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ABSTRACT

Implantable Medical Devices (IMDs) have recently become a popular research area because of
their potential to improve one’s quality of life. IMDs are the devices that are implanted into human
tissues for diagnostic, monitoring, and therapy purposes. Biotelemetry for IMDs enables
bidirectional data transfer and control signal reception without the need for cables attached to
bedside monitors. Because of the rising number of age-related symptoms and the need for
telemedicine in old age centers, IMD sector is expected to grow. Among all the components used
in these devices, an antenna is a fundamental element for wireless data transmission outside the
human body. The current study examines implantable biomedical antennas in depth. One of the
biggest challenges in IMDs is that the human body changes the antenna’s general properties and
absorbs majority of its radiation. Moreover, at lower frequencies it is difficult to lower the
proportions of the antenna to meet the size requirements of an implantable device. The antenna
material should be biocompatible in order to protect the surrounding body tissues from allergic
reactions and the proposed antenna design must also exhibit more expanded SAR distribution to

meet the IEEE safety standards.

Therefore, this thesis focuses on design approaches, constraints, simulation techniques and
manufacturing and testing of implantable antennas. Compact and biocompatible antennas have
been fabricated which can yield the performance parameters good enough to meet the safety
standards and size requirements. In-silico, in-vitro and ex-vivo techniques are used for testing and
validation of antenna prototypes. For in-vitro testing, skin mimicking solution has been prepared
for testing of proposed antenna prototype at particular frequency bands, whereas chicken sample
is utilized for ex-vivo testing. Four antennas are designed, fabricated and tested for implanting
inside human body at ISM (2.4-2.48 GHz) and MICS (402-405 MHz) bands. To make the antenna
compact enough, high dielectric substrate material, slotting technique and shorting pin technique
is used. To enhance the biocompatibility of antennas, high dielectric substrates are used for
covering the antenna as superstrate layers which also improve some of the antenna parameters
especially gain and helps further to reduce the size. All of the proposed antennas in this thesis are
novel, miniaturized, within safety limits for human body, can operate successfully within

appropriate medical band ranges and have better performance than other antennas available in

1



recently reported literature. This ensures that the fabricated antenna is ready to use with immediate

effect and can prove to be helpful in implantable devices for biotelemetry applications.
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CHAPTER 1
INTRODUCTION

1.1 INTRODUCTION

The market of implantable medical devices (IMD) is thriving and in fact substantially booming in
the 21st century. In this modern century, individuals are getting more habitual with the quick paced
way of life. They are getting more vulnerable to diseases because of the infrequent visits to
hospitals for normal routine checkups. Due to the busy schedule, everyone cannot afford time for
his/her regular checkups and sometimes ignore the early stages of dangerous diseases, which may
even cause death. Now-a-days, Covid-19 has affected almost every country in the world. Doctor
to patient ratio has declined a lot, and it has become almost impossible and risky for hospital staff
to physically examine every patient and perform routine checkups. Consequently, the need of body
implantable devices for biotelemetry is skyrocketed. Therefore, there is a need to make some
advancements in medical technologies to keep track of the patient’s health parameters from a
distance [1]. Moreover, it is an efficient, easy, and real time approach for patient monitoring [2].
This transfer of human body data, either wired or wireless, is called biomedical telemetry.
Biomedical telemetry is used in biomedical engineering, which holds a noteworthy place in the
advancement of patient diagnosis. It’s been used from the early 1960’s since the invention of
wearable and battery powered pacemakers. In these starting years, low frequency inductive links
were used with a low data rate of 1-30 kbps and a range of less than 10 cm which are considered
as drawbacks [3]. To overcome this problem, these devices are now operated on the Radio
Frequency (RF) spectrum. Figure 1.1 demonstrates the biotelemetry system of implantable devices
in which a receiving antenna receives the signal from implantable antenna and the data is obtained
after data processing unit available in the receiver system [4]. The receiver system can be mobile,
laptop or any special receiver system particularly designed for receiving data. Some implantable
devices that are widely used are functional electrical stimulators (FES) [5], pacemakers [6],
cochlear implants [7], retinal implants [8], body temperature monitoring [9], and neural recording
[10]. These devices work mainly in two frequency bands: Medical Implant Communications
Service (MICS) (402-405 MHz) and Industrial, Scientific and Medical (ISM) (2.4-2.48 GHz) band
[11-15].
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Figure 1.1 Data transfer through biotelemetry from body implantable device [4]
There are basically two types of devices used for biotelemetry, i.e., body implantable and body

wearable antennas used for wireless body area networks (WBAN). In body implantable devices
the device is implanted directly inside human body, whereas in body wearable, devices are in direct
contact with the human body. In our work, the main focus is done on body implantable antenna
[11].

The IMD is equipped with a battery, antenna, sensor, etc. [12]. The element used to send and
receive signals wirelessly from the body implantable device is known as an implantable antenna.
In data transmission, a high-performance implanted antenna is critical. To power the electronic
components of IMDs, these implantable antennas are usually coupled with a rectifier. Several
studies on implantable antennas for various applications have been published [2] [7]. A quad-band
implanted antenna is proposed for multipurpose implants in [13], with single frequency band
dedicated for harvesting energy. While, the remaining ones are utilized for transmission of data
and wakeup signal [14].

For making these antennas, some common challenges faced are antenna size, biocompatibility,
specific absorption rate (SAR) limitations and volume factor. Since implantable devices have size

restrictions, all equipment and components within these devices ought to be miniaturized.



Moreover, it's troublesome to get an appreciable and desired radiation performance at low
frequencies with a miniaturized structure [13]. As the antenna is to be inserted inside skin,
therefore, it must be as small as possible [15]. For creating a compact size antenna, many
techniques are used such as Planar Inverted-F Antenna (PIFA) structure [14], meandered [16],
shorting pin [16-17], patch stacking [18-20], spiral [21-24] shaped designs and use of high

dielectric materials [25-27].

Biocompatibility is important for patient’s wellbeing. Human body tissues are conductive in nature
which can short circuit to the antenna’s metal layer in case of any direct contact. For long haul
implantation, biocompatibility and obviating unwanted short circuit is important. The most general
utilized methodology for protecting the biocompatibility of any antenna while isolating the
metallic structure from human body tissue is to conceal the element with high dielectric superstrate
like Rogers RT/duroid 3010 (&r = 10.2, tan & = 0.0022), Rogers RT/duroid 3210 (&r = 10.2, tan 8
=0.003), Rogers RT/duroid 6010 (&r = 10.2, tan 6 = 0.0035) and Alumina (€r = 9.4, tan & = 0.006)
etc. [1] [17].

The next challenge is due to exposure of the human body to electromagnetic fields i.e., SAR
limitation. If the exposure to radiation of electromagnetic waves is above the threshold limit

according to IEEE standards, then it has detrimental effects on the human body.

According to IEEE C95. 1-1999 standard, for any 1 gram tissue of cubic shape it has to be kept
lower than 1.6 W/Kkg (SAR1gmax< 1.6 W/kg), and for any 10 gram tissue of cubic shape, it should
be kept lower than 2 W/kg (SAR1gmax < 2 W/kg) [1][18].

Equation (1.1) depicts that the power absorbed (Pans) by the human body is directly proportional
to the electric field intensity [1].

Pabs = [o | E | 2dv (1.1)
Where, | E| denotes the electric field intensity and o is denoted by conductivity of human tissue.

Last challenge faced while making an implantable antenna is the volume factor. Volume factor of
antenna can be denoted by the ratio of bandwidth of an antenna (kHz) to the volume of antenna

(mm?3) as shown in Equation (1.2) [24].

Volume factor (VF) = Bandwidth (in kHz)/Antenna volume (mm?) (1.2)



1.2 IMPLANTABLE DEVICE CIRCUITRY AND WORKING

Figure 1.2 demonstrates the internal circuitry of IMDs that are developed for communication with
external equipments using biotelemetry. The implantable device communication system includes
the wireless data transmission link, the human body, and the external receiving system link, which
is explained in seven subsections below.

1-Base 2-Channel 3-Human
Station propagation body

ﬁ

! ! ! }

4-Insulations  5-Implantable 6-Electronics 7-Bio-sensors
antenna and power supply and bio-actuators

Figure 1.2 Block diagram of an implantable device and its wireless data transmission system[19]
1. Base Station: A base station is generally equipped with a receiver antenna, a controller for

driving and storing the measurements.

2. Channel Propagation: The electromagnetic waves are propagated from an implantable device
and received by the device at the base station. As the wireless transmission occurs at a low range

of 10 to 20 feet [20], this transmission is done for indoor applications.

3. Human body: Human body works as a medium. There are various challenges for wireless

transmission in the human body. It is composed of various tissues (skin, brain, fat, bone, muscle,

etc.) with variable permittivity and electrical conductivity that changes with weight, age, or by
4



changing posture [28]. Apart from this, the position of IMD is also very important and plays a
major role in wireless data transmission system. At surgery time, the device is placed in the most
appropriate position for performing its basic tasks. Because of these factors, an antenna that is
implanted inside human tissues may differ from its operational frequencies [18] [21].

4. Insulations: Biocompatible protection is required for every IMD for avoiding any unfavorable
reactions with living tissues. Such insulation is critical from the antenna's perspective, as the
human body does not provide a conducive environment for Radio Frequency (RF) radiation.
Additionally, insulating layers around the antenna or on the human skin's surface can improve

electromagnetic transmission from an implanted radiator to the base station.

5. Implantable antenna: An antenna is among the most important components of any wireless data
transmission system. Data transfer happens only when the antenna ensures a reliable connection.
The radiation efficiency, bandwidth characteristics, compatibility with lossy biological material,
and optimal use of accessible volume are some of the most important issues that must be
considered while designing an antenna. In general, the goal of an implanted antenna is to take up
the least amount of space possible while also promoting device unification with other parts of the

device and achieving the required electromagnetic performance [21].

6. Electronics and power supply: In fact, IMDs are made up of several types of electronics
(batteries, sensors, and printed circuit boards (PCBs) with surface-mounted devices (SMDs) and
micro cameras) that have a high conversion efficiency of 50% (rectifier and antenna).
Electrochemical energy sources (batteries) and direct current (dc) power delivery through wires
have traditionally been the most frequent sources of power for IMDs [8]. The battery determines

how long an IMD can operate and how big it can be.

7. Biosensors and actuators: An antenna links a biosensor and an interface circuit in an implantable
system. The interface circuit interprets data from the biosensor and sends relevant results to an
external wearable device or a nearby personal computer through the antenna. Biosensors, which
use biological material to monitor physiological processes, or bio-actuators, which trigger a
physiological reaction to execute a bodily function, in some circumstances both can be included
in the IMD depending upon the aim. Actuators are employed in active systems, such as those
utilized in the pharmaceutical industry for automated drug delivery systems. Antennas are used as

sensors as well. Antenna sensors are an excellent choice for implantable monitoring systems. The
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antenna sensor has a unique feature that it may also function as a wireless transmitter, collecting

and transmitting signals without the need for an additional connection [11] [12] [22].

1.2.1 Shapes of IMDs

The implant position and construction of each IMD is unique [4]. IMDs contain a variety of
electronic and RF components including camera, PCB, battery, sensor, and RF components like
filter, antenna, and rectifier. The majority of system level investigations have been reported only
on capsule or flat type devices. Fig. 1.3(a) and 1.3(b) demonstrate the structure styles of flat type

(skin implantation) and capsule type (deep tissue implantation) devices respectively.
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Figure 1.3 Types of IMDs (a) Flat type [21] (b) Capsule type [23]
Flat-type devices such as spinal cord stimulators (SCSs) and deep brain stimulators (DBSs) are

commonly used for skin implantation [14]. In contrast, the capsule-type devices such as capsule
endoscopes and leadless pacemakers are commonly used for deep tissue implantation. In [21], a
flat-type device that has been developed has an overall dimension of 14 x 8 x 5 mm?® and in [23],

the capsule-type device has an overall dimension of 32.1 x 10 x 5.2 mm?,

1.2.2 Wireless Power Transfer (WPT) in IMDs

WPT is regarded as a revolutionary method for charging and driving electronic components in a
variety of applications, including biomedical engineering[24]-[26]. Figure 1.4 shows WPT from
an peripheral transmitter to the IMD inside human body. In [14] and [27], for example, magnetic
resonance is used for charging as well as driving the electronic components in IMDs [28] and
vehicular batteries [29]. Other methods for driving electronic modules in IMDs include near field
inductive coupling [30], [31] and capacitive coupling [32]. These procedures have been used by

prosthetics, spinal cord stimulators (SCSs), and cochlear implants [14].
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Figure 1.4 WPT to an implantable device [33]
1.3 TISSUE MODELS

Before fabricating an antenna, its performance is analyzed in numerical tissue models by
simulating the same inhomogeneous solution of biological tissue with the same permittivity (&),
conductivity (o) and mass-density parameters as utilized in the simulation software. These tissue
models can be single/homogeneous layer or multi/heterogeneous layers depending on the use of

antennas [7].

Skin 2 mm
Smmi {
15mm
v Bone 10 mm
(@) (b)

Figure 1.5 In-silico testing of antenna inside (a) homogeneous layer (b) heterogeneous layers
Inside a single layer skin model, the antennas presented in [10] [11] are tested. In [12][34] , the

antenna analyzed inside a three-layered geometrical model of skin, muscle and fat is reported. The
electrical properties of human tissue depends upon the frequency of operation. The dielectric and
conductivity values of some human tissues at MICS and ISM band are illustrated in Table 1.1.

Furthermore, as demonstrated in Figure 1.5(a), the homogeneous muscle layer model is utilized
8



for testing the proposed antenna [35]. In contrast, in Figure 1.5(b), a 5-layer model is presented
that is made up of skin, fat, muscle, and bone [36].

Table 1.1 Permittivity and conductivity of some human tissues at MICS and ISM band[37]

Frequency ISM band (at 2.45 GHz) | MICS band (at 400 MHz)
Tissue type
Er (¢ Er (¢
Skin 38.1 1.46 46.79 0.69
Fat 5.28 0.11 5.58 0.04
Muscle 52.73 1.74 57.13 0.796
Bone 11.38 0.394 13.15 0.09

Anatomical models are utilized during simulation to achieve the findings that are close to actual
results while performing practical testing. These models are generated by combining Magnetic
Resonance Imaging (MRI) and Computer Tomography (CT) records with the electrical
characteristics of the human tissues. An antenna’s performance is altered when a human body is
present nearby because the near-field strongly couples with the surrounding lossy media. So,
choosing the right human model or phantom during the antenna design is essential for evaluating
an antenna that has been suggested for a particular application. In recent decades, a number of
human body models have been published and evaluated in the literature. Some of the most
important phantoms utilised for wearable and implantable applications were compiled in the study
provided by [38].

The choice of one body model over another is determined by several factors, including the intended
application and the time and resources available. In general, choosing a theoretical or canonical
phantom in the early stages of antenna design is common for two reasons: saving time and
computational resources, and being able to experimentally verify the outcomes with the same
model. However, realistic or voxel phantoms are needed at a later validation stage. Simulations in
such accurate phantoms must not be underestimated, since minor deviations in the dielectric
properties of the tissues lead to unexpected variations in antenna performance [38]. There are
different types of body structures for different body parts used in the literature e.g., in [13], a
realistic shoulder model has been analyzed. In [14], a more realistic Computer Simulation

Technology (CST) Gustav model for chest implantation of antenna has been used. In

9



[15], the suggested brain implantable antenna is evaluated in the canonical cubic tissue model, the
DUKE model, and on the Vector Network Analyzer (VNA), with the results compared using all
three techniques. In [12] a realistic three dimensional human model using Remcom XFdtd software
was utilized which contains 39 different types of human tissues with a resolution of 5 mm, as

depicted in Figure 1.6.
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Figure 1.6 Testing of implantable device in 3D realistic human model [12].
In [38], solid phantom has been suggested for on body antenna testing. The Schmid &

Partner Engineering AG (SPEAG) Posable Phantom for Electromagnetic Systems Evaluations
(POPEYE) [39] is a whole body model that allows change of limb positions and spans a frequency
range from 300 MHz to 6 GHz as shown in Figure 1.7. These phantoms offer useful RF dosimetry
solutions, along with other models like SAM head phantoms [40]. Physically created phantoms
have several disadvantages, including the difficulty of creating a heterogeneous model with
intricate internal structures (such as organs or bones) and the need to cover the dielectric

characteristics of human tissues over a broad frequency range.
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(a) (b)

Figure 1.7 Solid body phantoms developed by SPEAG (a) Whole body phantom POPEYE (b)
SAM head phantom
It is challenging to compare antennas presented in various research papers because their output is

heavily influenced by the phantoms used. These models differ in many ways, including geometry,
size, targeted tissues, number of tissues, model accuracy, operating frequency range, placement
and alignment of the implant, and thermal dependency. Temperature variations and tissue ageing
both have an effect on dielectric properties. A review of variations in tissue characteristics as a
function of temperature is presented in [41]. Meanwhile, a mathematical model for evaluating the
effect of ageing (primarily due to variations in the water content of biological tissues with age) on
tissue dielectric properties is developed, as detailed in [42]. The research presented in [43]
examines the evaluation of an in-body antenna design while accounting for age dependency. The
inclusion of temperature dependency in phantom models becomes much more important for

thermal treatments such as microwave hyperthermia or ablation.

1.4 SUPERSTRATE AND SUBSTRATE LAYERS

For the antenna to be low profile, the dielectric constant of the substrate used must be high [2][4].
Implantable antennas must be biocompatible in order to protect the patient and prevent the implant
device from becoming dislodged. Biocompatibility and the ability to resist annoying short circuits
are especially the most important characteristic features in case of antennas built for long-haul

implantation [7]. As a result, these implant devices are covered with a superstrate layer to protect
11



the human body from the adverse effects of implantable antenna. The antenna is protected from
direct contact with the semiconducting tissue by the superstrate layer. Further, the superstrate is
used to behave as a shield between the metallic layer and human tissues by dropping RF power at
the locations of lossy human tissues. Superstrate layer must be chosen such that it should not affect
or have a slight effect on the parameters of antenna. Superstrate layers applied on antenna can be
same as substrate layer. Some of the commonly used superstrate layers are MACOR (&r = 6.1; tan
6 =0.005), and ceramic alumina (&r = 9.4; tan 6 = 0.006) and poly-di-methyl-siloxane (PDMS) (&,
=2.2; tan 6 = 0.013) at 2.45 GHz [8].

(b)
Figure 1.8 (a) Elastic superstrate material (b) Antenna encased inside superstrate material [44]

When choosing a bio-compatible material for an antenna, the elasticity of substrate and superstrate
is critical since the superstrate material must be able to cover the antenna's non-uniform surfaces
smoothly. In several recent research papers, the substrate material is chosen to have a high value
of dielectric constant of about €, = 9 to 10.2. Figure 1.8 (a) shows the elastic superstrate material
for covering an antenna whereas Figure 1.8 (b) depicts an antenna coated in an elastic material
Silastic MDX4-4210 Biomedical-Grade Base Elastomer. This elastic material is easy to

manufacture and has an excellent viscosity for encasing the antenna [44].
1.5 TESTING OF ANTENNA

For performance verification of antenna, it can be tested using in-silico, in-vitro, ex-vivo, or in-
vivo techniques, whichever possible. These testing types have been discussed in the subsections

below.
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1.5.1 In-silico testing

The term 'in-silico’ is a modern term commonly used to refer the testing based on computer
simulation. The antenna performance parameters like Si1, gain, directivity, bandwidth and
radiation pattern etc. can be calculated using CST MWS software. The major advantage of in-
silico testing is that any device's fabrication and practical testing can be done after getting an
approximate idea of results, which saves cost and time. The results calculated under simulation
can vary with the experimental conditions as the simulation is done under the ideal conditions of
temperature and pressure. This testing can be done inside tissue models (homogenous,
heterogenous, or realistic human models) as discussed in the previous Section. In [17], in-silico
testing has been performed by inserting a capsule device in homogeneous layer of muscle tissue
of dimensions 100 x 100 x 100 mm? as depicted in Figure 1.9(a). Further, in-silico testing of the

antenna inside CST human model named Gustav has been illustrated in Figure 1.9(b) [26].

300 mm

(@) (b)

Figure 1.9 In-silico testing of implantable capsule device in (a) homogeneous phantom [12]
(b) human model named Gustav of CST [26]

1.5.2 In-vitro testing

When the testing of an antenna is done in body phantom that is made by preparing homogenous
[single layer tissue] or inhomogeneous [multi-layer tissue] solutions of skin, muscle, bone, fat or
their combinations, that type of testing is known as in-vitro testing. This type of testing of antennas
made for the human body has to go through many tests before inserting them inside the body
because insertion of any foreign element in the body can cause serious problems. Therefore, before

inserting anything inside the body, some scientific testing must be done even after software
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simulations. The body phantoms are made by the mixture of water, sugar, salt and oil, etc., for
obtaining the required electrical permittivity and conductivity, which matches the properties of
human body tissues. These solutions are made in cylindrical, spherical, rectangular, or square
boxes depending upon the type of implantable area. In some literature, cylindrical-shaped model
is depicted as a human arm [45], while spherical shapes are characterized as a human head model
[46]. Figure 1.10 displays the in-vitro testing of an implantable antenna inside skin mimicking
liquid. Frequency selective surface (FSS) technique had been utilized to design an antenna and it
was covered using alumina to make it biocompatible [47].

Figure 1.10 In-vitro testing inside skin mimicking liquid contained in a rectangular box [47]
1.5.3 Ex-vivo testing

If the testing is done by taking a tissue sample of an animal, it is called ex-vivo testing. Live animal
is not harmed in this type of testing. Sometimes different body samples of these animals are taken
and an antenna is put inside its brain, heart, skin, or any other organ, depending upon the

application area. Ex-vivo testing has been successfully done on animal tissues of rat [44], pig [22],
[48] etc.
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Figure 1.11 (a) Ex-vivo testing inside pork sample (a) Measurement of far field patterns [22] (b)
Measurement of return loss [48]
Figure 1.11 shows the experimental testing procedure of antenna inside pork samples. In

Figure 1.11 (a), the ex-vivo testing is conducted for calculating the far-field results of the antenna
inside an anechoic chamber, whereas in Figure 1.11 (b), the ex-vivo testing is performed inside

pork chops for measuring the return loss of antenna using VNA.

1.5.4 In-vivo testing

If testing of an antenna is done inside the whole animal, then it is termed in-vivo. In this type of
testing, the implantable device is surgically inserted inside live donor animals. A dual band
implantable antenna is tested by injecting it inside a donor rat [44] as depicted in Figure 1.12 (a).
In Figure 1.12 (b), an implantable device containing a helix antenna that works on 1ISM band is

tested inside a donor pig [49].

The in-vitro method has several advantages. Firstly, submission of any animal protocol to
Institutional Animal Care and Use Committee (IACUC) is not required. Secondly, they are
preferred by pharmaceutical companies for mass production because of their ease of production as
compared to animal use and economic reasons. Third, it obviates the need for a laboratory animal
management specialist. But this method has the disadvantage as it is costlier than the in-vivo
method for small-scale production [5]. On the other hand, the in-vivo method has benefits of
providing accurate results and is cheaper than in-vitro for small-scale production. It has several
disadvantages viz. constant pain in animals, requires continuous observation of animals health,

and can be costly if routinely needed in an immunocompromised animal [19].
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The goal of in-vivo testing is to evaluate the variables that affect measurements during a
surgical procedure: the development of air gaps between the prototype that has been implanted
and the surrounding tissues; the diversity of tissues surrounding the antenna and their frequency-
dependent behavior; and the variation between test subjects and surgical techniques [49].

Ul for data
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8 temperature S8
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(b)
Figure 1.12 In-vivo testing (a) inside donor rat [44] (b) inside donor pig [49]

1.6 RESEARCH GAPS

The literature studied shows that the designing of an implantable antenna is still one of the most
challenging part of biomedical systems. Therefore, a lot of research work is required to be done in
this field to increase the performance of implantable antennas using different performance
improvement technique. The main requirements of bio implantable antennas that satisfy the needs

of future generations are discussed along with some research gaps:
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- Size

Size is an essential issue in the designing of an implantable antenna. The antennas designed in
[1,2,3,6,7,15] had noticeable results concerning return loss, but most of them suffered from a large
size. As the dimensions of the biomedical devices are fixed according to applications, the area
provided for embedding antennas in their geometry is too small. Therefore any antenna with
appreciable parameters but larger dimensions is useless.

- High dielectric material

For designing an implantable antenna, a material with high dielectric constant is preferred. This is
due to the fact that material with higher permittivity yields to smaller footprint of an antenna on a
given frequency in comparison to a material having low permittivity.

- Flexible substrate

The antennas designed in [7,15,32] are made up of inflexible substrate materials that cannot
withstand high pressure of anything that comes in contact with the body surface where biomedical
device is implanted. It is impossible to avoid any contact with the human body. It means, any
pressure less or more can cause great damage to the implantable antenna. Flexible substrates,
however can avoid this problem.

- Superstrate layers

The antennas employed for implantable applications must be covered with superstrate layers on
both sides, but most of the antennas in recent literature are not fully covered, making the antenna

vulnerable to react with human tissues.

1.7 OBJECTIVES

The problem statement of the proposed research work is to prepare a state of the art overview of
implantable antennas used for biomedical applications. For obtaining a deep understanding of
implantable antennas, various antenna designs have been studied, which are already reported in
the literature review. Gathering the overall knowledge about biotelemetry, a bio implantable
antenna can be designed. The main objectives are designed as follows:

To design and simulate a novel compact microstrip antenna for MICS/ISM band.

Parameter extraction and fabrication of the proposed antenna.

Testing and validation of the proposed antenna.

Performance comparison of proposed antenna with the current state of art.

17



1.8 ORGANIZATION OF THESIS

The thesis is arranged into six chapters, and chapter wise summary is discussed below:
Chapter 1: Introduction

This chapter contains the introduction of IMD’s, challenges faced while designing an implantable
antenna, human models, substrate and superstrate materials, antenna testing etc. along with

organization of thesis at the end.

Chapter 2: Literature survey

In this chapter, a detailed review of recent literature related to implantable antennas has been
provided. Several research articles related to this work are bifurcated in three basic categories, i.e.,
(a) testing inside software (in-silico testing), (b) testing inside phantom (in-vitro ), (c) testing inside
animal tissue or live animal (ex-vivo or in-vivo) along with motivation, research gaps and
objectives of the thesis. Finally, based on research gaps and objectives, methodology for the

current work is decided.

Chapter 3: Skin and brain implantable inset-fed antennas at ISM and MICS bands for
biotelemetry applications

In this chapter, two implantable antennas having dimensions 13.3 x 14.6 mm? have been designed
and developed for biotelemetry applications at ISM and MICS bands. The in-silico results have
been analyzed in both skin and brain layers and in-vitro testing is performed in skin mimicking

liquid.
Chapter 4: Compact implantable antenna at ISM band for biotelemetry applications

In this chapter, a compact implantable antenna of dimensions 10.2 x 8.61 x 1.92 mm? and peak
gain - 17.08 dBi have been designed for biotelemetry applications. SAR value for 1-g and 10-g
averaged cubic tissue is considered for the security of patient from unfavourable impact of radio

frequency radiations on human body.

Chapter 5: In-silico, in-vitro and ex-vivo testing of small footprint implantable biocompatible
microstrip antenna for biotelemetry applications

18



In this chapter, a miniaturized skin implantable biocompatible microstrip antenna has been
proposed for biotelemetry applications at 2.4-2.48 GHz. The volume of proposed antenna is 42.68
mm?3 with dimensions 8.2 x 6.94 x 0.75 mm?. In-vitro testing is done in skin mimicking liquid and

ex-Vvivo testing is done inside chicken sample.
Chapter 6: Conclusion and future scope

Finally, the proposed work's conclusions and potential future scope has been discussed in this

chapter of thesis.
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CHAPTER 2
LITERATURE SURVEY

In this chapter, an exhaustive literature survey on implantable antennas designed for biomedical
devices application has been carried out. Depending upon the intended application, biomedical
devices might be either on the body or inside the body. The decision to use one type of device over
another may be influenced by economic factors, technology advancements, and research

developments.

Wearable or on-body technology is already a part of our daily lives. For instance, monitoring
wristbands and smart watches are already available. The emergence of other product categories
such as smart footwear and body wear for sports and fitness, neckwear and jewellery for aesthetic
purposes, etc., will be facilitated by new trends in wearable technology. The market for these smart
wearable goods will reach over $150 billion in annual sales by 2026 [50]. Wireless on-body
gadgets are being adopted into the healthcare system because they allow for non-invasive vital
sign monitoring. However, other issues including compactness, security, standardization, energy

efficiency, robustness, and unobtrusiveness remain unresolved [51].

The majority of in-body implants are still under development and need a particular medical
prescription to be employed. When Rune Elmgvist et al. were successful in placing the first
pacemaker inside a human body in 1958, these devices first became available [52]. Since then, in-
body devices often referred to as Implantable Medical Devices (IMD) have filled a void where
physiological parameters are only available from within the human body or where wearable
devices were insufficiently potent. A few ingestible endoscopic capsules with biotelemetry
capabilities and implanted pacemakers are the only in-body medical devices now on the market;

the majority of them are still in the testing or prototype stages [53]-[55].

Depending on how they are inserted into the human body, in-body wireless devices are categorized
as implantable, ingestible, or injectable [53]. These tools provide access to an exciting range of
fresh healthcare applications. The list of obstacles to be solved for these devices is still longer and
more difficult than in the case of wearable’s: a higher degree of miniaturization, biocompatibility,

safety considerations, powering, and so on.
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A wireless biotelemetry system for either in-body or on-body devices has been proposed in this
context using a number of technologies. RFID technology is one of them, and it offers a low-cost,
low-power alternative to some of the issues outlined above [56], [57]. RFID technology offers
integrated commercial chips and defined communication protocols that make it easier to create
medical devices with wireless biotelemetry. A few RFID chips with sensing capabilities have also
been just recently created [58], allowing this technology to carry out new tasks. For all of these
reasons, RFID-based systems are becoming more prevalent in the healthcare system, moving from
the industrial sector towards it [59]-[61], even though their adoption is still in its early phases for

tracking and identifying patients [62]-[65].

Testing of an antenna is important to check various performance parameters and whether the
device can withstand the guidelines of IEEE standards at particular frequency band or not. As
already discussed in organization of thesis in chapter 1, testing of antenna is divided into four basic
categories viz. in-silico (testing inside software), in-vitro (testing inside phantoms), ex-vivo
(testing inside sample of animal tissue), or in-vivo (testing inside live animal). Based on these
testing techniques the literature survey is divided into three subsections. Section 2.1 discusses
about implantable antennas tested inside software simulators only. Section 2.2 discusses about
fabricated implantable antennas tested inside human body tissue mimicking phantoms. Section 2.3
discusses about fabricated implantable antennas tested inside animal or sample of an animal. In
all these Sections, the main discussion has been focused towards on size of antenna, type of
substrate or superstrate layers used and the type of testing methods involved.

2.1 IN-SILICO TESTING (TESTING INSIDE SOFTWARE)

Sanchez et al. (2010) [20] designed a dual band implantable antenna for MICS and ISM bands
using 1.27 mm thick Arlon 1000 of dielectric value 10.2 as a substrate. Results are conducted on
one layered, three layered, and realistic human body models based on man's voxel dataset. The

antenna is multilayered as the radiating elements and feeding line are placed on different levels.

Merli et al. (2011) [23] implemented a dual band multi-layered PIFA antenna working on MICS
and ISM band for biomedical applications. The antenna is designed to be fitted in an implantable
sensor accommodated with a battery and electronic circuitry of size 32 mm x 10 mm. Four layers

of a Rogers TMM substrate are stacked up for making a pyramidal shape, and each layer is
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separated for better perception. This antenna is simulated inside cylindrical homogenous phantoms

of skin and brain layers and also inside three layered heterogeneous model of human tissues.

Sofia Bakogianni et al. (2014) [29] proposed a compact printed folded dipole antenna working on
MICS band for biomedical applications with dimensions 19.6 x 2 x .254 mm?. Canonical head and
trunk models were utilized to embed the proposed antenna inside skin and muscle tissues. For
minimizing the size of antenna and controlling input reactance, folding technique is used.

Modeling of the antenna is done on Ansys High Frequency Structure Simulator (HFSS).

Liu et al. (2016) [31], implemented an integrated on-chip implantable antenna using 0.18
micrometer CMOS technology. Three-dimensional voxel human body was used for the
implantable antenna testing inside a human head of dimensions 17.7 x 22 x 25 mm?®. A chip-to-

SMA transition is designed for testing of antenna.

J. Kim et al. (2021) [66] designed an antenna for implantable device systems of cardiac
pacemakers. This antenna works on 400 MHz frequency, and the results are checked at various
depths of the human body model from 0.4 to 4 mm. To study the effect of battery positioning on
antenna performance in the implantable device, metallic structure was added which indicated
battery. There was a slight difference in results of the antenna and resembled with and without

using a battery.

S. Sultana et al. (2017) [67] presented a flexible PIFA antenna for MICS band applications. The
dimensions of the antenna are 20 x 24.4 mm? and is made using Rogers RT/duroid 3210 having
dielectric constant value 10.2. The antenna is simulated in air as well as in human head phantom.
The phantom is created with four layers of skin, fat, bone and brain. The peak gain obtained is
38.09 dBi, and 1 gram averaged SAR obtained is 0.55 W/kg.

Lee et al. (2015) [68] investigated a PIFA antenna working on MICS band for biotelemetry
applications. The footprint of the antenna obtained is 25 mm x 9 mm and the substrate used for
making antenna is FR-4. The antenna is covered with a superstrate layer of polyurethane having
dielectric constant 4.8. The testing of antenna is done inside 2/3 muscle phantom. The bandwidth
obtained is 226 MHz and peak gain is -27.7 dBi. The 1 gram averaged SAR obtained is 39.44
W/kg.
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S. M. Asif et al. (2019) [69] designed and validated a deep implantable antenna using a wideband
numerical model (WBNM) for enabling RF-power leadless pacing. This is a metamaterial based
antenna that works on 2.4 GHz frequency. The simulation of antenna is done on spherical
multilayered head phantom, homogenous skin phantom and inside three layered model consisting

skin, fat and muscle.

R. Hasan et al. (2019) [70] implemented an antenna having dimensions 35 x 22 x 0.1 mm? for a
pacemaker of size 40 x 30 x 10 mm?3 for ISM band applications. The substrate as well as superstrate
used is Rogers RT/duroid 3010 due to its flexibility. The simulated results are analyzed by inserting
the pacemaker device into a 2/3 muscle equivalent phantom. The return loss obtained is -28.37 dB

at resonant frequency of 2.464 GHz.

Mohamed Behih et al. (2021) [71] presented a multiband PIFA antenna for biotelemetry
applications that works on several bands, i.e., MedRadio (Medical Device Radio Communications
Service) (401-406 MHz), ISM (433.1-434.8 MHz, 902.8-927 MHz, 2.4-2.48 GHz), and Wireless
Medical Telemetry Service (WMTS) (1.395-1.400 and 1.427-1.432 GHz). The volume of the
proposed antenna is 78.52 mm?® and is made using Cuflon substrate of dielectric constant 2.05 and
thickness 0.38 mm. The antenna is implanted inside the muscle layer by making a three layered

model of human tissues.

Yazdanifard et al. (2020) [72] proposed an ultra-wideband miniaturized antenna for bidirectional-
brain machine interface (Bi-BMI). The frequency range covered by the antenna is 3.08 GHz to
10.63 GHz. Defected feed line and parasitic structure on radiating patch layer were used for
obtaining results. The antenna is simulated inside the DURA matter of full head voxel model. The

recipient antenna is kept 20 cm away from the implantable sensor for testing.

T. Shaw et al. (2021) [73] implemented a circularly polarized antenna of volume 12.02 x 12.02 x
0.24 mm3 working on 2.45 GHz resonant frequency for implantable applications. Different
simulated results of various combinations of unit cell antenna array were checked at 40 mm of
distance. Simulation environments are taken as homogeneous skin phantom, human torso, and
human head. To protect human tissues from metal contact, the antenna is covered with 0.02 mm

layer of alumina, which makes it biocompatible.
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Alshammari et al. (2022) [74] introduced an implantable antenna working at ISM band having two
co-centric rectangular split-rings with slots between them. The antenna is designed using Rogers
RT/duroid 3010 substrate having thickness 0.127 mm and for size reduction shorting pin technique

is used. Simulation is done inside homogenous skin tissue layer to validate the antenna.

Silue at al. (2022) [75] introduced a meandered antenna for biomedical implantable applications
covering ultra-wideband (UWB), Medical Body Area Networks (MBAN), MICS, MedRadio, ISM
and Wireless Medical Telemetry Service (WMTS) band. The designed antenna is cylindrical in
shape with height 10 mm and radius 3.5 mm. Both 1 gram and 10 gram averaged SAR value
obtained are within the permissible IEEE C95. 1-1999 and IEEE C95.1-2005 standards

respectively. Simulation of the proposed antenna is done inside muscle equivalent phantom.

Nancy et al. (2022) [76] presented an implantable fractal antenna with dual ring slot structure for
biomedical applications operating at ISM and WMTS band. Square shaped circular fractal
geometry is utilized for obtaining wideband characteristics and miniaturized design. Alumina is
used as substrate and antenna is encapsulated using Teflon material. The 1 gram averaged SAR

value obtained is under safety standards. Simulation of the antenna is done inside skin phantom.

Sweety et al. (2022) [77] implemented a CPW fed double hexagonal spender shaped antenna for
ISM band (5.7 GHz to 5.8 GHz). FR-4 substrate is used to design the 15 x 15 x 1.6 mm? antenna
without using any superstrate layer. Simulation of antenna is done inside multilayered human body

equivalent phantom.

M. Rahman et al. (2019) [78] implemented a compact meander shaped patch antenna at MICS
band for biomedical applications. The antenna volume is 0.16 cm® and is made using Rogers
RT/duroid 3210 substrate having 1.25 mm thickness, and the same material with 0.53 mm
thickness is used as the superstrate. The antenna is designed such that it can be inserted inside the
muscle layer of human chest. Simulation of antenna has been performed by inserting it inside the

muscle layer of a three layered model containing skin, muscle and fat.

2.2 IN-VITRO TESTING (TESTING INSIDE PHANTOM)

Tutku et al. (2008) [20] presented an implantable antenna using Rogers RT/duroid 3210 substrate

at MICS and ISM band to be used in continuous glucose monitoring applications. The reduced
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antenna size obtained after using shorting pin technique is 22.5 x 22.5 x 2.5 mm?®. For obtaining
better results, particle swarm optimization is used. Simulation is done inside single layer of skin
and in three layer model of skin, fat and muscle. In-vitro testing has been performed by dipping
the purposed antenna in skin mimicking gel.

Ha et al.(2011) [22] designed a Zeroth—Order-Resonance (ZOR) antenna for implantable
biomedical applications. The frequency bandwidth obtained by the antenna is 400 - 409 MHz i.e.,
it operates on MICS band. The substrate used for fabrication is FR-4 with 1.6 mm thickness and
dimensions of antenna are 15.9 x 12.9 x 1.6 mm?. In-vitro testing is done inside muscle equivalent

phantom.

Scarpello et al.(2011) [24], implemented a folded slot dipole flexible implantable antenna which
works on ISM band using coplanar waveguide feed. In-vitro testing of the proposed antenna is
performed in human muscle tissue liquid MSL2450, which mimics the dielectric properties of
muscle tissue at 2.45 GHz. Biocompatible material PDMS (Poly-di-methyl-siloxane) is used as a

substrate for embedding the antenna.

Asili et al.(2012) [25] presented an implantable dual band antenna for biomedical applications
working on MICS and ISM (433-434.8 MHz) band. The dimensions of the antenna are 10 x 12 x
1.5 mm3 which is printed on FR4 substrate. It has been designed for implanting inside skin;

therefore, skin mimicking gel is made for in-vitro testing.

Duan et al.(2012) [26], presented a dual band implantable antenna of dimensions 27 x 14 x 1.27
mm? working on MICS band for biomedical applications. Rogers RT/duroid 6010 is used both as
substrate and superstrate layers of antenna. It is differentially fed at the same side for ease of

connection on the differential circuitry. In-vitro testing of antenna is done in skin mimicking gel.

Yang et al. (2017) [32] proposed a circularly polarized implantable antenna for biomedical
applications which works on ISM band. Rogers RT/duroid 6010 is used both as superstrate and
substrate for the designed antenna. The dimensions of this compact antenna are 10 x 10 x 1.27
mm?. In-vitro testing of the proposed antenna is done inside a cubic skin phantom, while for in-

Vivo testing, pork is used.
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V. Gupta et al. (2020) [35] introduced a compact CPW fed implantable antenna for ISM band
applications. The antenna occupies a total volume of 98 mm?® using Rogers RT/duroid 3010 as a
substrate. Two orthogonal modes TMo: and TMo are obtained with an axial ratio bandwidth of
170 MHz and impedance bandwidth of 450 MHz. Peak gain obtained is -15.96 dB while SAR
obtained is 0.494 W/kg. Simulation studies of the proposed antenna has been done by performing
in-silico testing in a three layer cylindrical phantom model while ex-vivo testing is done inside

pork tissue.

Liuetal. (2021) [46] introduced a compact antenna working at ISM band for wireless biotelemetry
applications to fit inside microsystem device model. The antenna is simulated inside spherical head
model, human heart model and homogeneous skin phantom. The size of the device is 15x9x 1.6
mm? while antenna dimensions are m x 42 x 1.27 mm? which makes the antenna suitable for

implantable applications.

S. Das et al. (2020) [47] introduced a high gain double ring slot antenna working on ISM band that
uses FSS as a reflector for gain enhancement. Galinstain metal in liquid form is used for covering
the antenna with a biocompatible layer. SAR value of 252 W/Kg is obtained for 1g-averaged tissue
on human wrist model. In-vitro testing is done on human skin mimicking model whereas ex-vivo

testing is done inside pork slab.

J. Faerber et al. (2018)[49] introduced a conformal helix antenna covering an endoscopic capsule
of size 10 x 30 mm?. It can operate at 433 MHz inside human tissues. In-silico testing is done
inside human muscle tissue cubic model of 190 x 190 x 190 mm?®. In-vivo trial of this endoscopic
antenna is done inside porcine model by inserting it 60 cm inside a small bowel. The results are

compared by inserting the device in two different pigs of different weights and ages.

Chien et al.(2010) [79] presented an implantable monopole biomedical antenna for MICS band.
The antenna occupies a volume of 18 x 16 x 1 mm?® and uses a ceramic substrate MgTais Nbs Oe.
Using screen printing technique and Ag/Pd paste, two prototype antennas were printed on the
substrate. The 1 gram averaged SAR of both the antennas is 797 W/kg and 714 W/kg, respectively.
In-vitro testing of proposed antenna is done in skin tissue fluid which was found suitable for

working at MICS band for biomedical application.
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C. Liu et al. (2013) [80] presented a PIFA antenna for MICS band biotelemetry applications. The
antenna size attained is 10 x 16 x 1.27 mm? using two layers of Rogers RT/duroid 3010 dielectric
material. The simulation is done inside skin phantom of different dimensions for comparison of
obtained results. The 1-gram and 10-gram averaged SAR values obtained are 609.2 W/kg and

96.80 W/Kg respectively. In-vitro testing of antenna is done by creating a human tissue mimicking

gel.

Das et al. (2020) [81] proposed a co-planar waveguide (CPW) fed circularly polarized antenna
resonating at 2.45 GHz. Corner perturbation technique is used to achieve circular polarization and
an axial ratio bandwidth of 10.6 percent and peak gain of -8.6 percent is achieved. Simulation is
done by inserting the antenna inside cubic skin layer while the ex-vivo testing is done inside pork

slab.

Nguyen et al. (2021) [82] designed a compact size meandered antenna for 2.4 GHz ISM band
medical implant applications. Taconic CER-10 (€:=10.2, 6 = 0.0035) a flexible substrate material
with thickness 0.64 mm is used to design the antenna with dimensions 2.5 x 2.5 x 1.28 mm?®.
Antenna impedance bandwidth is increased by using 1.2 ohm chip resistor and two rectangular
cuts on ground layer. SAR value is simulated on head, right leg and left arm models of human
body. The return loss is measured in skin mimicking liquid as well as inside minced pork.

Michael J. Christoe et al. (2021) [83] implemented a meandered antenna compatible with
ingestible capsules working at 433 MHz. Different challenges related to implantable devices were
discussed in this paper. Five different designs of antenna were tested for bending on an implantable
device having dimensions 11.2 x 30.2 mm?. A 0.1 mm flexible polyimide substrate of permittivity
3.5 and loss tangent 0.0027 is used for designing the antenna with 35 um copper tracing. A
cylindrical human body homogenous phantom is used for simulating the antenna with three
different types of environment found in human gut, i.e. ballistic gel (equivalent to human model
tissue), saline water and neutral water. In-vitro testing of these three phantoms is also done and

compared with the simulated results.

A Basir et al. (2018) [84] designed a dual band implantable antenna for both MICS and ISM band
biomedical applications. The overall dimensions of antenna are 14 x 17 x 0.25 mm® and In-vitro

testing is conducted in saline solution of muscle equivalent phantom. The peak gain values
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obtained are -33 dB and -16 dB at MICS and ISM bands respectively. Rogers RT/duroid 6010 is

used as substrate to design this antenna.

Tuan-Anh Le Trong et al. (2021) [85] proposed a spiral radiator antenna for human head
implantation resonating at three frequency bands of 402 MHz - 405 MHz, 1427 MHz — 1432 MHz,
and 2400 MHz — 2480 MHz. The thickness of antenna is 0.5 mm, while the volume covered is 197
mm?3. Two circular layers of Taconic RF-10 substrate (e, = 10 and tan § = 0.0035) having 0.25 mm
thickness and radius 11.2 mm are used. The antenna is simulated inside a homogeneous head
model dimensions 100 mm x 100 mm x 60 mm. The practical testing of the antenna is done inside

human tissue mimicking semisolid solution.

2.3 EX-VIVO OR IN-VIVO (TESTING INSIDE ANIMAL)

Chow et al. (2009) [4], designed a 30 mm long cylindrical stent having 5 to 6 mm of diameter with
an implantable transmitter device for implanting inside the branch of pulmonary artery. This
device is working on 2.4 GHz frequency which is in-vivo tested on pig. The output power of the
implant acting as a transmitter is -3 dBm. Horn antenna is utilized for calculating the received
power, which is placed at 10 cm ventral to the chest for antenna pattern measurement. For
calculating the far-field results, the antenna is placed at a distance of 50 cm from the implant

position.

S. Hayat et al. (2021) [12] proposed a dual band implantable antenna for an endoscopic capsule
system working on 915 MHz and 2450 MHz. The standard size of the capsule system is 26 x 11
mm?, while that of the designed antenna is 6.5 x 6.5 mm?. ULTRALAM 3850HT material have
dielectric constant 2.9 is used as substrate and superstrate for designing the antenna while the
implantable elements are covered with ceramic alumina (Al203) of thickness 0.25 mm. The
simulation is done inside a homogeneous box of dimensions 100 x 100 x 100 mm? filled with
muscle phantom and inside the heterogeneous environment of three-dimensional human body

model. The experimental work of testing is done inside saline water solution and in minced pork.

Amjad Igbal et al. (2021) [14] implemented a self-duplexing biotelemetry antenna for biomedical
implant applications. It operates at 1470 MHz and 915 MHz and is designed on 0.13 mm thin
Rogers RT/duroid 3010 substrate. Simulation is done by inserting the implantable device inside
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single layer of skin. In-vitro testing is done inside saline solution and ex-vivo testing is done inside

pig tissues. Measurement of radiation pattern is done inside pig tissues.

Wei Wang et al. (2021) [22] designed an implantable sensor antenna for breast cancer detection at
2.45 GHz. A miniaturized shape with volume 13.2 mm? is obtained by making an “S”-shape on
the radiating patch using a 0.254 mm thick Rogers RT duroid 6010 substrate (&r = 10.2, tan ¢ =
0.0035) and a CPW feed. Simulation has been carried out by inserting the antenna inside muscle
layer of two layered phantom of skin and muscle. In-vitro testing is done inside tissue mimicking
liquid. Ex-vivo testing is done inside pork fat and pork muscle samples which are denoted as
normal and malignant breast tissue, respectively. The peak gain obtained is -8.4 dB for the

proposed antenna.

Huang et al.(2011)[23] presented a multiband antenna for biomedical applications working on
both MICS and ISM band. Rogers 3210 with 0.635 mm thickness is used for designing the antenna.
The volume of antenna is 254 mm?® which consists of four layers. In-vitro testing is done for skin

and muscle tissue while in-vivo testing is done in minced pork (front leg of pork).

Gozasht et al.(2013) [27] designed a multiband PIFA antenna for three resonating frequencies 433
MHz, 1430 MHz, and 2400 MHz. In this paper, a shorting pin method is used to minimize the
antenna size to 19 x 30 x 1.6 mm?3. Multilayered human tissue phantoms of block and cylindrical
shapes are used for performing simulation of the proposed antenna. In-vivo testing is done inside

the pork phantom.

Rula S. Alrawashdeh et al. (2015) [30] designed a flexible, implantable antenna for biomedical
applications which operates on both MICS and ISM band. A CST Katja voxel body representing
a 43 years old female of height 163 cm and weight 62 Kg is used for testing antenna in CST
simulation environment. For antenna miniaturization, complementary split ring resonator (CSRR)
loading technique is utilized on the patch layer. In-vivo testing is done in pork phantom and is

compared with the simulated results.

Liu et al. (2018) [33] designed a circularly polarized implantable antenna having dimensions 11 x
11 x 1.27 mm? for biomedical applications which works on 915 MHz ISM band. Stub loading and
capacitive coupling techniques are used for miniaturization of antenna. Minced pork is used for
the purpose of ex-vivo testing.
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L. Xu et al. (2021) [37] introduced a coaxial fed implantable antenna working on WMTS and ISM
bands. The volume of antenna is m x 5.12 x 1.27 mm? and is made using Rogers RT/duroid 3010
material with 0.635 mm thickness which works as substrate as well as superstrate. Both 1-gram
and 10-gram averaged SAR values are simulated at WMTS and ISM bands with different implant
depths. The antenna is simulated inside skin tissue phantom while the In-vitro and ex-vivo testing

was done inside tissue mimicking gel and pork respectively.

Tutku et al. (2010) [44] implemented a dual band implantable antenna of size 23 x 23 x 2.5 mm®
for both ISM and MICS bands. Rogers RT/duroid 3210 having dielectric constant 10.2 is used as
substrate and silicone (Silastic MDX4-4210) is used as a superstrate material. Comparison of
silicone and Rogers RT/duroid 3210 is done for superstrate material by comparing their return loss
which clearly shows that silicone is a better superstrate then Rogers RT/duroid 3210. In-vitro

testing is done in skin mimicking material while in-vivo testing is done on rats.

A. Kiourti et al. (2013) [86] investigated two implantable antennas of volume 204 mm? and 399
mm? at MICS band for biomedical applications. Rogers RT/duroid 3210 material having dielectric
constant 10.2 is used for designing and testing of antennas. Simulation is done inside the skin layer
of a three layered model of different human tissues i.e., skin, fat, and muscle. Further, simulation
is done inside the ellipsoidal trunk-shaped model for the purpose of glucose monitoring. Three

different rats are used as subject for in-vivo testing of antennas at different implant depths.

Xiao et al. (2022) [87] designed a conformal implantable antenna having dimensions 30.5 x 4.6 x
0.05 mm? for inner walls of wireless capsule endoscope working at 915 MHz. For designing this
antenna folding and vector current reversal techniques are used. The size of antenna is selected
such that it fits inside endoscopic capsule of 10 mm inner diameter. Polymide material is used as
substrate for making a foldable antenna due to its flexible nature and high permittivity. In-vitro
testing of antenna is done inside three layered human body phantom and ex-vivo testing has been

performed inside pork sample.

Abbas et al. (2022) [88] introduced a biomedical antenna for scalp implantation working on ISM
band. A thick liquid crystalline polymer Roger ULTRALAM of 0.1 mm thickness and 2.9
dielectric constant is used as superstrate and substrate material. Using shorting pin technique,

open-ended slots at patch and close ended slots at ground plane the volume achieved of the
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designed antenna is 9.8 mm?3. The 1 gram averaged SAR obtained is 289.76 W/kg which is within
the IEEE C905.1-2005 safety guidelines. Link budget investigation is done to confirm the
robustness and dependability of the telemetric link within the specified range. Simulation is done
inside skin phantom and 3D human body model while ex-vivo testing is done inside minced pork

for the validation of results.

Syed et al. (2022) [89] presented a triple band implantable antenna for biotelemetry applications
working on 902-928 MHz band, 1124-1980 MHz band and 2400-2483.5 MHz band. The volume
of antenna is 7 x 5 x 0.37 mm?3 designed for flat type implantable devices architecture. Rogers
RT/duroid 6010 substrate is used for the electronic elements inside device and are enclosed inside
0.2 mm thick ceramic alumina. Both SAR values of 1 gram and 10 gram averaged tissue are under
standard limits. This coaxial fed antenna is tested inside homogenous skin phantom and human
body model while ex-vivo testing is done inside minced pork.

Ahlawat et al. (2022) [90] implemented a scalp and heart implantable antenna for 915 MHz and
2.45 GHz ISM band biomedical applications. The volume of the designed antenna is 107.315 mm?,
designed on Rogers RT/duroid 3010 substrate. Alumina is used as superstrate for covering the top
and bottom layer of proposed antenna. The antenna is designed according to the architecture of a
flat type implantable device. Simulation is done inside three layered phantom and realistic human
body model. SAR values for 1 gram averaged tissue are simulated on an anatomical head and torso

of human body model. Ex-vivo testing is done inside pork sample for the validation of results.

Shah et al. (2022) [91] implemented a scalp and deep tissue implantable antenna for ISM band
operations. The antenna volume obtained is 3.4 x 3.4 x 0.377 mm?® and is made using Rogers
RT/duroid 6010 substrate. A meandered patch with full ground plane of antenna is used for
preventing the backward flow of energy and safeguarding the patient. SAR values for Both 1 gram
and 10 gram averaged tissue are found to be in standard limit by calculating it on different planes
of Gustav human model. Simulation is done inside single and multilayered tissue models. Ex-vivo

testing is done inside minced pork.

M. Singh et al. (2021) [92] introduced a dual antenna system for ISM band biotelemetry
applications. In this paper two antennas are coupled with a single Defected Ground Structure

(DGS). The dimensions of a single unit are 10.5 x 10.5 x 0.635 mm?. The simulation of the antenna
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is done inside fat layer of a three layered phantom containing skin, fat and muscle. In-vitro
measurement is done inside skin mimicking gel whereas ex-vivo testing is done inside pork slab.
The analysis of 1 gram and 10 gram averaged SAR is done inside human head model with values
347.08 W/kg and 66.55 W/kg respectively.

Kuo Liu et al. (2021) [93] implemented a spiral shaped antenna for an implantable capsule shaped
device that works on 2.4 GHz and 5.8 GHz ISM band applications. The antenna is simulated inside
heart and large intestine models whereas practically the testing is done inside minced pork and
inside the intestine of a pig. To prove that the antenna is working effectively, the link budget of
antenna is calculated by testing the implantable antenna with an external device. The
communication link transceiver distance calculated at 2.4 GHz is 14 m, while for 5.8 GHz it is 5

m when the link margin is increased.

2.4 MOTIVATION

After following a thorough review of the literature, it was determined that while a considerable
research is already underway in the field of implanted antennas, there is still a room for
improvement, as most articles revealed a tradeoff between one or more implantable antennas
properties. The substrate chosen for designing an implantable antenna should have
a high dielectric value.

However, certain antennas in recent literature have a low dielectric constant.
Because of low dielectric constant, the antenna has a bigger profile, making it impossible to
implant within a human body or into an implanted device.

Further, recently published implantable antennas do not have a biocompatible layer on both sides,
leaving the surrounding human tissues exposed to short circuits caused by direct contact to metal
layer. A quick healthcare diagnosis and treatment motivates research on implantable antennas.
This area of research is still immature and thus has significant potential to be considered as one of
the hot areas of exploration. Likewise, the SAR values are not estimated in certain literature, which
is critical for determining whether the radiation of antenna is damaging the human body. All of
these flaws prompted us to create an implanted antenna with optimal specifications that did not
compromise any of its key attributes. Following that, there was a desire to develop a novel compact
antenna with superstrate layers on both sides and an appropriate SAR limit that could be easily
integrated into an implantable device. An attempt has been made to highlight the gaps from the
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study and propose the statement of the problem for our research work based on the relevant

literature study and facts.
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CHAPTER 3
SKIN AND BRAIN IMPLANTABLE INSET-FED ANTENNAS AT ISM AND
MICS BANDS FOR BIOTELEMETRY APPLICATIONS

In this chapter implantable inset fed patch antennas are proposed for biotelemetry applications.
There are basically two bands allocated for biotelemetry; ISM and MICS band. In Section 3.1 the
antenna has been designed and developed at ISM band whereas, in Section 3.2 the proposed
antenna covers MICS band. As already discussed, a material having higher value of dielectric
constant is preferred for designing an implantable antenna for biomedical and biotelemetry
applications. When an antenna is designed with a substrate material with a greater dielectric
constant, the antenna's performance suffers, but the antenna's size shrinks. In order to overcome
this degradation in antenna performance in terms of gain, superstrate material has been used.
Further to increase the bandwidth, slotted ground structure has been utilized. Therefore, Rogers
RT/duroid 3010 is used as a substrate as well as superstrate layer with dielectric constant 10.2 and
thickness 0.64 mm. The optimal dimensions of both the antennas are 13.3 x 14.6 mm?, which has
been discussed briefly with each slot position and its size in Sections 3.1.1 and 3.2.1. The
fabricated antenna’s performance has been checked inside in-vitro solution of skin mimicking
liquid for validation of results which has been discussed in Sections 3.1.2 and 3.2.2 along with the
recipe of preparation of skin mimicking liquid at each band. All performance parameters that are
important for an implantable device are calculated and discussed in this paper. Return loss analysis,
SAR analysis, gain, surface current distribution and comparison between simulated and measured
return loss are depicted in Sections 3.1.3 and 3.2.3. Finally, a comparison of significant parameters
of proposed antenna with recent literature is inferred in tabular form which validates the practical
feasibility of the proposed antenna structures.

Figure 3.1 depicts the flow chart of the work done in Chapter 3, starting with design of antenna in
software to analysing the performance parameters of the fabricated design. High dielectric material
has been used for designing the compact biocompatible antenna. Human skin phantom has been

designed for testing the antenna according to achieved frequency bands.
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DESIGN AND SIMULATE ANTENNA USING CST
MWS SOFTWARE

OPTIMIZE ANTENNA PARAMETERS

MEET NO

REQUIREMENT?

YES

FABRICATE THE ANTENNA

PREPARE SKIN MIMICKING SOLUTION AT THE
RESONANT FREOUENCY

MEASURE ANTENNA PARAMETERS USING VNA
BY DIPPING INSIDE PREPARED SOLUTION

ANALYZE SIMULATED AND MEASURED RESULTS

Figure 3.1 Flowchart of proposed microstrip patch antennas at MICS and ISM band.
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3.1 IMPLANTABLE ANTENNA AT ISM BAND

In this section, a implantable inset-fed microstrip antenna has been proposed with a small patch
size for biotelemetry applications that works on Industrial, Scientific, and Medical (ISM) (2400.0—
2483.5 MHz) bands. The frequency range covered by the antenna is 2.26-2.71 GHz with an
appreciable bandwidth of 18.10%, and its resonating frequency is 2.45 GHz, at which its return
loss is -20.7 dB inside skin. These performance parameters of the antenna along with some more
parameters like SAR, volume factor, peak gain, and the number of superstrate layers used, are

compared with the recent literature in Table 3.1.3 in the results and discussion Section.

3.1.1 Antenna Design

The overall dimensions of the proposed antenna are calculated using transmission line model,
which includes the size of feedline, patch and substrate. Figure 3.1.1 shows the geometry of the
proposed antenna with dimensions of 13.3 x 14.6 mm? having a small patch size of 7.8 x 10.6
mm?. For making it compatible with the human body, a dielectric material Rogers RT/duroid 3010
(er=10.2 and tan 6 = 0.0022) is used both as substrate as well as superstrate, having a thickness
of 0.64 mm each, thus making an overall thickness of antenna as 1.92 mm. This high dielectric
material also helps to reduce the size of antenna as dielectric value is inversely proportional to the
size of antenna. And by adding its two more layers for perfectly covering the antenna makes the

antenna size for the given frequency smaller.

Figure 3.1.1(a) shows the patch of the antenna having a circular slot of radius 1 mm. An inset feed
of length 4.8 mm and width 0.66 mm is used for feeding the antenna. Moreover, two slots are
presented in the ground layer below the patch in which, the first one is a rectangular slot of
dimensions 3.9 x 7.8 mm?, and another one is a semicircular slot of radius 3.2 mm that has been
attached to the rectangular slot below the center of the patch as shown in Figure 3.1.1(b). The
overall dimensions of the proposed antenna are shown in mm. Figure 3.1.1(c) and Figure 3.1.1(d)

show the fabricated antenna without and with the superstrate layers, respectively.
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Figure 3.1.1 Geometry of proposed antenna
(a) Radiating patch
(b) Ground plane
(c) Fabricated antenna without superstrate layer
(d) Fabricated antenna with superstrate layer

37



3.1.2 Fabrication and Testing of Antenna

substrate

patch

skin

Figure 3.1.2 Testing of antenna
(@) Antenna inside skin layer
(b) Antenna inside three layer (skin-fat-muscle)
(c) Fabricated antenna testing inside skin mimicking liquid
Figure 3.1.2 shows the simulation and measurement setup of the proposed antenna. Figure 3.1.2(a)

shows the antenna inserted inside a single layer of skin phantom, and Figure 3.1.2(b) shows the
38



same antenna inserted inside three-layer model of skin, fat, and muscle while simulating using
software. Specific parameters of the human model i.e., the dielectric properties of human tissues
at ISM band are depicted in Table 3.1.1. All three layers i.e., skin, fat and muscle have different
dielectric values. The proposed antenna is fully functional in both models, which justifies that it

can be used for implantation in most parts of the body.

Table 3.1.1 Dielectric properties of human tissues at ISM band

Human tissue layer | Permittivity | Conductivity (S/m) | Density (kg/m?)

Skin 38.007 1.464 1020
Fat 5.280 0.105 918
Muscle 53.574 1.810 1040

Figure 3.1.2(c) shows the in-vitro testing of fabricated antenna for Si1 using VNA inside a
homogenous phantom skin mimicking liquid (made using 50% water and 50% sugar) having
approximately the same electrical property as of skin whose recipe is illustrated by Sukhija et al.
[3]. This phantom is inserted inside a container of size 150 x 100 x 50 mm? and filled such that the

antenna can be easily dipped inside the liquid phantom.

3.1.3 Results and Discussions

For validating the results of the proposed antenna, gain, SAR and reflection coefficient (S11) are
calculated at the resonating frequency. For checking that if the antenna is biocompatible inside
human body or not, the impact of SAR on nearby skin due to the designed antenna is checked for
1-g average cubic tissue at 2 mW as shown in Figure 3.1.3(a). The SAR values for 1-g average
cubic tissue obtained for supply power of 2 mW is 1.55 W/kg (or for 1 W is 775.5 W/kg) which is
below 1.6 W/kg according to IEEE C95. 1-1999 standard and implies that antenna is safe to use
till 2 mW power according to safety standards. The color range (blue to red) being depicted in

Figure 3.1.3(a) signifies the value of SAR going from minimum to maximum.

Figure 3.1.3(b) shows the comparison of return loss of proposed antenna with superstrate inside
brain layer, skin layer, three-layer and without superstrate layers. This figure clearly indicates that
in all the models, the antenna is resonating at ISM band except for one case when antenna is tested

without superstrate. There are minor changes in the return loss of these models which shows that
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our proposed antenna is perfectly and evenly working in brain layer, skin layer as well as in three

layered phantom.
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Figure 3.1.3 Simulated results of proposed antenna
(@) SAR value for 1-gram average cubic tissue at 2mW power.
(b) Comparison of return loss of proposed antenna within brain layer, single skin layer,
three-layer and without superstrate
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A simulated 3D gain pattern showing a peak gain of -14.9 dB at 2.45 GHz for the proposed antenna
is depicted in Figure 3.1.4(a). Figure 3.1.4(b) illustrates the surface current distribution of the
proposed antenna. This distribution gives us an idea about which part is mostly responsible for
antenna radiation. The red color on the surface current distribution plot denotes that the maximum
current is present at the feedline and the edges that are nearby the feedline on the patch. Further,
on the ground layer, the area near the slots is primarily responsible for surface current distribution.

The maximum value obtained for the surface current is 231 A/m.

Volume factor of antenna is described as the ratio of bandwidth (in kHz) to the volume of antenna
(in mm3) as shown in Equation (3.1.1) [16]. The volume factor of the proposed antenna is 1207

kHz/mm? which is much better as compared to antennas reported for a similar application.

Volume factor (VF) = Bandwidth (kHz)/Antenna volume (mm?) (3.1.1)
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Front view Back view

(b)
Figure 3.1.4 Simulated Gain and surface current distribution of proposed antenna inside skin
(@) 3D gain
(b) Surface current distribution
The comparison between simulated and measured radiation patterns at phi = 90 degrees and

phi = 0 degrees is shown in Figure 3.1.5(a). The orange line denotes the simulated value whereas
the dashed black line depicts the measured value. Figure 3.1.5(b) shows the comparison of return

loss of the fabricated antenna with the simulated one.

Simulated Gain at phi=90 e Simulated Gain at phi=0
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Figure 3.1.5 Comparison between simulated and measured results of proposed antenna in skin

(@) Gain
(b) Return Loss
A close agreement between simulated and measured results of the proposed antenna at ISM band

is depicted inside skin except for some small differences in return loss and bandwidth as illustrated
in Table 3.1.2. These differences can occur due to various reasons viz.; (a) simulation is done in
ideal conditions but while measuring, temperature and pressure changes affect results, (b) poor
soldering of SMA connector to the limited area of feedline of the antenna, and (c) dipping of
antenna connector with antenna inside phantom solution can alter results. From bandwidth column

it is clear that the antenna is resonating at ISM band in all conditions mentioned in the table.

Table 3.1.2 Comparison of simulated and measured return loss and bandwith of proposed

antenna
S11 (dB) Bandwidth (GHz)
Skin -20.7 2.26-2.71
Three layer -21.77 2.26-2.72
Brain -26.36 2.14-2.5
Skin (Measured) -16.6 2.31-2.76

43



Table 3.1.3 Comparison of proposed antenna with recent literature

Ref. Volume (mm?®) | Bandwidt | Peak SAR (1g- | Volume | Superstrate Resonant
h Gain average) | factor layers Freq.
(|Su|=-| (dB) (W/kg) | (kHz/ (GHz2)
10 dB) mm®)
[45] 19x30x1.6 >8% -13 - 219.3 single 2.4
[94] 27.5x21x1.6 12.57 % -27.46 - 335 nil 2.44
[95] 16.5x16.5x2.54 | 4.4 % -9 292 159 single 2.4
[96] 10x15x2 - -16.3 - - Both sides 2.45
[97] 22x16x1.27 1.6% -19.5 2.15x10° | 89.5 nil 2.45
[98] 14x14x1.27 12% -19 482 1205 single 2.34
[99] 27x9x1.27 >6% -20 - 489.3 single 2.45
[100] | IIx(7.5)>x1.92 | 10.4% -13.8 159.4 764 single 2.45
Propose | 13.3x14.6x1.92 | 18.10% | -14.9 775.5 1207 Both sides 2.45
d work

Table 3.1.3 provides a detailed comparison of our proposed work with the recent literature in terms
of antenna dimensions, bandwidth, peak gain, SAR, volume factor, superstrate layers used and
resonant frequency achieved. By having a close look at all the cited references in Table 3.1.3; we
can observe that our proposed antenna prototype is good enough to be used in implantable devices
for biotelemetry applications. In [94] and [97] the implantable antennas that have been designed
have large dimensions and have not used any superstrate layer which makes the antenna unsuitable
for implantable applications. In [45], [95], [98]-[100] antenna is covered with superstrate layer
only on one side. Using a single superstrate layer can make the antenna more prone towards

unwanted short circuit thus reducing its biocompatibility to human body tissues. Though the refs.
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[45], [95], [100] have little better peak gain than the proposed antenna but bandwidth percentage
is smaller. Ref. [100] has smaller footprint than the proposed one due to its circular geometry but
it is having only single layer of superstrate which is again one of the shortcomings of a biomedical
antenna. The antenna discussed in ref. [96] has small volume as well as it is covered from both
sides with superstrates but no information about bandwidth, SAR value or volume factor has been
provided and peak gain is also smaller than the proposed antenna. As shown in table the gain
values obtained are negative. The negative gain is because of the dissipation caused around the
human tissue. When the antenna is placed under the skin, the radiation is the off-body direction

and has negative peak gain.
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3.2 IMPLANTABLE ANTENNA AT MICS BAND

In this section, an implantable microstrip patch antenna has been designed and developed at MICS
band for biotelemetry applications. The antenna proposed in this section has the same dimensions
i.e. 13.3 x 14.6 mm? as was taken for the antenna discussed in Section 3.1 but in the previous
Section the antenna was operating at ISM band and in this section the proposed antenna covers
MICS band. Shorting pin technique and high dielectric material layers of Rogers RT/duroid 3010
(dielectric constant = 10.2) are used for making the overall antenna dimensions small enough to
be fitted inside implantable devices. The step by step approach to obtain final design has been
discussed in Section 3.2.1 with different evolution stages of the proposed antenna. In-silico testing
of proposed antenna is carried out inside human tissue layers using software CST MWS, and
practically it was tested inside in-vitro solution shown in Section 3.2.2 of this chapter. All
performance parameters that are important for an implantable device are calculated and discussed
in this chapter. Return loss analysis, SAR analysis, gain, surface current distribution and
comparison between simulated and measured return loss is depicted in Section 3.2.3. Finally, a
comparison of significant parameters of proposed antenna with recent literature is inferred in Table
3.2.2 which validates the practical feasibility of proposed structure.

3.2.1 Step by step approach to proposed antenna design

Figure 3.2.1 illustrates the dimensions of proposed antenna footprint as 13.3 x 14.6 mm? with a
limited patch size of 7.8 x 10.6 mm?. This is among the smallest patch size of antenna reported in
recent literature working on MICS band. For biocompatibility, the substrate material used is
Rogers RT/duroid 3010 (e = 10.2 and tan & = 0.0022) having thickness 0.64 mm. This same
material has been used as a superstrate layer at the top and bottom sides for covering the antenna.
Therefore, the overall thickness of antenna becomes 1.92 mm due to three layers (one substrate
and two superstrate layers). These high dielectric superstrate layers are the key components in
reducing the overall dimensions of antenna. Shorting pin of 0.2 mm diameter is used at the top left
of patch connecting it to ground as shown in Figure 3.2.1(a) and Figure 3.2.1(b). Radiating patch
of antenna is shown in Figure 3.2.1(a). Inset feed of 4.8 mm length and 0.66 mm width is used for
exciting the antenna. A circular slot of 2 mm diameter is made at the center of radiating patch of
antenna. Moreover, two rectangular slots with dimensions 0.5 x 9.6 mm? (shown vertically) and

4.8 x 0.5 mm? (shown horizontally) are made in the patch element. Figure 3.2.1(b) shows the
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ground layer of antenna which is complex in structure with a circular ring shaped slot of 0.5 mm
width just below the center of radiating patch between a circle of radius 1.5 mm and a circular ring
of 1.2 mm width. Figure 3.2.1(c) illustrates the fabricated antenna without superstrate whereas

Figure 3.2.1(d) shows the fabricated antenna with superstrate.
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Figure 3.2.1 Geometry of proposed antenna
(a) Radiating patch
(b) Ground plane
(c) Fabricated antenna without superstrate layer
(d) Fabricated antenna with superstrate layer
Figure 3.2.2(a) shows the step-by-step approach to achieve the final structure of proposed antenna.

It depicts the evolution stages of proposed antenna with four different cases. Case 1 shows the
antenna without using shorting pin as well as without segmentation of ground layer. In Case 2, a
segmented ground structure is formed in place of plane ground without shorting pin. Case 3 is the
final structure of proposed antenna which is obtained after using segmentation as well as shorting

47



pin which resonates at MICS band. Case 4 is not shown in Figure 3.2.2 but it is similar to Case 3
without superstrate layers. The plot for Case 4 depicted in Figure 3.2.2(b) shows that the proposed
antenna doesn’t resonate at the required MICS band without superstrate layers. The comparison of
return loss of all these four cases is illustrated in Figure 3.2.2(b).

Case 1 Case 2 Case 3

S,,(dB)

-35 T T T
0.0 0.2 0.4 0.6 0.8 1.0

Frequency (GHz)

(b)
Figure 3.2.2 Evolution of proposed antenna
(a) Evolution stages of proposed antenna

(b) Return loss curves for four different cases
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3.2.2 Testing of antenna
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Figure 3.2.3 Testing of antenna
(a) Antenna inside skin layer
(b) Antenna inside three layer (skin-fat-muscle)
(c) Fabricated antenna testing inside skin mimicking liquid

Simulation and measurement setup of proposed antenna is shown in Figure 3.2.3. Figure
3.2.3(a) and Figure 3.2.3(b) shows the in-silico testing of proposed antenna inside homogenous
skin phantom and heterogeneous three layered phantom of skin, fat and muscle respectively. In
both phantoms, the antenna is inserted inside skin layer, but to show that the resonance of antenna
is not affected in the presence of other tissue layers ( because practically every tissue layer will be
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present near antenna inside human body during implantation) simulation is done including fat and
muscle layers as shown in Figure 3.2.3(b). In-silico testing is done using software. In both models
the antenna is placed inside skin but for checking if antenna can work in heterogeneous
environment of human body with nearly similar results on MICS band, testing on three-layer
model is done. The skin and fat layer both are 4 mm in height whereas muscle layer is 8 mm in
height.

In Figure 3.2.3(c), in-vitro testing of fabricated antenna is shown on VNA for calculating return
loss (S11). A homogeneous skin mimicking liquid phantom is made using 50% water and 50%
sugar as stated by [94]. This skin phantom has electrical properties equivalent to skin tissues.
Testing is done inside container of dimensions 150 x 100 x 50 mm? in which the liquid phantom

is filled and antenna is fully dipped inside it.

3.2.3 Results and discussions

For authenticating the proposed antenna working on MICS band for implantable devices, reflection
coefficient (S11), SAR and gain is calculated. In-silico testing has been performed for the proposed
antenna in homogenous skin, homogeneous brain and three-layer tissue models which has been
depicted in Figure 3.2.4. It is clear from the graph that the antenna can operate evenly on MICS

band either operated in homogenous or heterogeneous environment of human models.

-10

—— SKIN
- BRAIN
— = THREE LAYER

-20 4

RETURN LOSS (dB)

-30

-40 -

T T
0.0 0.2 0.4 0.6 0.8 1.0
FREQUENCY (GHz)

Figure 3.2.4 Comparison of return loss of proposed antenna within brain layer, homogeneous
skin layer and three-layer phantom
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The return loss and bandwidth of antenna in different tissue models is depicted in Table 3.2.1.

Table 3.2.1 Comparison of simulated and measured return loss and bandwith of proposed

antenna

Biological tissue | Si1 (dB) | Bandwidth

phantom (GHz2)

Skin -30.95 0.34-0.51
Three layer -39.33 0.35-0.52
Brain -29.20 | 0.35-0.49

Skin (Measured) | -28.23 0.14-0.79

Biocompatibility of antenna in human body is checked by calculating SAR according to
IEEE C95.1-1999 standards. Figure 3.2.5 shows that the 1g-averaged SAR value of antenna
calculated at 1 W is 636.6 which means maximum input power to antenna can be given as 2.51
mW to operate under 1.6 W/kg which is strictly as per the limit specified by IEEE C95.1-1999
standards. The area highlighted in red color is portraying peak value of SAR while blue color
portrays the lowest value of SAR. From this color coding we can say that the area nearby feedline
is responsible for peak SAR.

637
560-
483 -
405-
328
251
174

96.5

SAR (f=.402) [1] (19)
3D Maximum [W/kg]: 636.6
Frequency: 0.402

Figure 3.2.5 SAR value for 1-gram averaged cubic tissue at 1W power.
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Figure 3.2.6(a) shows the simulated gain vs frequency pattern of antenna with gain of -22.14 dB
at 402 MHz frequency. Surface current distribution of antenna is illustrated in Figure 3.2.6(b).
This is used to find the particular area of antenna mostly responsible for radiation. From Figure
3.2.6(b) it is clear that the area near feedline is responsible for highest surface current in both patch
as well as ground layers as the red color shows maximum current in the picture. Peak value of
surface current obtained is 600 A/m. Volume factor of 456 is calculated from the simulated results

of the proposed antenna inside skin which is better than other recently reported antennas.
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Figure 3.2.6 Simulated results of proposed antenna
(a) Gain vs frequency
(b) Surface current distribution
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Figure 3.2.7 Comparison between simulated and measured results
(@) Gain at phi 90 degree and phi 0 degree
(b) Return Loss of proposed antenna in skin
Figure 3.2.7(a) shows simulated versus measured radiation pattern at phi 90 degrees and

phi O degrees. In Figure 3.2.7(b) the comparison of return loss of the fabricated antenna with
simulated one inside skin phantom is illustrated. There is a very close agreement in the simulated
and measured results of proposed antenna with marginal difference in return loss and bandwidth
which is depicted in Table 3.2.1. Moreover, the comparison of proposed antenna with recent
literature on implantable antenna at MICS band is done in Table 3.2.2 in terms of volume,
bandwidth, peak gain, SAR, superstrate layers used and volume factor of antenna. By performing
the comparison of different parameters for different implantable antennas available till today we

can say that this is the only antenna avoiding direct contact to skin by using superstrate layers on
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both sides. Further, the proposed antenna is best among the recent literature provided in terms of
volume factor too. This comparison makes the proposed antenna much suitable for implantable

devices.

It is clear from comparison table that [101] is having highest percentage bandwidth on
MICS band among all but antennas with low SAR value and good gain, but it is not covered with
any superstrate layer. Ref. [95], [96], [102], [103], [104] are partially covered with superstrate
layer with [96] and [102] having a good volume factor. Antennas in [96] and [102] are having
lower volume than the proposed one but in terms of bandwidth, gain and insulation on both sides

the proposed antenna is better.

Table 3.2.2 Comparison of proposed antenna with recent literature

Ref. Volume (mm?®) | Bandwidth | Gain SAR (1g- | Volume Superstrate

(|Sul= average) | factor layers

(dB)
-10dB) (W/kg) (kHz/mm?3
)
[95] 16.5x16.5x2.54 13 % -31.5 318 101.2 Single
[96] mX(7.5)?x1.92 28% - 239.5 335.29 Single
[101] | 22x16x1.27 52.6% -18.5 352 268.4 Nil
[102] | 14x14x1.27 23.5% -46 338 401.7 Single
[103] | 27x9x1.27 >7.5% -39.46 - 103.7 Single
[104] | 19x30x1.6 >3.8% -32 - 17.5 Single
This | 13.3x14.6x1.92 40% -22.14 636.6 456 Both sides
work
CONCLUSION

In this chapter, two implantable antennas of similar size 13.3 x 14.6 x 1.92 mm? are designed and

fabricated for biotelemetry applications at ISM and MICS bands. A high dielectric material Rogers
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RT/ duroid 3010 (er= 10.2) is used as a substrate material for making the antennas biocompatible.
The same material is used as superstrate layer that is applied on both sides of antenna for
completely avoiding the contact of metal (patch and ground layers) to human tissue on
implantation. Shorting pin technique is utilized in addition to slotting so as to make the antenna
resonant at MICS band while being miniaturized and thus making it a novel structure too.
Generally, resonating at lower frequency increases the antenna size but here the antenna
dimensions are the same as they were for antenna resonating at ISM band (discussed in Section
3.1). For the validation of results, in-vitro testing is done inside skin phantom which is in
accordance to simulated results with a small but acceptable variations. The SAR value for both
antennas has been obtained below 1.6 W/kg for 1-g average cubic tissue which is considered safe
according to IEEE C95. 1-1999 standards and prevents the patients from adverse effects of
radiation of radio frequency on the human body. Volume factor, size and bandwidth percentage of
both the antennas are best among the recently reported literature at the given frequency bands. The
proposed antennas have perceptible performance parameters keeping in mind the safety of human

beings that makes it a preferable choice for implantation inside the human body.
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CHAPTER 4
COMPACT IMPLANTABLE ANTENNA AT ISM BAND FOR BIOTELEMETRY
APPLICATIONS

This chapter proposes a miniaturized superstrate-loaded slotted implantable antenna working
at ISM band for biotelemetry applications that is capable of monitoring Intracranial Pressure (ICP)
when inserted inside the scalp on the top of brain. Slotting technique is used in the radiating patch
and ground plane to reduce the size of antenna and to increase the bandwidth. The overall size of
proposed antenna is 10.2 x 8.61 x 1.92 mm? which is considerably smaller than the previous two
designs discussed in chapter 3.1 and 3.2 of chapter 3 and the present available literature. A high
dielectric biocompatible material Rogers RT/duroid 3010 having dielectric constant 10.2 is used
in making and encasing the proposed antenna. The small size and coverage of antenna with
biocompatible layers on both sides makes the antenna structure novel as well as the best contender
to be used in implantable devices. The design and fabrication of proposed antenna is discussed in
detail, along with its evolution and parametric sweep in Section 4.1. In-silico testing is done inside
homogeneous as well as heterogeneous layers in simulations, while in-vitro testing is done for the
fabricated antenna using a single layer skin mimicking liquid which is discussed in an another
Section 4.2 of this chapter. The proposed antenna produces appreciable results in terms of
bandwidth, peak gain, SAR and volume factor. A detailed comparison of antenna performance
parameters with the latest literature is demonstrated in Table 4.8 included in Section 4.2 of this

chapter.

4.1 ANTENNA DESIGN

Figure 4.1 shows the geometrical representation of the proposed antenna with dimensions 10.2 x
8.61 mm? having a small patch size of 6.2 x 4.5 mm?. A high dielectric biocompatible material,
Rogers RT duroid 3010 (&= 10.2 and tan & = 0.0022) having thickness of 0.64 mm is used both
as a substrate as well as superstrate for making the antenna compatible with human body tissues.
Thus making overall thickness of the antenna as 1.92 (0.64 x 3 = 1.92) mm.

Figure 4.1(a) shows the radiating patch of suggested antenna having a circular slot of radius 1
mm with a semi-circular slot of radius 1.5 mm at the bottom of patch. An inset feed line of length
2.86 mm and width 0.66 mm is used for feeding the antenna. The advantage of using an inset feed

line over other feeding methods is that it is simple to model as well as can easily be fabricated. It
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also helps to achieve good impedance matching. Two vertical rectangular slots with different
dimensions viz. 4.1 x 2.25 mm? and are introduced in the ground plane below the patch. Moreover,
a circular slot of radius 1.5 mm is introduced at the centre of the ground plane, which makes the
overall defect to resemble as if it is a quadrant shaped slot; reason behind this is that it merges with
the two rectangular slots as depicted in Figure 4.1(b). The proposed antenna without and with
superstrate layers is shown in Figure 4.1(c) and Figure 4.1(d), respectively. The detailed parametric

dimensions of the radiating patch and ground plane along with slots are listed in Table 4.1.
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Figure 4.1 Geometrical representation of the proposed antenna
(a) Radiating patch
(b) Ground plane
(c) Fabricated antenna without superstrate layer
(d) Fabricated antenna with superstrate layer
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Table 4.1 Geometrical dimensions of proposed antenna in mm

Parameter | Value Coordinates

Ls 8.61 (-4.255.1) [ (4.36,5.1)
W 10.2 (-4.25,-5.1) | (-4.25,5.1)
PL 4.5 (-2.25,3.1) (2.25,3.1)
Pu 6.2 (-2.25,-3.1) | (-2.25,3.1)
Py 2 (-1,0) (1,0)

P, 3 (-15-31) |(1.5,-3.1)
P3 4.86 (15-0.33) | (4.36,-0.33)
Lg 8.61 (-4.255.1) | (4.36,5.1)
Wy 10.2 (-4.25,-5.1) | (-4.25,5.1)
r 15 (0,0) (0,1.5)

g2 7.7 (2.25-3.1) | (2.25,4.6)
9 4.1 (-2.25,-4.1) | (-2.25,0)
Lot 2.25 (0,-3.1) (2.25,-3.1)
Lg2 2.25 (-2.25,-4.1) | (0,-4.1)

4.1.1 Evolution of the ground plane of proposed antenna

Figure 4.2 shows the evolution of ground plane of proposed antenna. Slotting technique is applied
in the ground plane to obtain the desired results at ISM band for the proposed antenna. The ground
plane basically consists of two vertical rectangular slots having different dimensions 7.7 x 2.25
mm? and 6.4 x 2.25 mm? along with one circular slot of radius 1.5 mm, which has been just
introduced below the centre of radiating patch. The resonant behaviour of these three slots in the
ground plane analysed in terms of return loss has been depicted in Figure 4.3 as four cases: Case
1, Case 2, Case 3 and Case 4, and the results obtained are illustrated in Table 4.2. In Case 1, the
antenna with full ground plane has been shown without applying any kind of slotting technique.
Figure 4.3 clearly shows that without slotting, the antenna does not resonate. In Case 2, a
rectangular slot with dimensions 7.7 x 2.25 mm? is constructed in the ground plane for which the
resonant frequency obtained is 2.63 GHz covering a bandwidth of 2.44-2.87 GHz with a return
loss of -30.79 dB. As can be visualized from the bandwidth spectrum achieved in Figure 4.3, the

desired ISM band (2.4-2.48 GHz) is not fully covered. Therefore, this configuration of slotted
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ground plane is not good enough to satisfy our application. In Case 3, another rectangular slot with
dimensions 6.4 x 2.255 mm? is embedded in the ground plane in addition to the rectangular slot
configured in Case 2. Case 3 shows a return loss of -16.30 dB at the resonant frequency 2.42 GHz
covering a bandwidth of 2.28-2.57 GHz. To get better results in terms of return loss within ISM
band, Case 4 has been considered in which one more circular slot of radius 1.5 mm has been added
just below the centre of radiating patch in addition to the two rectangular slots embedded in Case
3. Further, Case 4 depicts a return loss of -20.02 dB at the resonant frequency 2.475 GHz covering
a bandwidth of 2.31-2.65 GHz. In the configuration pertaining to ground plane discussed in Case
4; the results obtained are good enough to satisfy the ISM band at the specific resonant frequency
covering the required bandwidth. Thus Case 4 is considered as the final configuration of ground

plane of the proposed antenna.

(Case 1) (Case 2)
rl g2
(Case 3) (Case 4)

Figure 4.2 Evolution of the ground plane of proposed antenna
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Figure 4.3 Comparison of return loss for four different configurations of ground plane of

proposed antenna

Table 4.2 Performance characteristics of the ground plane of antenna for four different cases

S11(dB) | Bandwidth (GHz) | Resonant frequency (GHz)
Case 1 - - -
Case 2 -30.79 2.44-2.87 2.63
Case 3 -16.30 2.28-2.57 2.42
Case 4 -20.02 2.31-2.65 2.475

4.1.2 Parametric Sweep with different r1 and g2

Figure 4.4(a) shows the variation in return loss of antenna with the corresponding change in radius
of circular slot in ground plane from ry = 0.5 to r1 = 3. The return loss at r1=1.5 is best suited for
the proposed antenna as its resonant frequency falls in the desired bandwidth allocated to ISM
band. Table 4.3 depicts the performance characteristics of proposed antenna with different values
of radius of circular slot embedded exactly at the centre of ground plane below the radiating patch.
Moreover, Figure 4.4(b) shows the corresponding change in return loss of antenna with change in
length g2 of bigger rectangular slot in the ground plane from g> = 7.2 to g> = 8.2. From Table 4.4,

it is clear that return loss at g» = 7.7 and its corresponding resonant frequency obtained is best

suited for our desired ISM band.
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Figure 4.4 Parametric sweep for the different slots embedded in the ground plane of proposed

antenna

(a) Return loss of the proposed antenna with varying ry
(b) Return loss of the proposed antenna with varying g

Table 4.3 Performance characteristics of the proposed antenna with different values of ry (radius

of circular slots)

r1 (mm) S11 (dB) Bandwidth Resonant
(GH2) frequency
(GHz)
0.5 -16.66 2.28-2.59 2.43
1 -17.67 2.3-2.6 2.45
15 -20.02 2.31-2.65 2.475
2 -25.47 2.35-2.69 2.52
2.5 -37.25 2.4-2.75 2.56
3 -20.27 2.48-2.84 2.65
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Table 4.4 Performance characteristics of the proposed antenna with different values of g2
(length of bigger rectangular slot)

g2 (mm) S11 (dB) Bandwidth Resonant
(GH2) frequency (GHz)
7.2 -34.21 2.43-2.8 2.6
7.45 -24.26 2.38-2.73 2.54
7.7 -20.02 2.31-2.65 2.475
7.95 -17.24 2.25-2.55 2.39
8.2 - - -

42 SIMULATION AND MEASUREMENT SET UP OF THE PROPOSED
ANTENNA

Figure 4.5 shows the simulation setup of the proposed antenna. The proposed antenna has been
simulated using CST MWS. Figure 4.5(a) shows the antenna inside single-layer model of skin
phantom with 4 mm skin layers at both sides whereas, in Figure 4.5(b) the antenna is simulated
inside three-layer model of skin, fat and muscle with height 4 mm, 4 mm and 8 mm respectively
and in Figure 4.5(c) the antenna is simulated inside single-layer model of 4 mm brain layers at
both sides.

y Brain '
Muscle y

(a) (b) (©)

Figure 4.5 Simulation setup of proposed antenna
(a) Antenna inside skin layer

(b) Antenna inside three layer model of skin, fat and muscle
(c) Antenna inside brain layer
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Figure 4.6 illustrates the simulated return loss characteristics of the proposed antenna along
with superstrate inside the brain layer, skin layer and three-layered model. One more return loss
curve has been shown here that corresponds to antenna simulated without superstrate layer. From
all these return loss plots it can be clearly observed that in all the models, the antenna is resonating
at the desired ISM band excluding the case when antenna is not covered with superstrate layers.
There are minimal changes in the return loss of first three models which shows that the antenna is
perfectly and evenly working in brain layer, skin layer as well as in three layered phantoms. Table
4.5 shows the dielectric properties of these human tissues at ISM band. Further, Table 4.6 shows
the values of return loss and bandwidth achieved by the proposed antenna within brain layer, skin

layer and three-layer phantom models.

-10 1

-15 4

S1,(dB)

-20

254 | + - Brain

1 |= =Three layer
-304 |— Skin
Without Superstrate

-35 T T T
2.0 2.2 2.4 2.6 2.8 3.0
Frequency (GHz)

Figure 4.6 Comparison of simulated return loss characteristics of the proposed antenna

Table 4.5 Dielectric properties of human tissues at ISM band

Human tissue layer Permittivity | Conductivity (S/m) Density (kg/m®)

Skin 38.007 1.464 1020
Fat 5.280 0.105 918
Muscle 53.574 1.810 1040
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Table 4.6 Performance of the proposed antenna in brain layer, single skin layer and three layer

phantom models

S11 (dB) Bandwidth Resonant
(GHz) frequency (GHz)
Skin -20.02 2.31-2.65 2.475
Brain -30.61 2.35-2.68 251
Three layer -17.04 2.24-2.56 2.38

4.2.1 Surface Current Distribution

Figure 4.7(a) shows the surface current distribution on the radiating patch and ground plane of the
proposed compact superstrate loaded slotted implantable antenna. The red color signifies the
highest surface current value and blue color indicates the lowest surface current value. This gives
an idea about those parts of antenna that are mostly responsible for radiation. It can be observed
that the current intensity is maximum across the feedline which is attached to the radiating patch
and across a semi-circular slot embedded at the bottom corner of radiating patch. Two rectangular
slots and one circular slot are etched from the ground plane to attain the property of the defected
ground structure. The current density is increased near the edges of slots, which means that the
inserted slots play a vital role to obtain the desired resonance at ISM band without affecting the
bandwidth.

4.2.2 Specific Absorption Rate (SAR)

The impact of the proposed compact superstrate loaded slotted implantable antenna on human
tissue, described by SAR was also examined. SAR value depends on the geometry of human tissue,
antenna positioning, dielectric properties of tissue, transmitting input power and spacing between

the antenna and human tissue. The basic formula of SAR is given in Equation 4.1.

SAR (W/kg) =2 XpEZ (4.1)

where, ¢ is the conductivity of tissue (S/m), E is the root mean square value of electric field (V/m)

induced in the tissue and p is the tissue density (kg/m?). The American standard for SAR analysis
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is used i.e., the SAR value averaged over 1 gram and 10 gram of tissue should be less than 1.6
W/kg and 2 W/kg respectively. For validating the results of the proposed antenna, SAR (1-gram
averaged and 10-gram averaged) are calculated at the resonating frequency. For checking that if
the antenna is biocompatible inside the human body or not, the SAR values for 1W are shown in
Figure 4.7(b). The SAR value is presented from minimum to maximum using color code of blue
to red respectively. The area near the feedline is red which means SAR is maximum near the
feedline of antenna. The SAR value for 1g-averaged cubic tissue obtained for supply power of 1W
is 900 W/kg means a supply of less than 1.78 mW should be applied to obtain a value of SAR
below 1.6 W/kg within the permissible limit. Similarly, the SAR value for 10g-averaged cubic
tissue obtained for supply power of 1W is 82.1 W/kg means a supply of less than 24.4 mW should
be applied to obtain a value of SAR below 2 W/kg within the permissible limit.

55.1

900

791
682
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136

1-gram averaged SAR 10-gram averaged SAR
(b)

Figure 4.7 Surface current and SAR of proposed antenna

(a) Surface current distribution on radiating element and ground plane
(b) SAR value for 1-gram averaged and 10-gram averaged tissue
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Figure 4.8 shows the impedance vs. frequency plot of proposed antenna within the frequency
of range 2-3 GHz. A marker is shown here to depict the resonating frequency of proposed antenna
satisfying the desired ISM band. The real part of impedance is 49.33 ohm as shown in Figure 4.8(a)
whereas the imaginary part of impedance is -6.02 ohms at the resonating frequency 2.475 GHz as
shown in Figure 4.8(b). These results clearly justify the radiating behaviour of antenna with perfect
impedance matching of approximately 50 ohms and negligible reactive power, thus making the

proposed antenna suitable for ISM band applications.
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Figure 4.8 Impedance vs frequency plot of proposed antenna
(a) Real part
(b) Imaginary part
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Figure 4.9(a) depicts the simulated gain vs frequency plot of proposed antenna in a single skin
layer. A peak gain of -17.08 dBi at 2.475 GHz is reported. Figure 4.9(b) and Figure 4.9(c) illustrate
the simulated E-plane and H-plane polar plots in relation to co-polarization and cross-polarization
at phi = 90 degrees and phi = 0 degrees of the proposed antenna, respectively [105]. The green line
denotes the cross-polarization, whereas the dashed black line denotes co-polarisation. The E-plane

pattern is bidirectional, whereas the H-plane pattern is omnidirectional in nature [106].
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Figure 4.9 Gain plot and Radiation pattern of the proposed antenna
(a) Simulated gain vs frequency
(b) Simulated co-polarization and cross-polarization for E-plane at phi = 90 degrees
(c) Simulated co-polarization and cross-polarization for H-plane at phi = 0 degrees
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Figure 4.10 Testing and set-up of the proposed antenna

(a) Fabricated antenna testing inside skin mimicking liquid
(b) Comparison of simulated and measured return loss of the proposed antenna in skin

Figure 4.10 shows the testing set-up of proposed antenna using VNA and comparison of the
simulated and measured return loss of the proposed antenna in skin layer. The return loss of the
fabricated antenna is measured using Agilent E5071C vector network analyzer available in
Antenna Research Laboratory, Department of Electronics and Communication Engineering,
Thapar Institute of Engineering and Technology, Patiala, as shown in Figure 4.10(a). To test the
antenna, a homogenous phantom of skin mimicking liquid (made using 50% water and 50% sugar)
is made with approximately the same electrical properties as that of skin whose recipe has been
discussed in [94]. This phantom is put inside a container of size 150 x 100 x 50 mm? and filled
such that the antenna can easily be dipped inside the liquid phantom. Figure 4.10(b) shows the
comparison of simulated and measured return loss of the proposed antenna inside a single layer
skin phantom. A close agreement between the simulated and measured results of the proposed
antenna at ISM band inside skin can be seen except for some small differences in return loss and
bandwidth as illustrated in Table 4.7. These differences can occur due to various reasons viz.; (a)
simulation is done in ideal conditions but while measuring, temperature and pressure changes
affect results, (b) poor soldering of SMA connector to the limited area of feedline of the antenna,

and (c) dipping of antenna connector with antenna inside phantom solution can alter results.
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Table 4.7 Simulated and measured return loss and bandwith of the proposed antenna inside

single layered skin phantom

S11indB | Bandwidth in GHz
Skin (simulated) -20.02 2.31-2.65
Skin (measured) -29.28 2.22-2.61

Table 4.8 Comparison of performance parameters of proposed antenna with recently reported

literature
Ref. Dimensions Bandwidth Peak SAR (1g- | SAR(10g- | Volum | Superstrate
(mm?) (|Su|<-10 | Gain |average)at| average) | e factor | layers
dB) at ISM (dBi) | 1W power at 1w
band power
[94] | 27.5x21x1.6 12.57 % -27.46 - - 335 nil
[95] | 16.5x16.5x2.54 4.4 % -9 292 - 159 Single
[96] 10x15x2 - -16.3 - - - Both sides
[97] 22x16x1.27 1.6% -19.5 | 2.15x10"3 - 89.5 Nil
[107] 10x10x1.27 10.84 % -21 710.65 84.6 826 Single
This | 10.2x8.61x1.92 13.7 % -17.08 900 82.1 2016 | Both sides
work

Table 4.8 illustrates the comparison of performance parameter of the proposed antenna with

recently reported literature. Bandwidth, peak gain, SAR (1g-averaged and 10g-averaged) and

volume factor are some of the performance measures used for comparing the proposed antenna

with previous available literature. In [94] and [97], the developed implantable antennas have large

dimensions with low volume factor and are designed without any superstrate layer. The antenna

proposed in [95] is covered with a superstrate layer on single side having very small bandwidth

percentage and volume factor at ISM band. In [107], the volume of antenna is lower than our
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proposed design but it is again partially covered with superstrate layer. Both sides of the compact
sized antenna discussed in [96] are covered with superstrate layer but the parameters such as SAR
and bandwidth are not been analyzed. Our proposed antenna is fully insulated with superstrate
layers thus making it biocompatible and has a miniaturized size with best bandwidth percentage

and volume factor among the recent literature available.

Volume factor of antenna is defined as the ratio of bandwidth to the volume of antenna as
depicted in Equation 4.2 [21].
Volume factor (VF) = Bandwidth (in kHz)/Antenna volume (mm?) (4.2)

CONCLUSION

In this work, a compact implantable antenna working at ISM band has been proposed for
biotelemetry applications. The overall size of proposed antenna is 10.2 x 8.61 x 1.92 mm? which
is considerably small with a peak gain —17.08 dBi. Slotting strategy has been utilized both in the
radiating patch as well as in ground ground plane because of which an appreciable bandwidth of
13.7% is accomplished. A high dielectric biocompatible material Rogers RT/duroid 3010 is used
in making and encasing the proposed antenna. As the antennas size is small and it is covered with
biocompatible superstrate layers on both sides. Therefore our proposed antenna is considered novel
as well as best contender to be used in implantable devices. The measured results obtained from
the in-vitro testing of fabricated antenna performed inside skin phantom are in close agreement
with the simulated results with a little yet satisfactory variation. SAR value for 1-gram and 10-
gram averaged cubic tissue is considered for the security of patient from unfavourable impact of
radio frequency radiations on human body. Table 4.8 gives a point to point correlation of this work
with the ongoing literature in terms of performance parameters antenna dimensions, bandwidth,
peak gain, SAR and volume factor which shows that the presented antenna is quite adequate for
implantable devices and circuits.
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CHAPTER 5
IN-SILICO, IN-VITRO AND EX-VIVO TESTING OF SMALL FOOTPRINT
IMPLANTABLE BIOCOMPATIBLE MICROSTRIP ANTENNA FOR
BIOTELEMETRY APPLICATIONS

In this chapter, a biocompatible microstrip antenna at ISM band for biotelemetry applications is
proposed. The main feature of this antenna is its compact size of 8.2 x 6.94 x 0.75 mm?3 which is
small enough to be easily fitted inside an implantable device. A high dielectric material Rogers
RT/Duroid 3010 (&r = 10.2, tan 6 = 0.0022) of thickness 0.25 mm, is used both as superstrate and
substrate. The design and evolution of proposed antenna are discussed along with fabrication in
the Section 5.1 of this chapter. The antenna is covered with a biocompatible layer of superstrate
on both sides in order to avoid any direct contact of the metal layer (radiating patch and ground)
with human body tissue keeping in mind the safety of patients. In most of the recent designs, either
the size of antenna is too big or the antenna is covered with superstrate on a single side only. In
this work, size has been taken care of in addition to biocompatibility issues. Further, three types
of testing are done for validating the proposed antenna that is covered in the Section 5.2 of this
chapter. In-silico testing is done using three-dimensional simulation software CST MWS. The in-
vitro and ex-vivo testing is done inside skin mimicking liquid and in animal tissue (chicken)
respectively. This design is better than previous designs discussed in chapters 3 and 4 in terms of
miniaturization and further ex-vivo testing has been performed for this design for better validation
of results. The essential performance parameters of the proposed antenna for biotelemetry
applications such as SAR, peak gain, surface current distribution, and return loss are measured,
calculated, and discussed briefly in Section 5.3. These obtained results are compared with the

recently reported literature in Table 5.2.

5.1 DESIGN AND EVOLUTION OF PROPOSED ANTENNA

Figure 5.1(a) and Figure 5.1(b) depict the geometry and dimensions of radiating patch and ground
plane of the antenna, respectively. The footprint of this antenna is 8.2 x 6.94 mm? with 0.75 mm
thickness making it too compact than recent literature and thus easy to implant. The substrate
material used for making a biocompatible antenna is Rogers RT/Duroid 3010 (e = 10.2, tan 6 =

0.0022) with 0.25 mm thickness. Two more layers of the same material are used for covering the
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antenna from top and bottom to avoid direct contact with human tissue. Therefore, the final
thickness of the antenna is 0.75 mm. In Figure 5.1 (a), we can clearly see that the inset feed of 2.86
mm length is connected with a patch to power the antenna. The patch size is 4.2 x 2.5 mm? with a
semi-circular slot of radius 1 mm at the left edge. Figure 5.1 (b) depicts the ground plane of the
antenna with three rectangular and three circular slots. All the three rectangular slots vary in size
viz. 4.9 x 3.5mm?, 1.7 x 1.75 mm?and 1.1 x 1.25 mm? and among the three circular slots, one has
0.5 mm radius while the other two slots are of 0.8 mm radius each, which are embedded slightly
nearby the rectangular slots. Figure 5.1 (c) shows the fabricated antenna without superstrate layers,
while Figure 5.1 (d) shows the fabricated antenna with superstrate layers on both sides and a 50-
ohm SMA connector.
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Figure 5.1 Geometry of proposed antenna
(a) Radiating patch
(b) Ground plane
(c) Fabricated antenna without superstrate layer
(d) Fabricated antenna with superstrate layer
Figure 5.2 (a) represents the three different cases of antenna evolution. Case 1 shows the

antenna without any type of slot in patch or ground. In Case 2 rectangular and circular slots are
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etched in the ground plane which are responsible for better return loss. Case 3 represents the final
proposed antenna represented with slots in ground plane as well as semi-circular slot in patch that
allows the antenna to radiate at desired frequency with good return loss at ISM band. Figure 5.2
(b) depicts the return loss graph of different cases of antenna evolution discussed in Figure 5.2 (a).
From this graph we can see that the antenna does not resonate in Case 1, while in Case 2, the return
loss curve signifies that antenna is resonating definitely, but the resonating frequency is far away
from the desired ISM band. The evolution of proposed antenna with respect to Case 4 is not shown
in Fig 5.2 (a) as it is similar to Case 3 but superstrate layers are not been used. In all other cases
viz. Case 1, Case 2 and Case 3, superstrate layers have also been used. In Case 4, when the antenna
is not encased with superstrate layers on both sides, there is no resonance obtained at the desired
ISM band.
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Figure 5.2 Evolution of proposed antenna
(a) Different cases leading to the final structure of proposed antenna
(b) Return loss curves corresponding to four different cases
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5.2 TESTING OF PROPOSED ANTENNA

Superstrate

Substrate

Superstrate

(b) (©)

Figure 5.3 Testing of proposed antenna
(@) In-silico testing inside skin layer
(b) In-vitro testing inside skin mimicking liquid
(c) Ex-vivo testing inside animal tissue (chicken)
The proposed antenna undergoes three types of testing approaches for proper validation of

simulated and measured results. The first one is in-silico testing of the antenna inside software as
shown in Figure 5.3 (a), which has been performed by applying skin layer on both sides of the
antenna and then evaluating the results. The second type of testing is in-vitro, which means testing
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of antenna is performed in homogenous human tissue mimicking solution. For the proposed
antenna, the testing is done inside skin mimicking liquid using water and sugar in equal proportion,
as stated by [94]. This liquid is filled in a container of dimensions 140 x 90 x 50 mm? up to the
level such that the antenna can be completely dipped inside the solution. This setup of antenna
testing in solution using VNA can be seen in Figure 5.3 (b). The third type of testing performed is
ex-vivo, which means that the testing is done inside a sample of animal tissue. For the proposed
antenna, the ex-vivo, which testing is done inside a small sample of animal tissue (chicken), as

shown in Figure 5.3 (c).

5.3 RESULTS AND DISCUSSION
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Figure 5.4 Simulated results of proposed antenna
(a) SAR for 1-gram averaged cubic tissue at 1W power
(b) SAR for 10-gram averaged cubic tissue at 1W power
In order to validate the proposed antenna, the parameters like return loss, SAR, surface current

distribution, and gain are calculated at ISM band. The SAR value is checked according to IEEE
C95.1-1999 and IEEE C95.1-2005 standards so that the antenna radiation doesn’t affect or harm
the human body. The SAR range from minimum to maximum is denoted by the color scale from
blue to red respectively. The SAR for 1g-averaged tissue is calculated as 552 W/kg at 1W as
depicted in Figure 5.4 (a), which means that we can operate our proposed antenna up to 2.89 mW
so that it can remain under 1.6 W/kg (permissible limit for 1g-averaged tissue). Figure 5.4 (b)
shows the SAR for 10g-averaged tissue calculated as 73.2 W/kg at 1W, which implies that we can
operate our proposed antenna up to 27.32 mW so that it can remain under 2 W/kg (permissible

limit for 10g-averaged tissue) according to IEEE standards.
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Figure 5.5 (a) represents the surface current distribution on radiating patch and ground
plane of the proposed antenna. The value of surface current obtained is 488 A/m. The red colored
arrows specify the area which is mostly responsible for radiation from the antenna. Therefore we
conclude that feedline from which the antenna is being fed and that edge of patch which connects
the feedline (front view) and area near the feedline and bigger rectangular slot in the ground layer
(back view) are mostly responsible for radiation [108]. Figure 5.5 (b) depicts the three dimensional
representation of gain of proposed antenna. This graph shows that at ISM band the gain of antenna
is-21.6 dB.
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Figure 5.5 Simulated results of proposed antenna
(a) Surface current distribution
(b) 3D pattern of gain
A comparison of return loss obtained with respect to in-silico, in-vitro and ex-vivo testing

is done as represented in Figure 5.6. From this figure, it is clear that the antenna is resonating

perfectly at ISM band in all testing scenarios with only a little deviation. Table 5.1 illustrates the
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values for return loss and bandwidth obtained during in-silico, in-vitro and ex-vivo testing. Further,
in Table 5.2 all important parameters related to biotelemetry applications of antenna are compared
with recent available literature. These parameters are antenna volume, bandwidth, peak gain, SAR
(1g-averaged and 10g-averaged), volume factor, and number of superstrate layers. Antennas
discussed in [94],[101] are not insulated with any superstrate layer and have larger antenna
dimensions in comparison to all the papers tabulated in Table 5.2. but the obtained impedance
bandwidth of [94] is better than [101]. While antennas in [45], [95], [96], [102], [103], [104] are
covered only on single side with a superstrate layer. Both SAR values for 1 gram and 10 gram
averaged tissue are calculated only in [45] and [96] other than the proposed antenna. In recent
literature pertaining to [109] and [110], antennas are covered with superstrate layers on both sides,
with [109] having bandwidth percentage of 18.10%. Table 5.2 clearly shows that the proposed
antenna is best in terms of size (8.2 x 6.94 x 0.75 mm?®), bandwidth percentage (16.1%), and
volume factor (9371.8) than previous works and is fully covered with superstrate layers on both

sides to avoid contact with human tissues.
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Figure 5.6 Return Loss curves of proposed antenna during in-silico, in-vitro and ex-vivo testing
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Table 5.1 Return loss and bandwidth obtained during in-silico, in-vitro and ex-vivo testing.

Type of Testing SuindB | Bandwidth in GHz
In-silico -19.24 2.285-2.685
In-vitro -15.48 2.365-2.66
Ex-vivo -17.27 2.19-2.82

Table 5.2 Comparison of proposed antenna with recent available literature

Ref. | Volume (mm®) | Bandwidt | Peak | SAR SAR Volume Superstrate

h(|Su|<|Gain | (lg- (10g- factor layers

-10dB) (dB) | average | averaged) | (kHz/mm?3)

d)
[46] |3.14x(4)x1.27 | 15.9% - 849.14 [91.21 6112.4 Single
37.02
[94] | 27.5x21x1.6 1257% | - - - 335 Nil
27.46
[95] | 16.5x16.5x2.54 | 4.4% -9 292 - 159 Single
[96] | 3.14x(7.5)’x1.9 | 10.4% -13.8 [ 159.4 34.75 764 Single
2
[101] | 22x16x1.27 1.6% -19.5 | 2.15x10° | - 89.5 Nil
3

[102] | 14x14x1.27 12% -19 482 - 1205 Single
[103] | 27x9x1.27 >6% -20 - - 489.3 Single
[104] | 19x30x1.6 >8% -13 - - 219.3 Single
[109] | 13.3x14.6x1.92 | 18.10% -14.9 | 7755 - 1207 Double
[110] | 10x15x2 - -16.3 | - - - Double
This | 8.2x6.94x0.75 16.1% -21.6 | 552 73.2 9371.8 Double
work
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CONCLUSION

In this chapter, a miniaturized biocompatible implantable antenna of dimensions 8.2 x 6.94 x 0.75
mm? is proposed for ISM band biotelemetry applications. For patient’s safety, both sides of the
antenna are covered with thin superstrate layers of Rogers RT/Duroid 3010 (&r = 10.2, tan 6 =
0.002) with 0.25 mm thickness. This makes it fully encased within the biocompatible layers having
high dielectric constant and thin superstrate layers makes the proposed antenna highly miniaturized
making it novel and superlative from other implantable antennas. An appreciable bandwidth of
16.1% is achieved for our proposed antenna, which is considered best among recently reported
implantable antennas. The volume factor of the antenna is also far better than recent antennas
available in literature. SAR values of both 1g and 10g-averaged cubic tissues are determined,
which are shown to be attained within the permissible limit specified by IEEE standards. The
proposed antenna has been observed to be in the fully functional mode under all the three testing
approaches, i.e., in-silico, in-vitro and ex-vivo, with close and maximum agreement among the
results. This shows that the fabricated antenna is ready to use with immediate effect and can prove

to be helpful in implantable devices for biotelemetry applications.
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CHAPTER 6
CONCLUSIONS AND FUTURE SCOPE

6.1 CONCLUSIONS
Biomedical telemetry is significantly gaining interest due to the real time monitoring of patient’s
health. Cardiac care, capsule endoscopy, cochlear implants, health parameter monitoring (i.e.,
heart rate, cholesterol, sugar and temperature), and several other applications are aided by various
implantable and wearable devices. In comparison to wearable gadgets, the implanted device offers
a one-of-a-kind tool for accessing essential signals from within the human body at life-threatening
moments. Implantable device design is extremely difficult and requires the integration of several
tiny components. Although the majority of the implantable device sub-components are efficient at
small sizes, the implantable antenna is not. Usually, limiting the size of an antenna degrades its
electromagnetic performance. As a result, some novel structures are discussed to address these
contradicting requirements in this thesis. Slotting technique, shorting pin technique, using of high
dielectric material, and introduction of superstrate layers helped to achieve the final four designs
in this work at ISM (2.4 - 2.48 GHz) and MICS (402 — 405 MHz). In-silico, in-vitro , and ex-vivo
testing procedures are utilized for validating the fabricated designs. Each chapter of this thesis
provides a significant contribution and achievement in this area, which can be summarized as
follows:

In chapter 3, two implantable antennas of having same dimensions as 13.3 x 14.6 x 1.92
mm? are made for biotelemetry applications. A high dielectric (er = 10.2) material Rogers
RT/duroid 3010 is used as substrate material for making these antennas biocompatible. Superstrate
layer is applied at both sides for completely avoiding the contact of metal (patch and ground layers)
with human tissues on implantation. Both antennas are discussed in Sections 3.1 and 3.2 which are
designed for ISM band and MICS band respectively. In Section 3.1 slotting technique is used in
patch as well as ground plane due to which an appreciable bandwidth of 18.10% is achieved and
for validation of results in-vitro testing is done inside skin phantom which is in accordance to
simulated results with small but acceptable variations. The SAR value for 1-g averaged cubic tissue
is considered for safety of patient from adverse effects of radiations of radio frequency on human
body, therefore SAR value at 2 mW is calculated as 1.55 W/kg which is in accordance with safety
regulations. Volume factor of 1207 kHz/mm? has been achieved for this antenna design. On the
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other hand, in Section 3.2 for designing an antenna at MICS band shorting pin technique is used
to reduce the overall size at low frequency. Bandwidth of 40% is achieved in this design which is
much better than most of the designs reported earlier in literature operating at MICS band.
Appreciable results are obtained when in-silico testing of proposed antenna is performed in three
different tissue models which is further validated by doing in-vitro testing in skin mimicking liquid
phantom. Both sides of antenna are covered with biocompatible layers of high dielectric material
to protect nearby tissues of human body. Further SAR value for 1g average is checked according
to IEEE C95.1-1999 standards to ensure full safety of patient.

In chapter 4, a compact implantable antenna of dimensions 10.2 x 8.61 x 1.92 mm? and
peak gain —17.08 dBi is made for biotelemetry applications at ISM band. Slotting strategy is
utilized both in patch as well as ground plane because of which an appreciable bandwidth of 13.7%
is accomplished. SAR value for 1-gram and 10-gram averaged cubic tissue is considered for the
security of patient from unfavorable impact of radio frequency radiations on the human body. The
measured results obtained from in-vitro testing of fabricated antenna done inside skin phantom are
in close agreement to the simulated results with a little yet satisfactory variation.

In chapter 5, a more miniaturized biocompatible implantable antenna of dimensions 8.2 x
6.94 x 0.75 mm? is proposed at ISM band for biotelemetry applications. In this antenna design
also, both sides of antenna are covered with thin superstrate layers of Rogers RT/Duroid 3010 (&,
= 10.2, tan 6 = 0.0022) with 0.25 mm thickness to ensure patient’s safety. An appreciable
bandwidth of 16.1% is achieved for our proposed antenna which is in fact the best among recently
reported implantable antennas at ISM band. VVolume factor of the antenna is also far better than
other antennas reported in the literature so far. SAR values of both 1g and 10g-averaged cubic
tissues are determined, which are shown to be attained within the permissible limits specified by
IEEE standards. The proposed antenna has been observed to be in full functional mode under all
the three testing approaches, i.e., in-silico, in-vitro and ex-vivo, with close and maximum

agreement among the results.

6.2 FUTURE SCOPE

This thesis covers a wide range of implantable antennas operating at MICS and ISM band for
biotelemetry applications. Other challenges in the following categories, however, may be

considered for future investigations:
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Wireless power transfer (WPT) is a promising technology for powering implantable
antennas, which can be used to monitor and transmit important health data wirelessly in
real-time. WPT enables the transfer of electrical energy from a power source to an
implantable device without the need for physical connections or wires, allowing for
continuous power supply and eliminating the need for frequent battery replacements or
invasive surgical procedures. WPT can be integrated with implantable devices, such as
pacemakers and insulin pumps, to enhance their functionality and reliability, this work
could explore the design and optimization of WPT systems for implantable antennas, as
well as their performance in different environments and applications.

An important future research line is the development of a full implantable device that can
transport data from inside the human body to an external receiver. This demands working
on different segments which integrate medicine and engineering. Designing a gadget that
includes wireless power transmission and a wake-up receiver will be a very challenging
task which will be used to keep a regular watch and diagnose the medical conditions of the
patient.

Another futuristic approach is to design a flexible, tissue-independent biocompatible
implantable antenna with enhanced gain and more expanded SAR distribution that can
operate in a random and dynamic environment for in-body communications. This means it
should be able to operate effectively in any tissue type and does not depend upon specific
patient’s attributes such as age, sex and weight etc. i.e., it must be able to work effectively
if the antenna environment changes with time.

The deployment of 5G networks can enable high-speed wireless communication between
implantable devices and healthcare providers, enabling remote monitoring and
management of patients. This technology can also facilitate the transfer of large amounts
of health data, such as high-resolution medical images or video streams, for real-time
analysis and diagnosis.

The integration of artificial intelligence (Al) with implantable antennas can enable real-
time analysis of health data and more accurate prediction of potential health issues. This
technology can also provide personalized recommendations for lifestyle changes or

medical treatments based on an individual's unique health data.
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The integration of machine learning (ML) with implantable antennas can further enhance
the capabilities of these devices by enabling advanced data analysis and predictive
modeling. ML algorithms can be trained on large datasets of patient health data to detect
patterns and relationships that may not be apparent through traditional statistical analysis.
This can enable more accurate and personalized predictions of potential health issues and
more effective recommendations for medical treatments or lifestyle changes. In addition to
predictive modeling, ML can also be used to optimize the design and performance of
implantable antennas. ML algorithms can analyze the electromagnetic properties of
different antenna designs and optimize them for maximum efficiency and performance in

specific applications and environments.
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