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Abstract

In the current world, the applicability of wearable devices is not just confined to modern
devices like iWatches, fitness bands but also to the healthcare issues as well as safety/security,
opening the way towards the vision of internet-of-things (IoT). Presently, body area network
finds its importance in the field of sports, health care, multimedia and indoor data transmission
system. Wireless communication bands like BCS (5-50Hz), MICS (402-405Hz), WMTS
(420-450 Hz, 863-870 Hz), and the mostly used ISM bands (902-928 Hz, 950-956 Hz, 2.4-2.5
GHz) exist for deployment of Body Centric Wireless Communication Services (BCWCs).
The ultra-wideband (UWB) technology, ranging from 3-10 GHz also provide some attractive
features, like (i) low Power Spectral Density (PSD), (ii) low Interference, (iii) less prone
to fading and (iv) high data rates. Hence, along with antennas operating in ISM bands,
ultra-wideband antennas are also considered in this thesis. For designing a practical WBAN,
it is important to investigate the consequences of on-body electromagnetic (EM) wave
propagation while human body is at rest as well in motion. A number of obstacles are there
when analysis is based on measurements alone. Hence, a good simulation technique, which is
not costly as well as less time consuming is advantageous as it unmasks more comprehensive
knowledge of the scenario. For this, a twelve cylinder body model is developed which
features critical body parts and can be used to simulate rest as well as moving human body
postures. The selection and design of the type of antennas to be used as well the orientation
in which antenna is placed is of high importance since they increase the efficiency of the
wireless link. The effect of varying orientation of ON-Body antennas is also discussed in the
thesis. The work also investigates the gain enhancement techniques considering the OFF-
Body antennas. The enhanced gain of an OFF-Body antenna results in a better link budget in
case of ON-to OFF-body cases. The present PhD thesis investigates the enhancement of gain
in three types of antennas, namely : 1) E-shaped linearly polarized microstrip antenna ii) Dual
fed square shaped circularly polarized antenna and iii) Dielectric resonator antenna (DRA).
In the first two antennas a hybrid substrate is used for enhancing the gain and in the third
case, a metasurafce lens is used to enhance the gain of the DRA. A systematic study of the
EM wave propagation in ON-Body to ON-Body case as well as ON-Body to OFF-Body case

is dealt in the thesis. This includes the investigation of creeping waves on a cylindrical body
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model, time domain analysis using UWB antenna on three layered rectangular body model,
study of propagation of EM waves during body movement using twelve cylinder body model
as well as the study of transmission characteristics with and without the presence of human
body while using ‘Smart Bag’.

The work is systematically planned and summarized as follows:

* Gain enhancement of linearly and circularly polarized microstrip antenna as well as
dielectric resonator antenna which has the potential to be used as OFF-Body antennas

is simulated and practically realized.

* Human model which features the critical body segments such as head, shoulder, torso,
upper arm, lower arm, thighs and calf is introduced for the study of double arm swing
activity. Two cross-slot antennas (CSA) are designed and fabricated, for investigation
of the double arm swing activity using the newly introduced twelve cylinder body
model. The same CSA is used for creeping wave analysis on cylindrical single layered
phantom. Simulations are done in CST Microwave studio suite and experiments are

carried out using container filled with distilled water as phantom.

* Characterization of the channel between an ON-Body and OFF-Body UWB antenna in
terms of Time Domain characteristics using short pulse electromagnetics is performed
using extensive simulation. The experiments are also done by keeping UWB antennas

on various positions of a volunteer.

* A smart bag is modelled in SOLIDWORKS and integrated with a patch antenna. The
transmission characteristics of this ‘Smart Bag’ with and without the presence of

twelve cylinder human body model is studied.
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Chapter 1
Introduction

The study of EM wave propagation on the human body has always attracted the scientists
due to its relevance in various fields such as sport, multimedia, healthcare military, and even
in fashion world [1]-[4]. The booming of Internet of Things (IoT) increased the importance
of this study. An organized exploration of EM wave propagation on human body in rest
as well as motion activities is required for proper design of body-worn devices [5]. The
data gathered from several sensors placed on the human body is directed to smart devices
for further analysis in case of a wireless body area network (WBAN) system [6]. Many
difficulties such as need of multiple volunteers, placement of antennas, performing different
physical activities arise when experiment based analysis are only taken into consideration [5].
In such cases a simulation strategy should be done in combination with experiments. This
helps to get an all-around data in our study [5].

While performing ON-Body to ON-Body studies, the antenna should be oriented in such
a way that the radiation from the antenna is along the surface of the body while for ON-Body
to OFF-Body cases, the radiation from the antenna should be away from the human body
[7]. In literature, the investigation of EM wave propagation is carried out using various
phantom model, including, 1) rectangular single layer [8], ii) cylindrical single layer [9],
iii) cylindrical or rectangular three layer [10], [11], and iv) voxel model [12]. Different
ON-Body to OFF-Body cases requires the transmission of data to different distances. In
some cases it can be short distance where the patient is in the hospital room while there can
be remote applications as well. For long distance transmission of these data, the performance
of antenna, especially high gain and efficiency, is highly important as it adds to the channel
efficiency. Several gain enhancement techniques are studied in the literature for microstrip
antenna as well as dielectric resonator antennas. Various approaches are studied for gain
enhancement, which includes the use of superstrate [13], electromagnetic band gap (EBG)

structures [14], arraying techniques [15] etc. DRA at higher order modes are also found to
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enhance the gain [15]. The improvement of gain in [16] is achieved forming grooves on DRA.
Mushroom like structures are also used to enhance the gain [17]. Electromagnetic band-gap
(EBGQG) structures are used in microstrip antennas as well as DRA’s [18] for improving the
gain. The authors in [19] has considered FSS to increase the gain of the antenna.

In the present thesis, the gain enhancement techniques are investigated for a linearly
polarized antenna as well as circularly polarized antenna making use of a hybrid substrate.
The gain enhancement is also obtained using metasurface lens for a dielectric resonator
antenna. The investigation of the propagation of electromagnetic waves on different types
of phantom, namely: 1) single layered cylindrical phantom, ii) three layered rectangular
phantom and iii) twelve cylinder phantom is performed for various antennas. The study is
undertaken for ON-Body to ON-Body as well as ON-Body to OFF-Body scenarios.

1.1 Literature Survey

Wearable
antenna

|

Base
Station

|

Data collecting
center

|

Hospital/
Health center

Fig. 1.1 Typical block schematic of smart health monitoring system.

Wearable technology has made exceptional development in recent years, with applications

in the medical sector including monitoring of physiological/vital signals, body movement
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monitoring and rehabilitation of patients, consumer electronics, sports, artificial intelligence
and many. The wearable devices can be positioned on different human body parts as nodes.
These nodes are linked to a hub/personal smart device wirelessly. This wireless network
is considered as wireless body area network (WBAN). WBANS are the pillar of wearable
technology. Its significance can be weighted by the fact that any node breakdown will
affect only that particular node while a WBAN crash may impact the entire network/system.
Body-centric wireless communications (BCWCs) have potential in various areas, such as
E-health systems, consumer systems, home care and entertainment [20]. The Fig.1.1 portrays

the working of wearable devices in a smart health monitoring system.

1.1.1 Classification of Wireless Body Area Network (WBAN).

WBAN

| l

RF HBC MI

Fig. 1.2 Block diagram showing classification of WBAN

The block depicting the classification of wireless body area network (WBAN) is shown
in Fig.1.2. There are three types of WBAN technologies. They are as follows:

* Radio Frequency (RF): This include Bluetooth, BLE, ZigBee and pertinent technolo-
gies employing IEEE 802.15.6 standard. RF WBANS can be incorporated with existing
wireless technology like smart phones and they are small in size as well as achieve high
data rates. The disadvantages of RF WBANS include: a) RF radiation loss via tissues
which in turn results in high path loss, b) high power requirements, ¢) complex channel
modeling due to change in channel model for different body parts and surroundings, d)
interference from other devices, and e) shadowing effect in the range of 30—40 dB due

to dynamic body movement [20].

* Human Body Communication (HBC): This is also known as Intra-Body Communica-
tion (IBC), or Body Channel Communication (BCC). Here, the human body is utilized

as the channel through which information is transmitted. This is via capacitive or
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galvanic coupling, utilizing frequencies centered around 21 MHz as specified under
IEEE 802.15.6 standard. As the signals are confined or closer to the human body, HBC
favors in terms of security and interference. But the disadvantages of HBCs include: a)
high loss, b) high power requirements, c) complex channel modeling, d) bulkiness and

safety issues as current flows through the human body [20].

* Magnetic Induction (MI) [7]: Magnetic coupling is used in this method to transmit
data between transmitters and receivers positioned on the body. The loss due to
human tissues is absent in MI but still it has high loss, mainly when distance between
transmitter and receiver increases. Performance degradation also occurs due to human
body movement, shadowing effect as in the case of RF WBANs. MI has low data rate
[20].

1.1.2 ON-Body EM Wave Propagation

The body centered wireless communications (BCWC) used in various areas [21] such as
E-health systems, consumer systems, home care and entertainment, can be categorized on
the basis of positions of transmitter (Tx) and receiver (Rx) as: ON-Body, IN-Body and
OFF-Body communication systems. In ON-Body systems, both the Tx and the Rx are
integrated on one human body, thereby increasing the requirement for EM wave propagation
along the human body [22].

Figure 1.3 depicts smart BAN for Internet of Things (IoT). The different nodes like blood
pressure node, electrocardiogram (ECG) node, electromyography (EMG) node, artificial
pancreas, pulse oximetry and inertial node are positioned on a human body model. Based
on the different environments in which humans are engaged, the data can be collected
to hubs for short term analysis. Cloud storage of data helps for long term analysis. To
design a reliable and power efficient WBAN successfully, a comprehensive idea of ON-Body
wireless propagation channels, during static/ dynamic human activities are required. Based
on this need, scientists have made both measurement-based and simulation-based analysis
techniques to investigate how movement activities affects ON-Body electromagnetic (EM)
wave propagation. The measurement-based techniques focus on transmission loss between
Tx antennas and Rx antennas worn by human volunteers executing various dynamic activities
[S].

In measurement-based analysis human volunteers or human phantom models are used
to study the transmission losses between Tx and Rx antennas placed at various positions
on the body. Although these investigations have contributed valuable information about

transmission loss data, there are still practical restrictions to experiments. This include
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Fig. 1.3 Body area network for Internet of Things.

limitations on dynamic activities like walking, jumping, hopping, antenna placements on
different body positions, need for multiple volunteers of different sizes and data resolution.
More in-depth information can be obtained with the help of simulation based techniques
since transmission loss can be computed for entire EM wave propagation pathways between
Tx and Rx antennas. Moreover, simulation techniques give significant flexibility in isolating

and optimizing antenna positions for ON-Body EM wave propagation [6].

Analyzing EM wave propagation mechanism along or around the human body/phantom
is crucial for designing a reliable as well as efficient WBAN. Scientists have done extensive
research over the last decade, and have identified that space wave and surface wave exists
mainly for the line-of sight (LOS) along-body propagation, wherein creeping waves dominate
for non-LOS, around-body propagation. A creeping wave in electromagnetism is a wave
that is diffracted around the shadowed surface of a smooth body such as a sphere and has
applications in EM propagation as well as accoustics. Creeping waves greatly extend the
ground wave propagation of long wavelength (low frequency) radio. They also cause both

of a person’s ears to hear a sound, rather than only the ear on the side of the head facing
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the origin of the sound. The propagation of electromagnetic waves on the body includes
a union of free space propagation, and creeping waves which is due to the diffractions as
well as the reflections from the environment. The study of creeping waves around the torso
provides more insights on ON-Body to ON-Body propagation. The ON-Body propagation
is mainly contributed by creeping waves diffracted from lossy human body phantom and
trapped along the body’s surface, while the radio waves of OFF-Body links are dominantly
line of-sight (LOS) as well as multi-path propagations. Creeping waves are more sensitive
to body motions rather than shadowing, fading and multipath effects. Recently, researchers
have exploited the ON-Body EM wave propagation characteristics for human activities.
Wireless transceivers are used to categorize limb movements by Guraliuc et al. Frequency
analysis has been used by Munoz et al. to classify four varying activities, and provided
proposal to extract biomechanical data from dynamic WBAN channels. Wang and Zhou
investigated activity recognition techniques based ZigBee, RFID, and WiFi. The traditional
activity recognition methods based on physical sensors such as motion camera, accelerometer,
gyroscope, etc. are costly, provide less power efficiency. The ON-Body propagation methods

can be implemented with high classification accuracy [6].

The finite difference simulation techniques in time domain for a numerical human phan-
tom led to the proposal of ON-Body creeping wave mechanism. As EM waves propagates
around the human torso, it decays exponentially. This is also verified by measurement data.
A formal derivation of analytical path loss model using the diffraction theory was done by
Alves et al. This characterizes attenuation of creeping wave around a lossy dielectric cylinder

which is along a circular path.

To analyze dynamic creeping wave propagation two antennas have to be positioned, one
at the front and other at the back of participants. The authors in [6] used three pairs of
quarter-wave monopole antennas, for studying different WBAN bands centered at 433 MHz,
915 MHz, and 2.45 GHz. The transmission data was recorded with the antenna fixed on
human volunteers doing different activities. The impedance variation created by positioning
an ON-Body antenna due to near-field perturbations during dynamic postures, can be used to

identify vital signals for categorizing different dynamic/static human postures [23].

ON-Body EM wave propagation can be used for monitoring human height, especially for
determining toddler’s health. Monitoring growth helps in early detection of many conditions
including Turner syndrome, Crohn’s disease, growth hormone deficiency (GHD), short
stature, Celiac disease, and obesity which will help to avoid health problems in future. For
automating the height monitoring without any obstructions the authors in [24] proposed
antenna-impregnated fabrics for wireless recumbent height monitoring on the go. The fabric

is integrated with multiple dipole antennas positioned at known intervals from each other.
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The transmitting antennas are placed towards the edges of the material whereas the receiving
antennas are kept in between. The subject lying on the fabric material causes the detuning of
antennas underneath, thereby inducing losses in the wireless transmission paths associated
with it. The reduced transmission coefficients of the Tx antennas at the head and feet of the
human body/phantom helps in calculating the height of human body/phantom [24].
Another important application of ON-Body EM wave propagation analysis is for moni-
toring joint flexion which is a crucial part of human movement. To perform activities like
running, swimming, climbing, walking etc. the extension of elbow, knee and so on is a
must. The ease to monitor joint flexion automates monitoring progress during rehabilitation
and personalized training. This also finds application in consumer electronics, gestural
recognition, sports etc. The authors in [4] have introduced coils that can be used to examine
joint flexion. They are reliable and not sensitive to line-of-sight. When the coils are realized

on e-threads, they can be easily integrated to garments.

1.1.3 IN-Body EM Wave Propagation

Biomedical telemetry allows the investigation of physiological data/signals at a distance,
through wired and wireless communication technologies. These signals are obtained by
usage of transducers and the raw/post-processed data is then transmitted to external process-
ing/control unit. Implantable medical devices (IMDs) is one of the current advancements in
bio-medical telemetry [25],[26].

The antennas used in implantable devices should ensure biocompatibility for the safety
of the patient and to avoid rejection of the implant. As the human tissues are conductive,
direct contact of implantable antenna metallization with the tissue results in a short circuit.
To preserve the biocompatibility of the antenna as well as avoid the contact of metal radiator
with human tissue, a dielectric superstrate is used. Teflon, MACOR® and ceramic alumina
are widely used as biocompatible material. But it is to be noted that drilling and round cuts
are not easy with ceramic substrates. Another method used is coating the implantable antenna
with a low loss biocompatible layer [26].

Present era has seen the development of ultra-small designs for IMDs. Researchers have
developed IMDs with a radius of about 12.5 mm which can be inserted inside the eyeball.
The power incident on the implant is limited for patient safety. For 1 gram of tissue, the
Specific Absorption Rate (SAR) should be less than 1.6W/kg as per the IEEE C95.1-1999
standard. The SAR value averaged on a 10 gram tissue should be less than 2 W/kg based on
ICNIRP restriction [26].

Wireless implanted device facilitates sensing and monitoring of body parameters. It

can process the data and transmit physiological processed/raw data of an individual to
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the healthcare service centers and hospitals which advances the healthcare system. Organ
transplantation is one medical condition where frequent monitoring and hospital visits of
the patients are required. For final stage liver diseases, liver transplantation is considered
to be the standard treatment by the medical community. But during the first two weeks
after surgery, transplantation failure is very high. Traditional techniques for post-surgery
includes blood test on a daily basis and tissue biopsy that are meddlesome and gives a
slow response to the potential transplantation failure. It is necessary to keep the failure rate
of liver transplantation very low due to the limitations of the potential donors. Wireless
monitoring using implanted devices for a transplanted organ provides a functional solution
for early detection and medication which can prevent a critical damage of the organ. In
this process, the implanted wireless device positioned on the top of the transplanted liver
transmits physiological information such as hepatic perfusion and oxygenation levels which
are the factors indicating risks for a transplanted liver to the ON-Body device/node. From
this ON-Body node data is transferred to personal devices and healthcare centers. Thus, even
by reducing the hospital stay the patient can be constantly monitored with this application.

This also leads to a reduction of recovering periods and medical costs [25].

Wearable

transmitter Transmitting
S antennaarray

Fig. 1.4 A conceptual illustration envisioning the implantation of multiple leadless pacemak-
ers and a conformal wearable antenna [27].

Continuous operation of the implantable medical devices (IMDs) will need significant

energy, which in turn reduce the lifetime of the IMDs. The methods for battery recharge
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Fig. 1.5 WBAN for leadless pacemaker and capsule endoscopy[29].

includes an inductive-loop approach. It is advantageous to use the bio telemetry link only
when necessary. Hence a transmitter receiver system which has two operating bands should
be used. This include commercially available Zarlink ZL.70101 transceiver. These type of
systems uses two frequency bands, one band for “wake-up” and another for transmission.
This ensures the transceiver remain in SLEEP MODE consuming less power of 1 W till
a WAKE UP signal is given in the 2.45 GHz ISM band. In the NORMAL MODE, the
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IMD is kept fully powered, while exchanging information in the MICS band. After the data
transfer, the transceiver in IMD goes back to the SLEEP MODE. An external device can be
programmed as per doctor’s defined schedule to wake up the IMD or only when a threshold
patient event is identified [30]. Figure 1.4 depicts wearable transmitting antenna array and
leadless pacemakers implanted [27].

Due to the busy schedule, many follow unhealthy food practices. As a result many
of the diseases are left unnoticed at an initial stage, including gastrointestinal (GI) tract
cancers. Timely detection and diagnosis of GI cancer is important as they are curable at
initial stage. Wireless capsule endoscope (WCE) is an effective practical device for early
detection of gastrointestinal cancers. These can be used for the observation of gastrointestinal
(GI) mucosa, especially for the diagnosis of small intestines. The WCEs are like regular
medical pills which can be swallowed easily by individuals which makes the inspection
much easier. The conventional endoscopes can examine only a small region of the small
intestine but WCEs can inspect the entire area. A WCE communication system consists of
four different parts: a Tx in WCE, a Rx array attached to person under test’s body, a data
receiving and processing box, a viewer on human abdomen, and a workstation with image
analysis software. The images taken by the camera are stored in the data receiving box and
displayed in real time for physician to see by the viewer. The Rx is usually designed as
an array as the signal from the Tx will be weak due to its misalignment inside the human
body. Images taken by the camera are then transmitted from the data receiving box to the
workstation for investigation by doctors [28]. WBAN for leadless pacemaker and capsule
endoscopy can be visualized as shown in Fig.1.5 [29].

For IN-Body scenario, the propagation channel depends on the location of implanted
device as varying channel links involves multiple/various organs and tissues resulting in
varying channel characteristics. In-Body EM wave propagation channel are reported for

chest , brain , torso and embedded in muscle at UWB frequency range [25].

1.1.4 Antennas for Body Area Network

The rise in demand for BANs has made antennas and EM wave propagation for body-centric
wireless communications (BCWCs) an area of high importance for research. The main
performance requirements for antennas used in BAN networks are as follows: a) influence
between the antennas and the human body should be low to ensure antenna efficiency b) low
specific absorption rate (SAR), ¢) size should be small and c) polarization of the antenna
should be normal to the body surface, in case of ON-Body communications [30]. To realize
low SAR, textile patch antennas, use a large ground plane. But, these antennas are more
suitable for ON-to-OFF-Body systems, and not for ON-Body-to-ON-Body systems since
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large ground plane results in a narrow beam toward the zenith direction. Hence, a quarter-
wavelength monopole antenna which has omnidirectional radiation pattern will be a better
choice for ON-Body-to-ON-Body systems. Experimental investigation reveals that in ON-
Body-to-ON-Body system, path loss between monopole antennas fixed to the human body
is less compared to loop antennas and patch antennas. However, it is not practical to use a
quarter-wavelength monopole antenna. Insteaad, antennas like, planar inverted-F antennas
(PIFAs) and top-loaded monopole antennas can be used. PIFAs have an added advantage
as they are comparatively immune to fading during dynamic body postures due to their

non-directivity and multi-polarization.

Fig. 1.6 Antenna inside a glass frame [37].

Ultra-wideband (UWB) technology is as an attractive solution for WBAN. UWB provides
low-power consumptions, high-data-rate, and robustness against multipath compared to
conventional bands [31].1t is a demanding task to design an antenna for UWB body-centric
communications. The UWB antenna should meet several significant requirements, such as:
a) optimized characteristics in frequency and time-domain analysis, b) small size and low
profile and ¢) good ON-Body propagation [30]. The frequency domain and time domain
characteristics should be considered and analyzed for antennas kept at different positions

on the body. The changes in performance of the antenna due to lossy nature of human
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body should also be considered. For wearable applications the UWBs used should be
miniaturized. The authors in [28],[30]and[31] have contributed to many miniaturizing
designs of UWB antennas. The positioning of the antenna on the human body is significant
as for ON-Body to ON-Body propagation the EM wave should propagate along the body.
Hence, the omnidirectional planar antennas should be placed normal to the body so that
EM wave will propagate along the body. For ON-Body to OFF-Body communications the
omnidirectional antenna can be kept parallel to the body which results in the EM wave
propagation in and out of the body. If the antenna field polarization is normal to the body
surface it will improve the ON-Body propagation. The various reasons due to which a
quarter-wavelength monopole is suitable for ON-Body communication are as follows: a)
omnidirectional radiation pattern with maximum radiation along the body surface; 2) E-field
perpendicular to the body surface. Furthermore, a comparison between two different UWB
antennas has been performed showing that the planar inverted cone antenna (PICA) with an
omnidirectional monopole-like pattern demonstrates very good performances for on-body
communications [30]. Though planar inverted cone antenna and the quarter-wavelength
monopole antenna exhibit very good performances, their relatively large ground plane and
heights makes them less suitable for ON-Body communication systems.

Since ultra-wideband (UWB) technology enables reduction in size of antenna due to
its high frequency levels, they are potential candidates for IMDs. The device lifetime is
also increased due to their low power consumption. The high data rate transmission of
UWRB enables them to be used for drug delivery and micro robots for IN-Body biopsy as
well as treatment procedures. The use of biodegradable material reduces the complications
of IMD removal from the patient’s body. The disadvantage of UWB technology lies in
the fact that, UWB signals degrades while propagating through the body making wireless
communication links impractical. Hence, an investigation of the propagation characteristics
at UWB frequency is important to ensure robust and reliable wireless communication links
IN-Body [28].

ON-Body to OFF-Body scenarios requires to send the data to different distances. When
the person under test is in hospital room, it is short range but when the person is staying
at the comfort of his/her home, it is long range wireless communication. For long ranges
antenna performance is crucial for efficient transmission of the data. In order to ensure
patient safety the IN-body as well as ON-Body antenna are designed with low gain and the
gain of OFF-Body antenna is enhanced using various techniques.

There are various gain improvising techniques reported in open literature: making grooves
on the DRA [16], using mushroom-like structures[17], employing electromagnetic band gap
(EBQ) structures[ 18], using anisotropic DRA[34], FSS structures[19], use of short horn[35]
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(a) (b)
Fig. 1.7 (a) Ultra wideband antenna [33] (b) Microstrip patch antenna[27].

and on-chip CMOS feeding technology[36]. The gain enhancement using small DRA with
main DRA[37] and a metamaterial converging lens as a superstrate is other techniques [38].
Parasitic antenna array can also be used to enhance the gain[39].

The selection and design of the type of antennas to be used as well the orientation in which
antenna is placed is of high importance since they increase the efficiency of the wireless link.
The effect of varying orientation of ON-Body antennas is also important. The enhanced gain

of an OFF-Body antenna results in a better link budget in case of ON-to OFF-body cases.

1.2 Motivation Scope and Objective

The investigation of electromagnetic wave propagation in the presence of various biological
body models, especially for human body model, is extremely important due to plethora of
applications in sport, multimedia, healthcare and Internet of Things (IoT). Various wireless
communication bands, such as MICS, WMTS, ISM and UWB bands are being extensively
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used for these applications. The design of a practical WBAN necessitates systematic and
extensive study of the outcome of on-body electromagnetic wave propagation during human
rest as well as movement. A number of limitations crop up when measurement based analysis
alone are done including antenna placements, need of volunteers of different physical size and
limitations on motion activities. Measurement based techniques can be even more challenging
for pregnant women. A simulation technique along with experiments can provide more
comprehensive knowledge on dynamic on-body propagation as all EM pathways between the
transmitting and receiving antennas are studied. We follow, from above discussion, that there
exists a need for investigation of propagation of electromagnetic waves around the human
body, study of transmission characteristics in ON-Body to ON-Body scenario as well as
ON-Body to OFF-Body scenario. The requirement of performance enhancement of antennas

is also evident from the study. This serves us a motivation for our current research work.

1.3 Objective of the Work

The key objective of this thesis is to establish a simplified simulation methodology for
dynamic/rest activities of human beings. The work reported in this thesis was taken up with

the following objective:

* Study of electromagnetic wave propagation around the human body during rest as well

as movement.

Study the creeping waves around human body.
* Study gain enhancement techniques for OFF-Body antennas.

* To study the best suitable orientation for the antenna kept on human body.

1.4 Thesis Contribution

1.4.1 Ferrite ring loaded hybrid substrate for gain enhancement of

linearly and circularly polarized antennas

In this work, a hybrid substrate is formed by the combination of Rogers 6002 and ferrite
material for improving the gain of linearly polarized E-shaped microstrip antenna and dual
fed square shaped circularly polarized antenna. The E-shaped radiating patch of the antenna

is formed by symmetrically designing two slot lines running parallel to each other along the
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dominant-mode surface currents of a conventional rectangular microstrip antenna. These
embedded slots result in enhanced bandwidth with the presence of additional resonance
along with the fundamental 7M;y-mode resonance. A 90 degree hybrid feed-network is
used to obtain the circular polarization in square shaped microstrip antenna. For both the
antennas the study is done on conventional Rogers’s substrate as well as hybrid substrate of
same thickness. The use of hybrid substrate resulted in a gain enhanced antenna due to the
constructive interference of surface waves in this newly designed antenna. The study also
details on how the position and the size of the ferrite material is concluded in the work.

1.4.2 Metasurface lens integrated dielectric resonator antenna for gain

enhancement

A metasurface lens loaded high gain rectangular DRA is detailed in this work. This newly
proposed antenna has many applications: 1. it can be considered as a single unit of MIMO
(Multiple Input Multiple Output) antenna design. ii. It has 5G base station applications. iii.
Can be used for IoT applications. This gain enhancement technique can also be used on
other antennas with bore-sight radiation. The rectangular design is chosen for antenna as
it provides flexibility in the design compared to cylindrical and hemispherical DRA. The
proposed antenna is easy to be fabricated also. The DRA is excited by a 50 ohm microstrip
line. The circular shaped metasurface lens (MSL) is designed with rectangular copper loops
whose dimensions vary from the center of the lens to edges of the lens. The metallic loops are
printed on both sides of the dielectric substrate. The varying dimension of the MSL, results
in a graded refractive index. The value is highest at the center and slowly decays towards
the edges at the design frequency of 4.5 GHz. The incoming radiated waves from the DRA
passes through the properly oriented MSL and results in a highly collimated electromagnetic
wave at the output side. The distance at which MSL is to be placed is also theoretically
discussed in the work. The MSL has to be placed symmetrically above the DRA for proper

gain enhancement.

1.4.3 Investigation of creeping waves on a cylindrical phantom

The study aims to obtain an insight on creeping waves around the human body. In this study, a
cylindrical body with dielectric constant as two-third of the muscle tissue is modelled in CST
studio suite. Two omnidirectional cross-slot antennas operating in the range of 1.8-3 GHz are
used. Both the antennas are attached on the cylindrical phantom model. One antenna, Antl
acts as the transmitting antenna and the other antenna, Ant2 acts as the receiving antenna. The

position of Antl is fixed, and Ant2 is positioned in circular path around the cylindrical body
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model. The transmission characteristics are analyzed for different positions. The experiment
was also conducted using a cylindrical plastic container of similar radius to the body model.
Two different cases: i) without water (non-lossy medium) and ii) with distilled water of
dielectric constant = 78 (lossy medium) filled in the plastic container, were considered for

the experiment.

1.4.4 Twelve cylinder Body model

A twelve cylinder body phantom is modelled in CST Microwave studio suite. The twelve
homogeneous cylinders (€, = 35.15 and tand= 1.16 S/m) of this model features the important
body parts including head, shoulder, torso, thighs, calf, upper arm and lower arm. This new

model is used to simulate the human movement activities apart from human rest.

Double arm swing activity

Here, we modelled this twelve-cylinder body model for a double arm swing activity which
occurs in the sagittal plane in reciprocal direction similar to our hand movement while we
walk. The Antl (Cross slot antenna) is placed on the chest of the model and Ant2 (Cross-slot
antenna) is placed on lower arm of the model and the transmission characteristics for each

cases are performed.

Integration of Smart Bag with Twelve cylinder body model

A bag is modelled in SOLIDWORKS which is then imported to CST Microwave studio
suite to integrate it with a patch antenna (Antl) operating at 3.45 GHz making it a ‘Smart
Bag’ model. A similar patch antenna is used as the OFF-Body antenna (Ant2) to study
the ON-Body to OFF-Body characteristics. In our study the bag material was chosen to be
cotton material with a dielectric constant & = 1.9 and tané = 0.092 This ‘Smart Bag’ is then
integrated with the twelve cylinder body model and transmission characteristics in presence

of human body is studied.

1.4.5 Time Domain Analysis for ON-Body to OFF-Body scenario using
UWB antenna

In this work, two UWB monopole antennas are used to study ON-Body to OFF-Body time
domain characteristics. A three layered rectangular body model featuring skin, fat and muscle
is used for simulation. The experiment is also repeated by using UWB monopole antenna for

the same scenario. Multiple experiments are conducted by using UWB Monopole as well as
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Vivaldi antenna on various positions of the human body to get an understanding of varying
transmission characteristics. This method of inspecting the transient Figures of Merit is a
step towards obtaining an all-inclusive knowledge to channel modeling and estimation with
the aid of short pulse electromagnetics.

1.5 Thesis outline

This thesis deals with the investigation of propagation of electromagnetic waves around
the human body, study of transmission characteristics in ON-Body to ON-Body scenario
as well as ON-Body to OFF-Body scenario. The work also investigates the performance
enhancement techniques of OFF-Body antennas.

The background information/knowledge including literature survey, methodologies, moti-
vation, objective, research contributions are discussed in chapter-1. The chapter discusses on
different types of wireless body area networks, ON-Body EM wave propagation and IN-Body
EM wave propagation.

Chapter-2 is dedicated to the technique for gain enhancement in linearly and circularly
polarized microstrip antenna using a hybrid substrate. The hybrid substrate used is a Rogers-
Ferrite combination which blocks the surface waves to make them contribute to broadside
radiation by constructive interference. The technique is applicable on linearly polarized
and circularly polarized antennas. The increase in surface waves due to increased height of
antenna can be reduced by using this technique.

Technique for gain enhancement in Dielectric resonator antennas using metasurface lens
is discussed in Chapter-3. For this a dielectric resonator antenna operating at 4.5 GHz is
designed using microstrip feeding. A metasurface lens operating at 4.5 GHz is also designed.
The MSL is kept above DRA to enhance antenna gain. The positioning of the MSL above the
DRA is discussed theoretically. This is realized and experimentally validated. This technique
can be used on any type of antenna. The MSL can also be redesigned for various frequencies.

Analysis of creeping waves on a cylindrical phantom model is studied using simulation
as well as experiments. Experiments on container with and without water are done and
observations are interpreted. A twelve-cylinder body model is proposed which can be used
for modelling rest as well as dynamic activity of humans. The sagittal plane and coronal
plane of the body are discussed in the chapter. This model is used for the study of double
arm swing activity in the sagittal plane as well as to analyze the transmission characteristics
of a patch antenna integrated on a bag model. The EM wave propagation for ON-Body
to ON-Body scenario as well as ON-Body to OFF-Body scenario is discussed in detail in
Chapter-4.
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In Chapter-5, a line of sight (LOS) scenario for ON-Body to OFF-Body scenario is
simulated using a three layered phantom model with two similar UWB monopole antennas
functioning in the bandwidth of 3-10 GHz to provide the time domain characterization of the
channel. Experiments corresponding to the simulations are also carried out. Experiments are
also done with near field, far field and various elevation angles. Experiments with Vivaldi
antenna is also discussed in the chapter. Multiple experiments at different positions of the
body gives an insight to the variation of the transmission characteristics of the antenna.

Chapter-6 summarizes the work of the present thesis and discusses the future scope of
the work. The need of ON-body and OFF-Body analysis as well the importance of the study
of different types and orientation are discussed in this chapter. The major contributions of

the research work are summarized in this chapter.



Chapter 2

Ferrite Ring Loaded Microstrip Antenna

2.1 Introduction

Microstrip patch antennas( MSA) is one of the best choices for planar antenna technology
due to many reasons including easy fabrication, cost effectiveness, and their simplicity to
integrate with microwave circuits. These antennas are generally narrow-band, but different
research groups have worked on enhancing the bandwidth of MSAs [40]-[43]. When two
parallel slots are cut on the MSA to make it E-shaped MSA the impedance bandwidth
increases substantially to 32.3% but at the cost of increased height to 10 mm using air as the
substrate medium [44]. E-shaped MSA has been used for variety of applications by scientists
from different research groups.

The authors in [45] reported that the use of transmission line model theory resulted in a
27.7% simulated impedance bandwidth when an air substrate of 10 mm height is used. In [46],
a 13.86% impedance bandwidth is realized on FR4 substrate of height 3.2 mm. Researchers
have also worked on realizing circular polarized patch antennas by using various methods
such as , 1) cutting small triangles from the two diagonally opposite corners of a nearly
square MSA, ii) making diagonal slots on MSA; which provides effective CP polarization by
generating equal/ nearly equal orthogonal currents in phase quadrature [47]-[50]. Another
method to provide CP radiation is by using a hybrid coupler which enables dual feeding.
But the use of hybrid coupler will make the antenna less compact due to the extra space
requirement. An impedance bandwidth of 62.3% and axial ratio bandwidth of 61.73% is
attained by authors in [51]. This is attained by designing the antenna on a 17 mm height
thick substrate.

Ferrite is used for various applications in antenna. This is due to the fact that it has

many advantages [52], such as, 1) antenna miniaturization, ii) better radiation efficiency, iii1)
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bandwidth enhancement [52] and iv) aids in antenna frequency tuning [53]. These substrates
are also reported for radar [54] as well as beam scanning [55] operations.

This chapter discusses the gain enhancement technique in MSA employing a hybrid
substrate which includes Rogers 6002 and ferrite material. The technique is used for en-
hancing gain in linearly polarized and circularly polarized antennas. The base antennas used
for the demonstration of the concept are linearly polarized E-shaped MSA and circularly
polarized dual fed MSA. The E-shaped MSA using the 6.35 mm height hybrid substrate
provides 18.63% impedance bandwidth. The dual fed CP MSA on hybrid substrate of 7.112
mm provides an axial ratio (AR) bandwidth of 24.09% and impedance bandwidth of 27.2%.
The feed-network and ground plane are designed on a separate substrate and the ground
is sandwiched between the top substrate on which antenna is printed and bottom substrate
on which hybrid coupler is present. In both the antennas a ferrite ring embedded within
the Rogers substrate aids in gain enhancement. These antennas can be used as OFF-Body
antennas in ON-Body to OFF-Body communications. The antenna designed is fabricated
on Rogers 6002 and analysis is done on the hybrid substrate, in CST microwave simulation
software [56]. The Chapter is sectioned as follows. The design of E-shaped MSA with
linear polarization operating in the S-Band is discussed in section 2.2. Section 2.3 details the
design of Dual feed circularly polarized S-MSA . The gain enhancement technique using the
combination of Rogers 6002 and ferrite material is for the antennas discussed in section 2.2

and section 2.3 is detailed in section 2.4. The chapter is concluded in Section 2.5.

2.2 Linearly polarized E-Shaped MSA

This sections details the design and implementation of an E-shaped antenna with linear
polarization. The impedance, E-field and H-field pattern of the realized antenna is then
compared with the simulation results.The Agilent PNA-X N5224A network analyzer is
used to characterize the S;; of the antenna. The E-field and H-field pattern is measured
using a broadband preamplifier (Agilent 83051 A) and a broadband dual ridged horn as the

transmitting reference antenna in a fully calibrated far-field anechoic chamber.

2.2.1 Antenna Design

The proposed E-shaped MSA is illustrated in Fig. 2.1 (a). Rogers 6002 (¢, = 2.94 and tan
0 =0.0012) [57] is used to realize the antenna. The E-shaped MSA is design by embedding
two parallel slots of equal dimensions along the dominant mode surface currents of traditional
MSA. The wider bandwidth in E-shaped MSA is due to the additional resonance contributed
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by the symmetrical parallel slots with the fundamental TM10-mode resonance. The increased
bandwidth is achieved by varying the length, width and position of the slots together with
the height of Rogers substrate. The height of 6.35 mm is attained by stacking two Rogers
substrate of height 3.175 mm vertically. The Table I gives the detailed dimensions of the

designed antenna. The image of the fabricated antenna prototype is as shown in Fig.2.1(b).

w

(a)

Fig. 2.1 (a) Schematic diagram of E-shaped patch antenna, (b) Fabricated image of E-shaped
patch antenna.
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Table 2.1 Design Parameters of E-shaped MSA on conventional substrate

Parameter Dimension Parameter Dimension

L 70 W 70
L, 27.55 L, 32.6

2.2.2 Results and Discussion

S, ,(dB)

--== Measured
— - — Simulated

.25 i : i ; ] i i Z i . i
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0

Frequency(GHz)

Fig. 2.2 Simulated and Measured S| of E-shaped patch antenna

The E-shaped MSA which is linearly polarized is designed and analyzed using CST
microwave design suite [56]. Figure 2.2 shows the simulated as well as measured impedance
characteristics of the antenna. The plot reveals that the antenna covers a bandwidth ranging
from 2.05 GHz to 2.43 GHz (17.27%) in the simulation and 2.01 GHz to 2.42 GHz(18.63%)
in the measurement.

The simulated and measured E-plane and H-plane radiation patterns at 2.05 GHz is shown
in Fig. 2.3(a) and Fig.2.3(b) respectively. The E-plane and H-plane pattern reveals a 3-dB

beam-width of 118° and 73° respectively. The measured results exhibits reasonably good
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Fig. 2.3 Simulated and Measured radiation pattern: (a) E-plane (b) H-plane
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Fig. 2.4 Simulated and measured Gain of E-shaped patch antenna using conventional sub-

Strate.

agreement with the simulation. The maximum realized gain is shown in Fig.2.4. The pattern

shows that antenna gain varies between 5 dBi1 and 6.1 dB1 in the designed region.
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2.3 Circularly polarized Dual-fed Square MSA

To attain circular polarization in an antenna, two equal or nearly equal orthogonal modes
has o be excited in phase quadrature. Various techniques of CP generation include: 1) dual-
feeding via 90° hybrid coupler ii) trimming small triangles diagonally opposite to each other
on a square/nearly-square patch, iii) diagonal/cross slots on the radiator and iv) combinations
of (i)-(iii). Though all these techniques has attracted the research community, in this work a
CP S-MSA with with hybrid coupler is used.

2.3.1 Design of Circularly Polarized S-MSA

g
h2
¢

—— Metallization
I

Substrate

(a)

-+ Input port

B
_________ > Metallic Via | e

- =+ Hybrid Coupler

» Groun L | " 50 Impedance
oo Metallic via -+ Metallic via
--------- » Metallic via | Melevi
“* Patch
~—-t-+ Substrate

d)

Fig. 2.5 Schematic diagram of Dual feed CP antenna: (a) 3D structure, (b) Hybrid coupler,
(c) Ground and (d) Top view

The schematic of the proposed circularly polarized S-MSA is as shown in Fig.2.5. The
antenna is designed on a Rogers 6002 substrate. The radiator is square shaped with a size of
Lp x Lp printed on the top substrate with height /1. Another substrate of size h, is placed
vertically below the antenna substrate to embed hybrid coupler. As seen in Fig.2.5(a), the
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(a)

Fig. 2.6 Image of fabricated antenna (a) Top view (b) Bottom

ground plane of the antenna is sandwiched between substrate for radiator and substrate for
hybrid coupler. Figure 2.5(b) shows the feed points A and B on the hybrid coupler positioned
45° from the origin. Vertical vias/probes are used to connect from the coupler to the raditor.

The LHCP/RHCP signal is generated by exciting the antenna input terminals. A 50-ohm
connector fastened at any of the input terminals of the 90° coupler generates the desired
signal. The coupler position and thereby points A, B, C and D in Fig.2.5(d) are optimized to
attain impedance matching and the generation of two orthogonal modes. Two circular shaped
etchings are made on the ground plane so that the probe pins/vias are not shorted due to the
sandwiched ground plane in between radiator and hybrid coupler, as shown in Fig. 2.5(d).
To facilitate the easy connection of 50 ohm connector to the ground plane for launching the
signal, a ground pad of 1 mm X 1 mm is designed near hybrid couple.The ground pad and
main ground plane are connected via a shorting pin. The overall size of the proposed antenna
is Ly X Lg X (hy + hy). The antenna is suitable for LHCP/RHCP application as two feed ports
are present. The dimensions of the dual feed CP antenna, are detailed in the Table 2.2. The
images of the fabricated antenna are as shown in Figure 2.6(a) and (b).
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Table 2.2 Design Parameters of S-MSA on conventional substrate

Parameter Dimension Parameter Dimension

Ly 60 L 17.93
L, 29.20 L 19.51
h 6.35 w 2.26
hy 0.762 wi 1.66
o =

- -»—-Measured
—_ = Simulated

S, (dB)

-30 3 y 1 - i H 1 : 1 i . L ;
1.8 1.9 2.0 21 2.2 2.3 2.4 2.5 2.6

Frequency(GHz)

Fig. 2.7 Simulated and measured S1; of dual feed CP antenna without ferrite.

2.3.2 Results and Discussion

The simulated and measured impedance characteristics of the CP S-MSA is shown in Fig.
2.7. As we can see from the plot, the CP S-MSA produces a 23.18% impedance bandwidth
in simulation, which ranges from 1.95 GHz to 2.46 GHz, and a 27.27% measured impedance
bandwidth, ranging from 1.95 GHz to 2.55 GHz. The antennas exhibits 3-dB beam width of
89.10° for RHCP excitation and 85.50° for LHCP excitation as seen in Fig. 2.8(a) and (b).
The axial ratio (AR) vs. elevation angle of CP S-MSA is shown in Fig.2.9. The plot
shows the AR in phi=0° and phi=90° plane at 2.14 GHz. A 3-dB AR beamwidth of 160°
is exhibited by the antenna in both the planes. Figure 2.10 shows the AR vs. frequency

plot, which shows that antenna gives circular polarization (AR<3 dB) ranging from 1.94
GHz-2.47 GHz exhibiting an AR of 0.2414 dB at 2.2 GHz. Measured AR vs. frequency is
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Fig. 2.8 Simulated and measured E-plane radiation pattern at 2.15 GHz: (a) Feed point C, (b)
Feed point D.
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Fig. 2.9 Axial-ratio vs. theta variation at phi=90° and phi=0° at f=2.14GHz
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in good correlation with the simulated plot. The realized gain of the proposed antenna is

shown in Fig.2.11. The simulation and measurements shows good matching. The antenna

parameters for both E-shaped MSA and CP S-MSA is summarized in TABLE 2.3.

Table 2.3 Comparative Look of simulated and measured results of E-shaped and S-MSA on

Conventional Substrate

Axial Ratio(dB)

| E-shaped MSA | S-MSA |

Simulated 17.27 23.18
Impedance BW% /- cured 18.63 27.27
. . Simulated 7 6.5
Maximum Gain Measured 6.1 5.5
) . Simulated NA 24.09
Axial Ratio BW% o cired NA 2272
12.0
i — — Simulated
105 - «- Measured
9.0
7.5
6.0
4.5 |-
3.0 :.3..\.. s ’/
1.5 —~ o - 1 == ;/
s N_‘_'_:_; _______ PR et
o0 L 1 . | | |

1.95 200 2.056 210 216 2.20 225 230 2356 240 245 2.50

Frequency(GHz)

Fig. 2.10 Simulated and measured axial ratio of Dual feed CP antenna.
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Fig. 2.11 Simulated and Measured gain of Dual feed CP antenna

2.4 Enhancement of Antenna Gain with Hybrid Substrate

The antennas considered in previous section, is designed and realized with thick substrate
in vertical configuration. This stacked configuration of the antenna reduces the efficiency
of the antenna. This is due to the losses created by the surface waves propagating along
antenna substrate which are not in the direction of main beam of the antenna. If the antenna
design is modified to direct this surface wave in the main beam direction losses can be
reduced, thereby increasing the gain of the antenna [58]. This can be attained by various
methods including, use of hybrid substrates, electromagnetic band gap (EBG) structures,
photonic band gap (PBG) structures, AMC structures etc. [58]-[61]. Some of these structures
increases the design/fabrication complexity of the antenna. Following a systematic technique
introduced by Balanis et. al. [58], ferrite rings are embedded in the substrates of E-shaped
MSA and S-MSA [62]-[66]. This is done by making grooves in the conventional Rogers 6002
substrate mechanically and filling with the ferrite ring of proper dimension. This results in a
well-designed hybrid substrate with Rogers 6002-ferrite-Rogers 6002 composition. The same
surface waves which are the reason for losses in the antenna designed on thicker conventional
substrate when designed using hybrid substrate enhances the gain of the antenna. This is

because the excited surface waves strike on two interfaces, namely: i. dielectric-ferrite and



30 Ferrite Ring Loaded Microstrip Antenna

i1. ferrite-dielectric. The energy is partially reflected as well as transmitted across the two
interfaces. The dimensions of the ferrite ring, its position in the conventional substrate,
relative permittivity and permeability are factors which determines the enhanced gain of the
antenna. The reflected and incident waves interfere constructively contributing to the main

beam direction generating enhanced gain.

2.4.1 Design of Hybrid Substrate

On the antennas with conventional substrate, discussed in section 1 and 2, circular groove is
made around the radiating patch. The ferrite ring with thickness h which is same as that of of
the Rogers 6002 substrate, inner and outer radius d; and d, respectively is introduced into
this groove. The design of the antenna substrate using Rogers 6002 and ferrite results in a
hybrid substrate which has interfaces: i. dielectric-ferrite interface which is positioned at d;
and ii. ferrite-dielectric interface positioned d, from the center of the antenna radiator. The
design parameters of hybrid substrate for E-shaped MSA and S-MSA are given in Table 2.4

and 2.5 respectively (remaining parameters are as given in Table 2.1 and 2.2 respectively).

Table 2.4 Design Parameters of E-shaped MSA on hybrid substrate

Parameter Dimension Parameter Dimension
L 160 w 160
d; 40 d, 65

Table 2.5 Design Parameters of S-MSA on hybrid substrate

Parameter Dimension Parameter Dimension
L 150 d; 35
d, 60

The enhancement of gain using hybrid substrate is demonstrated for both LP and CP
antennas discussed in section 2.2 and 2.3. The inner diameter of the embedded circular ring
of ferrite material in E-shaped MSA and S-MSA should be greater than one fourth of A,
where A relates to the dominant mode resonant wavelength. The E-shaped MSA and S-MSA
using hybrid substrate are designed and analysis is done in CST microwave studio. The size
of the antenna using Rogers 6002 discussed in previous sections is increased and analyzed
initially. No variations in gain was observed when the size of the conventional substrate

alone was increased and but when a combination of dielectric and ferrite substrate is used
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making it a hybrid substrate, the gain of the antenna increased. Fig.2.12 depicts the top view
of the redesigned E-Shaped MSA and S-MSA.

(a)

= 7* Ferrite
ring

(b)

Fig. 2.12 Schematic diagram of:(a) E-shaped patch antenna, and (b) Dual feed CP antenna
with hybrid substrate.
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2.4.2 Results and Discussions of linearly polarized antenna with ferrite

The simulated impedance characteristics of the E-shaped MSA loaded with ferrite ring for its
varying widths (Wrg unit in mm) is shown in Fig. 2.13(a). It can be clearly noted that the
impedance bandwidth shifts for different values of Wrg. The plots in Fig. 2.13(b) depicts
the maximum realized gain when width Wrg = (d,- d;) of the ferrite ring is fixed and its
positions is changed. The parameter d; is fixed as 40 mm and the width Wgg is varied and
maximum realized gain is plotted as shown in Fig. 2.13(c). The systematic parametric studies
as seen from Fig.2.13, reveals that a value of Wrg = 25 mm and d; = 40 mm is considered
best for the required gain profile and impedance bandwidth. In Fig.2.14 a comparison of the
the S the of E-shaped MSA with conventional as well as hybrid substrates is studied for
Wrg =25 mm. As exhibited in Fig. 2.14, proposed antenna with hybrid substrate exhibits
a simulated impedance bandwidth ranging from 2.08 GHz to 2.49 GHz. A notable gain
enhancement is obtained in the frequency range from 2 GHz to 2.4 GHz for the antenna
designed using hybrid substrate compared to the one on conventional substrate as seen in
Fig.2.15. The simulated 3-D radiation pattern in Fig. 2.16 shows that, the E-shaped MSA on
dielectric-ferrite substrate generates a maximum gain enhancement of 4.46 dBi at of 2.05

GHz compared to the E-shaped MSA on conventional substrate with no embedded ferrite
ring.
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Fig. 2.13 Parametric studies of ferrite ring loaded E-shaped patch antenna. (a) Simulated
S11 for varying Wgg, (b) Maximum gain for varying positions of the ring with fixed Wrg =
d, —d; =25 and (c) Maximum gain for varying WFR of the ring with fixed d; =40 (Wrg, d,

and d; are in mm).
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Fig. 2.14 Simulated S of E-shaped patch antenna with and without ferrite ring (Wrg = 25
mm and di = 40 mm).
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Fig. 2.15 Simulated gain of E-shaped patch antenna with and without ferrite (Wrg = 25 mm
and d;=40 mm).
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Fig. 2.16 Simulated 3-D gain pattern of E shaped patch antenna at 2.05 GHz (a) without
ferrite (b) with ferrite ring (Wrg = 25 mm and d; = 40 mm).

2.4.3 Results and Discussion of circularly polarized antenna with ferrite

A ferrite ring with its parameters optimized in CST Microwave studio is embedded around
the radiating patch of S-MSA like E-shaped MSA. The simulated impedance bandwidth
for variations in Wrg for S-MSA is shown in Fig. 2.17. Figure 2.18 and 2.19 exhibits the
simulated impedance bandwidth as well as maximum realized gain of S-MSA with and
without ferrite ring of Wrr =25 mm. As observed from these plots, the impedance bandwidth
with and without the ferrite ring are almost similar but the gain is enhanced by 3.61 dBi in
case of S-MSA with ferrite ring embedded in the conventional substrate. The enhanced gain
from 2 GHz to 2.4 GHz as seen in Fig.2.19, can be used for S-band operations. A slight
reduction in the gain of the S-MSA on hybrid substrate at higher frequencies is attributed
to the inevitable non-optimum placing of the ferrite ring. The distance of ferrite ring from
the central radiator gets highly detuned when frequency increases thereby reducing the gain
slightly.

The circular polarization is conserved from 1.97 GHz to 2.5 GHz as seen from Axial
ratio vs.Frequency plot exhibited in Fig.2.20. Figure 2.21 (a) exhibits the radiation pattern in
the E-plane of the S-MSA with ferrite ring, which shows a 57.4° 3-dB beam width at 2.15
GHz for RHCP excitation. As seen in Fig.2.21 (b), for LHCP excitation, the same antenna
generates a 3-dB beam width of 51.3° at 2.15 GHz . It is very clear that when these patterns
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Fig. 2.17 Simulated S of Dual Fed CP antenna by varying Wrg
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Fig. 2.18 Simulated S of Dual feed CP antenna with and without ferrite.

are compared with that of the antenna on conventional substrate a much directional pattern is

generated while using the hybrid structure.
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Fig. 2.19 Simulated Gain on Dual feed CP antenna with and without ferrite.
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Fig. 2.20 Simulated axial ratio on Dual feed CP antenna with and without ferrite.

The 3-D radiation pattern of the S-MSA on conventional and hybrid substrate is shown in

Fig.2.22. The plot clearly reveals a gain enhancement of 3.61 dBi for the antenna on hybrid
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Fig. 2.21 E-plane radiation pattern of dual feed CP antenna at 2.15 GHz: (a) Feed point C,
(b) Feed point D.
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Fig. 2.22 Simulated 3-D gain pattern of Dual fed CP patch antenna at 2.15 GHz: (a) without
ferrite, (b) with ferrite.
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substrate. Table 2.6 details a comparison of different antenna parameters of the E-shaped

Table 2.6 Performance comparison of E-shaped MSA and S-MSA on conventional and hybrid
substrate

E-shaped MSA S-MSA
Conventional Hybrid Conventional Hybrid
Simulated Impedance BW % 17.27 17.9 23.18 21.36
Maximum Gain (dBi) 7 10.8 6.5 8.22
Simulated Axial Ratio BW% NA NA 24.09 24.09

MSA and the S-MSA using conventional as well as hybrid substrate, which reveals a notable
gain improvement for hybrid-substrate design for both the antennas with all other parameters

of the antenna remaining the same.

2.5 Conclusion

A new method for gain improvement using ferrite rings in linearly and circularly polarized
wideband MSAs using a hybrid substrate is discussed in this chapter. The E-shaped MSA and
S-MSA on hybrid substrate radiates in the broadside direction with an increased maximum
gain of 10.8 dBi at 2.05 GHz and 8.22 dBi at 2.15 GHz for E-shaped MSA and S-MSA
respectively. The technique discussed in this chapter is independent of the geometry of
antenna and can be used on other configurations as well. The technique makes use of the
increased surface wave existing in the antenna due to thick substrate by converting it into
broadside radiation. This technique of using hybrid substrate can be used to reduce mutual

coupling effects in microstrip array applications.






Chapter 3

Metasurface Lens for Gain Enhancement

Higher gain, improved bandwidth and reconfigurable features are the necessities of present
era wireless communication systems. Dielectric antennas are formed with dielectric res-
onators(DR) and Dielectric antennas (DRA) exhibits various interesting and appealing
features, such as, higher impedance bandwidth, reduced size and good radiation efficiency.
These antenna, popularly known as DRA, can be excited by various techniques [67], [68].
One important feature of Dielectric Resonator Antenna (DRA) is the absence of surface
waves [69]. This feature makes DRA a more suitable candidate over microstrip patch an-
tennas for some applications. The shape, size and €, are the parameters that determines the
fundamental frequency of the narrow band DRA [68]. Over the past years many research
groups have reported different structures of DRA including T-shaped, L-shaped, U- shaped,
E-shaped, triangular etc. which uses different feeding methods[69]. Various mechanisms
used for enhancing the gain such as, the use of superstrate [13], electromagnetic band gap
(EBQG) structures [14], formation of array antenna [15] are reported by various research
groups [16]-[18],[70]-[72],[74]. It is found that DRA which operates with higher order
modes provides improved gain [15]. Grooves are made on the DRA to get an enhanced gain
in [16]. In [17], gain is improved using mushroom like structures. EBG is used in [18] for
enhancing the gain of the antenna. With the introduction of anisotropic DRA, researchers in
[34] attained a gain of 8.4 dBi. The researchers in [19] introduced FSS to improve antenna
gain. Short horn is used in [35] to enhance the gain. On-chip CMOS feeding mechanism
is used in [36] while a small DRA along with another main DRA [37] generates enhanced
gain. The metamaterial converging lens as superstrate is used in [38], to increase the gain of
a cylindrical DRA. An electromagnetic simulation software optimizes the distance between
the metamaterial and ground plane in [38].

In this chapter, a rectangular DRA loaded with metasurface (MS) lens is discussed. This

MS lens loaded DRA with improved gain has applications in various fronts: 1. it can be
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utilized in high-gain MIMO (Multiple Input Multiple Output) antenna as a unit element,
ii. as different operators in Japan and many other nations has allocated frequency ranging
form 4.5 GHz to 4.9 GHz for 5G , array of this antenna can be used in 5G base station, iii.
unmanned aerial vehicle (UAV) (4.4-4.5 GHz) and iv) military applications. The design of
MS lens and antenna on which MS lens is integrated are not mutually dependent, which
allows this concept of gain enhancement to be exploited in other antenna configurations
generating bore-sight maximum radiation. The chapter also details the technique used to fix
the height of the MS lens above the dielectric resonator antenna.

3.1 Design of the Antenna

3.1.1 The Dielectric Resonator Antenna

D4
P8 I Substrate

B Metallization

b~

—————— e —

[

(b)

Fig. 3.1 Schematic of the Dielectric Resonator Antenna: (a) Top view, (b) Side view .
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(©)

Fig. 3.2 Image of fabricated antenna.

A piece of dielectric resonator (DR) with specifications of length d, width w, height 4 = g
and a dielectric constant &, is used to design the rectangular dielectric resonator antenna
(DRA). The choice of rectangular DRA is due to the fact that this design is for narrow band
applications with high gain. The ratios j-and %can be considered independently in rectan-
gular DRA. Rectangular shape of the DRA provides design flexibility over cylindrical and
hemispherical DRA. The proposed antenna geometry is simple and can be easily fabricated.
To excite the resonant frequency, the dielectric resonator mounted on the ground plane is
connected to a microstrip line . The resonant frequency depends on the dimension and &,

of the DR sample. The resonant frequency fy can be solved by using the transcendental
equation [76],

c
fozmx‘/kx""kY"i'kZ 3.1

k=2 (3.2)
w
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k=57 (3.3)
k
4= Zrann0) (3.4)
ky (ky)
ky() — kx + kZ

where ki, ky, k; denotes the mode wave number in x, y and z directions respectively. It is
also possible to calculate the resonance by making use of the empirical formula introduced
in [76],

Fore— I5xF
GHZ_WCmn_\/g—r

where F denotes the normalized frequency. The resonance frequency of the DRA as calulated

(3.6)

using equation 3.6 is approximately 4.9 GHz. By calculating the resonant frequency using
equation 3.1-3.4, it is obtained as as 4.8 GHz, revealing a good correspondence with the
procedure in equation 3.6.The schematic diagram of the of the proposed rectangular Dielectric
Resonator Antenna of dimension d X w x h with a relative permittivity (&, = 18 and tan
0 = 0.0287) positioned on a grounded FR-4 substrate ((€, = 4.2 and tan 6 = 0.03)) of
thickness h; is depicted in Fig.3.1. The image of the fabricated antenna is as shown in
Fig.3.2.

The 50 ohm microstrip line which excites the DRA is elevated to a height /3 vertically
along the rectangular DR block. The height /3 can be modified to control the coupling from
the microstrip line to the DR block. Hence, the height /3 is optimized in HFSS software to
attain a suitable reflection coefficient over the desired impedance bandwidth.

3.1.2 Synthesis of DR Material

The DR material is prepared by mixing Barium and polyethylene in proper ratio. The mix-
ture contains 36 volume percentage of barium (Ba) mixed with 64 volume percentage of
polyethylene. The density of the composite p can be determined by,

_ Prvi+pava 3.7
Vi +Wv

where p; and p; represents the density of polyethylene and barium titanate respectively

and the volume percentage of polyethylene and barium titanate is represented as v and

vy respectively. This mixture is then placed inside a hot press in a rectangular mold at a

temperature of 165° C for two hours. The solid piece obtained from the hot press is cooled

down before it is made to the required size. A sample sheet of this mixture which has a
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thickness of 1.5 mm is fabricated initially to experimentally measure the dielectric constant.
It was found that the dielectric constant of this material synthesized using a Network Analyzer
connected to QWED WARSAW electromagnetic design software is 18.

3.1.3 Results and Discussion

S44(dB)

25+ |J —— Simulated
30 - - = Measured

_35 i | ) | " ] i ] . | i
3.0 3.5 4.0 4.5 5.0 5.5 6.0

Frequency(GHz)

Fig. 3.3 Simulated and measured reflection coefficient of stand-alone DRA.

The HFSS simulated as well as measured impedance bandwidth of the DRA is depicted in
Fig.3.3 . The measurement is done using an Agilent PNA-X N5224A network analyzer. An
excellent matching is obtained for the standalone DRA at around 4.5 GHz. The simulated and
measured impedance bandwidth attained is 200 MHz and 140 MHz respectively. To perform
the radiation pattern measurements, a fully calibrated far-field anechoic chamber which has
a broadband preamplifier (Agilent 83051 A) and a transmitting reference broadband dual
ridged horn antenna is used. Figure 3.4 (a) and (b) exhibits E- and H-plane radiation pattern
of the proposed DRA. Both for simulation and measurement plots in Fig.3.4 (a) and (b), a
broadside radiation pattern is achieved. The simulated gain is 5.8 dBi while the measured
gain obtained is 4.3 dBi. The pattern reveals that the half power beam-width is 90 degree.
The minor difference in the measured and simulated gain is due to various practical issues,

including, 1) fabrication tolerance of the DRA, i1) micro-mismatch in placing the DRA on
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the grounded substrate etc. In actual cases, for antennas which have full ground plane, the
measurement of the back-lobe can lead to ambiguous results, mainly if the positioners as
well as other metallic parts are not properly shielded. This causes the transmitting antenna to
illuminate the metallic parts along with the AUT leading to ambiguous results. Taking this
into consideration, for the DRA, the entire back lobe measurement was not done.

— Simulated co-pol
=+ =Measured co-pol
— Simulated cross-pol
= * = Measured cross-pol

“eo 300

15 28

.l 10_ i 1 L
195 gy 165 " e

(a) (b)

Fig. 3.4 Simulated and measured radiation pattern of stand-alone DRA at 4.5 GHz: (a)
E-plane, (b) H-plane.
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Fig. 3.5 (a) Electric field along the x-direction (on a non-modal plane), (b) Magnetic field
along the y-direction (on a non-modal plane), and (c) Magnetic field in cross-sectional view
for proposed rectangular DRA at 4.5 GHz.

The Fig.3.5 (a)shows the plot with E-field pattern in x-direction and Fig.3.5 (b) depicts
the H-field in y-direction. The cross-sectional view of H-field is shown in Fig.3.5 (c). The
field plots shown in Fig.3.5 confirms lower mode with m = n = 1 excitation.
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Fig. 3.6 (a) Top view of the proposed antenna with MS lens, (b) enlarged view of schematic
of a unit cell of the MS lens, (c) 3D view of the DRA with the MS lens and (d) Image of the
fabricated antenna.
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3.2 The MS Lens loaded Dielectric Resonator Antenna

3.2.1 Design of Metasurface lens (MSL)

The MSL, is designed with many rectangular shaped metallic loops of varying dimensions.
These metallic loops are printed on both the sides of a dielectric substrate with circular
geometry having radius 68 mm, height 1.575 mm and &, = 4.2. The varying dimensions of
the metallic loops on the MSL, results in a graded refractive index profile having greatest
value at the center which gradually decays towards the edges at 4.5 GHz [74]. This MSL
operating at 4.5 GHz is mounted on top of the DRA designed in the previous section at a
height vertically above the DRA as Ay/2,where A is the wavelength at the frequency of
operation of the DRA. The DRA which is excited by a 50 ohm microstrip line results in
TE{; mode. The EM waves radiated from the DRA proceeds through the MSL which is
properly oriented resulting in a highly collimated EM wave at the output side of MSL. For
required gain enhancement the MSL has to be positioned symmetrically above the DRA
which otherwise will affect the gain improvement. The schematic diagram of the DRA
loaded with MSL is shown in Fig.3.6. The top view of the antenna is portrayed in Fig.3. 6(a).
The unit cell schematic is as shown in fig. 3.6(b). The unit cell parameters are length L,,
width Wu and metallization width g . Figure 3.6(c) shows the 3D view of the DRA loaded
with MS lens and the photograph of the realized MSL loaded DRA is depicted in fig. 3.6(d).
This MSL can be used together with other sources, like microstrip radiator, to achieve an
improved gain.

The unit cell’s refractive index is theoretically calculated using the Kramer’s Kronig
Algorithm [74]. The transmission -reflection data is used to identify effective magnetic
permeability and electric permittivity of a composite EM structure in the algorithm. These

are calculated as follows:

Heffr=Nesf > Zesy 3-8)
N .
eerr =50 (3.9)
eff

where N, ¢ r is the complex refractive index and Z, s is the complex wave impedance [77]. In
this design, the unit cells on both sides of the MS lens are of constant width 0.022A as well
as constant gap along x-axis resulting in thirty two unit cells on the x-axis. A 1-D periodicity
is maintained by each unit cell which repeats four-times in the orthogonal direction. As the
designed surface (lens) is an engineered structure which yields a differing refractive index
profile for collimating the radiated EM wave from the source antenna, this surface is named

as a metasurface lens. The positioning of MSL vertically above DRA is determined by the
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refractive index range of the MSL. To identify the appropriate distance H for placing the MS

lens, the ratio is set as follows:
H

— =k 3.10

D (3.10)
where D is the diameter of MSL. In this work the refractive index range is designed to be 9.4,
which results in a k value of 0.5 [74]. The following equation shows the relation between k

and the range of refractive index [74]:

n(r):43.75(\/k+%—k) (3.11)

The increase in the length of cell leads to an increased refractive index. The scatterers
are rectangular shaped and their dimensions are differed to obtain required constitutive
parameters [74]. These are spread on both sides of the FR-4 (¢, = 4.2) substrate of diameter
D = A and thickness /1, where A is the wavelength corresponding to the frequency o operation
f =4.5 GHz. Thickness of the substrate used for MS lens design is /,. Here FR-4 substrate
was chosen as it was readily available in the lab. The length L, of the unit cells are varied
along the x-axis with a length of 0.124, in the central region to 0.01A, at the border of the
circular FR-4 substrate. The dimensions of rectangular unit cells along y-axis is kept same.
This results in an MSL which has 32x4 rectangular rings on both sides as indicated in Fig.
3.6. This design of MSL with its unit cells results in a graded refractive index (GRIN) profile
[74]. The EM waves radiating from the DRA strikes on the MSL with differential phases
and gradually degrading phase profile from the centre to the edges of the lens. The GRIN
(graded index) profile design of the MSL, contributes to the uniform phase profile of the EM
waves incident from the source antenna from the other side of the MS lens which leads to a
constructive interference resulting in a gain enhanced antenna design. The heterogeneous
sized unit cells and polarization matching results in the GRIN profile of the MS lens [74].
The working principle of this MSL with GRIN profile is to some extent similar to reducing
the dispersion in the multi-mode fibers via graded refractive index profile. The profile and
hence the dimension of the cells is designed based on the operating frequency of the source
antenna. Hence, the overall size of MSL is determined by the source radiator size. Here,
the cells are arranged to generate a refractive index of 12.4 in the middle of the MSL which
degrades gradually to 3.15 at the border of the substrate along x-axis. Detailed discussion of
design parameters of the MSL loaded DRA is given in Table 3.1.
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Table 3.1 Design parameters of proposed antenna

Parameter Dimension(mm) Parameter Dimension (mm)

D 68 w=d 17
H 34 h 42
L 60 h3 2
W 70 hy, by 1.575
Ly 29 W, 1.47
Wy 3 g 0.375

3.2.2 Results and Discussion

The simulated and measured impedance bandwidth of the MSL loaded DRA is depicted in
Fig.3.7 . The MSL integrated DRA generates a better impedance matching (S1;=-37 dB)
over the standalone DRA (S;;=-14 dB) due to the positive interference of MSL material
loaded above the source DRA. The MSL loaded DRA generates a bandwidth of 140 MHz and
180 MHz in simulation and measurement respectively. When MSL is loaded above the source
DRA, an electromagnetic coupling occurs resulting in a small variation in the resonance
frequency of the antenna loaded with MS lens in comparison with the standalone DRA. This
can also be due to fabrication tolerance and slight uncertainty in &, of the synthesized DR
material.

Figure 3.8 (a) and (b) depicts the radiation pattern in E-plane and H-plane of the DRA
integrated with MSL. An image of the S1; and radiation pattern measurement mechanism
is pictured in fig.3.9. A metallic structure kept at the bottom region of Fig.3.9(b) provides
the mechanical stability while performing the experiment. Since this structure is behind
the measured antenna ground plane (fully grounded DRA) it has negligible consequence
on the radiation pattern measurement. The DRA is fixed on the grounded FR-4 substrate
at exact location using an index matched dielectric glue. This is then loaded with MSL at
theoretically calculated height with a foam structure to support the MSL. It is observed from
the fig. 3.8 (a) and (b) that the combination of MSL and DRA results in a broadside radiation
pattern with peak gain of 9.90 dBi and 9.3 dBi in simulation and measurement respectively.
There is a reduction in half power beam-width to 40 when MSL is used. This increase in
gain is due to the designed MS lens with GRIN profile which generates a collimated beam
with improved peak gain.

The enhancement in gain of the MSL integrated DRA compared to the stand-alone DRA
is also validated by plotting the 3-D radiation pattern of DRA integrated with and without the
MSL as depicted in fig. 3.10(a) and (b) respectively. The rise in current distribution on the
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Fig. 3.7 Simulated and measured reflection coefficient of the DRA .
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Fig. 3.8 Simulated and measured radiation pattern at 4.5 GHz of the DRA with MS lens: (a)
E-plane, (b) H-plane.
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Fig. 3.9 Image of the measurement setup used for measuring (a) S1; and (b) Gain of the DRA
loaded with an MS lens.
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Fig. 3.10 3D Gain at 4.5 GHz: (a) DRA without, and (b) with an MS lens.

MSL is observed in fig.3.11. This results due to the focused EM waves along the bore sight
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Fig. 3.11 Current distribution on the MS lens at 4.5 GHz.

l -» DRA

=® MS Lens

of the DRA integrated with MSL as seen in the fig.3.11. Table 3.2 presents a comparison of

simulation and measurement results of the DRA integrated with and without the MSL.

3.3 Conclusion

A dielectric resonator antenna integrated with MSL is discussed in this chapter. Kramer’s

Kronig algorithm extracts the effective magnetic permeability and electric permittivity of

the unit cell designed from the S-parameters generated. The placement of unit cells on FR-4

Table 3.2 Comparative look of simulated and measured results of standalone DRA and DRA

loaded with an MS lens

|| Standalone DRA | DRA with MS lens |

Simulated 200 140

Impedance BW% /- sured 140 180
. . Simulated 5.8 9.9
Maximum Gain Measured 4.6 9.3
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substrate results in a graded index profile. Thus the EM waves from the standalone DRA
antenna follows a uniform phase profile leading to a constructive interference which thereby
enhances the gain of the DRA with MSL by 4.1 dBi in simulation against measured value of
4.7 dBi. The proposed mechanism of gain improvement provides a notable rise in gain for
the source antenna with a compact structure.






Chapter 4

Investigation of EM Waves on ON-Body
to ON-Body and ON-Body to OFF-Body

scenarios using Twelve Cylinder Body
Model

The study of electromagnetic (EM) wave propagation around/along the human body has
always arouse the curiosity of the researchers as it has variety of applications in multimedia,
healthcare system, military and sport [1]-[5]. The onset of IoT followed a considerable
exploration in the area of wearable devices. The development of wearable devices requires an
organized investigation of EM wave propagation while humans are at rest and movement [5].
In a typical wireless body area network (WBAN), sensors which collect relevant information
from the human body is positioned on the body which are then transferred to patient’s personal
devices and then to health care service centers for further processing [6]. The study based on
measurement analysis alone has various constraints like antenna positioning, requirement of
volunteers of varying sizes, need of analyzing wearable devices on multiple material and the
difficulty to do various physical activities on many volunteers [5]. A simulation technique
combined with experimental analysis can provide a comprehensive information on rest and
dynamic ON-Body propagation and the EM wave propagation between transmitting (TX)
and receiving (RX) antennas [5].

In case of ON-Body to ON-Body EM wave propagation, antennas which radiate along
the body surface should be used whereas for ON-Body to OFF-Body systems antennas
with broadside radiation like textile patch antennas are more suitable [7]. The analysis of
ON-Body to ON-Body channel characteristics is executed using various types of human body

models/numerical phantoms, including, 1) single layer rectangular [8] ii) cylindrical single
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layer/torso [9] ii1) three layer [10], [11] and 1v) voxel model [12]. Software like ‘POSER6’
[78] “Phase Space Recap 2” are used for modelling the channels on dynamic human bodies
[5].

In this chapter, investigation of creeping wave characteristics is reported with a simple
yet effective cylindrical human body model. A human model with crucial body parts such
as head, shoulder, torso, upper arm, lower arm, thighs and calf is introduced for dynamic
human activities. The double arm swing activity is performed using this model to analyze the
transmission characteristics. Two similar cross-slot antennas (CSA) are designed, analyzed
and then fabricated, to study the creeping waves characteristics and the double arm swing
activity on the newly modelled twelve-cylinder human model. The double arm swing
activity is done giving consideration to various dynamic body postures. During this activity
positioning of Antl is on the chest and Ant2 on the lower arm. The use of this newly
introduced model remarkably lowers the measurement procedures and research cost. The
simplified twelve cylinder body model can be easily modified to do multiple analysis. All
the simulations are done in CST Microwave studio [114]. The chapter is arranged as follows:
the creeping wave characteristics is explained in section 4.1 . The double arm swing activity
is briefed in section-4.2 using the new model. Section 4.3 details the simulation set-up of
’Smart Bag’ followed by discussion on integration of ’Smart Bag’ with human body model

in section 4.4.

4.1 Creeping wave Characteristics:An Investigation

Alves et al. introduced the concept of creeping waves on body surfaces at microwave
frequencies [79]. The propagation of creeping wave in case of a wearable antenna is dicussed
in the article [79]. A creeping wave in electromagnetism is a wave that is diffracted around the
shadowed surface of a smooth body such as a sphere and has applications in EM propagation
and as well as accoustics. Creeping waves greatly extend the ground wave propagation of
long wavelength (low frequency) radio. They also cause both of a person’s ears to hear
a sound, rather than only the ear on the side of the head facing the origin of the sound.
The propagation of electromagnetic waves on the body includes a union of free space
propagation, and creeping waves which is due to the diffraction as well as the reflections
from the environment. The study of creeping waves around the torso provides more insights
on ON-Body to ON-Body propagation. The ON-Body propagation is mainly contributed by
creeping waves diffracted from lossy human body phantom and trapped along the body’s

surface, while the radio waves of OFF-Body links are dominantly line of-sight (LOS) as well
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as multi-path propagation. Creeping waves are more sensitive to body motions rather than
shadowing, fading and multipath effects.
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Fig. 4.1 (a) Creeping wave simulation setup using CSA on phantom model. (b) Experimental
setup using container with distilled water. (c) Schematic of the antenna.
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In present work, a cylindrical phantom and omnidirectional CSA of size Ly x Wy x h
is used to analyze the creeping wave characteristics. The designed antenna operates in the
frequency range of 1.8 to 3 GHz [80]. The simulation methodology and experimental set up
for EM wave analysis is depicted in Fig. 4.1 (a) and (b). The antenna schematic is depicted in
Fig. 4.1 (c). The design dimensions of the CSA are provided in Table-4.1. In the simulation
set-up shown in Fig.4.1(a), homogeneous cylindrical phantom models of, length / = 300 mm,

and radius ¥ = r{ = 64 mm and r = r» = 98 mm are considered.

Table 4.1 Design Parameters of CSA

Parameter Dimension (mm) Parameter Dimension (mm)

Ly 70 51 5.8
wi 0.7 h 1.58
W 45 52 6.2
wy 0.85

The Sy is simulated for two scenarios: 1) CSA in free space and ii) CSA on human body
model. This is depicted in Fig 4.2 which shows that for both scenarios a 1.2 GHz impedance
bandwidth is attained. The experiment is performed on CSA fabricated on FR4 (¢, = 4.4 and
tand =0.02 material. The S; is measured for two scenarios: i) standalone CSA and ii) CSA
on container filled with distilled water is as depicted in Fig.4.2.

The homogeneous body model has dielectric constant .= 35.15, and conductivity 1.16
S/m. This value is the average permittivity of human body which is two-third of muscle
tissue [81]. The Ant1 and Ant2 are positioned on the homogeneous phantom model. The
Ant1, on the model is the transmitting antenna (Tx) while Ant2 on the phantom model, acts
as a receiving antenna (Rx). The position of Ant1 is fixed and Ant2 is moved in a circular
path around the cylindrical phantom model. As EM waves travel around the cylindrical
phantom models an exponential decay of EM waves is noted.

Figure 4.3 depicts the simulated transmission data used to study the creeping waves. In
case of the cylindrical body model of radius r; = 64mm, the receiver antenna #Ant2, is
placed directly on the backside of the transmitting antenna Ant1 at the wrapping span of 200
mm (7 x r; = 200 mm). Likewise, a back-to-back position of the antennas are obtained for
the body model with radius r, = 98 mm, at a wrapping span of 300 mm (7 X r, = 300 mm).
A constructive interference of the EM waves in clockwise and anti-clockwise direction are
observed when antennas are placed back-to back. This phenomenon can be noticed clearly
as #Ant2 is fixed at more number of points near the backside of #Antl and analyzed. The
vertical dotted line marked in Fig.4.3 marks the point at which this constructive interference

occurs.
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Fig. 4.3 Simulated transmission values for phantom model of varying radius at 2.4 GHz.

In order to further understand the phenomenon of creeping waves, experiments for the

corresponding simulations were performed at IIST RF and Microwave Lab facility. The
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Fig. 4.4 Experimental study using CSA and a container with and without distilled water at
2.4 GHz.
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Fig. 4.5 Transmission characteristics using CSA and a container with and without distilled
water vs. frequency.
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experiment was done by using a plastic container with radius 100 mm for two scenarios: 1)
empty container (non-lossy medium) and ii) conatiner filled with distilled water( &, =78 )
making it as lossy medium as depicted in Fig.4.4. The experiment is done using distilled
water, as water is a major constituent of human body. The water content in adults is 60
percentage while in children the percentage is still higher [82], [83]. The Rx antenna, #Ant2
was fixed on the left, back and right side of #Antl to obtain transmission characteristics at
those positions. In case-(i) (empty container), the transmission characteristics is better when
#Ant2 and #Antl are positioned back-to-back compared to all other placements of CSAs
as this orientation gives maximum EM wave transmission. But in case-(ii) (with distilled
water), it is noticed that the transmission characteristics decays significantly as the #Ant2 is
placed directly opposite to #Antl. This substantial decrease in strength of the EM waves is
due to the presence of lossy water medium in the container.

The S>1 when #Ant2 and #Ant1 are directly opposite to each other are plotted against
frequency for two cases: i) container filled with distilled water and ii) empty container as
shown in Fig.4.5. When filled with water, the container becomes a lossy medium reducing
the transmission values during experiment when compared to the medium without water.

The transmission losses also increases towards higher frequency.

4.2 Double Arm Swing Activity in the Sagittal Plane

The twelve cylinder homogeneous body model with .= 35.15, and conductivity 1.16 S/m
[81] designed can be modelled for rest and dynamic activities . The head, shoulder, torso,
thighs, calf, upper arm, lower arm are featured using individual homogeneous cylinders.
The coronal as well as sagittal plane of the human body model and schematic of the newly
proposed twelve-cylinder homogeneous body model are shown in Fig.4.6. This model is
developed to perform the analysis of dynamic scenarios and postures. Here, this twelve-
cylinder body model is used to model dynamic postures in a double arm swing activity. This
activity is performed by hand movement in reciprocal direction in the sagittal plane which is
similar to our hand posture as we walk.

The ten frames showing different postures during double arm swing activity using this
simplified model is depicted in Fig. 4.7. In present work, the #Antl is positioned on the
chest of this model and #Ant?2 is positioned on the lower arm of the phantom model. Att=0,
position is depicted by frame P1 and t = 1 second it is depicted as frame P10. All the other
intermediate frames are equally time spaced and shown in the Fig.4.7.

While performing this activity, more number of frames are studied in the first half cycle,

where hand is moved from front side of body model to back-side of the model to get a
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Fig. 4.6 Schematic of twelve-cylinder phantom model: (a) Front view, and (b) Side view.

comprehensive information of the transmission characteristics. In the next half cycle, the
hand is moved from back to the front-side of the phantom model almost along the same path.
The detailed dimensions of the model are provided in Table 4.2.

Experimental investigation using multiple frames shows that the signal loss is lower when
lower-arm where #Ant2 is positioned is in the front side of the body and #Ant1 is on the
chest as seen in Fig.4.8. The transmission value reduces as #Ant2 placed on the lower arm is
on the backside of the body model in double arm swing activity. As seen from Fig.4.8, the
S5 of this simulation results in a cosine pattern.

The response of changing the orientation of CSA is studied using a four-year child model
whose design values are given in Table 4.3. Figure 4.9(a) shows the child model simulated
with Antl and Ant2 positioned parallel to the body surface while in Fig. 4.9(c) CSAs are
fixed normal to the surface of the body resulting in the movement of EM waves along the
surface of the body. This is understood from the omnidirectional radiation pattern of the CSA

shown in Fig. 4.9(b). Figure 4.10 depicts the experiment performed on a female volunteer
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Table 4.2 Dimensions of twelve-cylinder Body Model

Parameter Dimension (mm) Parameter Dimension (mm)

Ry, 30 Ly 60

R, 7. L 85

R; 15.9 Lg 5
R:h 25 Lh 100

R, 9 L, 145

R, 18 L. 125

R, 65 L, 225
Ly, 550

E I
P3

Fig. 4.7 Frames P1-P10 illustrating the double arm swing activity.

P4 Ps

Pa PT P9 Pro
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Fig. 4.8 Transmission characteristics of double arm swing activity for single cycle.

(a) (b) (©)

Fig. 4.9 (a) Ant1 and Ant2 parallel to the model (b) Radiation pattern of the CSA and (c)
Ant1 and Ant2 perpendicular to the model.

of height 157 cm and weight 54 kg. When CSA is fixed parallel to the lossy human body,
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Fig. 4.10 (a) Ant1 and Ant2 parallel to the volunteer (b) Ant1 and Ant2 perpendicular to the
volunteer

the efficiency is significantly reduced as seen in Fig.4.11. Placement of CSA parallel to
the human body surface is more efficient for a communication system with ON-Body to
OFF-Body set-up rather than ON-Body to ON-Body scenario.

Table 4.3 Dimensions of the four-year child Model

Parameter Dimension (mm) Parameter Dimension (mm)

R 70 Ly 100
R, 15. L 160
R, 27 Ls 5

R/h 45 Lih 250
Ry 18 La 245
R, 30 L. 250
R, 110 L 400

Ly, 1000
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Fig. 4.11 Transmission characteristics with varying antenna orientation.

4.3 ON-OFF Body Analysis for Smart Bag

With the development of Internet of Things (IoT), Body area network will create a big leap in
the near future [1]. Wearable devices are an essential part of IoT [2]. Antenna is one essential
component of wearable devices as the efficiency of wireless link depends on them[2]. The
transmission characteristics changes with varying position of antenna.A ’Smart Bag’ can be
made if an RF transmission system is inbuilt on the bag. The Smart Bag can send its location
to customer mobile through cellular communication which will helps him/her identify the
location of bag.This section deals with the ON-OFF Body analysis by varying the position of
antenna which in turn changes the transmission characteristics. This analysis can be extended
to different materials of bag as well as on different household and consumer equipment which

are expected to be a part of the Internet of Things (IoT).

4.3.1 System Simulation

Figure 4.12 shows the bag model designed in SOLIDWORKS [84] which is used for ON-
Body to OFF-Body analysis.

The bag modelled in SOLIDWORKS [84] and then imported to CST [56] for doing
the analysis. The material used for bag model simulation is cotton material with dielectric
constant € = 1.9, tand = 0.092 .
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Fig. 4.12 Bag model simulated in SOLIDWORKS.

#Antl <= #Ant] <= #Antl <=

Fig. 4.13 Smart Bag system model: (a) #Antl and #Ant2 are in line of sight, (b) Ant2 is
positioned on left side of #Antl1, and (c) #Ant2 is positioned on the right side of #Antl.

Fig.4.13 depicts the system model of ‘Smart Bag’ (Bag integrated with antenna) simu-
lated in CST for ON-Body to OFF-Body analysis. The antenna is placed on the bag strap
providing the user flexibility to change the position of antenna on the bag thereby improving
transmission with OFF-Body antenna. #Ant2 is the transmitting antenna positioned on cloth
bag and #Ant1 is the receiving antenna in free space. #Antl is at a distance d = 21 cm from
#Ant2 when they are in line of sight (LOS).
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4.3.2 Antenna Design
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Fig. 4.14 (a) Schematic diagram of the antenna, (b) 3D radiation pattern of the antenna.
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Fig. 4.15 S of the antenna.
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#Ant] and #Ant2 used in the *Smart Bag’ set-up is a rectangular microstrip patch antenna
(MSA) printed on the FR4 substrate (€, = 4.4) with dimensions, Ly = 26 mm, W, = 24 mm
and 4 = 1.5 mm operating at 3.45 GHz. The schematic diagram of the MSA is as seen in
Fig.4.14(a). Figure 4.14 (b) depicts the 3D radiation pattern of the MSA. The reflection
coefficient of the MSA is as depicted in Fig.4.15. The dimensions used in bag and antenna
design are given in Table-4.4.

Table 4.4 Dimensions of the Smart Bag Model

Parameter Dimension (mm) Parameter Dimension (mm)

I 154.2 w 723
h 118 . L 26
W, 24 L, 19
W, 17.25 H, 15

4.3.3 Results and Discussion

Off-body patch

antenna

(‘K—?\I\
Patch Antenna ¢ = b
: G

———
Surface of Bag —a—

__90 M 1 M 1 1 M 1 " 1 M 1 M 1 L 1 M 1 M
3.0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0

Frequency (GHz)

S, (dB)

Fig. 4.16 Transmission Characteristics when #Ant2 is kept on the surface of bag model and
#Ant] in free space at d = 21 cm away from #Ant2.

The S7; when #Ant2 is positioned on the bag surface (ON-Body antenna) and #Antl
functioning as OFF-Body/free space antenna is depicted in Fig.4.16.Figure 4.17 depicts the
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S>1 when #Ant?2 is placed on the bag handle. Positioning the Ant2 on handle allows the user
to move the antenna along the handle to the top, left and right unlike on any other part of
the bag. Simulation of ’Smart Bag’ is done for three scenarios: (i) #Ant2 on top (LOS with
#Antl) (ii) #Ant2 on left (NLOS with #Antl) and (iii) #Ant2 on right (NLOS with #Ant1) of
the bag model. In all these cases #Antl is fixed at distance d from the bag top.

)
=)

S parameter (dB)
A
[=]

 I— i
s ‘-" S,4 #Ant1 bag top
-60 ""\ ’ |== = ==S5,, #Ant1 bag left
-j i S, 4 #Ant1 bag right
S" free space antenna
-80 N 1 . 1 1 A 1 2 L . 1 s L . 1 x 1

3.0 3.1 3.2 3.3 3.4 35 3.6 3.7 3.8 3.9 4.0
Frequecny (GHz)

Fig. 4.17 Transmission characteristics of various positions of Ant2 with Antl.

The reflection coefficient and transmission characteristics of the study for three scenarios
are depicted in Fig.4.17. The maximum transmission occurs in case(i). The transmission

value is lowered by 10 dB in case (i1) and (ii1) which shows the requirement of flexibility for
positioning the antenna.

4.4 Smart Bag on Human Body model

The *Smart Bag’ is then integrated with twelve cylinder body model to investigate the effect
of human body on transmission characteristics. #Ant4 similar to the #Ant3 is located at a
distance 760 mm from #Ant3.Figure 4.18 shows the twelve-cylinder body model integrated
with ’Smart Bag’.

The S>1 is analyzed with and without the human body model. Fig.4.19 depicts the S»
with and without using human body model.The value of 1 for MSA operating at a frequency
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of 3.45 GHz is found to be -30 dB when antenna is not integrated on human body model.
As observed from the Fig. 4.19, S, is notably lowered when *Smart bag’ is integrated with
twelve-cylinder body model. A lowering of 6 dB is found at 3.45 GHz which indicates that
the lossy human body further weakens the transmission values. This indicates that a very
efficient ON-Body antenna is required for ON-OFF Body communication considering human
interference.

OC#Ant4 .

Fig. 4.18 Simulation set-up for twelve-cylinder phantom model integrated with a ‘Smart
Bag’.
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Fig. 4.19 Transmission characteristics of patch antenna on ‘Smart Bag’.

Fig. 4.20 Experimental set-up of ‘Smart Bag” when #Ant3 and #Ant4 are (a) in line-of —sight,
and (b) not in line-of sight.
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4.4.1 Experimental analysis of ON-OFF Body Transmission

The ON-Body to OFF-Body analysis set-up is arranged with Ant3 as ON-Body antenna
fixed on the cotton bag. This is performed for two cases: 1) #Ant3 on a bag surface, in LOS
with #Ant4, which is the OFF-Body antenna and ii) #Ant3 on a bag handle and #Ant4 as
OFF-Body antenna. In the set-up ii) Ant3 and Ant4 are not in LOS as in case of set-up 1).
The OFF-Body antenna, #Ant4 is positioned on a tripod stand so as to make the vertical
span between #Ant3 and #Ant4 64 cm. The picture of the experimental set-up is as seen in
Fig.4.20.

The $7; is plotted for different cases and is as seen in Fig.4.21. At 3.45 GHz the observed
transmission value is -42.5 dB for case 1 while it reduces to -55.5 dB in case ii. This is due to
the fact that the #Ant3 and #Ant4 in NLOS are not positioned to attain maximum radiation

in case ii.

-40

Sy (dB)

- = #Ant3 on center of bag
#Ant3 on left side of bag handle

-80 T T ¥ T 2 T G T v T g T T T ¥ T e
26 2.8 3.0 3.2 3.4 3.6 3.8 4.0 4.2 4.4

Frequency (GHz)

Fig. 4.21 Transmission characteristics of ‘Smart Bag’ when #Ant3 and #Ant4 are (a) in
line-of —sight, and (b) not in line-of sight.

4.5 Conclusion

The twelve-cylinder phantom model presents an exciting horizon for EM wave analysis as it

can model rest and dynamic postures of human body. Varying the dimensions of these models
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in synthetic environments allows to supplement or may even substitute the requirement of
experiment on human volunteers in complex scenarios. Elaborations of the analysis can be
performed by using heterogeneous human body model rather than homogeneous body model.
This model finds its application in ON-Body to ON-Body as well as ON-Body to OFF-Body
transmission study and can be broadly used in EM wave analysis around/along body as it can

be replicated easily.



Chapter 5

ON-Body to ON-Body analysis: Effect on
UWB Transmission Characteristics

The present era finds the extensive research in the area of body area network systems as they
find versatile applications in the field of sports, health care systems, media [35], indoor and
outdoor data transmission system [86] and many more. A very low transmission power is an
important requirement of wearable wireless devices. UWB (ultra-wideband) communications
gives high data rates along with low power spectral densities in comparison with the MICS
and 2.4 GHz ISM band [87]. UWB has large bandwidth and provides robustness to jamming
and has low detection probability. The requirement of much lower transmit power provides
increased battery life for wearable devices. [87]. Hence, UWB antennas finds applications for
body-centric wireless networks [87]. Many features of the UWB BCWC in stochastic as well
as experimental realms are found in literature [87]-[97]. The parameter explored by different
research groups for UWB channel model includes, Channel Impulse Response (CIR), which
is a significant Figure of merit for time domain characterization of an Ultrawideband system
[91]-[97].

In this chapter, following simulation and experiment based approach for investigating ON-
Body to OFF-Body Channel Modeling is considered: (i) a simulation methodology to analyze
the ON-Body to OFF-Body channel using UWB monopole antenna (Ant1) considering the
time domain characteristics of the transmit/receive antenna using [56],[98] , (ii) an indoor
line of sight (LOS) ON-Body to OFF-Body measurement procedure using three antennas (&,
= 2.33 and tand = 0.00012) operating in the FCC recommended bandwidth of 3-10 GHz.
Various antennas such as, an UWB monopole antenna (L x W = 50mm x 60mm) with circular
monopole diameter of 25mm (Ant 1) , a Vivaldi antenna (L x W = 35mm X 45 mm) ( Ant
2), and an UWB monopole of dimensions LxW = 22mm x 40mm (Ant 3) are considered

for experiment based investigation. The method of characterizing the transient Figures of
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Merit presented in this chapter is a stepping stone to achieve a comprehensive approach
towards channel modeling as well as analysis with short pulse electromagnetics. The novelty
of this method lies in the fact that an ON-Body UWB channel can be analyzed in terms of
pulse dispersion. The proposed method after testing with NLOS, reverberant, and multipath
scenarios can be used as a simplified method for estimating UWB ON-Body to OFF-Body

channel characteristics without considering stochastic or path loss model.

5.1 Antenna and Phantom Model

Off-body UWB monopole
antenna (#Ant 2)

o
=

Y S S

On-body UWB monopole

I AD{enna (#Ant 1)
SKin

h;

¢
|

=

i}

T L

L

Fig. 5.1 Schematic diagram depicting position of the UWB monopole Tx on a three-layered
human phantom arm model and UWB monopole Rx at far field distance r (h; =5 mm,
hy = 10 mm, A3 = 30 mm, L = 100 mm).

Two similar UWB antennas (Antl) acts as transmitting (Tx) and receiving (Rx) antennas
for ON-Body to OFF-Body analysis. The OFF-Body antenna acts as the Rx antenna while
Tx is located on the body. The placement of the Rx is in the far field of the Tx antenna. The
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far field distance is measured by the thumb rule ZTDZ, where D is the longest dimension of the
Antl and A is the wavelength which corresponds to the lowest frequency of operation. The
three layered rectangular phantom model is designed considering effective permittivity and
conductivity of each of the layers at 5.5 GHz: The top layer is the epidermal skin layer with a
permittivity & = 35 and 6 = 3.46 S/m, the middle layer is the fat with permittivity €. = 4.9
and 0 = 0.27 S/m, and the bottom layer is the muscle with a permittivity of & = 49.4 and
o0 = 4.8 S/m [96],[99]. The Tx Antl is placed on the top epidermal layer as a wearable
antenna and RX Antl in free space. The schematic diagram of the set-up described is as seen
in Fig.5.1.

5.2 Results and Discussion

5.2.1 Simulation Results and Time Domain Analysis

s 10t O — >

Fig. 5.2 Schematic of the standalone monopole antenna

An approach to characterize the channel in time domain is performed here. To begin
with, the stand-alone UWB monopole, depicted in Fig 5.2, is analyzed in the time domain.
The reflecion coefficient of the UWB monopole is as shown in Fig.5.3. The study provides
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Fig. 5.3 §1; characteristics of the stand-alone monopole.

a relative interpretation on the effect of using same UWB monopole in a Tx-Rx system
simulation in terms of pulse dispersion when UWB monopole (Antl) is placed on the
rectangular phantom model as a Tx antenna and as an OFF-Body Rx antenna set apart by
a free space channel. For the analysis, the input signal for ON-Body Tx Antl is a narrow
monocycle pulse which has a pulse width of 400 ps without any inherent ringing. It is
to be noted that every monocycle pulse width cannot make the antenna radiate, a step-by-
step procedure should be followed to determine the required pulse width [100]. The time
domain parameters like radiated electric field sensed by a far field probe and its associated
ringing time interval J,, and group delay characteristics are portrayed in Fig.5.4 and Fig. 5.5
respectively. The radiated field of in case of a stand-alone UWB monopole is the inverted
second temporal derivative of the input monocycle as shown in Fig. 5.4 but its nature changes
when it is positioned on the three layered rectangular phantom model as can be observed in
Fig.5.6.

The group delay of the system changes as depicted in Fig. 5.7 as compared to stand-alone
monopole. Figure 5.8 (a) depicts the block diagram for computing impulse response of a
system and Fig.5.8(b) depicts the transfer function of Antl on three layered phantom model.
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Fig. 5.5 Group delay computed using MATLAB.
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Fig. 5.7 Group delay computed using MATLAB.
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Fig. 5.8 (a) Block diagram for Impulse response of a system, and (b) Transfer function of
antenna on the phantom

5.3 Experimental Findings

Experiment is performed for three cases:i) The Tx Antl is kept ON-Body and the Rx Antl
as OFF-Body antenna. The Rx Antl is kept in the near field of Tx Antl in this case, ii) Tx
Antl as ON-Body antenna and Rx Antl as OFF-Body. Here, the Rx Antl is located in the
far field of Tx Antl iii) Tx Antl as ON-Body antenna and Rx Antl as OFF-Body antenna.
The Rx Antl is in the far field and characteristics is studied by varying its elevation angle.
The measurement set-up used is as seen in Figure.5.9 (a), where the Tx Antl antenna is
fixed on the palm of a female volunteer with height 157 cm and weight 54 kg and Rx Antl
is placed in free space. Experiment is conducted for near field and far field arrangement
by varying the position of Rx Antl with respect to Tx antennas to obtain the transmission
characteristics in both scenarios. Measured values of transmission vary with frequency for
different elevation angles in the far field and near field region as depicted in Figure. 5.9(b).
This data is then processed in MATLAB to estimate the group delay characteristics depicted
in Figure.5.9(c).The negative slope of transmission phase angle with frequency results in

group delay, given by,
od

6d:—%

S.D
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Fig. 5.9 (a) Experimental setup showing TX Antl on palm of the volunteer and RX Antl
as OFF-Body antenna.(b) S, characteristics for different cases: near-field, far-field, and
varying elevation angles.(c) Computation of group delay from complex S»; data obtained
from experiments.
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where ¢ represents the phase angle and o is the frequency [88]. Even though a good
confirmation between the nature of transmission values and group delay characteristics
are obtained from simulated and measured data, the magnitude scale is different from that
in simulation for measured S, and group delay characteristics. This might be due to the
spurious reflections in the experimental setup that occurs when the OFF-Body Antl Rx is

given external support to maintain stability.

5.4 Conclusion

The EM wave radiation analysis in case of UWB antenna systems for ON-Body to OFF-Body
channel modeling are systematically analyzed in simulation as well as with experiments in
this chapter. These primary studies gives some representative results for channel modelling.
The simulation and experimental data helps to analyze the transfer function of the UWB

systems.






Chapter 6
Conclusion and Future Scope

Current desertion, divided into five main chapters, have contributed on the investigation of
propagation of electromagnetic waves around the human body, study of transmission charac-
teristics in ON-Body to ON-Body scenario as well as ON-Body to OFF-Body scenario and
design of antenna for associated applications. The requirement of performance enhancement
of antennas is also evident from the study. This serves as the motivation and prime factor for
the current research work. The main objective of this thesis is to investigate the propagation
of EM waves around the human body and enhancement of the gain of OFF-Body antennas.
Following are the main contributions of our research work which makes the major part of the

thesis:

* Technique for gain enhancement in linearly and circularly polarized microstrip antenna

using a hybrid substrate is proposed.

» Technique for gain enhancement in Dielectric resonator antennas using metasurface
lens is proposed. The positioning of the MSL above the DRA is discussed theoretically.
This is realized and experimentally validated.

* Analysis of creeping waves on a cylindrical phantom model is studied using simulation

as well as experiments.

* A twelve-cylinder body model is proposed which can be used for modelling rest as
well as different dynamic activity of humans. This model is used for the study of
double arm swing activity as well as to analyze the transmission characteristics of a

patch antenna integrated on a bag model in presence of human body model.

* A line of sight (LOS) scenario for ON-Body to OFF-Body transmission characterisyics

is simulated using a three layered phantom model with two similar UWB monopole
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antennas functioning in the bandwidth of 3-10 GHz to provide the time domain
characterization of the channel. Experiments corresponding to the simulations are also
carried out. Multiple experiments at different positions of the body gives an insight to

the variation transmission characteristics of the antenna.

The work can be extended to get more insights on EM wave propagation on human body.
These include:

* An up-gradation for twelve cylinder body model can be attained by using three layers
namely skin, muscle and fat in each cylinder with their characteristics and varying

sizes.

* The simulations can be replicated with different body sizes and positions for ‘n’ number
of times and understanding gained from this can be used for design of efficient on-body

antennas.

 Simulations and experiments with the efficient antennas will give a better understanding

towards channel modelling.

* Collection of baseline data from healthy individuals as reference will provide a better
understanding of motor disabling diseases including conditions caused by various
diseases like Parkinson’s, physical injury as well performance of athletes.
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