0 GHz. The characteristics 

of the proposed antennas are investigated through a semi-analytic technique developed in the 

present work, the commercially available CST simulator, and the experimental measurements. 

Prototypes of the proposed antennas are fabricated for experimental assessments. The antennas 

are matched with 50Ω coaxial feeder over a wide frequency band, mounted on a copper circular 

disc, and covered with a very thin dielectric radome for mechanical protection. Such antennas 

covered by the radome are shaped like a hemispherical button that can be attached to the patient 

clothes and, hence, can be considered as wearable antennas. The near-field distribution over the 

surface of human body is presented at 3.0 GHz. The radiation patterns obtained by experimental 

measurements show good agreement with those obtained by the CST simulator and are shown to 

be appropriate for communication with the ceil-mounted Wi-Fi antenna and the biosensor 

antennas at 5.8 GHz and 3.0 GHz, respectively. The distribution of the microwave power 

densities near the body surface are evaluated by simulation and experimental measurements to 

ensure the realization of the electromagnetic exposure safety limits. The (Specific Absorption 

Rate) SAR distribution inside the human tissues of concern is evaluated showing safe level of 

electromagnetic exposure. Quantitative assessment of the WBAN communication system 

performance is achieved when the proposed antennas are employed as on-body central antennas 
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for the WBAN. Thanks to the optimized design of the proposed antennas the Bit-Error-Rates 

(BER) are shown to be very low even when the input power fed to both antennas is only 1 mW. 

 

6.2. The Proposed Conical Helix/Monopole Dual-Band Antenna 

This section is concerned with the description of the conical-helix/dipole antenna proposed 

to work as on-body central antenna in WBANs. This antenna is dual-band and designed to 

communicate (through its far-field pattern) with the ceil-mounted Wi-Fi antenna at 5.8 GHz, and 

to communicate (through its near-field or far-field pattern) with the on-skin and in-body 

biosensor antennas at 3.0 GHz. The wire monopole antenna is responsible for broadside radiation 

at 3.0 GHz whilst the wire conical-helix produces end-fire (balloon-like) radiation pattern at 

5.8 GHz.  

A photograph of a prototype for the proposed antenna with the hemispherical protective 

dielectric cover is shown in Figure 6.1. The dual-structure wire antenna is mounted on a copper 

circular disc (representing the ground plane and the board on which the electronic circuit can be 

embedded) and matched with 50Ω coaxial feeder over the two frequency bands. The antenna 

structure is covered with a very thin dielectric radome (almost transparent at the microwave 

frequencies) to provide mechanical protection. Such an antenna when covered by the radome is 

shaped like a hemispherical button that can be attached to the patient clothes as shown in chapter 

three, Figure 3.2(a) and, hence, it can be considered as a wearable antenna. 
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Figure 6.1: Photograph of the proposed antenna with the hemispherical protective dielectric cover. 

The geometric model of the dual-structure of the proposed on-body antenna is shown in 

Figure 6.2. The monopole height is 𝐻M; the height, base diameter, and apex half-angle of the 

conical helix are 𝐻𝐻, 𝐷𝐻, and 𝜃𝐻, respectively. 
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Figure 6.2: Geometry of the conical-helix/monopole antenna (a) Three-dimensional view, (b) 

Elevation view, (c) Top view, (d) Geometric model of the proposed antenna in the CST® simulator 

The design of the proposed antenna permits the use of low power (few milli-Watts) while 

communicating (at 3.0 GHz) with the in-body or on-skin antennas which are connected to in-

body biosensors and allows the use of higher level of power while communicating with the Wi-

Fi antenna (at 5.8 GHz). The power consumption is, thus, optimized leading to low level of the 

SAR in the human tissues and long life-time of the batteries required to energize the on-body 

antenna and the in-body biosensor antennas. 

The performance of the proposed antennas in this chapter is accurately assessed through: (i) 

the semi-analytic technique developed in Chapter 3, (ii) the commercially available CST 

simulation package and (iii) experimental measurements of the fabricated prototype of the 

proposed antenna. 
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6.3. Assessment of the WBAN Communication System Performance 

For transmitting information through physical channels in the communication systems, the 

design of these systems requires to construct mathematical models, which show the most 

important features of the transmission media. This section is concerned with the quantitative 

description of shared wireless transmission model of the WBAN explained in Chapter 3. The 

purpose of building such a channel model is the assessment of the communication system 

performance regarding the SNR and the corresponding BER assuming that the modulation 

system is 𝑀-ary PSK. 

6.4. Results of Electromagnetic Simulation and Experimental 

Measurements 

This section is concerned with the presentation and discussion of the results of the 

electromagnetic simulation and experimental measurements to study the characteristics of the 

dual-structure conical-helix/monopole antenna proposed to work as on-body central antenna for 

WBAN. The presented results are concerned with investigating the performance of the on/off-

body communication systems employing the proposed antenna including the power 

consumption, the SNR and BER and the associated SAR in the different human tissues near the 

body surface (ski, fat and muscle). 

6.4.1. Antenna-on-Body Model for Electromagnetic Simulation 

For realistic electromagnetic simulation, the human body below the antenna can be replaced 

by the three-layer (skin-fat-muscle) model shown in Figure 6.3. The electric properties of the 

three tissue types at 3.0 GHz and 5.8 GHz are listed Table 6.1. 
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Figure 6.3: Three-layer (skin-fat-muscle) model of the human body for the simulation scenareo of 

electromagnetic radiation from on-body antenna radiation 

The geometric model of the same conical helix antenna in the commercially available CST 

simulator is presented in Figure 6.4. The monopole has a length of 𝐻𝐻 = 18.5 mm, the height, 

base diameter, and apex half-angle of the 3-turn conical helix are, respectively, 𝐻𝐻 = 20 mm, 

𝐷𝐻 = 20 mm, and 𝜃𝐻 = 36.5°. The diameter of the circular copper plate is 40 mm. The CST 

simulator is used to evaluate the far-field pattern at 5.8 GHz when the input power to the antenna 

is 10 dBm. The three-layer planar structure described in Figure 6.3 is placed just below the 

antenna base as shown in Figure 6.4 to represent the human body. 

 

Table 6. 1: Electric properties of the concerned types of the human tissues at 3.0 GHz and 5.8 GHz. [116] 

 

Tissue Type 
Mass Density, 

𝜌(kg/m3) 

Dielectric Constant, 𝜀𝑟 Conductivity, 𝜎(S/m) 

𝑓 = 
3.0 GHz 

𝑓 = 
5.8 GHz 

𝑓 = 
3.0 GHz 

𝑓 = 
5.8 GHz 

Skin 1109 37 35.11 1.95 3.72 
Fat 911 5.1 4.95 0.16 0.29 

Muscle 1090 51.2 48.48 2.90 4.96 
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Figure 6.4: Model of the proposed conical-helix/monopole on-body antenna placed on the three-layer 

(skin-fat-muscle) model of the human body in the commercially available CST® simulator; the antenna 

has the dimensional parameters 𝑁𝑇 = 3, 𝐻𝐻 = 20 mm, and 𝐷𝐻 = 20 mm, 𝐻𝑀 = 1.85 mm. 

 

The evaluation of the field distribution on the top surface of the skin layer is a necessary 

requirement for the performance assessment of the on-body communication between the 

proposed central antenna and distributed on-skin biosensor antennas.  

In addition, the calculation of the electric field penetrating the human tissues namely the 

skin, fat, and muscle tissues is necessary for the evaluation of the SAR in these tissues and for 

the evaluation of the power received by the in-body biosensor antennas.  

 

6.5. Fabrication of the On-Body Conical-Helix/Monopole Antenna 

Prototype 

This section is concerned with the procedure of fabricating a prototype for the proposed 

conical-helix/monopole antenna. 

6.5.1. Constructing the Conical-Helix and Monopole Wires 
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For the fabrication of a prototype of the proposed antenna, a copper wire is wrapped to take 

the shape of the conical helix with the dimensions given in Section 6.2. A wire wrapped in the 

right-hand sense produces right-hand circularly polarized field whereas a wire wrapped in the 

left-hand sense, as that shown in Figure 6.5, produces left-hand circularly polarized field. 

The wrapped helix is then, welded near the cone base to a straight wire to form the 

monopole part of the complete wire antenna as shown in Figure 6.5.  

 

Figure 6.5: A copper wire is wrapped to form a conical helix and then welded to a straight wire to 

form the conical-helix/monopole antenna proposed to play the role of a central on-body antenna for on-

body biosensor antenna network 

6.5.2. Mounting the Wire Structure on the Ground Plate and the Feeding Connector 

A ground plane and a feeding coaxial connector are necessary for the operation of such 

monopole helical antennas. A circular copper disc of 4 cm diameter is prepared for this purpose 

and an SMA coaxial connector is mounted with its outer conductor welded to the circular disc as 

shown in Figure 6.6. The entire structure of the wire antenna, shown in Figure 6.7, is mounted on 

a circular copper plate by welding the monopole extension at the cone base to the inner 

conductor of the SMA connector as shown in Figure 6.7. 
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Figure 6.6: Fabricated copper circular disc to act as a ground base for the proposed conical-

helix/monopole antenna with a mounted SMA connector, (a) Bottom view, (b) Top view. 

6.5.3. Adding Impedance Matching Elements to the Antenna Structure 

The wire antenna should be matched with the 50Ω SMA coaxial connector. The conical-

helix antennas are characterized by an advantage of low imaginary part of the input impedance at 

the design frequency for end-fire radiations. Unfortunately, they are, also, characterized by a 

resistive part of the impedance that is much smaller than 50Ω. The real part of the impedance can 

be increased to 50Ω by attaching a small conductive triangular patch to the wire of the antenna 

near the feed point as shown in Figure 6.8. On the other hand, the quarter-wavelength straight 

wire monopole antennas are characterized, at resonance, by very low imaginary part of the input 

impedance and a resistive part that is greater than 50Ω. The real part of the monopole impedance 

can be decreased to 50Ω by attaching a small conductive rectangular patch near the feed point as 

shown in Figure 6.8. The shape, size and location of such patches for impedance matching can 

be properly attached to the antenna structure with the aid of a VNA to minimize the reflection 

coefficient |𝑆11| over the bandwidth of interest. 
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Figure 6.7: The conical-helix/monopole structure 

is mounted on a circular copper disc and connected 

to the inner conductor of an SMA connector 

without impedance matching. 

 

 

Figure 6.8: The conical-helix/monopole 

antenna with a triangular patch connected to the 

conical helix and another rectangular patch 

connected to the monopole near the feed point for 

impedance matching. 

 

 

6.5.4. Covering the Wire Antenna with Hemispherical Radom for Mechanical 

Protection 

For protecting the wrapped wires of the fabricated helical antennas from deformation due to 

unavoidable mechanical stresses, a hemispherical radome of very thin dielectric material is used 

to cover the antenna structure as shown in Figure 6.9(a). As this radome is made of very thin 

dielectric material, it is almost electromagnetically transparent at the microwave frequencies and, 

consequently, has no effect on the antenna characteristics. Finally, for measurement purposes, 

the antenna is connected to flexible 50Ω coaxial cable as shown in Figure 6.9(b). 
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(a) (b) 

Figure 6.9: The final form of the proposed on-body medical antenna (a) covered with hemispherical 

radome and (b) connected to a coaxial cable for the purpose of experimental measurements. 

6.6. Return Loss and Impedance Bandwidth of the Proposed On-Body 

Antenna 

The reflection coefficient at the antenna port is measured using vector network analyzer 

(VNA) of the Agilent Field Fox N9918A. The frequency response of the reflection coefficient 

|𝑆11| is measured over a wide range of the frequency. The experimental measurements are 

compared to the numerical results obtained by electromagnetic simulation using the 

commercially available CST microwave studio suite. 

The experimental setup for measuring the frequency response of the reflection coefficient 

|𝑆11| of the cylindrical helix antenna is shown in Figure 6.10. The comparison between 

measurement curves appearing the screen of the measurement device presented in Figures 

6.10(a) and 6.10(b) shows that the reflection coefficient of the conical-helix/monopole antenna is 

almost unaffected by the placement of the radome to cover the antenna. 

Protective Radom 

  

Copper Disc 
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(a) 

 

(b) 

Figure 6.10: Measurement of the reflection coefficient |𝑺𝟏𝟏| of the conical-helix/monopole antenna 

using the VNA of the Agilent Field Fox N9918A, (a) The uncovered antenna, (b) The antenna covered 

with the hemispherical radome. 

Figure 6.11 presents the measured frequency responses of the reflection coefficient |𝑆11| of 

the conical-helix monopole antenna. Both the experimental measurements and the simulation 

results show that the antenna impedance is matched to  50Ω over the two frequency bands of 

interest. The impedance matching bandwidth (for |𝑆11| ≤ −10 dB) is about 11% at 3.0 GHz and 

about 22% at 5.8 GHz. The sharp minimum in the frequency response of |𝑆11| shows that the 

antenna is resonant at the frequency 3.0 GHz, which corresponds to the resonance of the quarter-

wavelength monopole. However, the bandwidth at 3.0 GHz is fairly acceptable for high-speed 

data transmission between the biosensor antennas and the proposed central on-body antenna. On 

the other and, the wider bandwidth at the Wi-Fi frequency 5.8 GHz enables the central on-body 

antenna to transmit data at much higher speed, which facilitates the transmission of large data 

records of the patient through the Wi-Fi communication system. 



152 

 

 

Figure 6.11: Comparison between the measured frequency response of the reflection coefficient 
|𝑺𝟏𝟏| of the proposed conical-helix/monopole antenna and that obtained by electromagnetic simulation 

using the commercially available CST simulation package. 

6.7.Simulation and Experimental Assessment of the Radiation Patterns 

of the Proposed On-Body Antenna 

The commercially available CST simulation package is used to evaluate the far-field 

radiation patterns produced by the conical-helix/monopole antennas at 3.0 GHz and 5.8 GHz  

using the antenna-on-body model described in Section 6.2.  

On the other hand, the experimental setups for measuring the radiation patterns of the 

proposed antenna using the VNA of the Agilent Field Fox N9918A wihle being placed in free 

space and mounted on the human body are shown in Figures 6.12 and 6.13, respectively. A 

reference right-hand circlarly polarized helical antenna is connected to port ‘2’ of the VNA 

whereas the antenna under test is connected to port ‘1’ to obtain its radiation pattern by 

measuring the transmission coefficient |𝑆21| at the frequencies of concern. 
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Figure 6.12: Experimental setup for measuring the radiation pattern of the proposed on-body 

conical-helix monopole antenna in free space using the VNA of the Agilent Field Fox N9918A. 

 

Figure 6.13: Experimental setup for measuring the radiation patterns of the conical-helix/monopole 

antenna on the human body using the VNA of the Agilent Field Fox N9918A. 
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6.7.1. Radiation Patterns at 𝟑. 𝟎 𝐆𝐇𝐳 

The CST simulator is used to evaluate the radiation pattern produced at by the conical-

helix/monopole antenna 3.0 GHz when the antenna is placed in free space. Also, the 

experimental setup shown in Figure 6.14 is used to measure the radiation pattern at the same 

frequency. The two-dimensional radiation patterns obtained by simulation and experimental 

measurements are presented in Figure 6.14 in comparison to each other showing good 

agreement. As shown in this figure, the radiation pattern is omnidirectional in the azimuth plane 

and broadside in the elevation planes with null in the direction parallel to the antenna axis. This 

shape of the radiation pattern means that monopole is the active part of the composite wire 

antenna at this frequency and, consequently, it is responsible for the radiation at 3.0 GHz. 

 

(a) 

 

(b) 

Figure 6.14: Comparison between the radiation patterns obtained by experimental measurenments and 

CST simulator for the total field produced by the conical-helix/monopole antenna (placed in free space) in 

the planes, (a) 𝜙 = 0, 180°, and (b) 𝜙 = 90, 270°, 𝑓 = 3.0 GHz. 

 

The CST simulator is used to evaluate the far-field pattern produced at 3.0 GHz by the same 

antenna when mounted on the three-layer model of the human body described in Section 6.2. 

The resulting three-dimensional radiation pattern of the total radiated field is presented in Figure 

6.15. The experimental setup described above, Figure 6.14, is used to evaluate the two-

dimensional radiation patterns in the elevation planes that are presented in Figure 6.16 in 
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comparison with the patterns obtained by the CST simulator. As shown in the figure, the 

experimental measurements and the simulation results show good agreement.  It is clear that the 

radiation at this frequency is mainly produced by the monopole part of the composite structure of 

the wire antenna. As shown in this figure, the radiation pattern is omnidirectional in the azimuth 

plane and broadside in the elevation planes with null in the direction parallel to the antenna axis. 

Thus, the radiated power at 3.0 GHz is mainly directed towards the body surface or into the 

human tissues near the body surface, which is appropriate for the conical-helix/monopole 

antenna to perform on-body and in-body communications with the biosensor antennas. When 

this pattern is compared to that obtained when the antenna is placed in free space, Figure 6.14, it 

is shown that the human body has the effect of reducing the backscatter and, thus, increasing the 

front-to-back ratio of the radiation. 

 

Figure 6.15: Three-dimensional far-field radiation pattern of the on-body conical-helix/monopole 

antenna of dimensions, 𝑯𝑴 = 𝟐𝟎 𝐦𝐦, 𝑯𝑯 = 𝟐𝟎 𝐦𝐦, 𝜽𝑯 =  𝟑𝟔. 𝟓°, 𝑫𝑯 = 𝟐𝟎 𝐦𝐦, 𝒇 = 𝟑 𝐆𝐇𝐳. 
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(a) 

 

(b) 

Figure 6.16: Comparison between the patterns obtained by experimental measurenments and CST® 

simulator for the total field produced by the conical-helix/monopole antenna (placed on the human body) 

in the planes, (a) 𝜙 = 0, 180°, and (b) 𝜙 = 90, 270°, 𝑓 = 3.0 GHz. 

 

 

6.7.2. Radiation Patterns at 𝟓. 𝟖 𝐆𝐇𝐳 

The CST simulator is used to evaluate the radiation pattern of the circularly polarized fields 

produced at by the conical-helix/monopole antenna at 5.8 GHz when the antenna is placed in free 

space. Also, the experimental setup shown in Figure 6.12 is used to measure the corresponding 

radiation patterns at the same frequency. The two-dimensional radiation patterns obtained by the 

CST simulator and experimental measurements are presented in Figure 6.17 in comparison to 

each other showing good agreement. As shown in this figure, the radiation patterns show good 

circular polarization with omnidirectional radiation in the azimuth plane and end-fire (balloon-

like) radiation in the elevation planes. The maximum radiation is obtained in the direction 

parallel to the antenna axis. This shape of the radiation pattern means that conical helix is the 

active part of the composite wire antenna at this frequency and, consequently, it is responsible 

for the radiation at 5.8 GHz. 
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(a) 

 

(b) 

Figure 6.17: Comparison between the simulated and measured far-field radiation patterns of the right-

hand and left-hand circular polarization for the conical helix antenna in the planes, (a) 𝜙 = 0, 180°, and 

(b) 𝜙 = 90, 270°, 𝑓 = 5.8 GHz. 

 

The CST simulator is used to evaluate the far-field pattern produced at 5.8 GHz by the 

proposed on-body antenna when mounted on the three-layer model of the human body as 

described in Section 6.2. The three-dimensional radiation pattern of the total radiated field is 

presented in Figure 6.18. The experimental setup described above, Figure 6.13, is used to 

evaluate the two-dimensional radiation patterns in the elevation planes that are presented in 

Figure 6.19 in comparison with the patterns obtained by the CST simulator. As shown in the 

figure, the experimental measurements and the simulation results show good agreement.  It is 

clear that the radiation at this frequency is mainly produced by the conical helix part of the 

composite structure of the wire antenna. As shown in this figure, the radiation pattern is 

omnidirectional in the azimuth plane and end-fire (balloon-like) in the elevation planes with 

maximum in the direction parallel to the antenna axis. Thus, the radiated power at 5.8 GHz is 

mainly directed towards the Wi-Fi antenna mounted in the room ceil, which is appropriate for 

off-body communications intended at this frequency. Moreover, such a radiation pattern is 

appropriate to keep the main radiation at this frequency far from the human body to reduce the 

SAR in the human tissues. 
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Figure 6.18: Three-dimensional radiation pattern of total field produced by the on-body conical-

helix/monopole antenna of dimensions, 𝑁𝑇 = 3 𝐻𝑀 = 20 mm, 𝐻𝐻 = 20 mm, 𝜃𝐻 =  36.5°, 𝐷𝐻 =
20 mm, 𝑓 = 5.8 GHz. 

 

The measured radiation patterns of right-hand circularly polarized field of the cylindrical 

helix antenna in the elevation planes 𝜙 = 0, 180° and 𝜙 = 90°, 270° are presented in Figure 

6.19 in comparison to the radiation pattern obtained by the CST simulator for the same antenna 

model. The measured radiation patterns of the cylindrical helix antenna show good agreement 

with those obtained by simulation. 
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(a) 

 

(b) 

Figure 6.19: Comparison between the patterns obtained by experimental measurenments and CST 

simulator for the total field produced by the conical-helix/monopole antenna (placed on the human body) 

in the planes, (a) 𝜙 = 0, 180°, and (b) 𝜙 = 90, 270°, 𝑓 = 5.8 GHz. 

 

6.8. Power Density and SAR Distribution in the Human Tissues due to 

Radiation from the Proposed On-Body Antenna 

This section is concerned with the experimental measurement and the numerical assessment 

of the power density distribution on the surface of the human body while the proposed conical-

helix/monopole antenna is mounted on the human body and being excited at 3.0 GHz. Also, the 

SAR distribution in the different tissues of the three-layer human body model described in 

Section 6.4 using the semi-analytic model explained in Chapter 3. 

6.8.1. Experimental Assessment of the Power Density Distribution on the Surface of 

the Human Body 

For experimental assessment of the power density distribution on the human body surface, 

the radiation hazard meter Extech® model 480846 is used with its isotropic probe touching the 

human body as shown in Figure 6.20 while the conical-helix/monopole antenna (covered with 

the radome) is placed on the patient chest and excited with input power 𝑃𝑖𝑛 = 0 dBm (1 mW) at 
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𝑓 = 3.0 GHz. The power density meter shows a reading of 0.041 𝜇W/cm2 when antenna is 

oriented with tip pointing to the power density meter as shown in Figure 6.20(a). When the 

antenna is oriented with the tip of the conical helix pointing to the room ceil (normal operation) 

the reading of the power density meter is 0.276 𝜇W/cm2. Comparing the two readings of the 

power density meter taking the orientations of the antenna into consideration indicates that the 

radiation of the conical helix antenna has mainly broadside radiation at this frequency. However, 

the power density still ensures safe values of the electromagnetic exposure. 

 

(a) 

 

(b) 

Figure 6.20: Measurement of the power density distribution near the skin of the body using the radiation 

hazard meter Extech® model 480846 when the conical helix antenna is excited with input power  𝑃𝑖𝑛 =
0 dBm at 𝑓 = 2.45 GHz, (a) The antenna is oriented with tip pointing to the power density meter , (b) The 

antenna is oriented with tip pointing to the room ceil (normal operation). 
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6.8.2. Semi-Analytic Assessment of the Power Density and SAR Distribution in the 

Tissues of the Human Body 

The geometric model of the proposed conical-helix/monopole antenna shown in Figure 6.2 

is generated by a Matlab program. This program applies the semi-analytic technique described in 

chapter 3 to evaluate the electric field distribution over the body surface within the rectangular 

area bounded by the dashed rectangle shown in Figure 4.1. 

The electric field intensity distribution on the skin surface over the rectangular area 

(indicated by the dashed rectangle in Figure 4.1) is presented in Figure 6.21 using the shown 

color code when the operating frequency is 3.0 GHz and the input power to the conical-

helix/monopole antenna is 0 dBm (1 mW). It is shown that the electric field magnitude does not 

exceed 5.5 V/m. Figure 6.22(a) presents the corresponding distribution of the microwave power 

density just on the skin surface over the rectangular area surrounded by the blue dashed rectangle 

shown in Figure 4.1 due to the placement of the conical-helix/monopole antenna with its base 

touching the human body surface while being excited by input power  𝑃𝑖𝑛 = 0 dBm at 𝑓 =

3.0 GHz. It should be noted that the power density distribution is evaluated using the semi-

analytic technique developed in chapter 3. It is shown that the maximum power density on the 

skin doesn’t exceed 0.035 mW/cm2, which ensures safe level of electromagnetic exposure. The 

corresponding SAR distributions in the tissues of skin, fat, and muscle over the area of interest 

are presented in Figures 6.22(b), 6.22(c), and 6.22(d). The SAR is evaluated using (19), where 

the magnitude of the electric field in the human tissues is evaluated using the semi-analytic 

technique developed in chapter 3. It is shown that the maximum value of the SAR occurs in the 

skin tissues whereas the fat tissues has the minimum value of the SAR due to the higher 

conductivity of the skin tissue and larger depth of the fat tissues inside the human body. The 

maximum SAR in all the tissues doesn’t exceed 0.3 W/kg, which ensures safe level of 

electromagnetic exposure. 
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Figure 6.21: Electric field distribution in the plane of the biosensor antennas (parallel to the skin of the 

human body) due to the proposed conical-helix/monopole antenna working as a central on-body antenna, 

𝑁𝑇 = 3 𝐻𝑀 = 20 mm, 𝐻𝐻 = 20 mm, 𝜃𝐻 =  36.5°, 𝐷𝐻 = 20 mm, 𝑓 = 3.0 GHz. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 6.22: Distribution of (a) Microwave power density on the surface of the body, (b) SAR in the 

skin tissues (c) SAR in the fat tissues, and (d) SAR in muscle tissues, due to conical-helix/monopole 

antenna fed with input power 𝑷𝒊𝒏 = 𝟎 𝐝𝐁𝐦 at 𝒇 = 𝟑. 𝟎 𝐆𝐇𝐳; the antenna dimensions are 𝑵𝑻 = 𝟑 𝑯𝑴 =
𝟐𝟎 𝐦𝐦, 𝑯𝑯 = 𝟐𝟎 𝐦𝐦, 𝜽𝑯 =  𝟑𝟔. 𝟓°, 𝑫𝑯 = 𝟐𝟎 𝐦𝐦, 𝒇 = 𝟑. 𝟎 𝐆𝐇𝐳. 
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6.9.Assessment of the On/Off-Body Communication System Performance 

using the Proposed On-Body Antenna 

This section is concerned with the presentation of some numerical results for the assessment 

of the performance of the WBAN communication system described previously according to the 

channel model described in chapter 3. It is assumed that all the biosensor antennas (both on-body 

and in-body) in the WBAN are isotropic and lossless and distributed on the surface of the human 

body. The losses are caused only by the microwave propagation inside the lossy tissues on the 

surface of the human body.  

6.9.1.Distribution of the SNR and BER on the Skin due to the Proposed On-Body 

Antenna 

The distribution of the SNR due to AGWN of power spectral density 𝑁0/2 = 1 ×

10−3 mW/Hz at isotropic receiving biosensor antennas distributed on the skin surface over the 

rectangular area (indicated by the dashed rectangle in Figure 4.1) is presented in Figure 6.23(a) 

using the shown color code when the operating frequency is 3.0 GHz and the input power to the 

conical-helix/monopole antenna is 0 dBm (1 mW). The corresponding distributions of BER over 

the same area of the human body surface are presented in Figures 6.23(b) and 6.23(c) under the 

assumption of using 8-symbol and 16-symbol in the 𝑀-ary PSK modulation technique, 

respectively. In spite of the low power fed to the proposed on-body conical-helix /monopole 

antenna (only 1 mW), and thanks to the optimized design of this antenna, the BER doesn’t 

exceed 1.2 × 10−6 and 5.3 × 10−4 for the two modulation schemes.  
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(a) (b) 
(c) 

Figure 6.23: Distribution of the SNR and the corresponding BER over the area of the skin within which 

the (isotropic) biosensor antennas are allocated due to a central on-body conical-helix/monopole antenna 

fed with input power, 𝑃𝑖𝑛 = 0 dBm at 𝑓 = 3.0 GHz, (a) SNR, (b) BER for 8-symbol PSK, (b) BER for 

16-symbol PSK, the antenna dimensions are 𝑁𝑇 = 3 𝐻𝑀 = 20 mm, 𝐻𝐻 = 20 mm, 𝜃𝐻 =  36.5°, 𝐷𝐻 =
20 mm, 𝑓 = 3.0 GHz. 

 

6.9.2.Dependence of the SNR and BER on the Height of the On-Body Antenna 

above the Skin 

The height at which the conical helix antenna (proposed for on-body communications in 

WBANs) is placed has a significant effect on the SNR and the BER as shown in Figures 6.24(a) 

and 6.24(b), respectively, for different values of the input power to the proposed on-body 

conical-helix/monopole antenna. As shown in these figures, the SNR is increased and, hence, the 

BER is decreased with increasing the height of the conical helix above the surface of the human 

body. 
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(a) (b) 

Figure 6.24: Dependence of the minimum SNR and the corresponding BER on the height at which the 

conical-helix/monopole antenna is placed above the surface of the human body when used in WBAN as a 

central on-body antenna fed with different values of the input power at 𝑓 = 3.0 GHz, (a) Minimum SNR, 

(b) Maximum BER. 

 

 

6.10. The Proposed Dual-Band Monopole/Spiral Antenna 

This section is concerned with the description of the monopole/spiral antenna proposed to 

work as on-body central antenna in WBANs. This antenna is dual-band and designed to 

communicate (through its far-field end-fire pattern) with the ceil-mounted WiMAX antenna 

at 5.8 GHz, and to communicate (through either its near-field or far-field broadside pattern) with 

the on-skin and in-body (implanted) biosensor antennas at 3.0 GHz. The monopole is a part of 

the wire antenna structure that is responsible for broadside radiation at 3.0 GHz whilst the single-

arm spiral produces end-fire radiation pattern at 5.8 GHz. The proposed antenna has a small size 

as shown in Figure 6.25(a) and can be mounted on the human body as a button attached to the 

clothes as shown in Figure 6.25(b) and (c). Excluding the SMA connector, the antenna diameter 

is 20 mm and the antenna height is 15 mm. 
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(a) (b) (c) 

Figure 6.25: The fabricated prototype of the proposed monopole/spiral antenna (a) the antenna size 

compared with the size of a standard one-inch coin, (b) the uncovered antenna attached to the clothes as a 

button, (c) the antenna covered with the radome and attached to the clothes as a button. 

 

The proposed antenna is designed to have a balloon-shaped radiation pattern to 

communicate with the Wi-Fi system at 5.8 GHz and to have a figure-of-eight radiation pattern to 

communicate with the on-body and in–body biosensor antennas at 3.0 GHz. The configuration of 

the antenna system required for on/off-body communications in the WBANs is illustrated in 

Figure 6.26, where the monopole/spiral antenna proposed in the present work to play the role of 

a central on-body antenna can be attached to clothes of the patient as wearable button-like 

antenna. 

The proposed button-like 

antenna 
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Figure 6.26: The monopole/spiral antenna proposed in the present work is attached to clothes of the 

patient as wearable button antenna. The on-body central antenna communicates with the on-body and in-

body biosensor antennas via on-body/in-body microwave propagation. The on-body antenna connects the 

WBAN to the Wi-Fi through off-body (far-field) radiation into free space. 

The geometric model of the dual-structure of the proposed on-body antenna is shown in 

Figure 6.27. The monopole length is 𝐻M; the external diameter of the spiral is 𝐷𝑆. The equation 

of the planar single-arm spiral can is expressed as follows. 

𝑟 =
𝐷𝑆

𝑁𝜋
 𝜙 

where (𝑟, 𝜙) are the coordinates of a point on the planar spiral. 
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(a) 

 

(b) 

Figure 6.27: Geometry of the monopole/spiral antenna (a) Geometric model of the proposed antenna 

in the CST simulator, (b) Schematic antenna dimensional parameters. 

The design of the proposed antenna permits the use of low power (few milli-Watts) for 

communication with the on-body and in-body biosensor antennas at 3.0 GHz and allows the use 

of higher level of power while communicating with the Wi-Fi antenna (at 5.8 GHz). The power 

consumption is, thus, optimized leading to low level of the SAR in the human tissues and long 

lifetime of the batteries required to energize the transceiver attached to the central on-body 

antenna and the biosensor antennas. 

The geometric model of the proposed monopole/spiral antenna in the commercially 

available CST simulator when mounted directly on the top layer of the three-layer body model is 

presented in Figure 6.28. The monopole has a length of 𝐻𝑀 = 15 mm, the external diameter of 

the 3-turn planar spiral is 𝐷𝑆 = 20 mm. The diameter of the circular copper plates used for 

simulation is 20 mm. The CST simulator is used to evaluate the far-field pattern at 5.8 GHz. The 

three-layer planar model, described in Figure 4.1, is placed just below the antenna base as shown 

in Figure 6.28 to represent the human body. 



170 

 

 

Figure 6.28: Model of the proposed monopole/spiral on-body antenna placed on the three-layer (skin-fat-

muscle) model of the human body (the dimensions of the model used in the simulator are much larger 

than those shown in the figure); the antenna has the dimensional parameters 𝑁 = 3, 𝐻𝑀 = 1.5 mm, and 

𝐷𝑆 = 20 mm,. 

 

The evaluation of the field distribution on the top surface of the skin layer is a necessary 

requirement for the performance assessment of the on-body communications between the 

proposed central antenna and distributed on-skin biosensor antennas. Also, the calculation of the 

electric field penetrating the human tissues namely the skin, fat, and muscle tissues is necessary 

for the evaluation of the SAR in these tissues and for the evaluation of the power received by the 

in-body biosensor antennas.  

It should be noted that the human body region of concern in the present study is the area 

surrounded by the blue dashed rectangle shown in Figure 4.1. The field distribution over this 

area is evaluated under the assumption of a flat surface of this region of the body. It should be 

noted that this rectangular area has the dimensions 𝐿𝑥 = 20 cm  and 𝐿𝑦 = 30 cm; these 

dimensions are considered throughout the following presentations and discussions of numerical 

results unless otherwise indicated. 
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6.11. Fabrication of the Monopole/spiral Antenna Prototype 

This section is concerned with the procedure of fabricating a prototype for the proposed 

monopole/spiral antenna. The antenna is fabricated using a copper wire of 0.5 mm. Two circular 

copper discs of 40 mm and 20 mm diameters are used for experimental assessment. Due to high 

conductivity of the copper and the absence of any dielectric parts, the Ohmic losses of this 

antenna can be negligible. 

6.11.1. Constructing the Single-Arm Spiral and Monopole Wires 

For the fabrication of a prototype of the proposed antenna, a copper wire is wrapped to take 

the shape of the single-arm spiral with the dimensions given in the previous section. A wire 

wrapped in the right-hand sense produces right-hand circularly polarized field whereas a wire 

wrapped in the left-hand sense, as that shown in Figure 6.29(a), produces left-hand circularly 

polarized field. 

The wrapped planar spiral is then welded at its origin to a straight wire monopole (slightly 

shorter than a quarter-wavelength at 3.0 GHz) to form the complete wire structure of the antenna 

as shown in Figure 6.29(a). A ground plane and a feeding coaxial connector are necessary for the 

operation of such a spiral/monopole antenna. A circular copper disc of 4 cm diameter is prepared 

for this purpose and an SMA coaxial connector is mounted with its outer conductor welded to the 

circular disc as shown in Figure 6.29(b). The dual-structure of the wire antenna, shown in Figure 

6.29(a), is mounted on a circular copper plate by welding the monopole free terminal to the inner 

conductor of the SMA connector to form the entire antenna structure shown in Figure 6.30(a). A 

foam tube can be used to enclose the wire monopole for electric insulation between the 

monopole and the planar spiral. 
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(a) 

 

(b) 

Figure 6.29: A copper wire is wrapped to form a single-arm planar spiral and then welded to a 

straight wire to form the dual wire structure of the monopole/spiral antenna proposed to play the role of a 

central on-body antenna for WBAN (a) the dual wire structure of the antenna, (b) the circular copper disc 

on which the wire structure is mounted. 

6.11.2. Adding Impedance Matching Element to the Antenna Structure 

To minimize the return loss, the wire antenna should be matched to the 50Ω SMA coaxial 

connector. The single-arm spiral antenna is characterized by an advantage of low imaginary part 

of the input impedance at the design frequency for end-fire radiations. Unfortunately, it is, also, 

characterized by a resistive part of the impedance that is much smaller than 50Ω. The real part of 

the impedance can be increased to 50Ω by attaching a small conductive rectangular patch to the 

wire of the antenna near the feed point as shown in Figure 6.30(b). The size and location of such 

rectangular and rectangular patches used for impedance matching can be experimentally adjusted 

while being attached to the antenna structure with the aid of a Vector Network Analyzer (VNA) 

to minimize the reflection coefficient |𝑆11| over the frequency bands of interest. 

6.11.3. Covering the Wire Antenna with Hemispherical Radom for Mechanical 

Protection 

For protecting the wrapped wires of the fabricated antenna from deformation due to 

unavoidable mechanical stresses, a hemispherical radome of very thin dielectric material is used 

to cover the antenna structure as shown in Figure 6.30(c). As this radome is made of very thin 

dielectric material (𝜀𝑟 = 1.5), it is almost electromagnetically transparent at the microwave 
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frequencies and, consequently, has no effect on the antenna characteristics. Finally, for the 

purpose of microwave measurement, the antenna is connected to flexible 50Ω coaxial cable 

through the SMA connector mounted on the circular disc. 

 

 Figure 6.30: The wire monopole/spiral structure is mounted on a circular copper disc and connected to 

the inner conductor of an SMA connector (a) without impedance matching, (b) with a rectangular patch 

connected to the monopole near the feed point for impedance matching, (c) the matched antenna covered 

with hemispherical radome for mechanical protection.   

6.12. Results of Electromagnetic Simulation and Experimental 

Measurements 

This section is concerned with the presentation and discussion of the electromagnetic 

simulation results and experimental measurements to study the characteristics of the 

monopole/spiral antenna proposed to work as on-body central antenna for WBAN. The presented 

results are, also, concerned with investigating the performance of the on/off-body 

communication system employing the proposed antenna including the power consumption, the 

SNR and BER and the associated SAR in the different human tissues near the body surface (skin, 

fat and muscle). 

6.12.1. Return Loss and Impedance Bandwidth of the Proposed On-Body Antenna 

(a) (b) (c) 



174 

 

The reflection coefficient at the antenna port is measured using VNA of the Agilent 

FieldFox N9918A. The frequency response of the reflection coefficient |𝑆11| is measured over a 

wide range of the frequency. The experimental measurements are compared to the numerical 

results obtained by electromagnetic simulation using the commercially available CST microwave 

studio suite. 

The experimental setup for measuring the frequency response of the reflection coefficient 

|𝑆11| of the monopole/spiral antenna is shown in Figure 6.31. The comparison between 

measurement curves appearing on the screen of the measurement device presented in Figures 

6.31(a) and 6.31(b) shows that the reflection coefficient of the monopole/spiral antenna is almost 

unaffected by the placement of the radome to cover the antenna. 

 

(a) 

 

(b) 

Figure 6.31: Measurement of the reflection coefficient |𝑆11| of the monopole/spiral antenna using the 

VNA of the Agilent Field Fox N9918A, (a) uncovered antenna, (b) antenna covered with the 

hemispherical radome. 
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Figure 6.32 presents the measured frequency responses of the reflection coefficient |𝑆11| of 

the monopole/spiral antenna. Both the experimental measurements and the simulation results 

show that the antenna impedance is matched to  50Ω over the two frequency bands of interest. 

The impedance matching bandwidth (for |𝑆11| ≤ −10 dB) according to the experimental 

measurement is about 11% at 3.0 GHz and about 22% at 5.8 GHz. The sharp minimum of the 

|𝑆11| frequency response shows that the antenna is resonant at the frequency 3.0 GHz. This 

corresponds to the first resonance of the quarter-wavelength monopole. However, the bandwidth 

at 3.0 GHz is fairly acceptable for high-speed data transmission between the biosensor antennas 

and the proposed central on-body antenna. On the other hand, the bandwidth at the Wi-Fi 

frequency 5.8 GHz is much wider as this frequency can be considered a travelling-wave antenna, 

which enables the central on-body antenna to transmit data at much higher speed and, thus, 

facilitates the transmission of large data records of the patient state through the Wi-Fi 

communication system. 

 

Figure 6.32: Comparison between the measured frequency response of the reflection coefficient 
|𝑺𝟏𝟏| of the proposed monopole/spiral antenna and that obtained by electromagnetic simulation using the 

commercially available CST simulation package. 

6.12.2.Simulation and Experimental Assessment of the Radiation Patterns of the 

Proposed On-Body Antenna 
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The CST simulation package is used to evaluate the far-field radiation patterns produced by 

the monopole/spiral antennas at 3.0 GHz and 5.8 GHz using the three-layer model of the human 

body described in Figure 6.28.  

On the other hand, the experimental setups for measuring the radiation patterns of the 

proposed antenna using the VNA of the Agilent FieldFox N9918A while being placed in free 

space and mounted on the human body as done for the previous types of antennas in this work as 

shown in Figure 6.33. A reference right-hand circlarly polarized helical antenna is connected to 

port ‘2’ of the VNA whereas the antenna under test is connected to port ‘1’ to obtain its radiation 

pattern by measuring the transmission coefficient |𝑆21| at the frequencies of concern. 

 

 

Figure 6.33: Experimental setup for measuring the radiation patterns of the monopole/spiral antenna 

when mounted on the human body using the VNA of the Agilent Field Fox N9918A. 

6.12.2.1. Radiation Patterns at 𝟑. 𝟎 𝐆𝐇𝐳 

The radiation pattern produced at by the monopole/spiral antenna at 3.0 GHz is obtained by 

electromagnetic simulation when the antenna is placed in free space. Also, the experimental 

setup shown in Figure 6.33 is used to measure the radiation pattern at the same frequency. The 
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two-dimensional radiation patterns obtained by simulation and experimental measurements are 

presented in Figure 6.34 in comparison to each other showing good agreement. As shown in this 

figure, the radiation pattern is omnidirectional in the azimuth plane and broadside in the 

elevation planes with null in the direction parallel to the antenna axis (i.e. normal to the human 

body surface). This shape of the radiation pattern means that the quarter-wavelength monopole is 

the active part of the composite wire antenna as it is resonant at this frequency and, 

consequently, it is responsible for the radiation at 3.0 GHz. 

 

(a) 

 

(b) 

Figure 6.34: Comparison between the radiation patterns obtained by simulation and experimental 

measurenments for the total field produced by the monopole/spiral antenna (placed in free space) in the 

planes, (a) 𝜙 = 0, 180°, and (b) 𝜙 = 90, 270°, 𝑓 = 3.0 GHz; the antenna dimensions are 𝑁 = 3, 𝐻𝑀 =
15 mm, and 𝐷𝑆 = 20 mm. 

 

The far-field pattern produced at 3.0 GHz by the on-body antenna when mounted on the 

three-layer model of the human body is obtained by electromagnetic simulation. The resulting 

three-dimensional radiation pattern of the total radiated field is presented in Figure 6.35. The 

experimental setup described in Figure 6.33 is used to evaluate the two-dimensional radiation 

patterns in the elevation planes when the antenna is mounted on a real human body. These 

patterns are presented in Figure 6.36 in comparison with the patterns obtained by 

electromagnetic simulation. As shown in the figure, the experimental measurements and the 
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simulation results show good agreement.  It is clear that the radiation at this frequency is mainly 

produced by the monopole part of the composite structure of the wire antenna. As shown in this 

figure, the radiation pattern is omnidirectional in the azimuth plane and broadside in the 

elevation planes with null in the direction parallel to the antenna axis (normal to the body 

surface). Thus, the radiated power at 3.0 GHz is mainly directed towards the body surface or into 

the human tissues near the body surface. Such a radiation pattern makes the monopole/spiral 

antenna appropriate to perform on-body and in-body communications with the biosensor 

antennas. When this pattern is compared to that obtained when the antenna is placed in free 

space, Figure 6.34, it is shown that the human body has the effect of reducing the backscatter 

and, thus, increasing the front-to-back ratio of the radiation. 

 

Figure 6.35: Three-dimensional far-field radiation pattern of the on-body monopole/spiral antenna 

of dimensions, 𝑵 = 𝟑, 𝑯𝑴 = 𝟏𝟓 𝐦𝐦, and 𝑫𝑺 = 𝟐𝟎 𝐦𝐦, 𝒇 = 𝟑. 𝟎 𝐆𝐇𝐳. 
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(a) 

 

(b) 

Figure 6.36: Comparison between the patterns obtained by simulaton and experimental measurenments 

for the total field produced by the monopole/spiral antenna (placed on the human body) in the planes, (a) 

𝜙 = 0, 180°, and (b) 𝜙 = 90, 270°, 𝑓 = 3.0 GHz; the antenna dimensions are 𝑁 = 3, 𝐻𝑀 = 15 mm, 

and 𝐷𝑆 = 20 mm. 

 

6.12.2.2. Radiation Patterns at 𝟓. 𝟖 𝐆𝐇𝐳 

The radiation patterns produced at by the monopole/spiral antenna at 5.8 GHz are obtained 

by electromagnetic simulation when the antenna is placed in free space. Also, the experimental 

setup shown in Figure 6.33 is used to measure the corresponding radiation patterns at the same 

frequency. The two-dimensional radiation patterns obtained by electromagnetic simulation and 

experimental measurements are presented in Figure 6.37 in comparison to each other showing 

good agreement. As shown in this figure, the radiation patterns show omnidirectional radiation in 

the azimuth plane and end-fire (balloon-like) radiation in the elevation planes. The maximum 

radiation is obtained in the direction parallel to the antenna axis. This shape of the radiation 

pattern means that single-arm spiral is the active part of the composite wire antenna at this 

frequency and, consequently, it is responsible for the radiation at 5.8 GHz. 
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(a) 

 

(b) 

Figure 6.37: Comparison between the simulated and measured far-field radiation patterns of the 

monopole/spiral antenna in the planes, (a) 𝝓 = 𝟎, 𝟏𝟖𝟎°, and (b) 𝝓 = 𝟗𝟎, 𝟐𝟕𝟎°, 𝒇 = 𝟓. 𝟖 𝐆𝐇𝐳; the 

antenna dimensions are 𝑵 = 𝟑, 𝑯𝑴 = 𝟏𝟓 𝐦𝐦, and 𝑫𝑺 = 𝟐𝟎 𝐦𝐦. 

The far-field pattern produced at 5.8 GHz by the proposed on-body antenna when mounted 

on the three-layer model of the human body is obtained by electromagnetic simulation. The 

three-dimensional radiation pattern of the total radiated field is presented in Figure 6.38. The 

experimental setup described in Figure 6.33 is used to evaluate the two-dimensional radiation 

patterns in the elevation planes when the antenna is mounted on a real human body. These 

patterns are presented in Figure 6.39 in comparison with the patterns obtained by 

electromagnetic simulation. As shown in the figure, the experimental measurements and the 

simulation results show good agreement.  It is clear that the radiation at this frequency is mainly 

produced by the spiral part of the composite structure of the wire antenna. As shown in this 

figure, the radiation pattern is omnidirectional in the azimuth plane and end-fire (balloon-like) in 

the elevation planes with maximum in the direction parallel to the antenna axis. Thus, the 

radiated power at 5.8 GHz is mainly directed towards the Wi-Fi antenna mounted in the room 

ceil, which is appropriate for off-body communications intended at this frequency. Moreover, 

such a radiation pattern is appropriate to keep the main radiation at this frequency far from the 

human body to reduce the SAR in the human tissues. 
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Figure 6.38: Three-dimensional radiation pattern of total field produced by the on-body 

monopole/spiral antenna of dimensions 𝑵 = 𝟑, 𝑯𝑴 = 𝟏𝟓 𝐦𝐦, and 𝑫𝑺 = 𝟐𝟎 𝐦𝐦, 𝒇 = 𝟓. 𝟖 𝐆𝐇𝐳. 

 

(a) 

 

(b) 

Figure 6.39: Comparison between the patterns obtained by simulation and experimental measurenments  

for the total field produced by the monopole/spiral antenna (placed on the human body) in the planes, (a) 
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𝜙 = 0, 180°, and (b) 𝜙 = 90, 270°, 𝑓 = 5.8 GHz; the antenna dimensions are 𝑁 = 3, 𝐻𝑀 = 15 mm, 

and 𝐷𝑆 = 20 mm. 

 

6.13.Power Density and SAR Distribution in the Human Tissues due to 

Radiation from the Proposed On-Body Antenna 

This section is concerned with the experimental measurement and the numerical assessment 

of the power density distribution on the surface of the human body at 3.0 GHz when the proposed 

monopole/spiral antenna is mounted on the human body as shown in Figures 6.26 and 6.34. 

Also, the numerical results concerned with the SAR distribution in the different tissues of the 

three-layer human body model are presented and discussed. 

For experimental assessment of the power density distribution on the human body surface, 

the radiation hazard meter Extech® model 480846 is used with its isotropic probe touching the 

human body as shown in Figure 6.40 while the monopole/spiral antenna (covered with the 

radome) is placed on the patient chest and excited with input power 𝑃𝑖𝑛 = 0 dBm (1 mW) at 𝑓 =

3.0 GHz. The power density meter shows a reading of 0.048 𝜇W/cm2 when antenna is oriented 

with the spiral pointing to the power density meter as shown in Figure 6.40(a). When the antenna 

is oriented with the spiral pointing to the room ceil (normal operation) the reading of the power 

density meter is 0.288 𝜇W/cm2 as shown in Figure 6.40(b). The comparison of the two readings 

of the power density meter, taking the orientations of the antenna into consideration, indicates 

that the radiation of the monopole/spiral antenna has mainly broadside radiation at this 

frequency. However, the maximum level of the power density still ensures safe values of the 

electromagnetic exposure. 
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 (a) 
(b) 

Figure 6.40: Measurement of the power density distribution near the skin of the body using the radiation 

hazard meter Extech® model 480846 when the monopole/spiral antenna is excited with input power  

𝑃𝑖𝑛 = 0 dBm at 𝑓 = 3.0 GHz, (a) The antenna is oriented with tip pointing to the power density meter , 

(b) The antenna is oriented with tip pointing to the room ceil (normal operation) ; the antenna dimensions 

are 𝑁 = 3, 𝐻𝑀 = 15 mm, and 𝐷𝑆 = 20 mm. 

 

Figure 6.41(a) presents the distribution of the microwave power density just on the skin 

surface over the rectangular area surrounded by the blue dashed rectangle shown in Figure 4 due 

to the placement of the monopole/spiral antenna with its base touching the human body surface 

while being excited by input power 𝑃𝑖𝑛 = 0 dBm at 𝑓 = 3.0 GHz. It is shown that the maximum 

power density on the skin does not exceed 0.065 mW/cm2, which ensures safe level of 

electromagnetic exposure. The corresponding SAR distributions in the tissues of skin, fat, and 

muscle over the area of interest are presented in Figures 6.41(b), 6.41(c), and 6.41(d). It is shown 

that the maximum value of the SAR occurs in the skin tissues whereas the fat tissues has the 

minimum value of the SAR due to the higher conductivity of the skin tissue and larger depth of 

the fat tissues inside the human body. It is shown that the maximum SAR in all the tissue types 

does not exceed 0.4 W/kg, which ensures safe level of electromagnetic exposure. 
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  (a) 

 

  (b) 

 

(c) 

 

(d) 

Figure 6.41: Distribution of (a) Microwave power density on the surface of the body, (b) SAR in the skin 

tissues (c) SAR in the fat tissues, and (d) SAR in muscle tissues, due to monopole/spiral antenna fed with 

input power 𝑃𝑖𝑛 = 0 dBm at 𝑓 = 3.0 GHz; the antenna dimensions are 𝑁 = 3, 𝐻𝑀 = 15 mm, and 𝐷𝑆 =
20 mm. 

 



185 

 

6.14. Assessment of the WBAN Communication System Performance 

using the Proposed On-Body Antenna 

This section is concerned with the presentation of some numerical results for the assessment 

of the performance of the WBAN communication system described previously. It is assumed that 

all the biosensor antennas (both on-body and in-body) in the WBAN are isotropic and lossless 

and distributed on the surface of the human body. The losses are caused only by the microwave 

propagation inside the lossy tissues on the surface of the human body.  

6.14.1.Distribution of the SNR and BER on the Skin due to the Proposed On-Body 

Antenna 

The distribution of the SNR due to AGWN of power spectral density 𝑁0/2 = 1 ×

10−3 mW/Hz at isotropic receiving biosensor antennas distributed on the skin surface over the 

rectangular area (indicated by the dashed rectangle in Figure 6.27 is presented in Figure 6.42(a) 

using the shown color code when the operating frequency is 3.0 GHz and the input power to the 

monopole/spiral antenna is 0 dBm (1 mW). The corresponding distributions of BER over the 

same area of the human body surface are presented in Figures 6.42(b) and 6.42(c) under the 

assumption of using 8-symbol and 16-symbol in the 𝑀-ary PSK modulation technique, 

respectively. In spite of the low power fed to the proposed on-body monopole/spiral antenna 

(only 1 mW), and thanks to the optimized design of this antenna, the BER doesn’t exceed 6 ×

10−8 and 5.3 × 10−5 for the two modulation schemes.  
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 (a) 

 

 (b) 
 (c) 

Figure 6.42: Distribution of the SNR and the corresponding BER over the area of the skin within which 

the (isotropic) biosensor antennas are allocated due to a central on-body monopole/spiral antenna fed with 

input power, 𝑃𝑖𝑛 = 0 dBm at 𝑓 = 3.0 GHz, (a) SNR, (b) BER for 8-symbol PSK, (c) BER for 16-symbol 

PSK, the antenna dimensions are 𝑁 = 3, 𝐻𝑀 = 15 mm, and 𝐷𝑆 = 20 mm. 

 

6.14.2.Dependence of the SNR and BER on the Height of the On-Body Antenna 

above the Skin 

The height at which the monopole/spiral antenna (proposed for on-body communications in 

WBANs) is placed has a significant effect on the SNR and the BER as shown in Figures 6.43(a) 

and 6.43(b), respectively, for different values of the input power to the proposed on-body 

monopole/spiral antenna. As shown in these figures, the SNR is increased and, hence, the BER is 

decreased with increasing the height of the monopole/spiral antenna above the surface of the 

human body. Thus, it is preferable to place the antenna at a higher level above the surface of the 

human body for better performance of the communication system (i.e. higher SNR and lower 

BER). 
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 (a) 

 

(b) 

Figure 6.43: Dependence of the minimum SNR and the corresponding BER on the height at which the 

monopole/spiral antenna is placed above the surface of the human body when used in WBAN as a central 

on-body antenna fed with different values of the input power at 𝑓 = 3.0 GHz, (a) Minimum SNR, (b) 

Maximum BER; the antenna dimensions are 𝑁 = 3, 𝐻𝑀 = 15 mm, and 𝐷𝑆 = 20 mm. 

 

6.15. Conclusion 

A dual-band conical-helix/monopole and monopole/spiral antennas are proposed to operate 

as central on-body antennas for WBAN. The characteristics of these antennas are investigated 

through electromagnetic simulation and experimental measurements. Both antennas are designed 

to produce in the end-fire (balloon-like) radiation to communicate (through its far-field) with the 

Wi-Fi antenna at 5.8 GHz, and to produce broad-side (figure of eight) radiation to communicate 

(through its near or far field) with the on-skin biosensor antennas at 3.0 GHz.  Prototypes of the 

proposed antennas are fabricated for experimental assessments. The antenna are matched to 50Ω 

coaxial feeder over the operational frequency bands, mounted on a copper circular disc, and 

covered with a very thin dielectric radome for mechanical protection. The radiation patterns 

obtained by experimental measurements show good agreement with those obtained by 

electromagnetic simulation and are shown to be appropriate for communication with the Wi-Fi 

antenna and the biosensor antennas at 5.8 GHz and 3.0 GHz, respectively. The SAR distributions 

inside the human tissues of concern (skin, fat and muscle) are evaluated showing safe level of 

electromagnetic exposure. Quantitative assessment of the WBAN communication system 
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performance is achieved when the proposed antennas are employed as on-body central antennas 

for the WBAN. Owing to the optimized design of the proposed antennas, the BER  shown to 

have very low BER even when the input power fed to the antennas is only 1 mW. 
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Chapter 7 

Conclusions and Suggestions for Future Work 

7.1. Conclusions 

Biosensors are mainly designed for the purpose of diagnostic, therapeutic and assistive 

applications in health-care, active living and sports technology. In WBAN, to monitor a patient’s 

health status, the implanted device collects various physiological data and wirelessly transmits 

the information to external medical devices in real time. For wearable antennas intended for 

on/off-body wireless communications, the challenge is to design an antenna with dual operation 

modes, each mode has it specific radiation characteristics, and to make the antenna input 

impedance matching less sensitive to potentially varying distance between the antenna and the 

human body. For the first mode the antenna is used for on-body communications to collect vital 

information from the human body (i.e. from the in-body and on-body biosensors). This requires 

the antenna to have wide-beam or omnidirectional radiations in the plane parallel to the human 

body surface to provide maximum coverage over the body. This can be achieved by minimizing 

the radiations that are away from the human body (i.e. off-body). By introducing a null in the 

direction normal to the body, we can suppress off-body radiations and can enhance the on-body 

radiations. In the second mode of operation the antenna is used to transmit the collected 

information towards the outside Wi-Fi for example. In this case, the radiated beam can be 

directed towards the receiving device placed away of the patient’s body.  

The present thesis aims to arrive at the optimum design of the on-body antenna to operate as 

a central antenna for WBAN. This antenna should have dual-frequency operation; the lower 

frequency band is at 2.45 GHz for the on-body communications (WBAN) whereas the higher 

frequency band is as 5.8 GHz for the off-body communications (Wi-Fi). 

Furthermore, several studies were made to develop the dependence of the SNR and BER on 

the height and the apex angle of the conical helix antenna. These studies resulted in that with 

increasing the height of the conical helix, the SNR is increased and the BER is decreased, while 

when increasing the apex angle the SNR and BER stay constant.  
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An overview of the types of the medical implant biosensors is presented showing the 

difference between the in-body, on-body, and off-body biosensors and the uses of each type. The 

WBAN architecture is illustrated with the associated network problems and design 

considerations. The wireless communication protocols used in the WBAN is reviewed. Finally, 

the antenna design considerations for the on/off body biosensor are investigated. The most 

important factors affecting the antenna design include antenna detuning, impedance matching, 

radiation pattern, SAR, size compactness, space constraints, low cost, light weight, multi-band 

operation, interference mitigation, reconfigurability, positioning, bending and stable performance 

with the variation of the gap between the antenna and the human body. The details of each 

design parameter is presented with some examples for antennas designed to work as an on/off 

body biosensor. 

A semi-analytic rigorous technique for the assessment of microwave propagation on the 

medium equivalent to the human body is developed to evaluate the near field radiated from 

arbitrarily shaped wire antennas at the possible locations of on-skin antennas connected to 

implantable (in-body) biosensors. Three types of helical antennas are proposed to be employed 

as central antennas for WBAN. Each of the proposed antennas is a dual-band of the helical wire 

type. It is designed to operate in the end-fire (axial) mode to communicate with the Wi-Fi 

communication system (5.0 − 6.0 GHz). Also, it is designed to operate in the broad-side 

(normal) mode to communicate with the on-skin biosensor antennas at 2.45 GHz. The radiated 

fields from the proposed on-body antenna helical antenna types in the near zone are evaluated 

using the proposed semi-analytic technique. 

The cylindrical helix, conical helix, and inverted conical helix antennas proposed to operate 

as central antennas for WBAN are investigated through semi-analytic technique, CST® 

simulator, and experimental measurements. Each of the proposed helical antennas is a dual-band 

that is designed to produce in the end-fire radiation to communicate (through its far-field) with 

the Wi-Fi antenna at 5.8 GHz, and to produce broad-side radiation to communicate (through its 

near field) with the on-skin biosensor antennas at 2.45 GHz. Three prototypes of the proposed 

helical antennas are fabricated. Each antenna is matched with 50Ω coaxial feeder over a wide 

frequency band, mounted on a copper circular disc, and covered with a very thin dielectric 

radome for protecting the wire antenna. Such an antenna when covered by the radome is shaped 
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like a hemispherical button that can be attached to the patient clothes and, hence, it can be 

considered as wearable antenna. The near-field distribution over the surface of human body is 

presented at 2.45 GHz. The radiation patterns obtained by experimental measurements for the 

three fabricated prototypes show good agreement with those obtained by the CST® simulator 

and are shown to be appropriate for communication with the Wi-Fi antennas at 5.8 GHz. 

Quantitative assessment of the WBAN communication system performance is achieved 

when each of the cylindrical and conical helix antennas is employed as on-body central antenna 

for the WBAN. For its high immunity to noise, the utilized modulation system is assumed to be 

𝑀-ary Phase-Shift Keying (PSK), with 𝑀 = 8 and 𝑀 = 16. A channel modeling is performed 

for such a communication system by considering Additive White Gaussian Noise (AWGN) to 

evaluate the SNR and, hence, the corresponding BER can be calculated. This enables the 

calculation of the minimum input power of the proposed on-body WBAN central antenna that 

achieves the required BER for a specific data rate. On the other hand, the distribution of the 

microwave power density near the body surface is evaluated by simulation and experimental 

measurements to ensure the realization of the electromagnetic exposure safety limits. Also, the 

SAR distribution inside the human tissues of concern is evaluated. It is shown that the conical 

helix antenna has higher performance than that of the cylindrical helix antenna. The effects of the 

on-body conical helix antenna dimensional parameters and, also, the antenna height above the 

human body surface on such performance measures and electromagnetic doze level are 

numerically studied for the purpose of arriving at the optimum design of the proposed on-body 

wearable conical helix antenna. It is shown that SNR is increased and, hence, the BER is 

decreased with increasing the height of the conical helix while being constant and independent of 

the apex angle of the conical helix. 

Several studies were made and resulted in obtaining power density distribution of about 

(0.03-0.06) mW/cm2 , SAR distribution of about (0.3-0.4) W/kg. The optimized BER did not 

exceed 1.2 x 10-6 and 5.3 x 10-4 . 
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7.2. Suggestions for Future Work 

It is proposed to design an ultra-wideband antenna with band notches to operate as on-body 

central antenna for WBAN. In addition to the requirements that should be fulfilled by an on-body 

antenna, the frequency locations of the band notches shall be unique for each antenna and shall 

be used as identifier of the patient’s body on which this antenna is mounted.  

It is, also, suggested to extend the semi-analytic technique developed in Chapter 3 of the 

present thesis to account for an exact three-dimensional geometric model of the human body 

instead of the simplified flat model of the human body surface used in the present work. 

In addition, further tests will be held considering other sources of interference from other 

mediums operating in similar frequencies. 

 

7.3. Reflection 

This research was done by digging deep into WBAN, sensors, antenna designs, safety 

regulations and impacts on the human body. Developing a mathematical model and de-

embedding for the on-body antennas in order to obtain the electric field parameters have 

improved my analytical techniques.  

The practical and experimental work in this thesis have built up so much knowledge and 

experience for me. Furthermore, experimentally testing the helix windings, apex angle, number 

of turns and test them using the power density meter, the radiation patterns and the SAR inside 

the laboratory.    
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