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Abstract 

Smart implants enable the wireless transfer of physiological 
parameters gathered inside the human body. In this research work two 
broadband antennas for implanted smart central venous catheters (SCVC) 
are designed, implemented and characterized using a novel characterization 
procedure. The design of implanted antennas involves several challenging 
aspects such as miniaturization because of the very limited space, high 
efficiency despite the highly lossy environment in the near field of the 
antenna, adaptability to the given shape of the implant as well as insulation 
from the surrounding tissue. These constraints in mind, the electromagnetic 
specifics of body tissues are studied. This knowledge is required for a 
profound simulation and analysis of antenna topologies suitable for smart 
implants.  

According to two different scenarios for SCVC applications, two 
different antenna topologies are proposed. A planar round-shaped 
broadband UHF antenna for passive RFID is designed for mounting on the 
top of a smart CVC reservoir placed in a subcutaneous position in the chest. 
This printed monopole-strip antenna operated at 868 MHz is suitable for 
near field applications. Alongside a virtual body phantom of the chest, near 
field simulations as well as simulations in the close far field up to 1 meter 
distance are run. Since the actual working range turns out to be narrower 
than anticipated, another topology is projected answering the purpose of 
higher performance in the far field. This dual-band CVC antenna is 
3-D conformal to a truncated cone and scheduled for 402-405 MHz 
MICS band and 2.4 GHz ISM band. The corresponding smart CVC is battery 
powered to provide a wide working range.  

Measurement environments imitating the properties of the human 
body are prepared and the antenna prototypes are implemented in a 
test bed. Measurements inside a body phantom are carried out, yet, the 
results do not reveal conclusive data. Simulations of the antenna in the 
test bed detect an influence of the test bed feeding cables on the radiation 
properties. This observation anticipates the insight that simulation and 
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measurement cannot be regarded separately, but need to be interpreted in 
common. Only a procedure that comprehends a combination of both is a 
viable way to accurately characterize antenna properties for a selected 
application despite all manipulating factors. In order to resolve the observed 
mismatch, an uncertainty factor is calculated taking into account the 
measured and the simulated maximum gain. The obtained results, again, 
are used to adapt the dual-band UHF antenna to the smart implant 
prototype. Finally, the performance of the system is examined by running 
functional tests. These prove that the link budget calculation reliably 
enables the evaluation of possible application scenarios and, in particular, 
the maximum operating distance of the future system in certain positions 
even before a working smart implant prototype is manufactured. 

The results of the study state that the presented novel characterization 
procedure is suitable to verify obtained property data. Consequently, the 
limits of measurement set ups can be compensated and realistic and 
comparable antenna characterization can be assured. 
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Chapter 1 

1 Introduction 

This chapter gives an introduction to the topic of the Ph.D. thesis at 
hand. It determines the boundaries of the scope of the work, exhibits the 
necessity of modern implants and wireless communication in this regard, 
sets the context of wireless communication in body surroundings, points out 
major challenges of implanted antenna design and finally, summarizes the 
structure of the document. 

Information transfer between implanted medical devices and the 
environment outside the body implicates, without doubt, major benefits in 
the area of modern health care. In the endeavor to take one step further 
towards autonomy and abolish connecting cables, it is essential to carry out 
comprehensive research on a key technology in this field of investigation: 
implantable antennas for smart implants. 



Chapter 1 

 

2 

In the extremely sensitive matter of health, smart implants (see 
section 1.2) can only provide confidence at the time when a long term 
transmission of the signals can be guaranteed. 

Wireless communication of smart implants in autonomous medical 
systems can be established in a reliable way once the antenna has accurately 
been characterized in a measurement environment that meets the real 
circumstances of the targeted application. 

In the present dissertation, essential facts are gathered throughout the 
design and implementation processes of two subcutaneous UHF band 
antennas for smart implants. In addition, the use of a novel characterization 
procedure marks a contribution to current knowledge about the verification  
of antenna property data. 

While prototypes of the respective antennas were manufactured and 
evaluated in the design process, the fabrication of a fully assembled medical 
device was still pending at the time of writing this thesis. 

1.1 BACKGROUND 

In Europe, where the average life expectancy has already reached the 
mark of 80 years, and almost 25% of the population will be over 65 by 2020, 
the over-ageing population is becoming a challenge for the social and health 
systems [1]. 

However, in nowadsays' society, not only elderly people suffer chronic 
disorders, but the health condition of the younger generation is giving cause 
of major concern, too. The advance of lifestyle diseases which affect the 
cardiovascular system, or diabetes, reason the necessity to come up with 
long-sighted perspectives to improve the wellbeing of the concerned 
persons. Likewise keeping the health care costs within affordable limits is an 
ambitious enterprise. 

1.1.1 REMOTE PATIENT MONITORING 

The concept of remote patient monitoring is on the way to find 
solutions for holding the personnel expenses for hospital stays down and 
allow the patients a convenient lifestyle in familiar surroundings at the same 
time. 

In this context, body area networks (BAN) (see section 1.3), i.e., 
wireless sensor networks (WSN) optimized for physiological parameter 
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monitoring, are a key enabling technology [2]. In a BAN superficial sensor 
nodes placed around the body set up a connection among each other. A 
central node, the controller, is also worn on the body. Whilst external 
sensors, such as those for measuring vital signs, have continued to improve, 
it is the area of implantable sensors that has generated the greatest interest 
[3]. The option of embedding smart implants (see section 1.2) into a BAN 
significantly expands the spectrum of remote patient monitoring (see Fig. 
1.1), as certain data can only be gathered from inside the body. 

 
Fig. 1.1. Remote patient monitoring (adapted from [4]). 

A gateway device may also be part of the wearable network. It could be 
a multifunction device, such as a personal digital assistant (PDA), mobile 
phone [5], or alternatively, it may be a fully proprietary telemedicine unit. 
As soon as the communication with the controller is initiated, the process of 
wireless patient monitoring or telemetry can be supervised remotely from a 
medical center via backhaul communication technologies [6], such as 
wireless local area network (WLAN), digital enhanced cordless 
telecommunications (DECT), or mobile telephony. 

1.1.2 MONITORING HOSPITAL PATIENTS 

Particularly with regard to patients in intensive care units (ICU), 
implanting medical devices capable of transmitting signals wirelessly from 
inside their bodies to a monitoring device outside, provides a promising 
perspective to those confined to bed. 
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A major advantage of wireless implantation technology is the 
possibility to reach innermost and inaccessible places in the body and 
perform in-vivo, in-real-time diagnosis. In the pursuit of reducing the 
number of cables the patient is connected to, as shown in Fig. 1.2, wireless 
communication of active medical implants (AMI), also known as smart 
implants, in autonomous systems considerably enhances the standard of 
health care quality. Dangerous situations due to the inadvertent dislocation 
of the applied sensors caused by a movement of the patient can be 
prevented. Furthermore, the abolition of sensor and power supply cables 
driven through the skin eliminates the risk of possible infections at these 
spots. 

 
Fig. 1.2. Patient monitored by wired sensors at an Intensive Care Unit [7]. 

Implants like intravenous catheters, prosthetic heart valves, 
prosthetic joints, pacemakers, etc. are widely used in healthcare saving 
millions of lives. Yet, the utilization of implants involves a certain risk of 
infection [8]. The importance of biofilm-associated infection was estimated 
to represent over 80% of human microbial infections [9]. Approximately 
50% of hospital-acquired infections per year in the U.S. are associated with 
indwelling devices [10]. The detection and diagnosis before the treatment of 
the infectious processes caused by microbial biofilms is an ongoing unsolved 
problem. The period between the infection and the detection, the task of 
analyzing which bacteria is growing, often is very time-consuming. In fact, 
an infectious process not detected on time may end up in several medical 
complications for which, in many cases, the only way to ensure a good 
outcome is to remove the device [11], [12]. Those incidents cause high 
expenses and, on top, jeopardize the patients' health.  
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A way to achieve advances on the treatment of the infection is to 
develop new methods to improve biofilm early detection and reliable 
signalization. To accomplish this purpose it would necessary to develop a 
new generation of intravascular catheters. Novel techniques allow in-depth 
in vitro study of the most important aspects of the formation of bacterial 
biofilms. 

A recorded historic data, stored in the device, can be used as the 
reference value for the detection of bacterial biofilm. A new, smart device 
should consist of a sensor and an electronic module to control the 
measurement and to process the communication wirelessly to a external 
reader. Such a smart implant which provides continuous monitoring of, e.g., 
the reservoir content of central venous catheters (CVC) and send an alarm 
signal in case of bacterial colonization would be of high value in the clinical 
practice [13]. 

1.1.3 TELEMETRIC IMPLANT DEVELOPMENTS 

Currently, modern applications of remotely operated wireless smart 
implants already include prosthesis control via myoelectric sensors [14], 
interaction with cochlear implants [15], artificial electrical stimulation of the 
surviving ganglion cells [16], automated drug delivery devices [17], etc. 
Apart from that, new ways to monitor parameters, such as blood pressure 
[18], glucose ratio for diabetes treatment [19] and intracranial pressure [20] 
took center stage over the last decade. 

Nevertheless, there is a major trouble hard to be tackled: while in on-
body WSN each sensor node has its own easily accessible energy supply, 
sustainable power supply still remains a challenge to overcome in smart 
implants. In this regard, advances in power supply miniaturization, 
increased battery duration, reduced energy consumption, etc. will be 
essential, particularly in AMIs [3]. Latest research approaches investigate 
the options of wireless power supply for implants from outside (e.g., via 
sound [21]) or by means of energy harvesting (i.e., making use of the energy 
produced naturally in the body, e.g., body heat [22]). Though, until these 
concepts are technically mature, completely battery-less solutions, e.g., 
radio frequency identification (RFID), may be another path to follow. 

In summary, the progressive development of smart implants 
contributes significantly to the independence, safety and last but not least 
the health of the patients.  
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1.2 SETTING OF TERMS 

Smart systems are, by definition, capable of describing and 
diagnosing a situation. Not only are they prognostic, but also able to make 
decisions or help to decide by enabling the artifact to interact with the 
environment. Smart systems are as small as possible, networked and energy 
autonomous [23]. However, these systems cover a broad field, which is why 
interdisciplinary investigation is a feasible option. 

In the following, smart implant makes reference to the autonomous 
medical device that is to be implanted into the human body as part of such 
smart system. In the actual scientific literature and standards the 
abbreviation AMI for active medical implant has been established. 

Special antennas are implemented in smart implants to enable the 
wireless communication in the autonomous system. Throughout this work, 
the term implanted antennas will be used to refer to antennas that are 
destined to be implanted into the human body as part of smart implants. 
The antenna performance is exclusively restricted to environments that 
possess the electromagnetic properties of the human body. Therefore, they 
cannot be operated whenever they are surrounded by air. In section 2.5 
several antenna topologies that can be used in implants are addressed.  

 
Fig. 1.3. Implanted antenna in pacemaker [24]. 
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1.3 WIRELESS COMMUNICATION IN BODY 
SURROUNDINGS 

The quest for imparting selected information from a human being to a 
base station without resorting to physical bonding is pursued in 
body-centric wireless communication systems [6]. In order to accomplish 
this mission, different ways are followed to establish the requisite 
communication link: 

Off-body communication: A controller worn on the body surface 
contacts a wide area network (WAN) via WLAN or DECT (see Fig. 1.1). 
The broadcast between the controller and the gateway must be 
independent from the position of the body. This technique is 
employed whenever a considerable distance from the controller to the 
gateway device is to be bridged. 

On-body communication: A BAN comprises a series of attachable 
miniature sensor/actuator nodes each of which is able to 
communicate with other sensor nodes or with the controller [25]. Low 
power wireless network protocols (e.g., ZigBee® [26], Bluetooth®LE 
[27], ANT® [28]) are used for transmitting data (see Fig. 1.4). The 
communication channel is shared by all nodes and the short-distance 
broadcast along the body alters due to clothes and movements. Such 
BANs are frequently employed in user monitoring (e.g., fitness 
training or recreational activities), specialized occupations (such as 
paramedics and fire fighters) and, above all, in the medical field (see 
section 1.1.1). 
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Fig. 1.4. Communication links in Body Area Network. 

Cross-body-interface link: An implanted device inside the body 
connects with an outside controller placed on or near the body. Here, 
technologies like RFID, Medical Device Radiocommunications Service 
(MedRadio), Medical Implant Communications Service (MICS), etc., 
are approved for data transmission (see section 2.4). The link crosses 
the body-air interface and the channel harbors exclusively the 
communication between the implanted antenna and the controller. 
However, the link performance is highly dependent on the 
electromagnetic properties of the body tissues to cross (see section 
2.1) and finding the adequate transmission frequency also requires 
careful consideration .After all, wireless communication in implants is 
designated for medical applications in which the patient carries an 
implant for continuously monitoring crucial physiological parameters 
(see section 1.1.2). 

For completeness, a last vision is to be mentioned which, indeed, is 
most desirable, but up to now hardly viable, i.e., at the most within very 
short distances and frequencies below 1 MHz [29], [30]. 

Inner-body link: Implanted devices connect among each other, 
avoiding hereby the body-air interface. Their full adaption to the 
highly resistive environment in the interior of the body is considered 
indispensable. 
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Fig. 1.5. Wireless Cardiac Stimulation system (WiCS) (adapted from [31]). 

Since the present work is on implanted antennas, the cross body link 
interface is in the focus of attention. 

1.4 CHALLENGING ASPECTS OF IMPLANTED 
ANTENNA DESIGN 

The design of implantable antennas faces, in fact, a range of 
challenges. Primarily, the constraints that have to be overcome derive from 
the demanded properties, some of which happen to be mutually exclusive. 
In general, implanted antennas are to be: 

Small: In implants, the limits of space dedicated to the antenna are 
extremely narrow. Therefore, implanted antennas need to be preferably 
small in size. 

Directive: Implanted antennas are to be highly directive in order to 
reach an elevated communication range. Given the required small size of the 
antenna, however, general matters of physics implicate difficulties in 
accomplishing that directivity. 

Highly efficient: The most desirable high efficiency is undermined 
by the body environment, which causes high dielectric losses. 

Low frequency: At low frequencies the dielectric losses in the body 
environment remain low. Nevertheless, a small-in-size antenna topology 
actually matches a high frequency to be operated in. 
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Adjustable: The antenna surface has to be adapted to the shape of 
the implant without causing malfunctions or function alterations. 

Insulated: The metal component has to be outright covered in 
biocompatible material to avoid any contact and therefore reaction with the 
body tissue. 

The dissertation at hand exhibits the design and implementation 
processes of two subcutaneous implanted UHF antennas for smart implants 
in autonomous medical systems. Suitable measurement environments are 
configured and most notably, a novel characterization procedure is used to 
allow the verification of antenna property data in a reliable way. 

 

1.5 STRUCTURE OF THE DOCUMENT 

The subsequent chapters of the document are structured as follows: 

After having given an introduction to the subject in Chapter 1, 
Chapter 2 examines the issue-related state of the art providing necessary 
background information and laying the foundation for further investigation. 
Regulatory issues with the resultant standards are addressed as well as the 
human body structure and tissue properties, which leads to the presentation 
of phantoms as artificial models of the human body. Next, different antenna 
types used in implants are exemplified, e.g., traveling wave, microstrip and 
helical antennas. The state of the art report closes with essential 
considerations concerning the selected transmission protocol and antenna 
types. Chapter 3 summarizes the research goals of the project, paving the 
way for the practical part of the dissertation. This experimental partition 
starts with Chapter 4 illustrating the simulation of two novel antennas that 
address the specifications required in this context. Chapter 5 is entirely 
dedicated to the subject of implementation, that is on the one hand the 
description of the two antenna prototypes with their test beds assembled 
and on the other hand, the implementation of the dual band antenna in the 
smart implant for which it was designed. Chapter 6 details the 
measurements carried out in the selected environments and sums up the 
relevant results obtained. Above all, a novel characterization procedure is 
introduced as crucial contribution to the calculation of the discovered 
uncertainty factors. To close with, Chapter 7 provides a space for drawing 
final conclusions and gives a forecast on future lines. 



 

 

Chapter 2

2 State of the Art

This chapter illustrates the basic concepts and relevant terms of the 
dielectric spectrum of biological tissues and their distribution in the human 
body, with a particular focus on the frequencies of interest 403 MHz, 
868 MHz as well as 2.45 GHz, explains phenomena of RF wave propagation 
in dielectric media and addresses the issues of the mutual influence between 
electromagnetic waves and the human body, whereupon, phantoms are 
introduced as appropriate body models. Furthermore, a summary of the 
currently valid regulations concerning applicable short range wireless 
communication protocols is given and the chapter concludes with a 
comprehensive state of the art review of antenna topologies suitable for 
implantation. 
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2.1 DIELECTRICIC ANOMALY OF BODY TISSUES 

This section presents a review of the dielectric (insulating) properties 
of body tissues, detailing the respective key parameters as well as 
transferring this knowledge into the anatomical distribution of tissues in the 
human body with a final focus on the frequencies of interest 403 MHz, 
868 MHz and 2.45 GHz. 

The necessity of knowing the environment in which an antenna is 
going to operate makes basic information about body tissues and their 
distribution in the human anatomy fundamental requisites in the design of 
implanted antennas. The interaction between materials and electric fields 
can be explained by the respective media's electromagnetic (EM) 
parameters. The electrical properties of biological tissues and cell 
suspensions have been of interest for over a century for many reasons. They 
determine the pathways of current flow through the body, which gives them 
fundamental importance in studies of the biologic effects of EM fields [32]. 
On a macroscopic level, body tissues are described by their permittivity ε 
and conductivity σ. The permittivity characterizes the tissue's ability to trap 
or store charge or to rotate molecular dipoles, whereas the conductivity 
describes its ability to transport charge [33]. 

2.1.1 DIELECTRIC PROPERTIES OF TISSUES 

Since biological tissues are non-magnetic, i.e., with permeability µ=µ0
1 

[34], EM field penetration and propagation in the body is a function of 
material properties such as electrical permittivity ε and electrical 
conductivity σ [35] The tissues of the human body feature dielectric 
properties, i.e., when they are placed into an electric field, electric charges 
do not flow through the material, as in a conductor, but only slightly shift 
from their average equilibrium positions causing dielectric polarization [36]. 

At low frequencies, the constitutive dielectric parameters of tissues 
are real and frequency independent. At higher frequencies, these parameters 
often alter with frequency and become complex. In addition to frequency 
dependence, the constitutive parameters may also depend on position 
(inhomogeneous) and direction (anisotropic) in the material, as well as on 
field strengths (non-linear). The complex value of permittivity also indicates 
that the medium is lossy (dissipates power, e.g., heat) [37], [38]. The 
dielectric properties are determined as ε' and ε'' values, or ε' and σ values, as 
a function of frequency [39]. 

                                                 
1 µ0: permeability of free space or magnetic constant. 
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2.1.1.1 Permittivity  

From a macroscopic point of view dielectric properties of materials 
are quantified by their bulk complex permittivity [40]. The permittivity ε of 
a material measures its ability to store and consume the energy of an applied 
electric field as it indicates the extent to which charge distribution can be 
polarized (see section 2.1.2). In a lossy medium, the permittivity is complex 
and can be expressed as:  

εεεεεεεε ′′−′=′′−′== jj rrr )(00   (2.1) 

ε0 refers to the vacuum permittivity, i.e., the electrical energy stored in 
vacuum, and εr describes the relative permittivity 2. In this expression is εr

' 
the real part and εr

'' the imaginary part of the relative permittivity. The real 
part of permittivity ε' exhibits the storage of the electric field energy and the 
imaginary part ε'' reflects the losses in the medium [38]. 

2.1.1.2 Conductivity and Losses 

The conductivity σ (S/m) describes the ease with which free charges 
in a material can be moved by an electric field. The moving free charges are 
typically electrons or in some cases ions. Tissues have finite ionic 
conductivities commensurate with the nature and extent of their ionic 
content and ionic mobility [39]. In biological tissues, an applied electric field 
induces ionic as well as displacement currents. Displacement currents and 
their losses are represented by the displacement conductivity σd, while ionic 
currents and the corresponding losses are expressed by the frequency-
independent ionic conductivity σi. The total conductivity of a material is 
given by [41]: 

id σσσ +=   (2.2) 

The dielectric loss factor is the imaginary part of relative 
permittivity, which represents the losses of the applied field associated with 
energy dissipation, i.e., the conversion of electric energy to heat energy in 
the material, [42] due to ionic currents and polarization. It is related to the 

                                                 
2 Misleadingly, both relative permittivity and absolute permittivity, are frequently referred to by the 
historical term of dielectric constant. Apart from that, the real part of complex relative permittivity 
is often called relative permittivity or permittivity, omitting the complex nature of the quantity [32]. 
The complex relative permittivity, being a relative quantity, has no unit [41]. 
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total medium conductivity σ and angular frequency ω of the electric field 
through the expression [39]: 

0ωε

σ
ε =′′

r   (2.3) 

Equation (1.3) implies that at a certain frequency, the losses increase 
with increasing conductivity. The dielectric loss factor is also required to 
calculate the loss tangent, a dielectric parameter that describes the ratio 
(or angle in a complex plane, see Fig. 2.1) between the real and imaginary 
parts of the relative permittivity, i.e., the resistive (lossy) component of an 
electromagnetic field and its reactive (lossless) counterpart: 

rε

ωε
σ

δ
′

= 0tan   (2.4) 

 
Fig. 2.1. Loss tangent (adapted from [43]). 

2.1.2 ANATOMICAL TISSUE DISTRIBUTION IN HUMANS 

For biological materials, water is one of the major constituents. The 
relative percentage of water in the body varies with such things as gender, 
age, physiologic state, and tissue type. Water content and state (free or 
bound [44]) of biological tissues play important roles in EM field 
penetration and propagation in the body [35] and the contributions of water 
to the dielectric properties of tissues at microwave and UHF frequencies 
have been studied fundamentally [45]. 

Groups of cells that are similar in structure and function are called 
tissues. The anatomical tissue distribution in humans occurs individually 
and in a gender- and age-specific manner [46]. For instance, females tend to 
accumulate excess fat in the thighs, hips and breasts, whereas men first 
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increase adipose in the abdomen. Visual displays of the tissue distribution 
inside the human body are offered by projects such as The Visible Human3 
Project® (see Fig. 2.2) or Voxel-Man (see Fig. 2.3). 

 
Fig. 2.2. Tissue distribution in normal (a) male and (b) female human bodies 

[47]. 

 
Fig. 2.3. Dissected view of a Voxel-Man model [48]. 

                                                 
3 The Visible Human Project® is an effort of the U.S. National Library of Medicine's (NLM) to create 
complete, anatomically detailed, 3-D representations of the normal male and female human bodies. 
The datasets comprehend Computed Tomography (CT), Magnetic Resonance (MR) and cryosection 
high resolution images gained from representative cadavers sectioned at intervals of one millimeter 
(the male) and one-third of a millimeter (the female) [47]. 
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The scope of this section will concentrate on the three outermost 
tissue layers of the human body, which play a decisive role in the matter of 
wireless communication in implants: skin, fat and muscle (see Fig. 2.4). 

 
Fig. 2.4. Uppermost body tissue layers (adapted from [49]). 

a) Skin: one essential function of the skin is to form a barrier that 
protects the body from dehydration. The human skin is composed of 
two primary tissue layers: the Epidermis and the Dermis [46]. The 
uppermost layer of the Epidermis, the Stratum Corneum, consists of 
10-15 layers of dead skin cells and comprehends a thickness of 10-15 
µm in dry state (and up to 40 µm when hydrated). A series of lipid 
bilayers is incorporated and the water content of the Stratum 
Corneum is only around 15 to 20% of the dry weight but can vary 
according to humidity of the external environment [50]. It is 
therefore highly resistant (low conductivity). The lower part of the 
Epidermis is the Viable Epidermis with about 30 µm of thickness 
[51]. Just like the Dermis underneath, the Viable Epidermis holds 
moisture in aqueous intercellular spaces and comprises a network of 
blood vessels. Viable Epidermis and Dermis dispose of a higher 
conductivity than the Stratum Corneum. The dielectric properties of 
composite skin fall within the bounds formed by all its components 
[39]. The skin's subcutaneous tissue or Hypodermis is technically no 
part of the skin and consists mostly of adipose (fat) and some 
areolar connective tissue [46]. 

b) Fat: adipose tissue is a type of loose connective tissue designed to 
store fat. In the subcutaneous layer between skin and muscle it helps 
insulate the body from temperature changes [46]. Fat cells 
principally contain lipids, primarily composed of triglycerides, 
which are non-polar and insoluble in water, which leads to the fat 
layer having the least water content, compared to skin and muscle. 
Shielded from the water, it is thus poorly conducting at all 
frequencies. Fat tissue suffers a high degree of structural 
heterogeneity, which is being reflected in its composition and 
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dielectric properties. In practical applications, this translates into a 
source of errors, wherefore a single value cannot be chosen for the 
permittivity or conductivity. Instead, a range of values should be 
applied, unless the exact composition of the tissue is known [45]. 
As a result of the drastic change in medium properties compared to 
the surrounding skin and muscle, a standing-wave pattern is 
produced inside the fat layer. This may lead to an increased signal 
absorption when the thickness of the layer is a quarter of a 
wavelength in the medium [52]. This is equivalent to approximately 
9 mm at 2.45 GHz, 37.7 mm at 868 MHz and 77.7 mm at 403 MHz 
[53]. 

c) Muscle: muscles are composed of fibers and aligned in the 
direction of muscle contraction. Electrical conduction along the 
length of the fiber is significantly easier than between the fibers, for 
which reason the transverse conductivity is significantly lower than 
the longitudinal conductivity [33]. Apart from that, muscle tissues 
are not homogeneous and can have certain infiltrations of fat and 
vessels [36]. Muscle is therefore a very lossy medium. Muscle tissue 
manifests anisotropic electric properties below 10 MHz [39]. The 
common muscle thickness is about 30 mm [52], can amount up to 
39.4 mm [54] and recent studies even reported maximum values of 
47.5 mm [55]. 

Accordingly, from an engineering point of view, the different tissues in 
the human body can be classified into two basic groups: high-water-content 
tissues with high permittivity and losses (e.g., skin and muscle [56]) and 
low-water-content tissues which have lower permittivity and losses (e.g., 
fat). Fig. 2.5 displays the respective alterations in loss tangent and relative 
permittivity, the key parameters for implanted antenna design. 
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Fig. 2.5. Dielectric properties of (a) skin, (b) fat and (c) muscle in the UHF band. 

The following table (see Tab. 2.1) displays the dielectric properties of 
skin, fat and muscle, the three outermost tissue layers of the human body, at 
frequencies of 403 MHz, 868 MHz and 2.45 GHz. Drastic changes in the 
values of conductivity and relative permittivity at all frequencies can be 
noted at the skin-fat and fat-muscle interfaces. 
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 Skin 
dry 

Fat4 Muscle Skin 
dry 

Fat Muscle Skin 
dry 

Fat Muscle 

Frequency 
[MHz] 

403 868 2450 

Conductivity 
[S/m] 

0.69 0.04 0.80 0.86 0.05 0.93 1.46 0.10 1.74 

Relative 
permittivity 

46.7 5.58 57.1 41.6 5.47 55.11 38.0 5.28 52.73 

Loss tangent 0.66 0.33 0.62 0.43 0.19 0.35 0.28 0.15 0.24 

Wavelength 
[mm] 

103 310 94.3 52.4 147 45.9 19.7 53.1 16.7 

Skin depth5 
[mm] 

55.2 308 52.5 40.8 248 42.9 22.6 117 22.3 

Tab. 2.1. Dielectric parameter overview of the outermost body tissues in the 

frequencies of interest 403, 868 and 2450 MHz. 

A review of relevant literature and databases [39], [57], [53], [52] 
quickly reveals discrepancies in the measured values of the properties. 
Coupled with the effects of water content and state (free or bound) [44], the 
variations can account for an appreciable amount of the reported range of 
permittivity. However, multiple other factors such as temperature, 
orientation, measuring techniques, instrumentation, and tissue 
dissimilarities can also affect the measured permittivity of biological tissues 
[35]. 

2.1.3 TISSUE-SPECIFIC PHENOMENA 

2.1.3.1 Polarization 

The concept of polarization is an important property of an EM wave 
and describes the various types of electric field variation and orientation. 
[58]. When an EM wave is propagating, the orientation of the resulting field 
may vary in space, depending on the type of wave and the medium [59]. 
Permittivity (see section 2.1.1.1) describes the polarization induced in a 
material and the associated losses. Dielectric materials are electrically 
insulative and yet susceptible to polarization in the presence of an electric 
field. The fundamental phenomenon behind polarization is the fact that an 
applied electric field affects the charged particles of a material in a manner 
that positive and negative charges are being attracted to opposite directions. 
Dielectric materials commonly exhibit not all, but at least one of the main 

                                                 
4 In the literature conductivity and relative permittivity of fat vary about 5 - 10 % because of 
different measurement methodologies, inhomogeneity of the tissue and its water content [52].  
5 The skin depth describes the EM field´s depth of penetration into tissues where the power is 
attenuated by 8.7 dB (see section 2.2.1). 
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polarization phenomena assembled in Fig. 2.6 that contribute to their 
overall permittivity: 

 
Fig. 2.6. Principal polarization types [43]. 

In tissues the magnitude of permittivity is mainly dependent on the 
polarization (see section 2.1.3.1) mechanism, which further depends on the 
frequency (see section 2.1.3.2). When the frequency of the applied field is 
increased, the dipoles tend to orient with the field every time its direction is 
reversed. This process requires some finite time because of the limited 
freedom of the molecules to move in the liquid. 

The point by which the dipoles are finally too slow to orientate with 
the field is called the relaxation frequency [38]. 

The relaxation frequency fc is inversely related to the relaxation time 

constant τ. 

cc fπω
τ

2
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Materials with a single relaxation time constant can be described by 
Debye first order equation. 
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εs is called the static dielectric constant and ε∞ the optical dielectric 
constant. They represent the real part of the permittivity at zero and infinite 
frequency respectively. 

 
Fig. 2.7. Normed Debye diagram separated for εr' and εr" [59]. 

Fig. 2.7 illustrates the alteration of εr' and εr" because of the physical 
phenomena around the relaxation frequency fc. 

At frequencies below relaxation the dipoles are able to follow the 
alternating field. The electric field is slow enough so the polarization 
develops fully and the loss (εr") raises proportional to frequency. As the 
frequency nears to the frequency fc εr" continues to increase but εr' decreases 
as dipoles start delaying from the electric field. εr" peaks in the transition 
region at the relaxation frequency fc, where the εr' is already decreasing, due 
to the phase lag between the dipole alignment and the electric field. Above 
the relaxation frequency both εr" and εr' drop off as the electric field is too 
fast to influence the dipole rotation and the orientation polarization 
disappears. 

The two diagrams in Fig. 2.7 also show, that εr" losses are raising 
significantly when εr' changes over frequency. This means that dissipation 
and dispersion are directly connected. 

This connection is visualized by the Cole-Cole diagram where the 
imaginary part (εr") is on the vertical axis and the real part (εr') on the 
horizontal axis and with frequency as the independent parameter. 
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Fig. 2.8. Cole-Cole model with single relaxation frequency [59]. 

A material that has a single relaxation frequency as exhibited by the 
Debye relation will appear as a semicircle with its center lying on the 

horizontal εr"=0 axis and the peak of the loss factor occurring at 1/τ. The 
relaxation frequency fc is material specific but biological tissues show not 
just one single relaxation time but a distribution over frequency behavior. A 
material with multiple relaxation frequencies will be a semicircle 
(symmetric) distribution or an arc (nonsymmetrical distribution) with its 
center lying below the horizontal εr"=0 axis. 

As biological tissues have broader dispersions in reality, they are more 
closely modeled, i.e., with a 4-term Cole-Cole equation (see equation (2.7)) 
by adding also the ionic conductivity [39]. 
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For each tissue and each dispersion region the parameters of the 
4-term model have been statistically fitted. The results are shown in table 
Tab. 2.2. for the 3 principle human tissues skin, fat and muscle. Based on 
equation (2.7) the permittivity εr and conductivity σ can be calculated for a 
broad frequency range.  

The diagram in Fig. 2.9 exhibits a comparison between the modeled 
and measured permittivity and conductivity values of the muscle tissue. The 
resulting graphs indicate a good matching of the model to the measured 
values found in the literature. 
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Tissue ε∞ σi 

Skin 4 2·10
-4 

Fat 2.5 0.035 
Muscle 4 0.2 

 

Tissue εs1- ε∞1 τ1 (ps) α1 Tissue εs3- ε∞3 τ3 (µs) α3 

Skin 32 7.234 0 Skin 0 159.155 0.2 
Fat 9 7.958 0.2 Fat 3.3·10

4 159.155 0.05 
Muscle 50 7.234 0.1 Muscle 1.2·10

6 318.310 0.1 

Tissue εs2- ε∞2 τ2 (ns) α2 Tissue εs4- ε∞4 τ4 (ms) α4 

Skin 1100 32.481 0.2 Skin 0 15.915 0.2 
Fat 35 15.915 0.1 Fat 10

7 15.915 0.01 
Muscle 7000 353.678 0.1 Muscle 2.5·10

7 2.274 0 

Tab. 2.2. Cole-Cole model parameters for skin, fat and muscle [60]. 

 
Fig. 2.9. Dielectric properties of muscle [39]. 

At low frequencies predominates the ionic polarization, but only in 
ionic materials, such as in water dissolved solids. Cations and anions are 
shifted in opposing directions, which results in a net dipole moment in the 
material. The imaginary part of the permittivity is inversely proportional to 
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the frequency. As a consequence the relative permittivity of a tissue, e.g., 
may reach values of up to 106 or 107 at frequencies below 100 Hz [39]. 

In dipolar (orientation) polarization, materials have permanent 
dipole moments which rotate in the direction of the applied field. The 
thermal vibrations in the material oppose the rotation, causing the dipolar 
polarization to decrease with increasing temperature [61]. 

Atomic polarization, appears at higher frequencies because of the 
relative change of the mean position of the nucleus within the molecule. It is 
intrinsic to the nature of the atom caused by the applied EM field. 

The electronic polarization occurs because the center of the 
electron cloud is shifted away from the positive nucleus, creating an electric 
dipole moment. Electronic polarization is usually higher compared to 
atomic polarization. 

Biological tissues are heterogeneous, so, another phenomenon is also 
of certain importance: interfacial polarization. It occurs when the dielectric 
properties differ at an interface within the material. Migrating charges can 
become trapped in between [43], resulting in a charging of the interface 
(Maxwell-Wagner effect) [62]. Opposite charges are gathered, e.g., at the 
boundaries of macromolecules and cell membranes, which makes the whole 
particle act as a dipole [32], [38]. 

Atomic and electronic mechanisms are relatively weak, usually 
constant over the microwave region, and only become noticeable at higher 
frequencies than the ones included in the scope of the present work. Dipole 
orientation and ionic conduction, however, strongly interact at microwave 
frequencies [43]. In biological tissues, the determinant factors regarding 
dielectric properties are water content and cell structure [34], [52]. Water 
molecules have high permanent dipole moments and align easily with the 
field. Consequently, the most decisive polarization type is the dipolar 
polarization. 

2.1.3.2 Dispersion 

[41] The dielectric properties of tissues are strong functions of 
frequency [32]. If the frequency of an externally applied EM field changes, 
the interaction between the field and the tissue also changes [63]. The 
dielectric spectrum of tissues consists of three main regions known as α, β 
and γ dispersions. They describe the three main steps in which the relative 
permittivity of a tissue decreases with rising frequency [64] due to losses 
caused by particular polarization processes [65]. At the same time, the 
conductivity increases. Consequently the EM fields of higher frequency 
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attenuate faster than those with lower frequency and the waves with 
different frequencies propagate at different speeds in the medium [38]. 

  
Fig. 2.10. Frequency dependence of relative permittivity ε (x) and conductivity σ 

(o) with α, β and γ dispersion regions (adapted from [63]). 

The high relative permittivity at low frequencies and the three 
dispersion regions (see Fig. 2.10) are common to all human tissues. At 
frequencies below the α dispersion, the relative permittivity of tissues 
reaches very high values and the conductivity is relatively low [32]. The 
dipoles orient themselves easily in response to the change in the applied 
field. The charge carriers otherwise travel large distances, where trapping at 
an interface is more likely. 

As the frequency increases, the dipoles can not follow the changes in 
the applied field, and the corresponding polarization disappears. In 
contrast, the charge carriers travel shorter distances and are less likely to be 
trapped. As frequency increases, the permittivity decreases and, because 
trapping becomes less important, the conductivity increases. 

a) α dispersion: at low frequencies, tissues exhibit the α dispersion 
centered in the low kilohertz range. It is associated with ionic 
diffusion processes at the site of the cellular membrane [41]. 
These include polarization of counter ions near charged surfaces 
and facilitate the polarization of large membrane-bound 
structures in the tissue [32]. The α dispersion shows a large 
decrease in the permittivity graph but is very low and almost 
steady in the conductivity of the tissue. Thus, at low frequencies, 
tissues are essentially resistive despite their tremendous 
permittivity values [59]. The high values of permittivity reflect the 
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trapping of charges at internal interfaces and are not related to 
dipole orientation [33]. 

b) β dispersion: at radiofrequencies (RF) the β dispersion extends 
over 3 - 4 frequency decades centered in the hundreds of kilohertz 
region. It mainly originates in the interfacial polarization of 
cellular membranes [33] which act as barriers to the flow of ions 
between the inner and outer cellular media and organic 
macromolecules [41], [64]. Additional contributions might also 
develop because of the dipolar orientation of tissue proteins and 
other organic macromolecules [59], [33]. The β dispersion is 
apparent in both the permittivity and conductivity of the tissue 
and represents a large decrease in permittivity (from several 
thousand to less than 100) and a large increase in conductivity by 
approximately a factor of 10. 

c) γ dispersion: at microwave frequencies, the EM field interacts 
only with water molecules [63] and the tissue exhibits the 
γ dispersion in the gigahertz region due to the molecular 
polarization of tissue water [41], [64]. This dispersion is centered 
at 20 GHz 6and is the same as that found in pure liquid water. At 
high frequencies, above the β dispersion, the cell membranes 
exhibit such elevated conductivity that the current passes through 
both the extracellular and intracellular water compartments [32], 
[66] (see Fig. 2.11). 

 
Fig. 2.11. High-frequency and low-frequency current distribution in cell 

suspensions [66]. 

                                                 
6 Pure water has a single relaxation centered at 20 GHz at room temperature and 25 GHz at 37 °C 
body temperature [59]. 
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In addition to these three major dispersions, other smaller dispersions 
occur due to rotational relaxation of bound water (δ dispersion) and other 
effects. These dispersions overlap in frequency and lead to a broad and often 
featureless dielectric dispersion in tissue [32]. 

 
Fig. 2.12. Idealized spectrum of the real part of the complex dielectric 

permittivity of cell suspensions and tissues [65]. 

The phenomenon of dispersion can be described based on the 
orientation of the dipoles and the motion of the charge carriers [33]. 

The conductivity (and permittivity) of tissues, like those of many other 
materials, are temperature dependent. The change in parameters is highest 
at low radiofrequencies, about 1-2 %/°C [64]. In the temperature range 
20-40 °C, the conductivity and permittivity increase with increasing 
temperature in most frequencies, the change being typically about 2 %/°C 
for the conductivity and about 1.5 %/°C for the permittivity [67]. At 
frequencies above 400 MHz, the permittivity starts to decline with 
increasing temperature and the same happens for conductivity at 
frequencies above 1000 MHz. The largest temperature dependent changes 
in conductivity are expected for tissues with a high fat content [67]. 

2.2 PHENOMENA OF PROPAGATION IN DIELECTRIC 
MEDIA 

The concept of propagation may be regarded as a way of transferring 
energy or information from one point (a transmitter) to another (a receiver) 
by means of a traveling EM wave [58]. In body environments, the EM wave 
can be absorbed, reflected or transmitted when passing from one medium to 
another, depending on the complex conductivity of the tissue and the 
frequency of the source [37], [59]. In this section, the effects of the dielectric 
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properties presented in section 2.1 on the applied electric field, i.e., the EM 
wave, are explored.  

2.2.1 PLANE WAVE PROPAGATION PARAMETERS 

An EM field can be represented in a linear system by a summation of 
plane waves. The plane wave propagation parameters bear physically 
meaningful information [40]. The following equations determine different 
ways in which the EM plane wave is being altered when propagating 
through a lossy medium like the human body. 

The propagation constant is a complex value which measures the 

amplitude variation of an EM wave in the medium. Equation (2.8) exhibits 
that the complex propagation constant (γ) is composed of a real part 
(α) and an imaginary part (β) [68], [58]. 

βαγ j+=  (2.8) 

Each of the two components has a different effect on the EM wave. 
The imaginary part, also called the phase constant (β), affects the 
propagation of the EM field by shortening the wavelength due to high 
permittivity and losses in the medium (see equation (2.9)). 
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Apart from that, the wavelength (λ) of the signal, an essential 
parameter in the design process of an antenna, can be calculated on the 
basis of the phase constant according to equation (2.10) [58], [68]. 

β

π
λ

2
=  (2.10) 

The real part of the complex propagation constant is also referred 
to as the attenuation constant (α) [58] and determines the exponential 
damping factor of the EM wave amplitude, i.e., its rate of decay with 
distance [68]. 
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As the EM wave propagates in the medium, its amplitude is 
attenuated according to e-αz (see Fig. 2.13). 

 
Fig. 2.13. The magnetic and electric field components of a plane wave in a lossy 

medium [58]. 

The distance δ through which the wave amplitude is reduced by a 
factor of e-1 (about 37% or 8.7 dB) is called skin depth or penetration 
depth of the medium [58] and is represented by the inverse of attenuation 
[40]. 

α
δ

1
=skin  (2.12) 

EM waves do not necessarily penetrate the entire body. Equations 
(2.11) and (2.12) show the relationship between frequencies and the depth of 
penetration.  

As for most biological materials the displacement current (i.e., due to 

the imaginary part of permittivity ε ′′ ) is of the order of the conduction 

current (i.e., due to the real part of permittivity ε ′ ). Therefore, no 
approximation can be applied when skin depth is calculated based on 
equation (2.11) and inserted in equation (2.12) [59]. In summary can be 
concluded that the higher the frequency of the signal and/or the 
conductivity of the tissue, the smaller the skin depth, i.e., the less the EM 
wave penetrates the tissue. 

In general, at a given frequency, the lower the water content of the 
tissue, the deeper an EM wave penetrates it. Also the lower the frequency, 
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the deeper is the penetration depth into tissues with given water content. 
[59]. 

HUMAN BODY INFLUENCE ON RF WAVE 

The different electromagnetic properties of air and the human body 
lead to a change of the propagation of the electromagnetic wave. 

When the RF wave runs from free space straight to a dielectric tissue, just a 
fraction of it crosses the skin-air interface and enters the body. The other 
part is reflected. The RF wave travels from free space with a wave 
impedance equal to 377 Ω and hits the surface of the body tissue. The skin 
tissue has a much lower impedance as shown in Tab. 2.3. 

Tissue εr ρ η [Ω] 

Muscle 57.6 0.85 43.5 < 13.0° 

Fat 12.1 0.07 105.4 < 14.1° 

Skin 47.6 0.71 47.7 < 14.0° 

Tab. 2.3. Complex impedance for human tissues at 403 MHz [69]. 

With the wave impedance of the skin of about 50 Ω resulted a 
reflection coefficient of 0.78 with respect to the 377 Ω of air at 403 MHz. 
This is very close to the reflection coefficient of a short-circuit. As a result 
the electric field is at a minimum and at a maximum of the magnetic field on 
the body surface. A standing-wave pattern is generated due to the 
combination of the incident wave and the wave reflected from the body. A 
quarter-wavelength away from the body opposite conditions for electric and 
magnetic fields can be observed. Fig. 2.14 illustrates this behavior based on 
a simplified air-muscle-air example with a simulation of the electric and 
magnetic fields of a 403.5 MHz signal hitting a one-dimensional phantom. It 
also shows the attenuation of the propagating wave inside the muscle tissue. 
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Fig. 2.14. FDTD simulation of electric and magnetic fields of a plane wave at 

403.5 MHz hitting a 1-D phantom [70]. 

Interface Field refl. coefficient. |Γ| Power transmission factor [%] 

muscle to fat 0.41 83.2 

fat to skin 0.37 86.3 

skin to air 0.78 39.2 

Tab. 2.4. Transmission factor for normal wave incidence at tissue boundaries at 

403 MHz [69]. 

Based on the power transmission it can be shown how the transmitted 
power is attenuated by crossing the three-tissue interface. If an implant set 
below the muscle transmits with 1 mW power, three quarters of its 
transmitted power is reflected at the tissue boundaries before leaving the 
body [71] as displayed in Fig. 2.15. 

 
Fig. 2.15. Signal reflection at muscle - fat - air boundaries [71]. 
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2.2.2 DOSIMETRY 

The electromagnetic dosimetry is an area of scientific research, in 
which the EM exposure to biological tissue is examined. The analysis is 
divided into two areas: macroscopic and microscopic dosimetry. 

Macroscopic dosimetry: The EM fields are determined as an average 
over some small volume of space. To sum up, both E-field and H-field 
are averaged over the volume of the cell. 

Microscopic dosimetry: The EM fields are determined at a 
microscopic level, such as cellular level in biological systems. 

The assessment is based not only on measurements but also on 
numerical calculations of the internal field within exposed structures. The 
interaction between the tissue and the EM field is valued and based on that 
defined as safe, hazardous or even effective EM field levels, e.g., for specific 
medical applications [64]. The latter is especially important in medical 
science and health risk assessment of radiology treatments. The dose is 
usually reported in quantities such as electric fields, current densities, 
specific absorption rate (SAR) and temperature increase inside the body. 

The study of physiological mechanisms provoked by EM fields is a 
further area called bioelectromagnetic studies. Examples of this 
mechanisms are flashing lights in the eyes at 20 MHz and at EM field level 
of 50 mV/m at the retina or external muscle stimulation at 6 V/m for a 
skeletal muscle [72]. To achieve useful biological effects data in dosimetry 
studies an accurate measurement of the biological response is necessary. 

It is a common technique to utilize phantoms or cadavers to measure 
localized and whole-body SAR with the subject in the experimental exposure 
position. The relation between incident EM and so called internal EM field 
is determined by the frequency of the incident fields, the size and shape of 
the body, and the electromagnetic properties of the body. As a consequence, 
if, e.g., a small animal is exposed to RF fields, the desired human equivalent 
exposure condition is to be extrapolated for the adequate frequency and RF 
power [73]. 

The basic dosimetry measurement is the differential power procedure. 
It is measured in a closed exposure system using two main steps: 

1) Accurate measurement of the incident EM-field over the exposure 
volume: The actual field strength at the later measured points is 
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determined in absence of the test object either by measurement or a 
combination of measurement and simulation software.  

2) Accurate measurement of the EM field inside the test object: For the 
measurement of the test object (human body, animal or phantom) 
broadband E- and H-field probes like shown in Fig. 2.16 are used. 

  
Fig. 2.16. Two E-field probes for dosimetry demonstrating their size [74]. 

This kind of dosimetry can be used when the object is far enough away 
from the source so that the presence of the object does not change the 
configuration of the source. For systems where the source is close to the 
object, the presence of the object changes the incident fields from the 
source. This coupling mechanism must be modeled within the dosimetry 
calculations. Most mid frequency systems require this type of dosimetry. 

Other common techniques are [73]: 

• Measurement of the temperature change in the biological test 
subject with non-interfering probes 

• Calorimetric techniques 

• Thermographic techniques 

In cases where non-uniform exposures occur, i.e., in near field 
condition or where incident-power density cannot be measured, SAR is the 
only measurement that allows the definition of the RF exposures. 

Exposure assessments using numerical simulations require detailed 
models of the human anatomy. These high resolution models are created by 
delineating various tissues from MRI scans and by using a literature 
database of physical tissue properties. The application of these models for 
EM dosimetry require that the respective dielectric properties are allocated 
to the various tissues and evaluated at all the frequencies to which the model 
is exposed. 
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SPECIFIC ABSORPTION RATE (SAR) 

Absorbed RF energy can be converted to other forms of energy and 
thus interfere with the normal functioning of the body. The bulk energy 
conversion into heat is called absorption [59], [37]. 

When the absorbed energy in the human body is converted into heat, 
thermal effects occur. There are two types of heating effects: dielectric 
heating at relatively low frequencies (several kHz to MHz), and inductive 
heating at higher frequencies from RF to microwaves. 

Emission protection is regimented especially for living things in 
general, as high power radiation may induce into biomaterial. 
Radiofrequency exposure limits are given in terms of Specific Absorption 
Rate (SAR). It is specified as the power absorbed per mass of tissue and is 
quantified in watts per kilogram (W/kg) [75]. The intense and wide use of 
mobile wireless devices especially mobile phones has raised concerns about 
their influence on men’s health.  

The physiological effects of EM fields are divided into thermal and 
nonthermal causes. Moreover, there are various tissues inside the body 
distinctly sensitive to specific frequency ranges. The primal effect of the 
absorption of high-frequency radiation is the heating of the body tissue. The 
organs with the least blood flow are most affected, e.g., the eyes. Heart and 
brain are better at handling heat due to their better blood flow and the 
resulting heat equilibration. 

On the other hand, a low-frequency field (nonthermal) can affect the 
sensory, nerve and muscle cells. A summary sketch of the human body's 
electromagnetic susceptibility and physiological effects of raising field 
strength is displayed in Fig. 2.17. 



State of the Art 

 

35 

 
Fig. 2.17. Principal schematic of electromagnetic susceptibility of the human 

body [76]. 

Currently, two international standardization bodies have developed 
exposure guidelines [77] for workers and for the general public, except 
patients undergoing medical diagnosis or treatment. These guidelines are 
based on a detailed assessment of the available scientific evidence. 

As the SAR takes into account only the absorption of the RF signal; it 
does not consider non-thermal effects [59]. It should be noted that the SAR 
limits refer to an induction of energy to a specific biomaterial. This is 
different to simple field strength of electric, magnetic field or radiated 
power. 

The human body only absorbs power from the electric part of the 
electromagnetic wave. That is due to the fact that the human body mainly 
consists of water and electrolytes. The content of magnetic material is 
negligible. Therefore, only the electric field inside the body is considered to 
be evaluated. For this reason, a measurement technique, e.g., uses an E-field 
probe to evaluate the exposure in the near field of RF sources. SAR can be 
calculated from the electric field within the tissue as [78]: 
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Where 

 σ is the sample electrical conductivity, 

 ρ sample density and 

 E electric field (averaged). 

2.3 BODY PHANTOMS 

Body phantoms are used as physical or numerical model simulating 
the same electrical properties as the represented biological tissues of which 
consists the human body. It is the most valuable tool for studying the 
propagation of EM waves in and around the human body. 

Physical phantoms are used when a realistic environment for the 
measurements is essential, for instance, in SAR measurements or system 
evaluations. Numerical or virtual phantoms are employed in 
electromagnetic simulations, e.g., during the antenna design process or the 
verification of measurement results. According to their complexity of the 
composition,  physical phantoms are further divided in homogenous and 
inhomogeneous phantoms. Depending on how precise the model has to 
reproduce the electromagnetic body characteristics, homogenous phantoms 
or inhomogeneous phantoms with a composition more complex are 
selected.  

Homogeneous phantoms represent one single electrical property in 
the entire phantom. As they represent the characteristics of the outer layer 
of the body they exhibit skin or muscle properties, especially for higher 
frequencies with low skin depth. The body or body parts are represented by 
simple shapes like boxes or cylinders. They are easy to fabricate and EM 
simulations for verification are comparably fast.  

In comparison, inhomogeneous phantoms are composed more  
detailed and represent specifics of the internal structure and the external 
appearance. The properties are obtained by using CT, MRI and cryogenic 
images [47]. Such phantoms are more expensive and complicated to build 
because of their higher complexity. Their simulation is more challenging, 
but today's EM simulation software supports the import of external detailed 
body models. Detailed models are required for the simulation of 
low-frequency communications due to the deep EM wave penetration and 
for implanted antennas. 
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2.3.1 PHANTOM TYPES FOR THE HUMAN BODY 

Phantom types can be categorized by means of their constitution. The 
tw0 most common types are liquid phantoms and solid dry phantoms. 

SOLID DRY PHANTOMS 

Solid phantoms are in use for thermographic measurements for, e.g., 
SAR evaluation or RF propagation around or on the surface of the body. As 
there is no outer shell necessary, no intersection effects influence the RF 
propagation. This is of special importance for higher frequencies as their 
skin depth is low. 

By using precut models or multilayer variants thermographic analysis 
inside the phantom for dosimetry is feasible. They are comparably 
complicated to manufacture, but commercial models are available. They also 
have a good long-term chemical stability due to non degrading substances. 

 
Fig. 2.18. Family of phantoms  of anthropomorphic phantoms to investigate 

organ dose [79]. 

LIQUID PHANTOMS 

Contrary to solid phantoms liquid phantoms consists of a container 
and a tissue simulating liquid. The container is made of a low RF 
propagation influential material, like fiberglass or PU. The phantom liquid 
consists mainly of water and additives for the control of permittivity and 
conductivity.  
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The conductivity is controlled through salt (NaCl), the permittivity on 
the other hand, by adding sugar for low frequencies and either Diacetin or 
Di-ethylene Glycol Butyl Ether (DGBE) for higher frequencies. A bactericide 
is also added in order to prevent the deterioration of the properties over 
time, otherwise the mixture ferments. 

The reproduction of the EM properties of the body tissue over a broad 
frequency range is only possible by commercially available liquids. Simple, 
self made mixtures are narrow band, but can easily be adapted to the 
frequency range in question. A disadvantage of this type of phantom is, 
however, the difficulty of handling the liquid. Measurements are limited to 
only certain directions and mounting positions because of the spilling liquid 
inside the container. On the other hand, it is possible to measure directly 
inside the phantom by using a small probe. This type of phantom is used 
within this thesis including the preparation of the body tissue mimicking 
liquid as well as the verification of its properties. 

 
Fig. 2.19. Face down liquid phantom of the SAM v6 with robotic arm [80]. 

NUMERICAL PHANTOMS 

Numerical or so-called virtual phantoms are essential during the 
antenna design process or SAR calculations in and around the human body, 
where they are used in electromagnetic simulation software.  
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One type called theoretical phantom is made of simple shapes or 
spheres. Common are cubes for the chest or cylinder for the trunk. The 
tissue is assumed as homogenous. The simplification allows rapid 
simulation but the result accuracy is limited. 

The other type of virtual phantoms, in contrast, contains very detailed 
information about the structure and properties of the human body. The 
so-called voxel7 phantom represents data obtained by using medical imaging 
technologies such as MRI- and CT scanner, or from human cadavers. 

 
Fig. 2.20. Thelonious: voxel model of a 6-year-old boy from the "Virtual 

Family" showing skin, muscle, inner organs, blood vessels and skeleton [81]. 

With this immensely detailed tissue distribution information (see Fig. 
2.20), the RF wave propagation inside the body can be calculated with an 
EM solver. This is especially important for implanted antenna design or 
deep low frequency EM wave penetration of the body (e.g., SAR calculation). 

One recent project to obtain this detailed image of human body tissue 
distribution is the Voxel-Man8 project of the Institute of Mathematics and 
Computer Science in Medicine of the University of Hamburg-Eppendorf, 
Germany. It comprises a diverse selection of 3-D anatomical atlases based 
on tomographic volume data.  

                                                 
7. VOlume piXEL=representation of a value on a regular grid in a 3-D space. 
8 Voxel-Man is a project of the Institute of Mathematics and Computer Science in Medicine of the 
University of Hamburg-Eppendorf, Germany, and comprises a diverse selection of 3-D anatomical 
atlases based on tomographic volume data. With newly developed methods for segmentation and 
visualization, it is a pioneer in surgery simulation technology providing highly realistic renderings of 
the human anatomy in very life-like colors [48].  
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In this thesis, only homogenous phantoms are used for simplicity 
instead of voxel based ones, because the application is subcutaneous, and 
therefore the antenna is only covered by skin tissue. 

SIMULATION 

Suitable voxel model as commercial products exist for most of the EM 
solver software. As a consequence of this high-resolution models the 
simulation time with voxel phantoms is very increased. 

Software 
Numerical solver 

Type 
Manufacturer  

EMPIRE XCcel FDTD IMST GmbH 

SEMCAD X FDTD 
Schmid & Partner Engineering AG 

(SPEAG) 

HFSS FEM Ansoft Technologies 

Microwave Studio FIT 
CST Computer Simulation Technology 

AG 

FEKO MoM/FEM Altair Engineering, Inc 

Tab. 2.5. Selection of commercially available software with different EM solver. 

But simulation time is not only depending on the complexity of the 
model but also on the adequate EM solver method itself. The three most 
common EM solver methods with their specific advantages are summarized 
in Tab. 2.6. It compares the method of moments (MoM), finite element 
method (FEM) and finite-difference time-domain (FDTD) for their 
strengths and weaknesses. An advanced method called finite integration 
technique (FIT) (see Tab. 2.5 CST AG) was first proposed by Weiland [82]. It 
is a generalization of the FDTD method and employs the Maxwell's equation 
on spatial grids. 

Formulation 
Equation 

type 
Domain 

Radiation 

condition 

PEC 

only 

homogeneous 

penetrable 

inhomogeneous 

penetrable 

MoM integral frequency yes good good not optimal 

FEM differential frequency no 
not 

optimal 
good good 

FDTD differential time no 
not 

optimal 
good good 

Tab. 2.6. Comparison of numerical solver methods [83]. 

It illustrates that FEM and FDTD are the most suitable methods for 
problems involving inhomogeneous objects, as is the case of voxel phantoms 
[83]. They can efficiently model the heterogeneity of the human body with 
high resolution and frequency-dependent properties. In this work CST MWS 
was used as the appropriate simulation tool for the assigned problem. 
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2.3.2 MEASUREMENTS OF THE PHANTOM PROPERTIES 

The characterization of the EM properties of the used phantom 
material is an essential step during the fabrication and verification of the 
final model. The used techniques are common for the determination of 
material properties. Different characterization techniques are applied 
depending on material properties and studied frequency. 

 
Fig. 2.21. Measurement set up for coaxial probe calibration [42]. 

Most common technique is the measurement with an open-ended 
coaxial probe. The open-ended coaxial probe is a cut off section of a 
transmission line. The probe is slightly immersed in to a liquid material or 
requires to touch the flat surface of solid or powder material. There must not 
be an air gap between probe and material, as it would alter the results. 

A calibration measurement is mandatory for the used network 
analyzer and also for the coaxial probe by using pre-qualified material, e.g., 
distilled water. The fields at the probe-end penetrate slightly into the 
investigated material, so that a measurement of the reflection coefficient will 
provide information on its complex permittivity. 

This method is suitable for liquid or semi-solid material 
characterization. For solid materials without a flat surface the results are 
uncertain because of the high influence of the air in between probe and 
material. 

A benefit of the coaxial probe is its broadband property and the 
simplicity of the measurement but the accuracy of the results is limited in 
comparison to other methods. With its characteristics this method has been 
widely used for the characterization of human tissues and it was also applied 
in the thesis for verifying the dielectric properties of the used phantom 
liquids. 
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Fig. 2.22. Measurement techniques for permittivity [43]. 

Using discrete results of dielectric tissue measurements, i.e., in a EM 
simulation software, the calculation of the continuous progression of these 
values for a wide range of frequencies by using an arithmetical model is 
necessary. 

2.4 REGULATIONS OF SHORT DISTANCE WIRELESS 
COMMUNICATION 

The selection of the appropriate wireless technology is necessary 
during first design steps of a wireless implant. The application and its 
special communication demands are decisive factors in this process. 

The factors cost-efficiency, flexibility and interoperation demand 
standardized wireless technology to be the basis of a body centric 
communication, even if proprietary technical approaches might be superior 
for specific applications. A classification of the different regulation rules is 
given in the next section. 

2.4.1 EM REGULATION 

Regulations in general provide protection and immunity to 
electromagnetic interference. The regulation of wireless application and the 
properties of the respective devices have two main objectives.  
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The first goal is self-protection against unwanted interference from 
other devices, also called electromagnetic immunity or susceptibility. In the 
case of biological tissue, these limits are defined by SAR. 

The second objective is electromagnetic compatibility (EMC) 
including the protection of other devices in order to prevent influences in 
their functioning. The emission of EM energy by any source is covered by 
guidelines, including the instruction of taking countermeasures, in an effort 
to reduce such radiation. 

In a medical environment the application of the guidelines has to 
address all potential risks associated to EM interference with medical 
devices. The regulatory framework, as a result, facilitates the market access 
and allows putting radio devices into service in that respective region. 

The main international organizations for standards of EMC are the 
International Organization for Standardization (ISO) and the International 
Electrotechnical Commission (IEC), which dispose of several committees 

working full time on EMC issues. Regulation authority of the United States 
is the Federal Communications Commission (FCC), which sets the limits of 

permitted radiation. 

Harmonization is promoted through international collaboration of the 
regional standardization bodies. Standards are often adopted with little or 
no change by others. In Europe the European Telecommunications 
Standards Institute (ETSI) is in charge of the EMC guidelines with the main 

standard EN 301 489 [84]. 

2.4.2 REGULATION FOR SAR LIMITS 

SAR is measured as power absorbed per mass of a tissue. It is usually 
stated in units of watts per kilogram. SAR is averaged either over the whole 
body or over a small sample volume with a reference weight of typically 1 g 
or 10 g of the tissue in question. The value, then, expresses the maximum 
SAR level measured or permitted for this respective body part. The small 
sample volumes are selected to prevent high local peaks, which otherwise 
may be equalized in a larger volume. 

On a worldwide level, SAR regulation is established based on different 
limits and verification procedures. In Europe, e.g., the SAR limits follow [75] 
and are restricted to a maximum absorption rate of 2W/kg, measured as an 
average over a 10 g volume. In the U.S., the limits are based on [85], where a 
maximum SAR of 1.6W/kg (RMS on 1g volume) is established. This stricter 
U.S. standard is taken as reference in this study. 
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The main worldwide SAR regulations are summarized in Tab. 2.7. 

 Australia Europe USA Japan Taiwan China 

Measurement 
method 

ASA 
ARPANSA 

(ICNIRP) 
EN 

50360 

ANSI 
C95.1b:2004 

TTC/MPTC 
ARIB 

  

Whole body 
[W/kg] 

0.08  0.08 0.08 0.04 0.08  

Spatial peak 
[W/kg] 

2.0 2.0 1.6 2.0 1.6 1.0 

Averaged 
over 

10g cube 10g cube 1g cube 10g cube 
1g 

cube 
10g 

Averaged for 6 min. 6 min. 30 min. 6 min. 
30 

min. 
 

Tab. 2.7. SAR limits specified by various administrations [86]. 

2.4.2.1 SAR Measurement 

SAR levels are evaluated either by using solid or liquid body phantoms 
or by electromagnetic simulations. Measurement methods for SAR 
evaluation are the E-field method [78] for liquid phantoms and the 
thermographic method for solid phantoms [87]. To obtain SAR data, 
common EM simulation software provides integrated SAR limit 
calculations, but verification measurements are still necessary.  

A common phantom model for SAR is the Specific Anthropomorphic 
Mannequin (SAM). It consists of a homogeneous head and body phantom 
(e.g., Fig. 2.23 (b)), which is specified by the harmonized standards 
IEEE 1528-2003, IEC/EN 62209-2:2010 and EN 50566:2013 for worldwide 
compliance tests. 

By using small probes, the E-field inside a liquid phantom can be 
measured directly and the SAR values can be calculated (see section 2.2.2). 
The advantages of this method are, on the one hand, the option of direct 
three-dimensional SAR measurement and, on the other hand, the possibility 
to employ the actual RF device in the measurements. A limiting factor is the 
size of the E-field probe in matters of 3-D resolution. Apart from that, the 
range of possible phantom shapes is limited as well as SAR measurements 
on the surface or at high frequencies due to the influence of the container 
material. 
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(a) 

 

(b) 

Fig. 2.23. SAR measurement using the E-field method with (a) a liquid phantom 

[88] and (b) TWIN-SAM liquid body and head phantom made of fiberglass by 

SATIMO [89]. 

For solid or semi-solid phantoms the thermographic method is 
applied. It consists of a predefined high-power RF source which provokes a 
rise in temperature. This change is recorded by an infrared thermographic 
camera, and a thermal profile of the phantom is generated.  

An important advantage of this method is, that it allows SAR 
measurements on the surface of a phantom. Complex, multi-layered 
phantoms can also be evaluated. However, an external RF source is 
necessary, as the original device usually radiates too weakly to be detectable 
by the thermographic cameras. 

2.4.3 WIRELESS COMMUNICATION STANDARDS 

In this section, three short range wireless technologies are presented. 
The selected RFID- and near field communication (NFC) standards are 

already in use in a broad range of applications, also compatible to a hospital 
environment. The MedRadio standard originally is an U.S. standard, 
though, lately harmonized with the European EM regulation. The Short 
Range Device (SRD) standardization in the EU is recognized to be a key 
aspect in the future vision of the "internet of things",  which incorporates 
medical SRD (mSRD) regulation. The harmonization of SRD also covers the 
European UHF-RFID frequencies in the SRD g1 band from 865 -868 MHz 
[90]. Key properties of the RFID, NFC and MedRadio technologies are 
presented and advantages and disadvantages are discussed. 
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One basic requirement of any wireless system in the medical 
environment is reliability. In this context, RF immunity is an essential 
requirement here. In the European Union this issue is harmonized in 
standard EN60601-1-2:2007. In the U.S., the Food and Drugs 
Administration (FDA) regulates all medical equipment. Concerned about 
the non-existence of appropriate standards, it recommends in its guidelines 
the use of the international version of IEC/EN60601-1-2:2007 [91]. 

2.4.3.1 RFID Regulation 

 
Fig. 2.24. Implantable RFID dosimeter as part of a monitoring system of 

radiation treatments [92]. 

RFID is a technology which uses electromagnetic coupling to uniquely 
identify an object, product, animal or person. It can remotely store and 
retrieve data by employing devices called RFID tags. 

A RFID system consists of two elements:  

a) A reader, which acts as a transceiver, initiates the communication 
and retrieves the answer from the tag. It mainly consists of a 
power amplifier, an antenna and a computer interface for 
managing the received data. 

b) A RFID tag is a transponder, which is fixed on or within the 
object. It consists of a low power integrated circuit (IC) together 
with an antenna. 

GENERAL ADVANTAGES OF RFID: 

RFID does not require direct line of sight and therefore, the tags can 
be inserted in non-metallic media. Depending on the used technology and 
the frequency range, tags can be read from longer distances (passive UHF 
up to 10m, active tags up to 100 m) [93]. 

The read rates of RFID tags can be much higher for higher 
frequencies. RFID tags have read/write capabilities and can store additional 
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information. Extensions of the RFID protocol provide the ability of securing 
sensitive data through encryption of the data transmission. 

RFID enables retrieving information from inside the body without the 
need of active devices within certain limits. The permitted transmit power in 
connection with the working frequency limits the penetration depth of the 
RF wave (skin depth). The lossy properties of body tissue attenuate twice for 
passive RFID tags in the transmission power budget. Therefore, only 
subcutaneous application of RFID technology is promising. 

Studies on radiators based on electromagnetic coupling are conducted 
for subcutaneous wireless biosensors, where the distance between the 
implant and the interface body-air is below a few millimeters. This would be 
the case of certain applications such as glucose analysis for diabetes 
treatment, intracranial pressure characterization etc. The combination of 
biosensors with RFID, a well developed EM coupling technology, can offer a 
platform for a smart implants. 

This technology has been chosen using the European frequency bands 
g1 for SRD taken into account the transmission losses in the body tissue and 
having no assisting battery in the smart implant. 

Although several advantages arrive with the introduction of such a 
technology in healthcare, risks of electro-magnetic interference with medical 
devices exist, since RFID systems emit considerable electromagnetic power. 

RFID operates in unlicensed frequency spectrum, which is referred as 
ISM (Industrial, Scientific and Medical). Depending on the local regulations 

these frequencies vary in different countries. Tab. 2.8 [90] shows maximum 
transmission power for the corresponding frequency ranges for Europe and 
USA. Electromagnetic compatibility of RFID is regulated by three ETSI 
standards and is covering a frequency range from 9 kHz to 40 GHz ETSI 
EN 300-220-1; EN 300-330-2; EN 300-440. The FCC also regulates the 
power restrictions, emission limits and the use of certain frequencies in Part 
15 of Title 47 of the RFID Regulation extension for Medical Devices. 
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Frequency 
range 

Comment 
Allowed field strength/ 

transmission power 

< 135 kHz low frequency, inductive coupling 72 dBμA/m max 

3.155 -  

3.400 MHz 
EAS (electronic article surveillance) 13.5 dBμA/m 

6.765 -  
6.795 MHz 

medium frequency (ISM), inductive 
coupling 

42 dBμA/m 

7.400 -  

8.800 MHz 
EAS (electronic article surveillance) only 9 dBμA/m 

13.553 -  
13.567 MHz 

medium frequency (13.56 MHz, ISM), 
inductive coupling, contactless 
smartcards, smartlabels, item 

management 

60 dBμA/m 

26.957 - 
27.283 MHz 

medium frequency (ISM), inductive 
coupling, special applications only 

42 dBμA/m 

433 MHz 
UHF (ISM), backscatter coupling, rarely 

used for RFID 
10 - 100 mW 

865 - 868 
MHz 

UHF (RFID only), LBT (listen before talk) 
100 mW ERP Europe 

only 

865.6 - 
867.6 MHz 

UHF (RFID only), LBT (listen before talk) 
2W ERP (=3.8W EIRP) 

Europe only 

865.6 - 868 
MHz 

UHF (SRD), backscatter coupling, new 
frequency, systems under development 

500 mW ERP, Europe 
only 

902 - 928 
MHz 

UHF (SRD), backscatter coupling, 
several systems 

4 W EIRP – spread 
spectrum, USA/Canada 

only 

2.400 - 
2.483 GHz 

SHF (ISM), backscatter coupling, several 
systems 

4 W – spread 
spectrum, USA/Canada 

only 

2.446 -  
2.454 GHz 

SHF (RFID and AVI (automatic vehicle 
identification)) 

0.5 W EIRP outdoor 
4 W EIRP indoor 

5.725 -  
5.875 GHz 

SHF (ISM), backscatter coupling, rarely 
used for RFID 

4 W USA/Canada 
500 mW Europe 

Tab. 2.8. Frequency ranges and associated maximum allowed field strengths 

[90], [94]. 

RFID readers operated in hospital environments have to be 
considered as portable RF communication equipment. In order to guarantee 
the normal functioning of medical devices, a certain distance to from the 
RFID system needs to be maintained. The EM interference depends on the 
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distance, the frequency of the RFID reader and the immunity of the medical 
device. 

 Immunity level 

Frequency range Life-supporting device Not life-supporting device 

Conducted RF (150 kHz 
– 80 MHz) 

10 V (rms) 3 V (rms) 

Radiated RF (80 MHz – 
2.5 GHz) 

10 V/m 3 V/m 

Tab. 2.9. Minimum required immunity levels according to IEC/EN60601-1-2 

[94]. 

Considering the minimum required immunity, e.g., a life supporting 
device according to IEC/EN 60601-1-2:2007, a minimum distance is 
required. Tab. 2.10 lists the recommended separation respective to 
frequencies and transmitted power. The standard does not consider RFID 
systems below 150 kHz and above 2.5 GHz. 

Separation to RFID transmitter 

[cm] Rated maximum output power of 

transmitter [W] 865 – 956 
MHz  

2.45 GHz 

0.01 23 23 

0.1 73 73 

0.2 103 103 

0.5 163 163 

1 230 230 

2 325 325 

4 (USA, CANADA) - 
460 (USA, 
CANADA) 

Tab. 2.10. Recommended separation of RFID transmitter to medical devices [cm] 

[94]. 

INTERNATIONAL REGULATION OF ISM BANDS 

National radio regulations differ in the assignment of the frequency 
region and specific requirements. The ISM ranges in the frequency spectrum 
below 1 GHz are not synchronized in different parts of the world, shown in 
Fig. 2.25. The use of RFID at this frequency range would result in better 
range and building penetration with the same output power as for ISM 
2.4 GHz band.  

Therefore, RFID equipment has to be adapted and authorized 
separately in every region. Limitations vary a lot from region to region. 
Especially passive low price tags and responder cannot be commercialized 
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and used worldwide. The only worldwide validated frequency is 
ISM 2.4 GHz. The International Telecommunication Union (ITU) has 

specified in ITU-R 5.137, 5.150 and 5.280 of the radio regulations the ISM 
frequency bands. Due to the fact that many communication standards are 
using the same unlicensed ISM bands, they need to be tolerant towards any 
interference from other ISM equipment. 

 
Fig. 2.25. ISM frequency spectrum in different world regions (only 2.4 GHz is 

worldwide free usable) [95]. 

In this study the ISM 2.4 GHz was used in combination with the MICS 
band for taking full advantage of the specification of the applied transceiver 
in the implant (see section 5.2.1). 

 

2.4.3.2 NFC Regulation 

NFC is a wireless connectivity standard (Ecma-340, ISO/IEC 18092) 
for short-ranges up to about 20 cm. It extends the application capabilities of 
RFID technology by introducing new communication modes but remains 
backward compatibility. It allows communication to non self powered 
devices in the so-called passive NFC mode. In the active NFC mode both 
partners generate their own RF field 

The communication is initiated by simply holding two devices close to 
each other. NFC communication is based on inductive RF Technology at 
13,56 MHz. Active and passive NFC mode can reach speeds until 424 kbps 
with the actual specification. For higher data rates NFC can be used as a 
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secure way for identification and initiation of other wireless communication, 
e.g., WLAN. 

 
Fig. 2.26. Deployable smart diagnostic skin patch GT200 for fever monitoring 

[96]. 

As NFC enables new applications in medical environments, the EMC 
regulations also apply in this area. An example of a new medical application 
is a wireless diagnostic skin patch that can be read directly by NFC enabled 
cell phones. In this manner, home or remote diagnostics can be applied. 
Parameters like skin temperature, moisture, surface tension or glucose level 
are monitored with a disposable skin patch sensor system [97]. Another 
proposed application is a medication tracking system to minimize erroneous 
drug administration [98].  

 Benefits Future Scenarios 

Card Emulation Mode 
1. Physical object 

elimination 

1. Integration of ID-
cards, passports, finger-

prints, driver-licenses 

 2. Access control 

2. Storage area for 
critical information to 

provide user privacy and 
authorizing people to 

access those information 

Reader/Writer Mode 1. Increases mobility 

2. Decreases physical 
effort 

3. Ability to be adapted 

by many scenarios  

4. Easy to implement 

Many real-life scenarios 
can be adapted to NFC in 
this mode. In all of the 
scenarios, some data 

need to be read from an 
NFC tag, and additional 
jobs need to be done by 

NFC-enabled mobile 
phone. 

Peer-to-Peer Mode 
1. Easy data exchange 

between devices 
1.Secure exchange of 

critical data 

 2. Device pairing 2.Gossiping 

Tab. 2.11. Benefits and possible future scenarios based on operating modes for 

NFC devices [99]. 
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In Tab. 2.11 the different operating modes of NFC devices are 
explained together with their advantages in future applications. Although 
this technology is promising, it is not further considered in this study 
because of the very limited NFC working range, which fails meeting the core 
requirement of the intended application scenario. 

2.4.3.3 MedRadio Regulation 

The MedRadio standard is defined by the FCC to regulate wireless 
communication with medical implants. FCC service rules for the MedRadio 
can be consulted in [94]. The U.S. MedRadio band comprises the 
frequencies (401-406 MHz). The MedRadio core band, however, coincides 
with the international MICS frequency of 402 - 405 MHz (see Fig. 2.27). The 
MICS adjacent spectrum with the two wing bands (401-402 MHz and 
405-406 MHz) [100] are also known as Medical Data Service (MEDS) (see 
Fig. 2.27). In Europe it is regulated by the ETSI standard ETSI 
EN 302 537-1. 

 
Fig. 2.27 MedRadio frequency band divided into MICS and MEDS [101]. 

The spectrum allocation 401-406 MHz is also in use for 
meteorological services (Met Aids) as weather, water and climate 
monitoring and prediction. An interference analysis by the ITU concludes 
that there is very low probability of interference between these two services 
(ITU-R RS.1263 and ITU-R SA.1346) [102]. The MedRadio spectrum, 
however, is used for diagnostic and therapeutic purposes in implanted and 
on-body medical devices. MedRadio devices, for example, include implanted 
cardiac pacemakers and defibrillators as well as neuromuscular stimulators 
that help restore sensation, mobility and other functions to limbs and 
organs. Only authorized health care providers are allowed to operate 
MedRadio devices. Manufacturers of MedRadio devices are authorized to 
demonstrate, install and maintain the equipment. 
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The MedRadio standard allows bi-directional radio communication 
with a pacemaker or other electronic implants. The maximum transmit 
power is very low with equivalent isotropically radiated power (EIRP) is 

25 µW. The maximum used bandwidth at any time is 300 kHz (see Tab. 
2.12), which makes it a low bit rate system compared to WiFi or Bluetooth. 
The main advantage is the additional flexibility compared to previously used 
inductive technologies, which required the external transceiver to touch the 
skin of the patient. MedRadio allows a range of several meters. To ensure 
the communication, the LBT principle is obligatory for devices using the 
entire band of 401-406 MHz when transmitting with a maximum power of 
EIRP=25µW. With this Busy-Channel-Detection technology, the transmitter 
verifies the absence of other traffic on the shared RF channel before it starts 
its own transmission. It answers the purpose of preventing collisions or 
interferences on a shared RF channel and maintaining a high level of 
transmission safety. 

In the wing bands, implant as well as body-worn transmitters using 
non-LBT spectrum access methods (with reduced EIRP and duty cycle 
limits) will also be permitted. In the core band, non-LBT operation is 
limited to medical implant devices operating with a total channel emission 
bandwidth of up to 300 kilohertz, centered in 403.65 MHz.  

In this thesis, the MICS standard is the one being referred to, as this 
regulation is internationally harmonized, unlike MedRadio. As MICS, in 
general, is covered by the MedRadio standard, all MICS references in this 
work also apply to the MedRadio regulation, if not stated otherwise.  
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Frequency 

band 
[MHz] 

Single 
channel 
width 
[kHz] 

Requirements 
for 25µW EIRP 

EIRP Power Levels 
without LBT  

MedRadio/MEDS 
401 – 
401.85 

100 LBT  
250nW; Duty cycle 

0.1% 

MedRadio/MEDS 
401.85 – 

402 
150  

25μW; Duty cycle 
0.1% 

MedRadio/MICS 
402 – 
405 

300 LBT  

100nW;Dutycycle 
0.01%, only 

permitted from 
403.5-403.8MHz 

MedRadio/MEDS 
405 – 
406 

100 LBT  
250nW; Duty cycle 

0.1% 

Medical Micro-
Power Networks 

(MMN)(U.S. only) 

413 - 419 
426 - 432 
438 - 444 
451 - 457 

Max 
6000 

1mW with 
LBT 

/ 

Tab. 2.12. MedRadio specific requirements for different frequency bands [100], 

[101]. 

LBT-enabled body-worn devices will, with one exception, be 
permitted to operate only in the new wing bands at 401-402 MHz and 
405-406 MHz. Temporary body-worn transmitters can be used in the 
402-405 MHz core band solely during a limited patient evaluation period in 
order to determine the suitability of a fully implanted device, provided a full 
compliance with all other MedRadio rules applicable to the band. The FCC 
encourages the usage of the MedRadio core band, the band, predominantly 
for life-critical applications, such as pacemakers and defibrillators. The 
MICS band harmonizes worldwide the wireless communication of mSRD for 
its application for implants. That is why the study at hand evaluates its 
implementation in a CVC (see Fig. 2.28). 

 
Fig. 2.28. Implanted MRI compatible CVC [103]. 
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2.5 IMPLANTED ANTENNAS 

An antenna, set into a different dielectric medium than air, changes 
its electromagnetic properties considerably. This is especially true for 
implanted antennas. The human body, for instance, consists of about 60% 
water on average. It consists of highly lossy matter and therefore, its 
dielectric properties are different compared to air (εr=1 vs. εr≈80). As a 
consequence, an implanted antenna placed in a human body requires a 
different design approach than antennas operated through air, commonly 
used in communication devices. 

An antenna cannot be treated separately from the surrounding 
medium whenever the influence on the radiation properties is that 
fundamental. The tissue in the closest environment has a high influence on 
the antenna by changing its near field properties. This situation deteriorates 
as every patient’s tissue properties (thickness, distribution) as well as his 
constitution are subject to changes. The same applies to the position of an 
antenna inside the body or in relation to the body skin. 

With this characteristics in mind can be claimed, that the radiation 
properties of the implanted antenna are a result of three factors: 

• the implanted antenna structure 

• the implant itself and  

• the specific constitution of the body. 

From outside the body the resulting properties cannot simply be 
attributed separately to these structures, that means, the measured 
“antenna gain” and “antenna efficiency” derive from them alltogether.  

Furthermore, when compiling a link analysis three transmission 
segments are to be considered: 

• the propagation inside the body,  

• the transition between body surface and air and finally,  

• the transmission in free space to the receiver. 

A characterization of the propagation, for each segment separately, is 
difficult as the radiation pattern of the antenna together with the implant is 
hard to determine inside the body. This raises the question whether the 
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body is part of the “radiation structure” or not. Its influence on the radiation 
properties is of such high significance that it is debatable what exactly 
constitutes the “antenna” in reality. 

Due to the considerable variations depending on the patients, a 
standardization of the measurement setup is necessary to reach comparable 
results that can be used as reference. This incorporates, for example, 
relevant factors like the antenna placement inside the body, especially the 
distance to the body-air interface, or the body size. The efficiency of an 
implanted antenna is difficult to quantify as, on the one hand, it is affected 
by the amount of tissue and,on the other hand, by the reflection of the walls 
depending on the phantom dimensions. It generates standing waves 
depending on the implant position and affects the radiation efficiency [104], 
[105]. 

In practice, this uncertainty is to be taken into account even during 
the planning phase for the system design, including an additional margin in 
the link budget calculations.  

In general, many antenna topologies can be used for smart implants., 
but in reality, only a few have reached importance. The reasons for that are 
illuminated in the following section. 

2.5.1 GENERAL INTEGRATION  

Implanted antennas can be implemented as either integrated or 
externally attached to the implant, sticking out from the outer shape of the 
enclosure. 

If antennas are not integrated directly in the implant, wire antennas 
are used. These externally attached antennas act as large monopoles. Due to 
their size they need to be flexible. Dipoles, in contrast, are not suitable for 
external layouts, as they always entail a feeding cable, located 
perpendicularly towards the two antenna branches. This extending shape 
implies that the pointy edges of the antenna would harm the surrounding 
tissue [60]. 

By now, the main group among the suitable topologies is an antenna 
layout that conforms to the outer implant shape. In other words, the 
antenna is mounted flush with the implant shell or at the most scarcely 
stepping up the surface. The principal advantage of this antenna layout is 
the fact that it does not take up room inside the implant itself. However, 
small antenna dimensions are preferred here, as the choices are limited to 
layouts that match the implant surface. In most instances, patch or 
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microstrip antennas are chosen when the implant has a rather flat 
appearance and so the main radiation is perpendicular (Fig. 2.29).  

 
 

Fig. 2.29. Microstrip spiral folded antenna topology with short circuit: Layout 

(left) and implemented design (right) [106]. 

For mobile devices a common design decision is to embed the antenna 
itself on the printed circuit board (PCB). On PCBs, large metal components 
(e.g., ground planes) are situated in the near field of the antenna. The 
directivity may benefit as they act as coupled radiators. Profiting from the 
larger aperture or effective area, it increases and enhances thereby the 
bandwidth and radiation efficiency of the antenna. 

Placing an antenna inside a smart implant always presupposes the 
availability of vacant room, which is a scarce resource in implants. A 
preferred antenna topology constitutes a separate component inside the 
enclosure, e.g., short loop- or wire strip topologies. They permit easy 
matching with dedicated components and free placement inside with a high 
level of freedom of the position. This antenna type meets the basic demands 
of the design problem andtherefore, promised a viable solution. The 
adoption and modification of that basic topology is described in the practical 
part of this thesis. 

Integrated types mentioned above are best applicable at high 
frequencies, which allow the antenna to be very small. Investigations about 
tradeoffs of using higher frequencies have been carried out by Ahmed et al. 
[107].  

In the following sections a selected variety of implanted antenna 
topologies is discussed. Each of them involves certain advantages for 
particular applications and yet, microstrip antennas are the most common 
ones in implants [60]. 
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2.5.2 MINIATURIZATION OF ANTENNAS 

Today, common handheld devices often integrate not just one 
antenna. Engineers face the problem of integrating them occupying as little 
room as possible but providing multiple frequency band capabilities. In the 
design process of antennas used in free space, miscellaneous 
miniaturization techniques are common. This knowledge can be translated 
for topologies of implanted antennas. The absorbing properties of the body 
have to be preconceived advisedly due to the fact that, after implantation, 
this lossy medium is going to be the wireless communication environment 
of the antenna. 

Besides, antennas cannot be built arbitrarily small while remaining 
efficient for the fact that, as soon as antenna miniaturization techniques are 
applied, the antenna performance is affected by major implications. The 
dimension of an electrical small antenna in relation to its lowest resonating 
frequency (in case of multiband capabilities) is commonly assumed as 

1
2

<= aka
λ

π
  (2.14) 

where k is the wave number 2π/λ , and a is of the minimum radius of a 
sphere that encloses the antenna structure [108]. 

Assuming matched antenna input impedance, the radiation efficiency 
factor η is stated as the ratio between the power radiated and the power 
accepted by the antenna. Expressing the additional losses through a series 
loss resistor Rloss, η can be represented as: 

 
Fig. 2.30. Lossless matching antenna network with antenna input impedance ZA, 

source impedance ZS and reflection coefficient Г [108]. 
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where RA is the total antenna input resistance RRad+RLoss. 

As electrical antenna size (ka) further decreases, it is stated that the 
radiation resistance RRad of the antenna decreases as well and as a result, 
most of the RF power destined for radiation is commuted to resistive losses 
Rloss in the antenna structure itself. Rloss dominates the efficiency expression 

of the equation (2.15). This decrease in efficiency is primarily due to 
frequency-dependent conduction and dielectric losses within the antenna 
[108]. 

 
Fig. 2.31. Example of a multilayer microstrip antenna for MedRadio frequency 

[109]. 

As another consequence of miniaturization, the quality factor (Q), 
increases, i.e., a higher amount of energy is retained inside the antenna, 
which severely sets limits to its broadband performance. 

The radiation efficiency of an antenna always depends on choosing 
the right antenna topology for the application in the first place and cannot 
be raised artificially afterwards. In order to increase the bandwidth of a 
small antenna, resistive losses can be added to its structure or feeding setup 
(e.g., thicker dielectric covering to insulate the radiating element), although, 

this leads to a decrease of the radiation efficiency at the same time [110]. 

On the bottom line can be confirmed, that there are feasible 
miniaturization techniques for antennas, yet, in implants additional 
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complicating factors have to be considered. An example of the design of a 
very small antenna for MedRadio frequency is demonstrated by Skrivervik 
[109], shown in Fig. 2.31. 

2.5.3 TRAVELING WAVE ANTENNAS 

Wire antennas are a simple type of implanted antennas. Today they 
are primarily employed in implants for animals, particularly for tracking 
purposes and health monitoring of fish swarms or herds of animals, or 
subcutaneous implanted in birds for population monitoring. 

For people this topology proved to be problematic because of coupling 
effects in medical MRI examinations. The high energy magnitude raises the 
possibility of interference with the connected implant and may cause 
malfunctions, or exceed locally the permitted SAR limits. Especially for live 
supporting or actuating implants this is not acceptable. The impact of MRI 
and electromagnetic radiation on implants has been studied by Schenke 
[111] and Geisbusch [112]. 

2.5.3.1 Mode of operation 

A traveling weve antenna topology basically operates like a single long 
wire antenna [113]. The input impedance depends on the length of the wire, 
i.e., if the wire is extended for the specific frequency it changes its input 
impedance. [114]. This is caused by the electromagnetic wave traveling along 
the wire, which is reflected at its end, and propagates back to the feed point. 
If the antenna is placed in a lossy medium, the magnitude of the traveling 
wave declines [60]. Fig. 2.32 illustrates the electromagnetic influence of the 
environment in the nearfield range of the wire antenna. 
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(a) 

 

(b) 

 

(c) 

Fig. 2.32. Simulation of momentary electric field of a wire: (a) non-insulated in 

air (b) non-insulated in a lossy medium and (c) insulated in a lossy medium [70]. 

In free space the wavefronts are circular (side view) and meet the wire 
at 90°, as shown in Fig. 2.32 (a). The momentary electric field is uniformly 
distributed. For- and backwards traveling waves around the wire are 
superposing and therefore establish a standing wave pattern. In Fig. 2.32 
the minimum and maximum (gray) can be identified. 

If a lossy medium is located directly around the un-insulated wire, i.e., 
the implanted wire is in direct contact to it, the traveling wave is attenuated 
and thus the impedance at the feed point changes.  

In that situation the antenna is described as “slow wave structure” (b). 
The reflected wave magnitude is much lower compared to free air conditions 
(Fig. 2.32 (a) vs. Fig. 2.32 (b)). The attenuation of the momentary electric 
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field along the wire is clearly visible in Fig. 2.32 (b) [60]. Therefore, the 
input impedance of a long wire antenna is independent from its exact 
length, but depend on dielectric properties of the surrounding medium. 

If the wire is surrounded by an insulation material with much lower 
permittivity than the surrounding tissue, the loss per unit length is lower 
due to the removal of the lossy matter from the region with the strongest 
near field (see Fig. 2.32 (c)). Consequently, the reflection on the wire end 
has as impact of the input impedance of the antenna. 

The phase velocity is also changed in the wire. Then, the structure is 
called a fast wave structure, with a phase velocity relation 
vin_wire>vsurr_medium. Fig. 2.32 (c) shows the instantaneous electric field where 
the wavefronts meet the wire at an angle of less than 90°, because the phase 
front moves faster in the wire than in the lossy matter. A standing wave 
pattern over the whole length of the wire is visible. The input impedance 
depends on the length of the wire, the permittivity and the dimension of the 
surrounding medium. The reflected wave is less attenuated compared to the 
case of a non-isolated wire. In a lossy matter the insulated wire antenna can 
be treated as a coaxial wave guide. The lossy matter acts, thus, as the outer 
conductor. 

2.5.3.2 Applications and Specifics 

The long wire antenna topology is not common for application in 
human body implants. Integrated antennas are less susceptible to 
interference of the high magnitude EM fields of MRI scans. 

The simple design and manufacturing make it convenient for its 
application in temporal implants for animals. Even semi-implantable 
applications, where part of the antenna is located outside the animal, are 
applied. The antenna is easily tuneable to the application specific 
surrounding tissue and its permittivity. 

Common frequencies are in the lower very high frequency (VHF) 
band, for instance, animal implants transmitting in the frequency band of 
140 - 220 MHz from Telonics Inc. [115]. They are used for health monitoring 
and tracking animal populations. 

By reason of the implications for human health stated above, this type 
of antennas has not been further pursued in this work. 
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Fig. 2.33. Different sizes of implants with external antenna for mammals [115]. 

2.5.4 LINEAR CONFORMAL ANTENNAS 

Linear conformal antennas are wire or narrow strip-like antennas 
which are mounted outside and around an implant casing, e.g. a pacemaker. 
It is a versatile antenna layout option as it requires minor effort to adapt the 
structure to the specific outer shape of an existing implant casing. It can 
largely be developed independently from the implant itself and a 
simplification of the case can be used during the design process. Even 
mechanically it can be designed with little demands for additional space, 
i.e., it requires only a small step-up of the implant volume. 

Making use of a meander layout, it is easily adaptable to frequency 
bands . The folliwing analysis discribes a monopole quarter wave antenna in 
air [60]. The bandwidth can be increased by using a strip instead of a wire. 

A drawback of the antenna topology is its low input impedance of 
about 5-10 Ω. A matching circuit might be necessary to match it to the 
common 50 Ω impedance. Another way of matching the input impedance is 
to modify the design with a short circuit near the feeding point. The short 
circuit acts like a geometric inductance, hence, giving the option to match 
the input impedance to 50 Ω. This design is then closely related to a planar 
inverted-F antenna (PIFA) adapted to the casing of the implant. 

In this configuration the bandwidth is higher compared to the linear 
antenna. Nevertheless, the literature is not elaborate in this subject. One 
example design was proposed by [70]. The prototype is shown in Fig. 2.34. 
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Fig. 2.34. Circumference antenna for a pace maker for 403 MHz [70].  

2.5.5 MICROSTRIP ANTENNAS 

This antenna type is a common conformal antenna topology. The 
radiating structure can be placed on a large flat surface of a typical implant, 
like a pacemaker.  

Several studies investigated various microstrip antenna topologies like 
spirals and serpentines for MICS band operation, e.g., [116]. In free space 
most conventional designs for low-frequency operation have narrow 
bandwidth and substantial volume. Although microstrip antennas are 
relatively easy to design and fabricate for free-space applications, in a lossy 
medium some particularities have to be kept in mind. 

2.5.5.1 Microstrip Patch Antennas 

Patch antennas are considered to be compact and small compared to 
their wavelength and are among the basic topologies of microstrip antennas. 
They are also referred to as square microstrip patch antennas. Their 
topology is beneficial for flat implants with a usable surface as the main 
radiation direction is perpendicular to it. Due to their favorable shape they 
are used for pacemakers.  

Several designs have shown that it is a challenging task to make them 
work properly inside a lossy medium [117]. 

In general a patch antenna can be described as a resonant structure 
consisting of a ground plane, over which another metallic plate is situated. 
This is the plate the topology ows its name to. A dielectric isolating sheet, or 
air, resides between these two metallic sheets. The upper plate is 
electromagnetically excited with a feeding line on one or more feed points. 
The position of the feeding points determines the input impedance and the 
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resonating modes, which can be excited. The type of resonating modes can 
be controlled by using slots. The size of this patch determines the resonance 
frequency of the antenna, by which a standing wave is formed on its surface. 

When the antenna is placed in a lossy medium, the reflection of a 
surface wave is mitigated at the edges of the patch. The impedance change at 
the edge of the patch is much lower, so that the wave continues to propagate 
attenuatedly in the lossy medium. On that account, the resonating property 
weakens and, as a consequence, lowers the radiation efficiency.  

Embedding the antenna in a dielectric medium offers a solution here. 
A high dielectric constant and a low loss factor are the basic requirements to 
the material as otherwise, the resonating size of the patch enlarges too 
much. 

Consequently, layouts for higher frequencies are also investigated, 
taking advantage of a smaller resonating size. With miniaturization 
techniques the needed antenna size can be further adapted to the provided 
area. 

APPLICATIONS AND SPECIFICS 

The opportunities of using a high frequency of 31.5 GHz are investigated 
in the following study [107]. The antenna was placed subcutaneous beneath a 
4 mm skin and 4 mm fat layer. With a patch size of L=2.66mm and W=3.39mm. 
A return loss of more than 30 dB and directivity of 9.32 dBi in the air cavity is 
reported. As an embedded result, including the losses of the surrounding 
tissues, a gain of -46.5 dB was calculated.  

The results show, that the favorable antenna properties cannot 
compensate the transmission losses at 31.5 GHz. With a power loss of around 
52.4 dBm inside the body only a limited short range application (closer than 1m) 
is a viable option.  

2.5.5.2 Folded Microstrip Antennas 

The folded microstrip antenna is another special type of microstrip 
antenna. It has a similar layer assembly, but the upper layer has a geometric 
structure, like a flat spiral or meander-like stripe with alternating width. 
This layout often integrated directly on PCBs, because with its strip-like 
structure it is well adaptable to the constraints of the PCB layout. This 
makes this topology an economical solution for an integrated antenna.  

On the basis of the same principle layer setup this antenna topology  is 
subject to the same constraints as the patch antenna. When the upper patch 
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is in direct contact with the lossy medium a very low efficiency is achieved. 
Therefore, with this antenna type For this reason, a second, additional 
dielectric layer is applied on the microstrip layer.  

Adding a superstrate of high permittivity is a standard technique in 
antenna design. Due to the fact that the human tissue in general posesses an 
elevated permittivity, with an additional dielectric layer on the top, the 
electrical size of the antenna increases for the same frequency but the 
efficiency is higher, too. In other words, the loading of the superstrate 
elevates the resonant frequency and narrows the impedance bandwidth of 
the antenna. 

Another technique is placing a shorting pin from the radiator to the 
ground plane. This procedure typically produces the same frequency 
response at less than half the size of a similar antenna without the shorting 
pin albeit lowers the resonant bandwidth. 

Compared to other antenna types (e.g., monopoles), folded microstrip 
antennas in general provide a smaller bandwidth and, apart from that, only 
offer 2-D solutions, which needs to be considered by the time of selecting an 
antenna topology suitable for the final SCVC.  

APPLICATIONS AND SPECIFICS 

An optimized folded microstrip antenna is proposed in [116]. The 
optimization is based on a particle swarm algorithm varying antenna layout 
parameters like width and length of several strips along the meander layout 
as well as the position of the feed and the ground point. All vertical layer 
thicknesses are kept, like shown in Fig. 2.35 (a) and (b). An optimized size of 
22.5mm x 22.5mm x 2.5mm for a dual resonating design is indicated. 
Measurements show a -10 dB bandwidth in the MICS region of 35.3% while 
7.1% in the 2.4 GHz ISM-band. A slight disadvantage is the 90° offset of the 
main radiation direction of the two frequency bands. 
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(c) 

Fig. 2.35. (a) Top view, (b) side view and (c) prototype of a microstrip dual-band 

antenna for ISM 2.45 GHz and 403 MHz MICS frequency [116]. 

2.5.5.3 Stacked Microstrip Antennas  

This design consists of several microstrip layers, which are piled over 
each other and share a common ground plane. In between it is placed a 
isolating dielectric layer. The patches can be stimulated using a shared feed 
line, but also a parasitic stimulation of the upper metal structure using near 
field coupling is possible. Using different topologies and feed positions 
additional optimization of the radiation properties can be achieved. An 
additional patch or microstrip layer gives the designer freedom to adapt the 
properties of the antenna to the specific application. 

Stacked designs are typical to stimulate dual or multi frequency 
resonances. Moreover, they can be used to lower the required resonating 
footprint of the patch [118]. It can be used to improve the broad band 
properties or polarization purity [119]. By varying the dielectric properties of 
the dielectric layers and their thickness the radiation distribution can be 
shaped [68]. 

APPLICATIONS AND SPECIFICS 

An example for a circular stacked microstrip design for the MICS 
frequency band is demonstrated by [120] .The stacked approach was 
selected to enhance resonating bandwidth. The design consists of a disc with 
a diameter of 15 mm and a height of 1.9 mm integrating two strip layers.  
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The size and 10 dB bandwidth is optimized by the length of the 
microstrips on the two conducting layers (r and LC) and the position of the 
feed and shorting pin (d) as well as the strip width (w) (see Fig. 2.36). 
Furthermore, the influence of the thickness of the dielectric superstrate 
layer was investigated, which shows a detuning of the resonance frequency. 

Simulations show a radiation efficiency of 0.31% and a maximum gain 
value of -26 dB when the antenna is placed in a subcutaneous position 4 mm 
beneath the skin. The antennas demonstrate very stable properties towards 
different body tissues, but results of fat tissue influence are not 
demonstrated.  

 
Fig. 2.36. Dual layer stacked microstrip antenna [120]. 

A slotted patch design is introduced by [121]. The two rectangular 
layers are intended for bandwidth enhancement and for a more 
environment independent radiation properties. The compact size of the 
ground layer is 10 x 10 x 1.9 mm3. The antenna is placed 5 mm subcutaneous 
and is optimized for skin tissue. A radiation efficiency of 0.61 % is reported 
as well as a measured 10 dB bandwidth of 50 MHz.  
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Fig. 2.37. Example of a 403 MHz dualstacked microstrip antenna [121]. 

 
Fig. 2.38. Matching bandwidth of the dual layer micostrip antenna [121]. 

2.5.5.4 Planar Inverted-F Antennas 

The Planar Inverted-F antenna (PIFA) is another variant of the 
microstrip antenna. A grounding pin is used as an effective way of reducing 
the dimensions of the antenna, while maintaining adequate electromagnetic 
performance [106], [122]. 

The requirements are the same as for patch antennas. The antenna 
consists of a ground plane and a minimum distance to the metallic layer, 
which has to be constant and must not be discontinuous. 

In a study of a PIFA and a patch antenna [117] with a comparable 
planar spiral radiator and footprint it was shown that, although the 
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radiation patterns are similar to each other, the PIFA has a higher radiation 
efficiency in an implanted environment (see Tab. 2.13). This can be 
explained by the use of the grounding pin which builds up a loop with high 
currents. In this manner, half of the antenna works as a magnetic antenna. 
These have lower losses in comparison to an electrical monopole, explaining 
the higher efficiency. 

Return loss measurements were conducted with the antennas placed 
in a liquid tank, 4 mm separated from the front. With a PIFA design of a 
4 mm thick dielectric superstrate layer was demonstrated that the isolation 
of its radiating patch was high enough and, that the resonant frequencies in 
air and tissue simulating liquid were close, however, to expense of a total 
thickness of the antenna of 8 mm. Otherwise, the thick superstrate assistsed 
the antenna to be well matched to 50 Ω by decreasing effects of the 
surrounding high conductive biological tissues. 

Antenna Type Radiated Power Radiation Efficiency 
Microstrip Antenna 0.0016 W 0.16 % 

PIFA 0.0025 W 0.25 % 

Tab. 2.13. Comparison of radiated power (Pin=1W) and radiation efficiency 

between PIFA and microstrip antenna of the same size [117] 

The detuning effect was also demonstrated by slimming the dielectric 
layer from 4 mm each to 2 mm thickness. 

 
Fig. 2.39. Two PIFA topologies for the MedRadio frequency [117]. 
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Fig. 2.40. Layout of a PI-shaped wideband antenna for MICS band (left) and 

results of the tuned wideband return loss (right) [123]. 

A compact design is proposed for a Π-shape PIFA antenna by Lee 
[123] (see Fig. 2.40). By exciting dual-resonant frequencies around the 
MICS frequency band a wideband input matching is accomplished. The two 
frequencies are tuned by varying the two L-strip lengths. The final antenna 
reaches a 80 MHz 10 dB bandwidth, as shown in the diagram. Three 
dimensional simulation revealed a -25 dB gain if the antenna is placed 4 mm 
subcutaneous in a skin tissue mimicking phantom. 

2.5.6 HELICAL ANTENNAS 

A helical antenna is a rather less common design for implanted 
antennas, but it delivers interesting results and permits a straight forward 
tuning with few geometric parameters. 

 
Fig. 2.41. Design steps of rectangular spiral antenna over a ground plane. 
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Fig. 2.42. Intermediate prototype showing helical radiator [124]. 

Adabia [124] proposed a rectangular, horizontally over ground plane 
mounted normal-mode helical antenna. This antenna occupies a volume of 
about 3 cm3 with a final size of 14 x 14 x 15 mm3. It consists of two 
rectangular loops over a ground plane with a coaxial feed. It builds around a 
ceramic core (HIK500 εr=11) and it is enclosed by a teflon substrate of 
1.5 mm with εr=3. As a consequence, the lateral substrate faces (lower εr) 
provide extra surfaces for the design of a three-dimensional radiator.  

The antenna is matched for the insertion in muscle tissue. Simulation 
results show a gain of -28.5 dB and a 10 dB bandwidth of 225 MHz (55.7%). 

Varying the geometric parameter of the rectangular helix reveals that, 
with a higher diameter of the helix, the gain raises and the 10 dB bandwidth 
stays constant. Further simulations show, that the extension of the spiral 
lowers the 10 dB bandwidth, but elevates the gain. Furthermore, the 
radiation pattern as well as the main direction completely change from 
free-space to in-body simulations, even if the matching does not alter. 

This antenna topology poses a solution close to the desired: a 3-D 
antenna, conformal to the CVC. The helical radiator serves as an inspiration 
for monopoles or wire antennas conformal to the implant and will set the 
basis for the main designs in the present work. 

2.6 CONCLUSION OF THE STATE OF THE ART 

The preceding state of the art report delivers an insight into the 
present situation of implanted antenna design and wireless communication 
in smart systems. The key aspects to face future trends cover the 
indispensable conformability of the antenna to the implant surface, the 
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combined utilization of multiple frequency bands and, above all, an 
advanced procedure of antenna characterization that responds to the 
mismatches between simulation and measurement. 

In the area of implanted antennas, research tends to focus on flat 
topologies with a ground plane. Since every attached structure eventually 
adds to the outline of an implant, planar topologies are limited to implants 
with flat surfaces. Patch-like antennas, often stacked, allow miniaturization 
by means of shorting pins, but their integration is also restricted to certain 
implant shapes. Monopoles, for instance, are flexible towards a huge 
number of objects, and therefore meet the demand of 3-D conformability for 
implanted antennas. Furthermore, most state-of-the-art designs are 
confined to monofrequency topologies while multifrequency designs would 
offer enhanced functionality and provide new visions of potential 
application scenarios. Latest developments in the field of transceivers for 
smart implants support the dual-band operation, which expands the options 
for future applications. Apart from that, a conclusive comparison of results 
can be difficult due to the wide range of phantom types, shapes and sizes 
and the alternating position of the antenna in the body, respectively in the 
phantom. In addition, the vast variety of antennas and the array of essential 
considerations to bear in mind make the elaboration of an overall 
characterization method a critical endeavor.  

The approach to combine simulation and measurement analysis and 
the integrated contemplation of 3-D implants together with their projected 
antennas imply promising future perspectives towards a reliable 
establishment and maintenance of wireless communication in smart 
systems and finally, leave room for an outlook on the tasks that lie ahead. 

 





 

 

Chapter 3 

3 Objectives 

In Chapter 3 the research goals of the study are exposed in 
preparation for the forthcoming chapters. 

3.1 OBJECTIVES OF THE PROJECT 

The general objective of this work is to develop antennas for 
subcutaneous implants, meeting requirements beyond the state of the art. 
An optimum 3-D surface conformity of the antenna is to be considered with 
regard to the specified smart implant, a CVC port. Apart from that, the 
application is to achieve maximum efficiency. Broadband dimensioning with 
two frequency bands, the MICS band at 402-405 MHz and the 
2.4-2.5 GHz ISM band, operating simultaneously is to be pursued to prevent 
the input impedance from detuning. For patient monitoring, two scenarios 
are conceived: an outdoor scenario, in the global RFID UHF band at 
865-956 MHz and an indoor scenario, in the MICS  band, as this standard is 
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not subject to interferences. To select the suitable scenario, the maximum 
operation range of the antenna is to be determined. For this purpose a 
characterization procedure is to be developed in order to confirm the real 
world antenna performance in the body tissue environment. The primary 
research goal is broken down into several subordinate targets: 

State-of-the-art antenna topologies for implants will be studied and 
appropriate antenna layouts conformable to being attached to and operated 
in smart implants will be evaluated. Particular attention will be paid to 
design and specification issues for subcutaneous applications. This will 
include regulation matters and standard reviews. 

In CST MICROWAVE STUDIO® (CST MWS), simulation 
environments will be developed representing the distribution of the 
electromagnetic field in- and outside the human body, i.e., the influence of 
the human body on the antenna radiation pattern and radiation efficiency. 

Measurement environments imitating the properties of the human 
body, i.e., the future subcutaneous body tissue environment will be 
prepared. This will include building carefully designed phantoms while 
respecting suitable component ratios in the mixture of the mimicking liquid 
and adequate dimensions, which will be determined beforehand by means 
of simulation. 

Antenna prototypes will be manufactured according to the simulation 
results and their gain distribution, i.e., radiation patterns will be measured 
and analyzed. Furthermore, the link budgets will be calculated based on real 
measurement by de-embedding the effect of cables. 

A new procedure will be used as a methodology to verify the obtained 
property data in order to assure a realistic and comparable antenna 
characterization. 

The measurement results will be used to adapt and optimize an UHF 
antenna to a smart implant and finally, the performance of the system will 
be examined by running functional tests. 

 



 

 

Chapter 4 

4 Design of UHF 

Antennas for Implants 

This chapter enters the practical part of the dissertation and exhibits 
the first experimental chapter of the document. In Chapter 4 the antenna 
layouts, simulation processes and results of two antennas for implants are 
presented. In the first section, a single-band antenna operating in the 
European SRD band g1 [125] of 863-870 MHz9 is in the focus of attention, 
whereas in the second section a dual-band antenna designed for the MICS 
band (see section 2.4.3) and the ISM band of 2.4 GHz is introduced. 

                                                 
9 including the European UHF-RFID band from 865-868MHz. 
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Fig. 4.1. Subcutaneous implanted CVC port [103]. 

The shape of the implant was given to be the truncated cone of a 
portacath or CVC port. A portacath is an implant placed beneath the skin to 
administer medication, connected to a large vein by means of a central 
venous catheter (see Fig. 4.1). 

Neither was there any additional room available to store the antenna, 
nor was the antenna’s integration inside the cone a favoured option. In 
addition to that, this would have implied a more complicated construction 
process of the portacath. Hence, a paramount demand on the antenna was 
to merge with the implant shell without stepping up the surface. Above all, 
only a partial area of the cone surface was dedicated to supporting the 
antenna. The first antenna design was planned to be mounted on top of the 
portacath as it is the closest part to the skin surface. It was intended to be 
placed on the thin circular edge on top of the truncated cone of the liquid 
reservoir. The second antenna for the SCVC implant exploited the entire 
outer surface of the CVC port’s truncated cone shell. 

To better distinguish both implanted CVC antennas (CVCA) in the 
thesis, the first one is referred to as planar CVCA or RFID CVCA and the 
second one as 3-D CVCA or dual-band CVCA. 

4.1 DESIGN OF AN IMPLANTED PLANAR CVC 
ANTENNA 

The following section displays the layout and simulation process of 
the single-band antenna operating in the European SRD g1 band. Unlike 
others, this frequency band is not subject to strict regulations of certification 
authorities and is therefore of free use. The antenna is planar and 
particularly compact. Circumferential space constraints limited the antenna 
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diameter to a maximum of 20 mm. The distance to the interface skin-air was 
fixed to 9 mm. 

4.1.1 ANTENNA LAYOUT 

The layout of an implantable antenna is determined by several 
key issues: 

• Protecting the body tissue from being harmed 

• Compensating tissue and environment variations 

• Occupying as little space as possible 

To meet the first requirement, a round shape was chosen to be a 
suitable topology for the antenna rather than a square shape with sharp 
corners. 

With regard to the second demand, a broad-band design was chosen 
in order to balance tissue properties and environment alterations provoked 
by gender, age or figure of a person. Disturbing influences caused by the 
location of the implant itself could also be compensated, as may be the case. 
Hence, known for its convenient broadband frequency properties, described 
in section 2.5.4, a monopole-like structure was adopted. 

Finally, ceramic layers were applied on the top and bottom of the 
antenna instead of using a ground plane or short circuits to it for 
miniaturization purposes. This allowed maintaining the antenna at 
minimum size without reducing its radiation efficiency at the same time. As 
mentioned, the maximum dimensions of the round shaped antenna were 
limited to an outside diameter of 20 mm. 
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Fig. 4.2. Antenna simulation model with ceramic bottom layer. 

Fig. 4.2 illustrates the top view of the implanted antenna along with 
the feeding setup. For clarity, the ceramic top layer of the antenna was 
removed. 

4.1.2 SIMULATION 

The antenna model was simulated in CST MWS. A cubical 
single-tissue phantom (see section 2.3) with a side length of 63 mm was 
defined as simulation environment.  

 
Fig. 4.3. Radiating structure of the antenna with geometric parameters. 

As shown in Fig. 4.3 the antenna was described by two angles. The 
radiating element was a flat circle-shaped monopole. Its length 
corresponded to the resonant frequency and was defined by the angle α. The 
angle β determined the size of the plane connected to the outer conductor of 
the coaxial cable (ground). This outer conductor was soldered to the 
antenna at the area defined by the two auxiliary parameters a=5mm and 
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b=2mm. The correspondent assembled prototype is presented in Chapter 5, 
Fig. 5.1. 

The length of the monopole was increased iteratively. Different 
lengths were given a trial and matched to a reference impedance of 50 Ω by 
means of a corresponding capacity load. By increasing the angle β, the open 
end of the monopole gained capacity load and, as a result, the impedance 
was modified. By variation of the angles α and β, the antenna could be 
matched to different frequencies and ceramic layer thicknesses. The 
antenna’s final bottom and top layers were simulated to be made of a 
dielectric, ceramic substrate with a high permittivity of εr=10 
(Rogers Ro3210). Each layer was 1.27 mm thick. The antenna was tailored to 
have its resonating frequency at 868 MHz. Tab. 4.1 shows the final, 
optimum antenna configuration based on which the prototype was built. 

Parameter Value [mm,º] 

r 8 

w 2 

α 215 

β 50 

Tab. 4.1. Final antenna parameters at 868 MHz. 

In the following section the simulation results are displayed. 

4.1.3 IMPEDANCE MATCHING 

The antenna was simulated with skin mimicking liquid (see section 
2.3.1). Not all the parts of the setup could be perfectly modeled in the 
simulation, especially the antenna feed and the shape of the phantom. 

In order to keep the computing time short, a reduced phantom size 
with symmetric dimensions was selected. The simulation in a phantom 
smaller than the final phantom used in the measurements turned out to be a 
very acceptable approximation for reflection coefficient estimation, as its 
impact on the matching results was negligible. The accordant downsized 
phantom for the simulation had a side length of 6 cm and the antenna was 
placed at 9 mm to the phantom-air interface (subcutaneous-like position). 

Moreover, a single-tissue phantom was considered satisfactory for the 
simulation as in the later measurements the applied mimicking liquid would 
also replicate the skin tissue properties in only one single average value. In 
addition, the antenna was projected to be implanted right beneath the skin 
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after all. Apart from that, the use of a more complex three-tissue phantom 
(skin, fat and muscle)(see section 2.3) for the measurements would not have 
altered significantly the return loss of the antenna, but only prolonged the 
simulation time. 

The mimicking liquid, which later was  also used to build the 
phantom, was mixed and the properties measured. The permittivity probe in 
the skin mimicking liquid did not capture the data at every single frequency, 
but in certain intervals. The obtained results were gathered and compiled in 
the dispersion list, which consequently featured data gaps between the 
selected frequencies. These gaps, again, were filled by importing the list into 
CST MWS, which in turn calculated the missing data and finally drew a 
continuous graph based on these parameters by a fitting process. 

After optimizing the antenna in the small phantom, the graph below 
eventually corresponds to the simulation in the final, bigger phantom. 

 
Fig. 4.4. -10 dB matching bandwidth, simulated in big phantom. 

In Fig. 4.4 the reflection coefficient, (reference impedance 50 Ω) of 
the antenna is represented. At the reference value of Γ11<-10 dB the 
frequency bandwidth lies between 704 MHz and 1.17 GHz, i.e., the antenna 
can be operated worldwide in all UHF-RFID bands (see section 2.4.3.1). The 
relative bandwidth equals 49.7%. 
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4.2 DESIGN OF AN IMPLANTED 3-D CVC ANTENNA 

4.2.1 ANTENNA LAYOUT  

The layout and simulation process of an implanted dual-band 
3-D CVCA operated in the MICS frequency at 402-405 MHz as well as in the 
global ISM band of 2.4-2.5 GHz is displayed in the following sections. While 
the former was exclusively dedicated to medical applications, the latter was 
being used in a number of wireless communication protocols. The 
dual-band antenna was determined to the application on the liquid reservoir 
of a CVC port and therefore tailored to a prior specified, truncated cone. The 
framework of the project also included the development of a correspondent 
transceiver to sustain wireless communication with an external base station. 
Although system design is not in the focus of this dissertation, basic 
information about the used transceiver is put on record in section 5.2. The 
advanced dual-band capabilities of the Zarlink ZL70102 made it an ideal 
complement to this antenna for SCVC. 

4.2.1.1 Requirements 

The shape of the supporting reservoir was a truncated cone with a 
base radius of 16 mm and a height of 16 mm. As a result, the antenna was 
determined to be three-dimensional, conformal to the truncated cone and 
low-profile, i.e., ideally with no extra volume added to the SCVC. The 
antenna required broad-band behaviour to avoid detuning in a changing live 
environment. Dual-band operation in the MICS frequency at 402-405 MHz 
as well as in the global 2.4 GHz ISM band was also required. As a basic 
principle, data is transferred in the MICS band, whereas the higher 
frequency was used to initiate communication and wake up the smart 
implant in order to enter its operating mode. A biocompatible synthetic 
layer made of the same material as the CVC (see Fig. 4.1) [103] prevents 
physiological interaction between the surrounding tissue and the antenna. 

4.2.1.2 Antenna Design Process  

The constraints mentioned above had already been taken into account 
at the time when the basic antenna topology was settled. That was why a 
monopole-like structure was preferred as radiating element. The advantages 
of this antenna type (e.g., high impedance bandwidth, etc.) are illustrated in 
section 2.5.4). 

Its broadband impedance bandwidth [126], unlike implanted 
microstrip antennas [116], [121], and low-profile extension were major 
advantages with respect to the antenna requirements. The design required a 
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convenient way to mount a monopole onto the cone. The constraint was to 
have to accommodate the radiator on the limited surface with enough length 
to allow the antenna to operate in the 402-405 MHz MICS band. 

In the endeavor to find a convenient way to mount a monopole onto 
the cone, different design ideas were pooled, two of which are exemplified in 
Fig. 4.5 and Fig. 4.6. The difficulty was to make sure that the monopole was 
accommodated on the limited cone surface with sufficient length in order to 
allow the 3-D CVCA’s functioning in the MICS band. The topology 
represented in Fig. 4.5 was singled out and later further developed to where 
the monopole extends over both sides of the cone shell, like shown in section 
4.2.1. 

 
Fig. 4.5. Monopole one-sided on 

cone. 

 
Fig. 4.6. Monopole meandering on 

cone. 

4.2.2 SIMULATION 

In order to reduce computation time, the simulation model used a 
body phantom that had smaller dimensions than the phantom applied in the 
measurements. This was considered an acceptable approximation, as the 
impact of phantom size on the input impedance matching was mostly 
negligible within certain limits. The reduced cubical phantom for the 
simulation had a side length of 6 cm. The subcutaneous position of the 
implant in the body was replicated in the simulation by locating it at 9 mm 
from the phantom-air interface. The chosen antenna topology was designed 
with CST MWS electromagnetic simulation software. 

Moreover, a single skin tissue phantom was considered to be accurate 
enough for the simulation for several reasons. Firstly, its properties were 
similar to general muscle tissue at 403 MHz (εr_skin=46.7, εr_muscle=57.1; 
σ_skin=0.658, σ_muscle=0.623) and secondly, it represented the volume 
between implant and air through which the data transmission was studied. 
Simulations showed that peak SAR was more critical in this area and 
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accordingly, material definition should be done accurately. The use of a 
more complex three-tissue phantom (skin, fat and muscle) would not 
significantly have altered the return loss of the antenna, and it would only 
have increased the simulation time [127], [117], [128]. The skin mimicking 
liquid was elaborated (according to [116]) and measured with the Agilent 
Technologies 85070E dielectric probe. The results were gathered and 
compiled in a dispersion list. Prior to simulation, the dispersion list was 
imported into CST MWS, which in turn calculated the missing data based on 
a dispersion model (2nd order Debye model). 

A broadband simulation type from 0 to 4 GHz was utilized by 
applying a transient solver based on the Finite Integration Technique. 
By using the Fast Perfect Boundary Approximation (FPBA), hexahedral 
mesh was employed without the need to resort to the subgridding technique. 
The absorbing boundary condition was chosen for the computation domain 
around the phantom keeping a radiating space in the off-body direction of 
λ/8 for a precise far field computation at 403 MHz. An increased number of 
35 mesh cells per wavelength was considered for the upper frequency limit. 
The number of mesh cells was kept under 100 million regardless of phantom 
size and surrounding tissue for computational limits. The 
“bend sheet” feature was employed to project the antenna over the 
CVC port’s truncated cone. The feeding cable was included in the model. The 
design was optimized with respect to a reference impedance of 50 Ω. 
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(a) 

 
(b) 

 
 

(c)  
(d) 

 

(e) 

 

Fig. 4.7. Topologies used during the optimization process: (a) Short monopole. 

(b) Long monopole. (c) Long monopole with short circuit to ground. (d) 

Extended monopole with short circuit. (e) Extended monopole with short circuit 

and loop. 

The simulation model included a round ground plane that covered the 
bottom side of the cone. The outer conductor of the coaxial feed cable was 
soldered to this implant’s ground plane. The inner conductor was connected 
to the monopole, which, in turn, was attached to the cone shell. To describe 
the cone itself, the parameters of silicon rubber [103] based material were 
employed. Its relative permittivity was set to 3 according to[129]. The design 
process is illustrated in Fig. 4.7 and Fig. 4.8, where the optimization steps in 
Fig. 4.7 (a) through Fig. 4.7 (e) correspond to markers 1-5 shown in Fig. 4.8. 
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(a) 

 

(b) 

Fig. 4.8. Smith chart showing the complex impedance matching between(a) 

0.3 - 0.5 GHz and (b) 2.0 - 3.0 GHz referring to the design steps towards the final 

antenna model. 1) Short monopole. 2) Long monopole. 3) Long monopole with 

short circuit to ground. 4) Extended monopole with short circuit. 

5) Extended monopole with short circuits and loop. 

The design process started with a single monopole (see Fig. 4.7 (a)). 
Marker 1 in the Smith chart of Fig. 4.8 (a) shows its resistive properties 
around 403 MHz. The monopole was too short as the resonating frequency 
was located above the MICS band. In this case, matching conditions were 
not optimal. By extending the monopole (see Fig. 4.7 (b)), the frequency 
point of interest in Fig. 4.8 (a), marker 2, moves clockwise towards the 
inductive part of the Smith chart. In order to take advantage of the cone 
surface, a short circuit implementation was applied as miniaturization 
technique. (see Fig. 4.7 (c)). By adding a short circuit to this configuration, 
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the graph was mirrored to the capacitive region of the diagram with respect 
to the center (see Fig. 4.8 (a)), marker 3. Even by adding a further extension 
of the monopole , as displayed in Fig. 4.7 (d), the matching left room for 
improvement (see Fig. 4.8 (a)), marker 4. By using a closed loop (see Fig. 
4.7 (e)), which could be seen as an additional inductance, the input 
impedance rotated clockwise from marker 4 to 5 and almost matched the 
desired 50 Ω (see Fig. 4.8 (a), marker 5. This loop was narrow enough to 
leave the top of the implant clear. 

The Smith chart in Fig. 4.8 (b) demonstrates the low influence of the 
abovementioned geometric changes of the antenna on the impedance 
matching for the 2-3 GHz range. This was due to the resistive properties of 
the lossy medium around the antenna. After applying further minor 
optimizations, the final topology was singled out, where the monopole 
extends over both sides of the truncated cone shell (see Fig. 4.9). The 
specific design parameters are displayed in Tab. 4.2. 

 
Fig. 4.9. Top view of the final antenna simulation model without the 

protection layer. 

 

Parameter Value [mm,°] 

Base radius (rb) 16 

Upper ring outside radius (rur) 10 

Cone height (hc) 16 

Copper strip length 33 

Copper strip width at upper ring 1.5 

Copper strip width at monopole 2 

Angle between the monopole-to-ring 
connections 

90 

Tab. 4.2. Final geometry of the 3-D CVC antenna. 
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The outside metal 3-D CVCA parts had to be insulated to prevent 
interactions with the surrounding body tissue. As a design strategy, when 
the coating was made thinner, the antenna reduced its operating frequency 
(becoming more compact) due to the size-reduction effect introduced by the 
closer presence of the high permittivity medium. At the same time, a large 
relative frequency bandwidth was achieved. This increased the robustness 
against implant environment variations [60], [130] including, for example, 
variations in the proportion of body tissues over different patients or 
position variations of the implant itself. However, the radiation efficiency 
decreased due to the proximity of the same lossy medium and a trade-off 
should be struck. 

For this purpose, the 3-D CVCA was coated with a 0.2 mm 
biocompatible synthetic film made of the same silicone rubber material as 
the CVC. In this way, the dual-band CVCA was fully integrated. This 
nonconductive coating had a major impact on the electromagnetic 
properties, as it was placed in the near field of the antenna. Commonly used 
coatings for implanted planar microstrip antennas include a ceramic layer 
with high permittivity (εr≥10) and low loss with at least 0.6 millimeters 
[116], [121], [120].This solution was not feasible because of the 3-D cone-like 
conformal shape of the 3-D CVCA topology. 

 
Fig. 4.10. Simulated |S11|dB vs. frequency of the 3-D CVCA in a 216 cm3 

skin phantom. 

Fig. 4.10 depicts the simulation results of the 3-D CVCA’s S-parameter 
|S11|dB (reference impedance 50 Ω) with a 0.2 mm biocompatible synthetic 
film isolation within the 6 cm3 cube phantom. 

At the reference value of |S11|dB<-10 dB the antenna covers the 
required bandwidth from 0.273 GHz to more than 4 GHz. This means that it 
can be operated worldwide in the MICS band as well as in the 
ISM 2.4 GHz band. 
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4.2.3 IMPEDANCE MATCHING 

Once the basic antenna shape and an appropriate phantom size were 
defined a study was conducted focusing on the robustness of the matching 
against certain functional aspects. The investigation about the minimum 
height for a representative phantom size is explained in section 5.3. The 
study was performed in a 355 mm x 250 mm x 160 mm phantom. 

4.2.3.1 Biocompatible Layer Thickness 

Fig. 4.11 shows the impact of the biocompatible layer thickness on the 
3-D CVCA matching. The lowest |S11|dB<-10 dB condition is given at 
230 MHz, 390 MHz and 452 MHz for 0.2 mm, 0.4 mm and 0.6 mm 
respectively. It is observed that from a thickness of 0.6 cm, the matching is 
not accomplished in the MICS band. The insulation layer on the top was 
kept to a thickness of 1 mm and its variation did not significantly affect the 
performance (not shown for brevity). 

 
Fig. 4.11. Simulated |S11|dB vs. frequency of the 3-D CVCA in representative skin 

phantom for different isolation layer thicknesses. 

4.2.3.2 Functional Operation 

Computed matching against reservoir status (not present, present but 
empty and filled with body liquid) was studied. The body liquid option was 
selected as being representative of functional operation [53], and imported 
in CST MWS with a 2nd order Debye model fit. Fig. 4.12 shows that the 
antenna is robust against the functional variations. 
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Fig. 4.12. Simulated |S11|dB vs. frequency of the 3-D CVCA in representative skin 

phantom for different functional states. 

4.2.3.3 Tissue Variation 

In order to analyze the impact of the variability of the surrounding 
tissue on the antenna matching, a muscle and a muscle-skin bilayer 
phantom were considered. In the latter case, the skin was considered to be 
between the top antenna part and the free space interface. Muscle properties 
were extracted from [53] and imported by a 2nd Debye fitting into 
CST MWS. The selected antenna proved to be robust against tissue 
variability (see Fig. 4.13). 

 
Fig. 4.13. Simulated |S11|dB vs. frequency of the 3-D CVCA in representative 

phantom for different tissue phantoms and in the presence of battery and 

electronics. 

The robustness of the antenna against dielectric environment changes 
can be attributed to the short-circuit at one end, which gives the 
3-D CVC antenna a magnetic nature. 
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4.2.3.4 Battery and Electronics Proximity 

The antenna was conceived to operate in close proximity to a biofilm 
sensor, electronics and implanted battery Varta LPP 402025 CE [131]. The 
specific battery dimensions are 25.5 mm x 20.5 mm x 4.3 mm. The 
electronics and battery were placed alongside the truncated cone to avoid 
placing them beneath it and therefore preventing excessive total implant 
height (see Fig. 4.14). The antenna feeding cable, previously running 
underneath the ground plane, was substituted by a discrete port at the 
antenna terminals for functionality purposes.  

 
Fig. 4.14. 3-D CVCA along with metallic parts corresponding to the presence of 

the battery and electronics. The non-metallic elements were removed for clarity. 

The computed 3-D CVCA’s 50Ω reflection coefficient with battery and 
electronics displayed in Fig. 4.13. shows, that the reflection coefficient 
remains below -10 dB at both frequency bands.  

The proper integration of the SCVC is described in Chapter 5, also 
introducing the two matching networks between the transceiver chip’s RF 
ports (MICS and ISM 2.4 GHz bands) with arbitrary impedances [132], 
[133] as well as the antenna. 

 



 

 

Chapter 5 

5 Implementation 

Chapter 5 delivers an insight in the two antennas' test bed assemblies 
and continues with the implementation of the electronics of the dual-band 
3-D CVCA in the SCVC for functionality tests. Although system design is not 
in the focus of this dissertation, the functional units of the smart implant are 
introduced briefly. Finally, simulations for defining a minimum size of the 
body phantom and the preparation of the phantom liquids are addressed. 

5.1 IMPLEMENTATION OF THE ANTENNA 
PROTOTYPES IN TEST BEDS 

A test bed is an experimentation platform that allows transparent and 
replicable testing of scientific theories and new technologies. Whereas 
theory and simulations generally issue the resulting radiation patterns 
under ideal conditions (see Chapter 4), test beds are essential in order to 
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affirm the simulated results in the presence of implementation 
interferences. 

The following test beds comprise the antenna prototypes together 
with the measurement assemblies including the coaxial feeding cables. 

5.1.1 PLANAR CVC ANTENNA IN TEST BED 

A test bed was designed to measure the impedance bandwidth in the 
tissue simulating liquid. The cable was covered by a plastic tube and sealed 
at the top and bottom parts as illustrated in Fig. 5.1. 

 
Fig. 5.1. Planar CVC antenna prototype with detailed assembly (test bed). 

Fig. 5.1 shows the prototype of the RFID CVCA assembled in the 
test bed. The round-shaped, planar antenna structure simulated in section 
4.1.2 can be seen on the left hand side, now covered by the ceramic top layer. 
The final antenna substrate and top layer was made of Rogers RO3210 

laminate (εr=10). The coppery antenna feeding point was supported on both 
sides by two ceramic pieces of the same dielectric in order to guarantee its 
mechanical stability. The center core wire of a thin, rigid coax cable (RG402) 
was inserted between the bottom and top layer and soldered to the radiating 
element (monopole) while the outer conductor was soldered to the ground 
plane. Magnetic beads were placed around the RG 402 cable inside the 
plastic tube to minimize undesired currents along the outer conductor. Once 
the antenna feed was connected to the CVCA, the junction between bottom 
and top layer, as well as the cable, were sealed with glue. A tubular 
waterproof cable connection fixture, additionally sealed with silicone, was 
designed as antenna feed. 
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5.1.2 3-D CVC ANTENNA IN TEST BED 

During the simulations a standing wave was observed in the stretch of 
the cable under the liquid level, as the wave was exposed to a strong 
reflection due to the interface between very different permittivity media (air 
and skin mimicking liquid). This phenomenon is analyzed more deeply for 
the RFID CVCA in section 6.1.2.2 by showing its influence on the radiation 
pattern. 

To overcome this phenomenon, inspired by [127] and [134], a test bed 
was considered where the cable was covered by a plastic tube and sealed at 
its edges with silicone as shown in Fig. 5.2. Magnetic beads were placed 
around the cable inside the plastic tube to minimize undesired currents 
along the outer conductor. The antenna structure on the truncated cone was 
covered with silicone and a thin plastic film protection layer. Due to 
prototyping limitations, the thickness was estimated to be between 0.2 mm 
and 0.4 mm. The core of a thin coax cable (RG402) was soldered to the 
radiating element (monopole) while the outer conductor was soldered to the 
coppery ground plane of the cone. The junction at the feed point as well as 
the ground plane were sealed with glue. 

 
Fig. 5.2. 3-D CVC antenna prototype with detailed assembly. 

Once the prototype was assembled, a characterization of reflection 
coefficient and gain was conducted. 

5.2 IMPLEMENTATION OF THE 3-D CVCA 
PROTOTYPE IN A SMART IMPLANT 

In this section, the implementation of the dual-band CVCA into a 
ULP-AMI (see section 1.1.2) is outlined. In the present case, the smart 
implant is a SCVC with a portacath holding the 3-D CVCA. The functional 
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units of the SCVC comprise the dual-band CVCA, the electronics and the 
biosensor. 

5.2.1 SMART IMPLANT LAYOUT 

The electronics of the implant is designed to interact with a biosensor 
on the base of the liquid reservoir to monitor the state of the fluid. The 
3-D CVCA is integrated with the electronic circuit. The implantable 
electronic circuit monitors the sensor measurements and calculates whether 
the measured vital parameter is within normal levels. In this manner, it sets 
a wireless communication with the off-body device whenever necessary. Fig. 
5.3 depicts the elements that form the electronic circuit. 

 
Fig. 5.3. Function blocks and layout of the PCB. 

The sensor signal is processed by an impedance converter 
(Analog Devices AD5933 [135]). The sensor measurements are monitored 
via an I2C interface by the ultra low power MSP430F248 microcontroller 
[136]. Besides, the microcontroller establishes a wireless communication if 
the measurement is not within normal levels. It is a 16-bit RISC 
microcontroller with four different low power modes. Once the information 
is processed by the microcontroller, it is passed on to the implantable radio 
module, the ZL70321 by Zarlink Semiconductors [137], a complete MICS RF 
telemetry radio solution that meets the regulatory requirements of FDA, 
FCC, and ETSI. The ZL70321 implantable radio module provides high 
performance while consuming very little power. This RF module is based on 
the transceiver IC ZL70102 [138]. This transceiver operates in the MICS 
band at 402-405 MHz and provides an extremely low power wake-up option 
which is achievable using the 2.4 GHz ISM Band wake-up receiver option. 
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Fig. 5.4. Assembled prototype showing function blocks. 

The electronic circuit is printed on a FR4 2-layer printed circuit 
board. All the components shown in Fig. 5.4 are in the top layer due to the 
packaging requirements. 

5.2.2 TRANSCEIVER MATCHING 

The two transceiver input ports were matched to 50 Ω at 2.4 GHz by a 
high pass filter and to 100-150j Ω (chip impedance) at 400 MHz by a low 
pass filter. The Advanced Design System (ADS) schematic model is 
represented in Fig. 5.5, where port 1 represents the antenna and ports 2 and 
3 the 2.4 GHz and 400 MHz terminals, respectively. 
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Fig. 5.5. Schematic view of low pass filter (top) and high pass filter (bottom) for 

the matching network. 

The pads to accommodate both filters were adequately modeled. With 
parasitic elements fitting the according SMD components the final matching 
network was built (see example in Fig. 5.6). 

 
Fig. 5.6. Schematic of high pass filter in ADS. 
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The following goals were set for the optimization: 

• S11<-20 dB from 350 MHz to 500 MHz 

• S11<-20 dB from 2.4 GHz to 2.5 GHz 

• S33<-20 dB from 300 MHz to 500 MHz 

• S22<-20 dB from 2.4 GHz to 2.5 GHz 

• S13<-1 dB from 300 MHz to 500 MHz 

• S12<-1 dB from 2.4 GHz to 2.5 GHz 

At the same time S32 at 400 MHz and 2.4 GHz are kept under -20 dB. 

The final components of the filters, provided by an optimization 
process and rounded by the discrete available values, are presented in Tab. 
5.1. 

Low pass filter High pass filter 
Component Value (nH/pF)) Component Value (nH/pF) 

L1 27 L3 8.2 

L2 33 L4 18 

C1 2.2 C3 2.2 

C2 0.47 C4 2.7 

Tab. 5.1. Component values of the low pass filter (left) and high pass filter (right). 

The most representative simulation results are shown in Fig. 5.7. 
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(a) 

 

(b) 

 

(c) 

 

 

(d) 

Fig. 5.7. S11, S21, S13, and S23 for the simulated results. 

The implementation of the filters were previously performed in a 
mock board, shown in Fig. 5.8. It served to evaluate the matching network 
for the two RF ports of the transceiver, implemented later on the PCB of the 
prototype for the functional tests. The results are shown in the next chapter. 

A SMD resistance of 47 Ω was chosen to model the chip input 
impedance at 2.4 GHz and a series 100 Ω resistance with a 2.7 pF 
capacitance (-150j Ω at 400 MHz equals to 2.65 pF) to model the chip input 
impedance at 400 MHz. 
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Fig. 5.8. Mock board to test the matching antenna network. 

5.3 BODY PHANTOMS 

Implanted antennas have to face the task of operating in the delicate 
environment of body tissues (see section 2.1). To imitate the dielectric 
properties of body surroundings, a body simulating fluid is employed in a 
body phantom. The most common types of mimicking liquids simulate skin, 
fat or muscle tissue, depending on the future location of the AMI. Apart 
from commercial products, the mimicking gel can also be mixed after a 
recipe. In this case, the body simulating liquid was mixed and its 
composition was measured. The phantom size, on the other hand, was 
simulated. 

5.3.1 PHANTOM SIZE AND COMPOSITION FOR PLANAR CVCA 

Most of the subcutaneous implanted antennas are designed in a skin 
simulating fluid, as they are to operate through skin [116], [123]. Sometimes, 
a liquid representing the average properties of the body is employed [105]. 
As part of the investigation of a suitable body phantom, the antenna 
matching was studied inside skin and muscle separately. At the frequency 
limits of the worldwide UHF RFID band both tissues exhibited similar 
electromagnetic properties (see Tab. 5.2). 
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Tissue fu [MHz] εr σ 

Skin dry 865 41.6 0.855 

Muscle 865 55.11 0.931 

Skin dry 956 41.13 0.885 

Muscle 956 54.9 0.962 

Tab. 5.2. Dielectric properties of body tissue [53]. 

For the skin tissue simulating liquid, a composition of 41.49 % of 
deionized water, 56.18 % of sugar and 2.33 % of salt [116] was used. For 
muscle, the body tissue simulating liquid MSL900 by SPEAG [139] was 
employed in compliance with the FCC standard for SAR and radiation 
measurements in the body (see section 2.4.2). Fig. 5.9 and Fig. 5.10 show 
the real and the imaginary part of their dielectric constant measured by an 
open-ended coaxial dielectric probe and a computer-controlled network 
analyzer, compared to real tissue properties [53] in both cases. 

 
Fig. 5.9. Dielectric properties of skin and of tissue-simulating liquid compared10. 

 
Fig. 5.10. Dielectric properties of muscle and of tissue-simulating liquid 

compared. 

                                                 
10 In this diagram [20] refers to [39]. 
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Both liquids represent a good approximation for subsequent 
experimentation in the entire 865 MHz - 956 MHz range. However, skin 
simulating liquid was employed to study the radio link due to the SCVC’s 
subcutaneous position. 

Since entire human phantoms are often not practical in terms of 
radiation measurements and simulation time, a study was to determine the 
minimum phantom size, which would dramatically influence the radiation 
properties according to the working frequency and direction of interest. In 
the simulation setup, the antenna was placed into a human torso at 9 mm 
from the interface and with an offset of 60 mm respect to the center (see Fig. 
5.11) as a typical subcutaneous position for the portacath. 

 
Fig. 5.11. Human torso-size phantom and location of the implant at height 

zblock mm]. 

The horizontal plane was chosen for the 866.5 MHz radio link to a 
base station outside the body. For that reason, the torso cross-section 
dimensions in this plane should be as realistic as possible in order to 
replicate reflections caused by the change of media. This was modeled by a 
polystyrene tank with a 35 cm x 25 cm base, filled with the tissue simulating 
liquid. Simulations were performed with CST MWS to investigate the 
minimum height z of the phantom (corresponding to two zblock in Fig. 5.11), 
in order to reveal its impact on the horizontal plane gain patterns. Fig. 5.12 
shows the convergence of the gain patterns for different phantom heights z. 
A value of z=160mm was estimated to be enough to account for body effects 
as the simulated gain diagram converges. 
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Fig. 5.12. Simulated antenna gain patterns in the xy-plane at 866.5 MHz for three 

phantom heights z. 

5.3.2 PHANTOM SIZE AND COMPOSITION FOR 3-D CVCA 

The amount of body tissue surrounding the implanted 3-D CVCA 
undermines the antenna’s efficiency by absorbing the RF wave in the lossy 
medium and due to reflections of the wave at the body-air interface. 

A study was to define the minimum phantom height, that would 
influence the radiation properties of the 3-D CVCA in the lower 403 MHz 
frequency, since the higher frequency of 2.4 GHz was less affected by the 
reflections coming from the phantom boundaries. A phantom representing 
the chest as a body part was studied, taking into account the operation 
frequency and direction of interest. The latter was specified to be on the 
horizontal plane for the communication link. The antenna was mounted in 
the body phantom at the same position as described in section 5.3.1. 

Simulations were performed to investigate the minimum phantom 
height z in order to represent its impact on the gain pattern for the vertical 
polarization (theta-component) in the horizontal plane (θ=90º). Fig. 5.13 
shows the change of the gain in relation to the phantom height with zblock 
that equals z/2 (see Fig. 5.11). 

A value of z=160 mm was estimated to be sufficient to account for 
body effects, as the simulated gain patterns reasonably converged at 
403 MHz below 109 million mesh cells. (see Fig. 5.11). For higher 
frequencies, the phantom would be electrically larger and therefore 
representative as well. 
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Fig. 5.13. Simulated antenna gain [dBi] in relation to phantom height 

z/2=zblock [mm] for 403 MHz (vertical polarization, horizontal plane). 

The cross section of the torso was modeled by a polystyrene tank of 
355 mm x 255 mm filled with skin tissue mimicking liquid composed of 
56.18% sugar, 41.49 % deionized water and 2.33 % NaCl salt [116]. The 
liquid’s properties were measured by the dielectric probe. Its permittivity 
and loss tangent are shown in Fig. 5.14 with reference to [53]. These 
properties were the ones involved in the design process described in section 
4.2. 

 
Fig. 5.14. Comparison of dielectric properties of dry skin and of tissue-simulating 

liquid. 

In order not to disregard the possibility of drawing imprecise 
conclusions for the higher frequency, a phantom of the same size was 
generated for the ISM 2.4 GHz band with 53 % sugar and 47 % deionized 
water according to [116]. The phantom properties were verified against 
theoretical values taken from [53] and shown in Fig. 5.15. 
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Fig. 5.15. Comparison of dielectric properties of dry skin and tissue-

simulating liquid at 2.45 GHz (solid theory, dash experimental). 

 



 

 

Chapter 6 

6 Measurements and 

Results 

This chapter presents the methodology developed in the present study 
in order to measure implanted antennas. It is based on the work on the 
design process described in Chapter 4. The cable influences on the 
measurement and simulation results observed during the design and 
evaluation process were analyzed. Observed uncertainties were quantified 
with simulations. Subsequently, the results were integrated in the model for 
the link budget calculation in order to obtain a realistic working range. 
Finally, a indoor propagation model for indoor environments was applied to 
facilitate an accurate system design. 
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6.1 ANTENNA CHARACTERIZATION 

The evaluation of the antenna parameters begins with the impedance 
matching measurements. The methodology of the radiation pattern 
measurements in the antenna test chamber is explained and the results are 
analyzed and compared with simulations. 

6.1.1 IMPEDANCE MATCHING IN THE PHANTOM 

The first step in the methodology was to determine the input 
impedance of the antenna while the antenna was immerged into to the skin 
mimicking gel. The impedance matching was determined in a similar way 
for both antenna types. In addition, the influences of phantom size, type of 
phantom liquid, etc., were investigated. 

6.1.1.1 Impedance Matching of the Planar CVCA 

At first, the antenna matching was analyzed in simulations, the 
prototype was tested in different phantoms and the results were compared 
in a diagram. Fig. 6.1 shows the return loss (reference impedance 50 Ω) of 
the antenna with test bed measured in two phantoms of different size: a cup 
and a tank of 14.5 liters, both made of polystyrene and filled with skin 
mimicking gel. The antenna in the tank was placed close to the interface 
(9 mm). It could be observed that the measurement in a phantom with 
reduced volume was a very acceptable approximation in terms of matching. 

 
Fig. 6.1. Return loss for the implanted antenna in different phantoms and 

compared to simulation result [126]. 

In the simulation, neither the test bed nor the magnetic beads were 
included. Apart from that, the critical antenna feed point could not be 
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perfectly modeled. Nevertheless, even with these approximations the 
simulation provided the final prototype dimensions. The antenna covered 
the required spectrum with |S11|<-10 dB from 866.5 MHz to 1.2 GHz 
(32.3 %) and can operate in RFID bands worldwide. 

Secondly, another phantom of the dimensions 220 mm x 
220 mm x 110 mm with the antenna inserted deep inside was filled with 
muscle tissue-simulating liquid [139]. The antenna matching was evaluated 
at different distances to the phantom-air interface in order to stress the 
robustness of the matching towards various insertion locations of the 
implant. Tests were run against the standard reference impedance of 50 Ω. 
Fig. 6.2 (a) illustrates the setup and the positions where the measurements 
were conducted. Fig. 6.2 (b) shows that the reflection coefficient was stable 
in different locations. 

 
(a)    (b) 

Fig. 6.2. (a) Measurement locations for matching robustness study on the 

implanted antenna in test bed. (b) Return loss of the implanted antenna for the 

corresponding positions in the muscle case phantom compared to the skin case. 

In conclusion, the result is quite similar to the one obtained in the 
preceding case of skin mimicking gel [116] in the 14.5 liter tank, i.e., the 
implanted antenna is quite tolerant to tissue and insertion variation. 

6.1.1.2 Impedance Matching of the 3-D CVCA 

Beforehand, factors related to the variation of the impedance 
matching were investigated for the planar CVC antenna. During the design 
process of the 3-D CVC antenna, simulations confirmed its robustness 
against these influences (see section 4.2.3). 

The representative phantom and the antenna position inside was set 
according to section 5.3.2 Fig. 5.13. The 3-D CVCA was first simulated and 
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then the results were compared with the prototype return loss 
measurements. The |S11| fitted very accurately between the simulations 
corresponding to protection film layers of 0.2 mm and 0.4 mm (see Fig. 6.3). 
It was below -10 dB from 345 MHz to 555 MHz and from 965 MHz onwards. 
The preparation of the antenna prototype for the measurements in the 
phantom proved to be difficult since the thickness of the protecting layer 
had to be uniform over the 3-D surface and seal the implant against the 
liquid. 

 
Fig. 6.3. Comparison of the reflection coefficient |S11| of the 3-D CVCA simulated 

with different isolation thicknesses and measured. 

A second, similar phantom, also filled with skin mimicking gel, was 
prepared to demonstrate the antenna broadband matching in the 
ISM 2.4 GHz band (see section 5.3). Fig. 6.4 displays the variation of the 
measured reflection coefficient due to the different dielectric properties of 
the skin mimicking liquid and proves that the |S11|<-10 dB broadband 
performance was kept at the band of interest. 

 
Fig. 6.4. Measured reflection coefficient |S11| in two experimental phantoms. 
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6.1.2 GAIN MEASUREMENTS IN SKIN TISSUE PHANTOMS 

As the implanted antenna was destined to work inside the body, 
simulations and measurements were carried out in a comparable 
environment. To conduct the measurements, a test bed and a measurement 
environment had to be set up. This section points out the consequences that 
need to be accepted regarding the setup. 

6.1.2.1 Antenna Measurement Methodology 

Before measuring the antenna in the anechoic chamber, the far field 
assumption was to be verified by equations (6.1) - (6.3) [140]. The diameter 
of the effective radiating part of the phantom was settled to be 2/3 of the 
cross section, i.e., 240 mm. 

λ

2

_

2D
r fieldfar >

 

(6.1) 

λ6.1_ >fieldfarr
 

(6.2) 

Dr fieldfar 5_ >
 

(6.3) 

The far field zone (rfar_field), calculated by means of equations 
(6.1) - (6.3), respectively corresponded to 0.16 m, 1.18 m and 1.20 m for the 
lowest frequency (f=403.5 MHz; λ =0.74 m). 

In the measurement environment of the test chamber (see Fig. 6.5) 
the actual measuring distance between antenna under test (AUT) and 
measurement antenna in an anechoic chamber was about 2.70 m and 
therefore assured that all measurements were carried out in the far field 
zone. With the measured received power, the antenna gain of the AUT could 
be calculated and a radiation pattern was drawn. 
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Fig. 6.5. Antenna gain measurement environment showing all function blocks. 

6.1.2.2 Gain Measurement of the Planar CVCA 

As the overall gain was very low, about less then -20 dBi, it was 
advisable to further investigate the influence of the feeding cable's radiation 
before taking gain measurements. Three setups for simulation were 
considered and shown in Fig. 6.6 (a) implanted antenna, (b) antenna with 
test bed and (c) antenna with test bed and feeding cable placed in a similar 
position to the anechoic chamber’s one. Fig. 6.7 shows the gain comparison 
for the three cases in both polarizations (vertical and horizontal). 
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(a) 

 
(b) 

 
(c) 

Fig. 6.6. Antenna gain simulation models depending on the measurement setup 

(side view). Phantom size is identical in the three cases (350 x 250 x 165 mm3). 

(a) Implanted antenna (r=8mm, w=2mm, α=215º, β=50º, a=5mm, b=2mm) 

(b) Implanted antenna with test bed and (c) Implanted antenna with anechoic 

chamber feeding cable. 
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Fig. 6.7. Antenna gain simulation comparison at 866.5 MHz for measurement 

setup (a), (b) or (c) in Fig. 6.6 in horizontal (left) and vertical polarization 

(right). 

The radiation patterns demonstrate that the chamber cable had a 
deep impact on both polarizations. The test bed's influence was below a 
reasonable threshold on vertical polarization for the main lobe direction. 

Further simulations revealed, that surface current freely circulated on 
the outside jacket shield of the cable and its radiation was added to the 
antenna gain pattern. The influence was falsifying the results because of the 
low gain of the antenna structure. 

 
Fig. 6.8. Visualization of current for planar CVCA model with cable in phantom. 

This simulation results were verified in the anechoic chamber. The 
measurements were performed in the antenna measurement laboratory at 
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Queen Mary University of London. A polystyrene tank was filled with 14.5 l 
(z=165mm) of tissue-simulating liquid [116]. The antenna was placed 
90 mm deep via the test bed and 9 mm from the interface. The implant 
within the phantom was placed in an anechoic chamber for gain 
measurements. The gain patterns of the horizontal plane over the 180º 
sweep for front radiation coming from the chest are shown in Fig. 6.7. 
Although the measurement and simulation results were not obtained under 
equal conditions (simulation with static cable versus measurement with 
rotating and arbitrarily positioned cable), some similarities were observed. 
This led to the conclusion that the impact of the radiation coming from the 
cable currents disguised the radiation from the implanted antenna.  

According to Fig. 6.7, from the measurement-in-chamber point of 
view, the average gain Gimplant_dB in horizontal polarization was 
Gaver_h= -23.8dBi, whereas in the vertical polarization was Gaver_v= -28.2dBi. 
These results differred from the expected simulated gain in Fig. 6.7 for the 
implanted antenna alone: Gh= -36.6dBi and Gv= -20.5dBi. It was interesting 
to notice that the feeding cable current radiation impacted in opposite ways 
depending on the polarization: increasing the horizontal radiation and 
decreasing the vertical radiation in the direction of interest. A number of 
nulls were also introduced. 

  
Fig. 6.9: Antenna gain comparison simulated (case (c) of Fig. 6.6, dotted) and 

measured (solid) at 866.5 MHz in horizontal (left) and vertical polarization 

(right). 

6.1.2.3 Gain Measurement of the 3-D CVCA 

The antenna radiation was evaluated in the antenna measurement 
facility of Ikerlan, Mondragón. The antenna was placed in the specific 
position within the phantom as described in section 5.3.2. Its center was 
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located inside the phantom at a depth of 8 cm (½ phantom’s height). The 
body torso section was modeled by a polystyrene tank with a footprint of 
350 mm x 250 mm. With an absolute height of z=16cm the resulted fill 
quantity was about 14.5 l of tissue-simulating liquid.  

The unit of the implant inside the phantom was placed on a plastic 
stand of 134 cm height for gain measurements in the horizontal plane at 
both polarizations (see Fig. 6.10). 

The positioning of the feeding cable demands great care due to the 
general low gain of implanted antennas. Reflections from cables and mounts 
may affect the outcome. The antenna was mounted with the closest feeding 
cable in an upright position. As mentioned previously, three ferrite beads 
were clamped to the cable near the antenna (see section 5.1.2). Fig. 6.10 
demonstrates that the next feeding cable was placed horizontally to prevent 
interferences in the vertical predominant polarization (cable 1). To suppress 
further radiation coming from the outer conductor, the cables running on 
the top (1) and the back of the phantom (2) were covered with a synthetic 
semi-flexible ferrite tube (Wave-X® heat shrink tube absorber WH-A750). 
On top of that, the feeding cables behind the phantom mount (cable 2) were 
enclosed with foam absorbers (not present inFig. 6.10). 

The antenna's radiation pattern of the horizontal plane over the 360º 
sweep for radiation coming from the chest are shown in Fig. 6.11 and Fig. 
6.12. At 403 MHz, a VULB 9163 Log Periodic antenna by Schwarzbeck was 
used as a measurement antenna, and a 3146 Log Periodic antenna by EMCO 
was used as gain reference. At 2.45 GHz a 3160-03 horn antenna by 
ETS-Lindgren was used as a measurement antenna and a SAS-581 horn 
antenna by AH-Systems as gain reference. The measurements included both 
polarizations (θ (vertical) and Φ (horizontal) component). 

Some of the attenuation dips that were observed in the measurement 
results, but not present in the simulation (e.g., at 90º in Fig. 6.11, vertical 
polarization), were interpreted as the scattered signal coming from cable 2 
when it was no longer hidden behind the phantom, facing the measurement 
antenna. This effect could not be observed in simulations. 
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Fig. 6.10. Far field measurement in the anechoic chamber showing phantom with 

inserted 3-D CVCA (absorbers removed)  

 
Fig. 6.11. Calculated vs. measured results of vertical and horizontal gain  

component [dBi] in the horizontal plane at 403 MHz. 

The measured gain Gimplant_dB in vertical polarization at phi=0º and 
theta=90° at 403 MHz Gimplant_dB_v= -28.95dBi whereas in the horizontal 
polarization Gimplant_dB_h= -36.9 dBi. Simulations revealed that theta 
component in phi=0º Gimplant_dB_v= -36.1 dBi and the phi-component is 
Gimplant_dB_h= -39.4 dBi. The computed radiation efficiency was 0.017% and 
the maximum gain was -34.36 dBi. 

For the 2.45 GHz frequency, the measured gain Gimplant_dB in vertical 
polarization at phi=0º and theta=90° Gimplant_dB_v= -25.5 dBi whereas in the 
horizontal polarization Gimplant_dB_h= -19.9dBi. Simulations revealed that the 
vertical component in phi=0º, Gimplant_dB_v= -33.5 dBi and the 
phi-component was Gimplant_dB_h= -28.1 dBi. The computed radiation 
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efficiency was 0.059% and the maximum gain was -26.14 dBi. The 
simulation and measurements revealed the predominant polarization 
changes from vertical to horizontal from 403 MHz to 2.45 GHz. Higher 
directivity due to the increase in electrical antenna size at this higher 
frequency was also observed. 

 
Fig. 6.12. Calculated vs. measured results of vertical and horizontal gain 

component [dBi] in the horizontal plane at 2.45 GHz. 

It should be noted that the accuracy of the measurements in the 
anechoic chamber was limited by the performance of the absorbers and the 
gain of the measurement antennas. In this case, the chamber was covered 
with FS-400 hybrid absorbers by ETS-Lindgren (reflectivity -20 dB and 
-18 dB at 403 MHz and 2.45 GHz, respectively), and the gain of the 
measurement antennas was 6.6 dBi (Schwarzbeck VULB 9163) and 17 dBi 
(ETS-Lindgren 3160-03) at 403 MHz and 2.45 GHz, respectively. With 
these specifications, the accuracy of the measurements in the anechoic 
chamber was ±1.75 dB at 403 MHz and ±0.5 dB at 2.45 GHz. Therefore, it 
could not cause the differences between simulated and measured results, 
which were 8 dB in the theta-component and 8.2 dB in the phi component 
at 2.45 GHz. The main reason is the poor suppression property of the 
current running along the external conductors of the feeding cables 
presented by any choke ferrites in the GHz band. This issue is particularly 
sensitive for low gain implanted antennas. However, simulation gave an 
insight into this phenomenon, along with an impact estimate. In this case, 
the cable significantly increased the radiated energy. This is inevitable and 
should be taken into account by a read range uncertainty factor of 0.4 
corresponding to the difference between simulations and measurements for 
2.45 GHz.  
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Where 
Gsim [dB] is the simulated antenna gain, 
Gmeas [dB] the measured antenna gain and 
Funcert  the uncertainty factor. 

The equation (6.4) (after Friis) translates a variation of simulated to 
measured gain to a change in working range for link budget calculations. 

6.1.2.4 SAR Results  

For the evaluation of performances and safety issues, the 1-g averaged 
SAR distributions were simulated and compared with ANSI/IEEE 
limitations [85]. The analysis was performed only at the frequency in which 
the implanted sensor node can transmit (i.e., MICS band [132], [133]). At 
403 MHz, for 0.5 W (rms) input power, the maximum SAR at skin tissue 
was 59.1 W/kg, for a density of 1100 kg/m3 .The transmitted power to the 
3-D CVC antenna had to be decreased to 13.54 mW (11.32 dBm) in order to 
fulfill the SAR limit of 1.6 W/kg. For a computed maximum absolute gain at 
403 MHz of -34.36 dBi, this led to an ERP of -25.19 dBm that also satisfied 
the -16 dBm ERP allowed by MICS standard [141]. 

6.2 LINK BUDGET ESTIMATE 

The objective of the link budget calculation is to evaluate possible 
application scenarios and, in particular, the maximum operating distance of 
the system in certain positions. 

At near field distances, two application areas were envisioned for 
passive RFID, which operates battery-less and is destined for short range. 
The scenario involved a reader either worn in a shirt pocket close to the 
body or located at a distance of up to 1 m. A third application was scheduled 
for longer distances employing a battery powered active implant using the 
MICS-ISM frequency bands. To find out the maximum range in the far field, 
perpendicular measurements corresponding to a furnished room were 
carried out. 

The falsification of the gain measurement led to further studies on the 
transmission range of both antennas. As part of the developed methodology 
and based on simulations, an assumed uncertainty was introduced to the 
measurement results to quantify a safe transmission range. 
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6.2.1 NEAR FIELD MEASUREMENT FOR THE PLANAR CVCA 

Near field measurements began with a study of transmission 
reliability at different reader locations on the chest. This emulated a wireless 
reader device located in patient’s shirt pocket. The planar CVCA was 
submerged in the skin mimicking liquid inside the phantom in a 
subcutaneous position (see Fig. 6.13). 

 
Fig. 6.13. Measurement setup for on-chest measurement. 

As RFID reader antenna a conventional PIFA tuned to 868 MHz, 
employed to probe the field within a short distance from the implanted 
antenna, was used. The antenna was designed with a low profile (3 mm) 
[142]. The radiating plate had the dimensions of a portable handset (79 mm 
x 49 mm) over a slightly larger ground plane (106 mm x 61 mm). Antenna 
gain along the broadside direction was found to be 0 dBi (see Fig. 6.14 (a)). 

 
(a) 

 
 

(b) 

Fig. 6.14. (a) PIFA probe antenna and (b) the positions for 

on-chest measurements on phantom (dimensions in cm). 

Transmission link loss (S12) measurements were taken at the position 
shown in Fig. 6.14 (b), where the PIFA antenna was attached to the 
phantom. The PIFA antenna was moved along the x axis for two different 
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heights y. Vertical and horizontal PIFA orientations were considered in each 
case. As the PIFA antenna was placed facing the phantom, a mismatch 
occurred (see Fig. 6.15). Its impact is as well embedded into the calculated 
transmission link loss, as antenna gain in direction of the other antenna and 
the reflections at the phantom air interfsace. 

 
Fig. 6.15. Return loss of the reader antenna placed on the chest phantom and in 

free air. 

Once the transmission link loss was obtained, the power that was 
received by the implant and by the reader was calculated according to the 
link budgets defined in equations (6.5) and (6.6) respectively. They are 
related to the RFID uplink and downlink budgets. The power received by the 
reader Preader_dB is the one backscattered by the implant within the torso. 

Both reader and tag antennas were matched to 50Ω. EIRPdB is 35,15 dBm 
due to regulation constraints. 

dBLossdBdBreader PEIRPP __ 2−=  (6.5) 

 

dBLossdBdBimplant PEIRPP __ −=   (6.6) 

Fig. 6.16 and Fig. 6.17 show the power received by the implant and the 
handset with horizontal distance x along the chest for the two different 
heights y, namely top and bottom. They correspond to equations (6.5) and 

(6.6) respectively. If no further losses are considered, the link is assured 
when the reader is around the chest and the received power of the implant 
Pimplant >-20 dBm and the received power of reader Preader >-70 dBm 
(respective minimum sensitivity levels). 
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Fig. 6.16. Power received by the from a reader placed on the chest at positions 

given by Fig. 6.13 and Fig. 6.14 (b). 

 
Fig. 6.17. Power received by the reader placed on the chest at positions given by 

Fig. 6.13 and Fig. 6.14 (b) from the backscattered signal by the 

implanted RFID tag. 

6.2.1.1 Validation 

Presumed that the implant exhibits a very low gain due to the lossy 
material surrounding it, it is important to check the impact of the radiation 
coming from the cables that could disguise the results. This was studied 
more closely in detailed simulations. The comparison between simulations 
of the whole setup (including cables) and the measurements give an 
estimate of uncertainty for the latter. 

By using CST MWS, a detailed and realistic reproduction of the 
measurement environment in the anechoic chamber was generated. Models 
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of both antennas including their antenna feed were integrated. These feeds 
were represented by long (≈1.5 m) and bent coaxial cables going down to the 
chamber floor. 

Frequency solver simulations were performed according to the 
measurement setup on each position (see Fig. 6.18). Transmission link loss 
was represented by the logarithmic transmission coefficient |S21|dB at 
868 MHz. 

 
Fig. 6.18. Simulation arrangement with long cables (main section). 

Furthermore, the simulation was repeated at every position of the 
reader antenna without the cables in place for comparison purposes. 
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Fig. 6.19. Comparison of the transmission coefficient for the same set of 

positions and horizontally oriented PIFA, top line. 
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The power loss threshold PLoss_dB for reliable communication was 

PLoss_dB ≤ -55.15 dB and it was calculated from equation (6.6) 
(EIRP=35.15dBm and received power Pimplant= -20dBm). 

Fig. 6.19 shows the results for the top line (see Fig. 6.14 (b)) with the 
reader antenna in horizontal position. In the diagram, horizontal axis 
represents the seven registered positions along the torso. The results 
showed a good agreement near the implanted antenna (around position 4) 
when cables were considered both for simulation and measurements 
(inevitably in the latter). Further away from the implant, the simulated 
transmission coefficient dropped significantly, especially in the case of the 
simulation without the cables included. In the rest of cases (horizontal PIFA 
bottom line, vertical PIFA top and bottom lines), the results were similar 
and omitted for brevity. 

6.2.1.2 Uncertainty Calculation 

The simulations without cables showed a higher degradation of |S21| 
with distance between antennas. This demonstrates the significant influence 
of the cables on the validity of the results.  

Obviously, performing measurements without cables is as desirable as 
impossible. A way to get around this constraint is to add an uncertainty 
factor to the simulations without cable. This is shown in Fig. 6.20, Fig. 6.21, 
Fig. 6.22 and Fig. 6.23. An estimate of this uncertainty can be extracted by 
the difference between the simulations with cable and the measurements. 
The range of uncertainty is an estimate of the impact of the cables on the 
results of the measurement. 
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Fig. 6.20. Simulated transmission coefficient for bottom line, measurement 

uncertainty included, reader antenna horizontally oriented. 
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Fig. 6.21. Simulated transmission coefficient for top line, measurement 

uncertainty included, reader antenna horizontally oriented. 
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Fig. 6.22. Simulated transmission coefficient for top line, measurement 

uncertainty included, reader antenna vertically oriented. 
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Fig. 6.23. Simulated transmission coefficient for bottom line, measurement 

uncertainty included, reader antenna vertically oriented. 
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The further away from the planar CVCA the reader is placed on the 
chest, the higher is the impact that is observed due to the small signal to 
noise ratio at these points. 

The proposed method indicates that a communication link can only be 
assured within a much smaller area in comparison to the one provided only 
by the measurements (namely the whole torso (see Fig. 6.16 and Fig. 6.17)). 
Fig. 6.24 and Fig. 6.25 show three different concentric areas in the torso that 
represent reliable, uncertain and impossible communication respectively. 

It is noteworthy, that for greater distance the polarization match of 
the antennas is not directly correlated with the transmission coefficient.  

 
Fig. 6.24. Characterization of zones with different transmission reliability, 

reader antenna PIFA vertically oriented. 

 

 
Fig. 6.25. Characterization of zones with different transmission reliability, 

reader antenna PIFA horizontally oriented. 
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6.2.2 PERPENDICULAR MEASUREMENTS OF THE 
PLANAR CVCA 

The read range perpendicular to the chest was also measured in the 
antenna test chamber. The reader antenna was placed as it were worn in a 
shirt pocket of a standing medic and facing the implant at different 
distances for both PIFA orientations, vertical and horizontal. These are 
representative positions for vertical and horizontal polarizations for handset 
antennas. 

The entire setup to measure path loss is shown in Fig. 6.26. The 
implanted antenna was placed inside a polystyrene tank filled with skin 
mimicking gel, 9 mm away from the phantom interface to simulate a 
subcutaneous insertion into a human torso. The wall thickness of the 
phantom is 2 cm as it represents the patient’s clothing. The size of the 
phantom is the minimum representative for the upper part of the body (see 
section 5.3.1) for far field communication at the frequency of interest (350 x 
250 x 165 mm3) [143]. 

 
Fig. 6.26. Near field measurements setup for reader to implant communications. 

Path loss measurements (S12) were performed in an anechoic 
chamber from distance d=0m (PIFA probe antenna located on phantom 
surface) up to a distance of d=1m. As the PIFA was facing the phantom, a 
mismatch was observed, falling from free-space conditions (-17 dB) to the 
d=0m situation (-4.7 dB) due to the phantom proximity (see diagram for 
on-chest measurements Fig. 6.15 in section 6.2.1). This influence was 
implicitly considered in the path loss when it was measured. As the distance 
was kept under near field conditions, multipath and fading were not 
considered in the scenario’s link budget. Application-oriented conditions 
were considered for an implanted passive RFID transceiver: minimum 
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power level of the implant was assumed to be Pimplant_dB= -20 dBm and 
reader sensitivity Preader_dB= -70 dBm. 

 
Fig. 6.27. Power received by the implanted tag from a reader placed 

perpendicularly to the chest for vertical and horizontal PIFA as reader antenna 

(see Fig. 6.26). Point A (0.46 m, -20 dBm). 

 
Fig. 6.28. Power received by the reader from the implanted tag backscattered 

signal for vertical and horizontal PIFA as reader antenna (see Fig. 6.26). Point B 

(0.46 m, -70 dBm). 

As can be seen in Fig. 6.27 and Fig. 6.28, a communication link can be 
reliably established within a distance of 0.46 m for both polarizations. 

The uncertainty introduced by the cable is not repeatable in 
simulations as it was in section 6.2.1.2 due to the very high simulation size 
to expect. But at least a maximum communication range can be justified 
which is further than it is possible with a passive RFID system. 

6.2.3 FAR FIELD MEASUREMENTS OF THE 3-D CVCA 

As part of the methodology to evaluate the actual working range of the 
implanted 3-D CVCA active measurements were launched. As the implanted 
device is battery-powered, longer transmission ranges are achievable 
beyond near field distance, compared to passive RFID systems. 
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6.2.3.1 Transmitted Power, Sensitivity and Base Station 
Characterization 

For the measurements, two devices of the Application Development 
Kit (ADK) by Microsemi [138], both of them equipped with the ZL70102 
transceiver chip [137], [132], [133], were employed: the implanted sensor 
node (SN), together with the 3-D CVCA and the external base station (BS) 
with its corresponding helix antenna. 

Prior to the active link budget measurements, the implanted sensor 
node, the base station and its corresponding antenna had to be 
characterized. A complete communication sequence involves three 
consecutive operations: implant search, wake-up and data exchange. In the 
present system, the communication can be initiated at 2.45 GHz as well as at 
403 MHz. The former is taken for energy efficiency perspective. In this 
manner, a search operation wakes up the sensor node from its stand-by 
mode. Further transmission of sensor data is accomplished exclusively at 
the MICS frequency of 403 MHz and not at 2.45 GHz to avoid possible 
interferences within the unlicensed ISM band in implanted sensitive high-
end applications. During the search implant operation, the transmit power 
(PTX) of the base station was measured at both frequencies. For this 
purpose, a 3 dB hybrid coupler and a spectrum analyzer were used (see Fig. 
6.29). The obtained values of the transmit power were PTX= -12.7dBm at 
403 MHz and PTX=17.5dBm at 2.45 GHz. 

 
Fig. 6.29. Principal sketch of the measurement of the transmit power PTX of the 

base station. 

The sensitivity of the implanted sensor node was separately measured. 
This was accomplished by connecting the base station to the sensor node via 
cable and two calibrated attenuators, one of them adjustable (see Fig. 6.30). 
The two attenuators together with cable losses represented the total gain 
and free space losses of both antennas. The attenuation was slowly lowered 
to the point where the system went into on-session. Then, the attenuation 
was again increased until the communication link was lost. The obtained 
values reflected the sensitivity (PRXp) of the implanted sensor node 
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(PRXp=-99dBm at 403 MHz and PRXp=-68dBm at 2.45 GHz). Although it was 
below the typical manufacturer’s expectation at 2.45 GHz, the measured 
sensitivity was in between the expected values.  

 
Fig. 6.30. Principal sketch of the measurement of the maximum sensitivity PRXp 

of the SN. 

In order to characterize the base station’s low profile helical antenna 
(shown in Fig. 6.34), it was mounted directly in a vertical position on a 
ground plane, which resembled the PCB of the base station in shape and 
size. The respective measurements involved gains (GBS) and reflection 
coefficients (|S11|BS_dB) for both frequencies (see Fig. 6.32). At 403 MHz the 
reflection coefficient is |S11|BS_dB= -4.42dB and at 2.45GHz it is 
|S11|BS_dB= -5.37dB (see Fig. 6.32). This corresponds to mismatch losses of 
LBS=1.92dB at 403 MHz and LBS=1.48dB at 2.45 GHz. The predominant 
polarization of the helical antenna is vertical with -3.27 dBi average gain at 
403 MHz and -2.71 dBi at 2.45 GHz in this horizontal plane (see Fig. 6.31 for 
2.45 GHz). This is the reason why vertical polarization is considered in the 
link budget. The radiation pattern is omni-directional in this plane. 
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Fig. 6.31: Measured radiation diagram of the helica BS antenna at 2.45 Ghz 

 
Fig. 6.32. Measured reflection coefficient of the base station helical antenna 

(|S11|BS). 

6.2.3.2 Wireless Test Bed Setup 

After completing the preceding characterizations, the active wireless 
link budget measurements were carried out. At one end the ADK sensor 
node was connected to the 3-D CVC A in the phantom by using a coaxial 
cable. In the wireless measurements, only one variable attenuator was 
inserted between the sensor node and the 3-D CVC A completed at the other 
end by the external ADK base station with its corresponding helix antenna. 
The base station and sensor node were controlled by a computer via USB 
connection (see Fig. 6.33). This allowed the wireless link to be monitored in 
addition to initiating the communication process. Both antennas were 
positioned at 1.34 m height. The whole setup was arranged in an anechoic 
chamber (see Fig. 6.34). 
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Fig. 6.33. Principal sketch of the measurement for maximum transmission 

range. 

The distance between the two antennas (dset) was fixed to dset=1.43m 
in free space. This distance was determined by approaching the base station 
manually to the point where the system went into on-session at the wake-up 
frequency of 2.45 GHz (downlink). The losses in free space (LFS) for both 
frequencies were calculated according to equation (6.7), derived from the 
freee space loss expression (λ/4πr)2 after rearranging the term. 

 
Fig. 6.34. Measurement setup in anechoic chamber for link budget calculation in 

free space. 

55,27)(log20)(log20 1010 −+= fdL setFS  
(6.7) 

Where 
f [MHz] is center frequency of the frequency band, 
dset [m] distance between the two antennas, set to 1.43 m and  
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LFS [dB]: free-space loss. 

For f=403MHz, the free space loss was LFS=27.7dB and for 
f=2450MHz it resulted in LFS=43.3dB at dset=1.43m. 

The transmission of sensor data (uplink) was accomplished in the 
MICS band at 403 MHz. In order to avoid further inaccuracies in 
positioning, the 1.43 m separation was kept while increasing the attenuator 
value to emulate communication over distances longer than the chamber 
length. Regarding possible near-field effects, it should be noted that 1.43 m 
cover approximately two wavelengths at 403 MHz (free-space wavelength at 
403 MHz =0.74m). The impact of the near field in this situation could be 
estimated by calculating the ratio between the near-field and far-field 
factors of a dipole antenna [144], [145]. This calculation indicated an 
inductive near field 22 dB below the radiated field, which implied an 
uncertainty of +/-0.65 dB in the measurements. This accuracy was 
considered sufficient for the proposed experiment. 

The communication link was lost at the point where attenuation value 
(LA) reached 20 dB at the input of the sensor node. Tab. 6.1 gives a 
comprehensive summary of the measured results, including losses 
introduced by cables in the setup of Fig. 6.33. 

  Frequency [MHz] 403.35 2450 

Transmission  
(Base Station) 

Transmit Power, PTX (dBm) -12.7 17.5 

  Gain, GBS (dBi) -3.27 -2.71 

  Mismatch Loss, LBS (dB) 1.92 1.48 

  
Free-space Loss, LFS (dB)  
[at Distance dset=1.43m] 

27.7 43.3 

Receiving 
(Implant) 

Gain, GAUT (dBi) -28.95 -25.5 

  Mismatch Loss, LAUT (dB) 0.15 0.09 

  Coaxial Cable Loss, Lcable (dB) 2.4 8.2 

  Attenuation, LA (dB) 20 2 

Tab. 6.1. Link budget calculation according to the measured results for line of 

sight. 

Equation (6.8) [145] shows the link budget at both frequencies for the 
described setup. 
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AcableAUTAUTFSBSBSTXRX LLLGLGLPP −−−+−+−=
 

(6.8) 

Where  
PRX [dBm] is the receiver sensitivity of the sensor node, 
PTX [dBm] the transmit power of the base station, 
LBS [dB] the mismatch loss of the helix antenna, 
GBS [dBi] the gain of the base station antenna, 
LFS [dB] the free space loss at the given  
frequency f [Hz] and  
distance dset[m] (see equation (6.7), 
GAUT [dBi] gain of the 3-D CVCA under test, 
LAUT [dB] mismatch loss of the 3-D CVCA under test, 
Lcable [dB] losses of the coaxial cable and 
LA [dB] value of the attenuator losses. 

By applying equation (6.8) and the data provided in Tab. 6.1 a new 
value of sensitivity of the electronics was achieved for the wireless setup. 
The results were compared with the wired measured data of the previous 
section to asses the accuracy of the setup in Tab. 6.2. There is a good 
agreement between the sensitivity values in the conducted (wired) and 
wireless measurements. 

  Frequency [MHz] 403.35 2450 

In free space Sensitivity, PRX (dBm) -97.1 -65.8 

Cable connection Sensitivity, PRXp (dBm), premeasured -99 -68 

Tab. 6.2. Resulting values of sensitivity of the electronics. 

6.2.3.3 Range Estimate Calculation 

In this manner, equation (6.9) describes the maximum distance dmax that 

can be reached in an ideal free space scenario, where feeding cables and the 
attenuator are not included. 

)(log20)(log20 10max10 setAcable dLLd ++=
 

(6.9) 

The losses in the cable Lcable and the attenuation LA were different at 
the different frequencies (see Tab. 6.1). They effectively represented the 
respective free-space loss for a specific additional distance. 
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Elevated values could be noticed on account of the perfect conditions 
in the antenna measurement lab. Maximum operating distances of 
dmax_INI=4.72m for communication initiation at 2.45 GHz and 
dmax_DATA=18.95m for data exchange in the MICS band were reached. The 
value of dmax_INI is an overestimate due to the radiating effect of the feeding 
cable. 

By applying the uncertainty factor of 0.4 (as in section 6.1.2.3 
identified) for the 2.45 GHz frequency, the best estimate for dmax_INI is 
1.88 m. 

6.3 FUNCTIONAL TESTS OF THE 3-D CVCA 

The objective of the reflection and transmission test was to define the 
read range of the communication link between the SCVC and an external 
base station in an indoor scenario for the future application. The base 
station made use of the same Z70102 transceiver chip by Zarlink, 
corresponding to the ADK, with a helix antenna. The range measurement 
was contrasted with the estimated one in the literature. 

The purpose of this section is to show the measurement results of the 
functional performance test of the 3-D CVCA prototype with proprietary 
electronics in an adverse scenario (laboratory environment). 

6.3.1.1 Reflection and Transmission Test 

The 3-D CVCA was placed into a phantom that modeled a human 
torso. The phantom was composed of a polystyrene tank of 35 cm x 25 cm 
cross section filled with 14.5 liters of tissue simulating liquid [116]. The 
antenna was placed at 9 mm from the front phantom wall and with an offset 
of 60 mm with respect to the vertical center axis. The reflection coefficient 
|S11|was measured with the Agilent 8714ET Vector Analyzer. 

Then, the implanted electronics was fed by a 3 V battery. The implant 
transceiver was programmed to transmit an emergency signal every few 
seconds. Both wake-up and communication signals were transmitted in the 
MICS band at 403 MHz to test the longest read range.  

The transmitted power was -15.7 dBm, which complied with the 
maximum approved power according to the MICS standard (-16 dBm, 
25 µW) [146]. This was registered in an Agilent E4402B Spectrum Analyzer 
connected to the output of the circuit without antenna when transmitting 
(see Fig. 6.35). 
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Fig. 6.35. Output signal of the CVC-implant PCB. 

The measured reflection coefficient from the port 1 at the mock board 
(see section 5.2.1) terminal was below -15 dB for both operation frequencies, 
403 MHz and 2.4 GHz, as it is illustrated in Fig. 6.36. 

 
Fig. 6.36. Measured reflection coefficient for the mock board at port 1. 

The antenna was set into the phantom at the same position as in the 
gain characterization test (9 mm from the front phantom wall). The 
3-D CVCA reflection coefficient |S11| was found to be below -10 dB from 
345 MHz to 555 MHz and from 960 MHz to 3000 MHz, which was the limit 
of the analyzer (see Fig. 6.37). Therefore, it covered the expected MICS and 
ISM bands with broadband behavior. 
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Fig. 6.37. Reflection coefficient from the antenna placed into the phantom at the 

defined position. 

6.3.1.2 Functional Test of the Implanted Antenna with Proprietary 
Electronics 

Finally, the implanted electronics and the 3-D CVCA were assembled 
to form an SCVC prototype and placed into the human phantom facing the 
base station (see Fig. 6.38 (a)). The whole setup, including a control unit, is 
shown in Fig. 6.38. In a laboratory environment the base station and the 
SCVC were placed at 74 cm and 94 cm from the floor, respectively.  

 
Fig. 6.38. (a) Electronics connected to (b) the 3-D CVCA placed into the phantom. 

(c) Laboratory environment with base station and control laptop at maximum 

operating distance. 
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The antenna was now connected to the proprietary electronics (see 
Fig. 6.39) that employed the same transceiver as the one on which previous 
tests had been performed. 

 
Fig. 6.39. Implanted 3-D CVCA setup with proprietary electronics. 

The electronics is autonomous as it is fed by a 3 V battery (see Fig. 
6.40). The mote was programmed to transmit an emergency signal every 
few seconds. Both wake up and communication signals are emitted at 
403 MHz. 

 
Fig. 6.40. Implanted electronics transmitting for an emergency event. 

The whole setup (including the base station on a table and a control 
unit represented by a computer) is shown in Fig. 6.41.  
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Fig. 6.41. Setup of the entire implanted smart system, with base station and 

control unit. 

The phantom was progressively separated from the base station once 
the session was established. 

 
Fig. 6.42. Separation of human phantom from base station while communication 

session is maintained (see green light on the computer screen). 

The average distance at which the session was lost was 6.36 m (Fig. 
6.42). When approximating the phantom to the base station again, the 
session was restored at approximately 5.76 m. 

Because in the previous test (active measurements in the anechoic 
chamber, see section 6.2.3) the wake up signal was transmitted at 2.45 GHz, 
only in the MICS band a comparison of the working range is possible. The 
two different measurement environments have to be taken into account. 
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6.3.1.3 Validation of Working Range in an Indoor Environment 

The transmission measurements according to Fig. 6.38 showed that 
the communication link was lost (transition from “in session” to “session 
lost”) at an average distance of 6.36 m and the communication was re-
established (transition from “session lost” to “in session”) at 5.76 m when 
bringing the phantom closer to the base station again. 

In order to verify the obtained data, an indoor propagation model 
according to Rappaport [147] and Seidel [148] was applied for the 
laboratory measurements. This empirical model is based on measurements 
and statistical analysis, see equation (6.10). 

[ ] [ ] [ ]dBFAF
d

d
ndBdPLdBdPL SF ++= )log(10)()(

0

0

 
(6.10) 

Where 
nSF [ ] is single floor path loss exponent, 
PL (d)[dB] is the average path loss, 
FAF [dB] is the floor attenuation factor and 
d0 [m] is the close-in reference distance taken as free space distance  
from which indoor attenuation is applied. 

Therefore, the resulting path loss exponent nSF and the floor 
attenuation factor FAF represent the additional attenuation in a real indoor 
environment, compared to the ideal free space propagation. The equivalent 
value to nSF for free space communications (without floor and obstacles) is 
2, whereas the value for environments with obstacles between the 
transmitter and the receiver is higher. 

In this manner, nSF exponent was calculated to verify the indoor 
performance of the system according to equation (6.10). With equation 
(6.11) nSF was obtained by rearranging the terms: 

)log(10

])[(])[(

0

0

d

d

dBdPLdBdPL
nSF

−
=

 

(6.11) 

The floor attenuation factor FAF [dB] was set to zero, as the 
measurements were performed over the same floor. By de-embedding the 
antenna gains and mismatch losses (see section 6.2.3.2, Tab. 6.1) from the 
ratio between the implanted electronics sensitivity and the measured 
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transmitted power of the base station (PTX= -15.7dBm), a path loss of 
PL(d)=47.1dB was computed. By using the free space loss equation for the 
reference distance d0=1m, the reference path loss PL(d0) was 24.5 dB. With 
this data, equation (6.11) led to a path loss exponent of nSF=2.81 for the 
distance of d=6.36m (on-off) and nSF=2.97 for d=5.76m (off-on). 

According to the indoor propagation model [147] the path loss 
exponent nSF should be close to 3.27 for office buildings at 914 MHz with a 
variance of 11.2 dB. The obtained values (2.81 and 2.97) are therefore 
consistent. The slight difference to the expected value (3.27) is likely due to 
the frequency difference effect: lower frequency (403 MHz compared to 
914 MHz) means lower path loss and therefore lower nSF. 

Another indoor path loss model by Vaughn and Andersen [149] is 
proposed. The empirical model equation (6.12) is obtained from 
measurement data taken in the ISM 433 MHz band, therefore closer to the 
MICS band, in several European building types.  

)(log9023)( 10 ddBPL +−=
 

(6.12) 

Where d [m] is the distance between transmitter and receiver, for 
d>3m. 

The equation reflects the best-case scenario calculation, i.e., only the 
best 1% of all measurement positions are below this low path loss. The 
scenario in the present experiment can be considered close to the optimal, 
as it is a line-of-sight transmission in a not cluttered office.  

By applying d=6.36m to equation (6.12), an indoor path loss of 
PL=49.3dB is calculated, which is a quite good correlation to PL=47dB, 
employed in equation (6.11). This reveals again the consistency of theoretical 
and measured results. 

Furthermore, applying the simulated gain for  403.5 MHz 
Gimplant_dB_v= -36.1 dBi (see section 6.1.2.3) in equation (6.10) by using the 
calculated single floor path loss exponent nsf of 2.81 an indoor working range 
of 3.56 m is calculated. This range corresponds to an estimated minimum 
range for MICS without the antenna's testbed in an indoor environment.  

 





 

 

Chapter 7

7 Conclusions and 

Future Work 

Beside the shown methods and results in this thesis, further 
conclusions can be drawn. Apart from that, an outlook on promising future 
investigation is given, which complements the presented work.  

This final Chapter 7 summarizes the research described in the 
previous chapters. It is divided into the three main objectives: the result 
description of both the antenna design process and the verification of their 
performance with a new measurement methodology, the conclusions and 
the description of future work prospects.  
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7.1 RESULT SUMMARY 

7.1.1 DESIGN OF IMPLANTED ANTENNAS 

State-of-the-art antenna topologies for implants were studied and 
appropriate antenna layouts chosen for the use in smart CVC implants. The 
given requirements, i.e., broadband capability to prevent detuning, limited 
use of the implant surface, low profile adjustment to the given 3-D shape of 
the portacath (a truncated cone) as well as the necessary access to the 
reservoir, make antenna type selection a challenge. 

Having in mind the application of a short range battery-less implant 
capable of monitoring the bacterial pollution of the CVC reservoir, an 
antenna for the UHF-RFID frequency band was designed. Intended for a 
subcutaneous position, a short circular microstrip monopole design 
encapsulated in a ceramic substrate was proposed. With a simple 
modification, it was mounted on the top cap of the portacath reservoir and 
showed an excellent radiation performance of Gh=-23.8 dBi in horizontal 
polarization and broadband characteristics for -10 dB bandwidth of 
334 MHz together with a minimum profile of 2.54 mm. The radiation 
efficiency is about -25 dB and the antenna exhibits a high tolerance to tissue 
variations. 

In the thesis the parameterization model of the printed 
monopole-strip antenna is also presented. A planar matching geometry was 
introduced to easily adapt the layout to other frequencies, tissues and 
substrates. 
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Body phantom 

Antenna 

Dimension 
with 

insulation 
[mm] 

eε ′
 eσ ′

 

dimension 
[mm]11  

Implant 
depth 
[mm] 

Gain 
[dBi] 

Spiral based 
[117] 

38.0 x 42.0 x 
4.0 = 6384.0 

49.60 0.51 
50 x 40 x 

20 
5 -30.6 

Spiral PIFA 
[105] 

17.0 x 27.0 x 
6.0 = 2754.0 

42.80 0.64 
50 x 40 x 

20 
7 -35.0 

Meandered PIFA 
[150] 

22.5 x 22.5 x 
2.5 = 1265.6 

46.70 0.68 
103 x 103 

x 8.5 
3 -24.9 

Stacked PIFA 
[151] 

3.62 x π x 0.7 

= 28.5 

46.70 
13.1 

57.4 

0.69 
0.09 

0.74 

100 
95 

90 

≅ 2 -55.6 

PIFA with 3-D 
ground plane 

[152] 

40 x 30 x 13.2 
= 15600.0 

38.10 0.53 
100 x 100 

x 50 
4 -28.0 

FIFA [153] 

≅ 162 x π  x 

33.8 = 
27184.0 

57.10 0.79 90 ≅ 18 -29.2 

Painted FIFA 
[153] 

62 x π x 18.2 

= 2058.4 
57.10 0.79 90 ≅ 34 -29.1 

FRH [153] 
17 x 17 x 18 = 

5202.0 
57.10 0.79 80 x 100 ≅ 20 -28.5 

3-D CVCA 8645.7 48.0 0.34 
160 x 350 

x 250 
9 -28.9 

RFID CVCA12 797.9 40.8 0.37 
160 x 350 

x 250 
9 -23.8 

Tab. 7.7.1. Basic performance comparison of implanted antennas for MICS 

based on [153]. 

The second approach of an implanted antenna aimed to overcome the 
short range constraint by using a battery powered implant. A modified 
monopole over ground plane was developed as layout. For miniaturization, 
the bent monopole was short circuited to ground and subsequently adapted 
to work as dual-band antenna for MICS frequency and the 
ISM 2.4 GHz band.  The antenna topology is very flexible and adaptable in 
order to take advantage of a big share of the truncated cone shell. With its 
very low profile, the structure integrates into the surface and the merely 
small elevation over the original cone trunk sustains the accessibility of the 
reservoir. Moreover, this solution is cost-effective, as no special material for 
dielectric media is mandatory 

The antenna proved good performance characteristics in terms of 
antenna gain in the MICS band with Gv=-28.95 dBi in vertical polarization 

                                                 
11 Three values are for box geometries, two for cylindrical (diameter x height) and one for spherical 
(diameter). 
12 The RFID-CVCA is designed for UHF-RFID band and added for general comparison. 
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and in the ISM 2.4 GHz band with Gh=-19.9 dBi in horizontal polarization. 
Its broadband capabilities were demonstrated with a -10 dB matching 
bandwidth from 345 MHz to 555 MHz and 965 MHz to 2.5 GHz. The 
regulation permitted ERP of -16 dBm SAR resulted in 2.9 mW/kg. The 
radiation efficiency is 0.059 for ISM 2.4 GHz and 0.017 for the MICS band. 
Further simulations suggested that the thickness of the biocompatible 
protection layer, which insulates the metal stripes from the body tissue, had 
an impact on the detuning of the input matching, radiation efficiency and 
therefore, the overall gain of the antenna. 

Body phantom 

Antenna 

Dimension 
with 

insulation 
[mm] 

eε ′  eσ ′  
Dimension 

[mm]13 

Implant 
depth 
[mm] 

Gain 
[dBi] 

Cavity slot 
antenna 
[154] 

1.6 x 4 x 2.8 
= 17.9 

35.15 1.60 180 x 60 x 60 4 -22.3 

Double helix  
[155] 

0. 62 x π x 

17.7 = 20.1 

38.00 
5.30 

52.70 

1.50 
0.10 

1.70 

180 x 60 x 60 
180 x 56 x 56 

180 x 48 x 48 

2 -14.0 

Meandered 
PIFA [150]  

22.5 x 22.5 x 
2.5 = 1265.6 

38.06 1.44 
103 x 103 x 

8.5 
3 -8.5 

PIFA  
[156] 

≅ 5.52 x π x 

1.7 = 161.6 
50.0 2.20 

152 x 152 x 20 
80 x 50 x 8 

≅ 8 -24.8 

FIFA [153]  

≅ 162 x π x 

33.8 = 
27184.0 

52.73 0.24 90 ≅ 18 -31.7 

Painted FIFA 
[153]  

62 x π x 18.2 

= 2058.4 
52.73 0.24 90 ≅ 34 -28.3 

3-D CVCA 8645.7 25.o o.5 
160 x 350 x 

250 
9 -19.9 

Tab. 7.7.2. Basic performance comparison of implanted antennas for 

ISM 2.4 GHz based on [153]. 

Simulations also revealed the robustness of the antenna in terms of 
input impedance against variations of the liquid level in the reservoir and 
the external tissue. The influences of battery and electronics proximity in 
the final device were analyzed beforehand and turned out to be not critical. 

The whole design process is described in detail including all steps of 
input impedance matching at both frequencies. The test results proved the 
thickness of the outer dielectric protection layer towards the surrounding 
tissue to be a crucial factor in order to obtain a high efficiency and 
robustness against tissue property variations. Based on its flexible 

                                                 
13 Three values are for box geometries and one for spherical (diameter). 
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adjustment by bending on 3D-surfaces, this antenna layout is a promising 
option for various types of small implants with limited space.  

7.1.2 MEASUREMENT METHODOLOGY 

The simulation and measurement methodology developed in this 
work covered different design aspects. A test bed was provided and its 
viability was secured in prior simulations. Influences of phantom size, 
position of the antenna in the phantom in relation to the phantom-air 
interface and the body tissue-simulating liquid were examined in 
simulations and test measurements.  

 In the antenna measurement laboratory, special attention was paid to 
the validity of simulated antenna gain and the influence of the feeding cable 
during the antenna gain verification. The newly developed methodology 
integrates the results of the antenna simulations with and without test bed 
and cable to calculate their uncertainty factor for the final smart implant.  

For the RFID CVCA, transmission simulations validated the actual 
safe range for near field transmission to a transceiver worn on the chest to 
about 8.5 cm. By using an uncertainty calculation it was demonstrated that 
the area on the chest where the transmission is proved is much smaller than 
previously measured with the cable attached to the antenna. In broadside 
direction near-field measurements showed that a passive RFID link is likely 
to be set when the reader is within 0.46 m distance. 

For the MICS CVCA, the antenna gain was measured in the antenna 
laboratory under ideal circumstances using a wireless test bed. 
Incorporating the results of the simulation and gain measurements by 
applying the uncertainty factor, an effective working range of 1.88 m for ISM 
2.4 GHz. Then, a real-world working range was verified by applying these 
results to an indoor propagation model. The assembly of the final prototype 
and functional tests in the MICS frequency band revealed a high accordance 
of prediction and measurement results of about 6 meter. With this 
methodology applied, the obtained working range could be verified and was 
proved in final functional indoor tests. 

7.2 CONCLUSIONS 

Finally, the selection of the two topologies proved to be a feasible and 
particularly flexible solution for implanted antennas. Comparing the 
performance to other proposed topologies (see Tab. 7.7.1 and Tab. 7.7.2) it 
can be concluded that the gain is in the expected magnitude order for 
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implanted antennas and is even higher with a phantom size larger than any 
other. Many different influences of the measurement environment and the 
application scenario take their toll, as studies in this work revealed. Only a 
procedure that comprehends a combination of measurement and 
simulation, as introduced in this work, is a viable way to accurately 
characterize antenna properties despite all manipulating factors. 

The link budget calculation allows the evaluation of possible 
application scenarios and, in particular, the maximum operating distance of 
the future system in certain positions prior to a working smart implant 
prototype. 

7.3 FUTURE WORK 

Future directions for investigations deriving from the presented work 
are outlined here. The low over-all efficiency of implanted antennas is a core 
problem to solve. It is recommendable to focus on optimizing gain, 
bandwidth and multiband capabilities by studying further modifications and 
allow still adaptability to various implant types and designs. Proposals of 
additional antenna layouts and variations of the given 3-D dual-band design 
were part of a patent proposal including topologies with meandered 
monopole-strip and alternating width of the monopole strip. 

On account of the highly lossy properties of body tissues, the 
improvement of the transmission link is of major importance. The challenge 
of the very limited space destined to an antenna in a smart implant should 
focus also on approaches beyond antenna topology optimization.The 
implanted antenna’s robustness against tissue variations is raised by active 
adaptation or reconfiguration to its surroundings and other frequencies for 
low bandwidth designs respectively, which can be accomplished by using, 
e.g., z-diodes and monopole stubs.Multiband designs are promising due to 
their elevated transmission security and allowing further power saving 
implementations or the integration into BANs. The transmission range can 
be raised by lowering the body surface reflections using flexible patches like 
plasters with dedicated permittivity and directional capabilities. 

Taking a step further would imply the integration of the antenna 
directly into the cone trunk and the continuous minimization of the design 
for smaller 3-D implants. Finally, further standardized phantom models 
would simplify the comparison with other research results and increase the 
predictability of measurements both in the laboratory and in real world 
environments. 
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Patent 

A patent application for the subcutaneous venous access smart 
implant and the associated biofilm detection procedure was submitted. 
Although it was assessed as promising and patentable, ultimately the patent 
could not be pursued for budget reasons. 

SOLICITUD DE PATENTE EUROPEA NO. 11380064.3 POR 
"IMPLANTE INTELIGENTE SUBCUTÁNEO DE ACCESO 
VENOSO Y PROCEDIMIENTO DE DETECCIÓN DE BIOCAPAS 
EMPLEANDO DICHO IMPLANTE" 

• Prior Art Search Report 

• Notice of Receipt of the Patent Application of the European 

Patent Office 
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