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Abstract

Wireless body area networks (WBANS) are an important part of the developing internet
of things (IOT). NASA currently uses space suits with wired sensors to collect limited
biomedi@l data. Continuous monitoringnd collecting ma extensive body vital signs
importantto assess astronaut healithis dissertation investigates wireless biomedical sensor
systems that can be easigorporatednto future space suits tenable real time astronaut health
monitoring The focus of te work is on the radiwvave channel and associated antennas.

We show that the space suit forms a unique propagation environment where the outer
|l ayers of the suitds t her madioopaguelhis eneironenent oi d
can be modeled as coaxial one in which the body itself plays the role of the coax center
conductor whié the space suit shielding materials play the role of the outer shield. This model is
then validated through simulations and experiments.

Selecting théestfrequency doperation is a complex mixture of requirements, including
frequency allocations, attenuation in propagation, and antenna size. We investigate the
propagation characteristics for various frequency bands from 315 MHz to 5.2 Signal
attenuationis anayzedas a function of frequency for various communication pathwaygsigh
3D simulations and laboratory experimer@mallscale radio channel resultglicatethat using
lower frequency results in minimal path loss. On the other hand, measurementdembotua
full-scale model suggest that 433 MHz and 2400 MHzdymtceptable path loss values
Propagation between the left wrist and left ankle yielded the worst overall path loss, but signals

were still abovel 100 dBm in raw measurements for a 0dBm tmaissionindicating that the

intra-suit environment is conducive to wireless propagation



Our findings suggest th#te UHF bandsare best candidateandssince there is interplay
between the body conductivity favoring lower frequencies, and the diffiofilgoupling RF
energy into and out of the channel using suitably sized antennas favoring higher frequencies

Finally, a new seltshielded folded bowie antenna is proposed that can be a promising
choice for the general area of WBAN technologies as wsllpotential new space suit

environments.
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Abstract

Wireless body area networks (WBAN=s)e an important part of the developing internet
of things (IOT). NASA currently uses space suits with wired sensors to collect limited
biomedical data. Continuous monitoring and collecting more extensive body vital signs is
important to assess astrona@alth. This dissertation investigates wireless biomedical sensor
systems that can be easily incorporated fatore space suits to enable real time astronaut health
monitoring. The focus of the work is on the radiave channel and associated antennas.

We show that the space suit forms a unique propagation environment where the outer
|l ayers of the suitds t her madioopaguelhis eneironenent oi d
can be modeled as a coaxial one in which the body itself plays the role abakecenter
conductor whié the space suit shielding materials play the role of the outer shield. This model is
then validated through simulations and experiments.

Selecting théestfrequency of operation is a complex mixture of requirements, including
frequency allocations, attenuation in propagation, and antenna size. We investigate the
propagation characteristics for various frequency bands from 315 MHz to 5.2 Signal

attenuationis analyzedas a function of frequency for various communication pagsthrough

3D simulations and laboratory experimer@smallscale radio channel results indicate that using

lower frequency results in minimal path loss. On the other hand, measurements conducted on a

full-scale model suggest that 433 MHz and 2400 MHzdyacceptable path loss values.
Propagation between the left wrist and left ankle yielded the worst overall path loss, but signals
were still abovel 100 dBm in raw measurements for a 0dBm transmissiditating that the

intra-suit environment is conduciie wireless propagation

g



Our findings suggest th#te UHF bandsare best candidate bargiace there is interplay
between the body conductivity favoring lower frequencies, and the difficulty of coupling RF
energy into and out of the channel using siytaized antennas favoring higher frequencies

Finally, a new seltshielded folded bowie antenna is proposed that can be a promising
choice for the general area of WBAN technologies as well as potential new space suit

environments.
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Chapterl-Int roducti on

The rising median age ohost industrial countries and the associated potential rise in
healthcare cost has become a problematic societal phenomenon. For example, the percentage of
people over the age of 65 in the United States is projected to rise from 14% in 2015 to
approximatey 21% in 2050[1], as shown in Figure 1.1. This problem is projected to be even
more threatening in countries such as Japan which has a population that is aging faster than any
other country. In fact, the percentage of pedaling in this category is expected to jprfrom
13% in 2015 to 34% in AD, introducing unprecedentedhallenges for governments and

strategic planners.

40 T T T T T T T

35F ——USs
—&—EU
—#— Belgium
30 —&3— Canada
—+— Japan

251 —&— Korea

Percentage of population aged 65 or older
)
o

0 I I I I I i I i I
1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050
Year

Figure 1.1 Population percentage of 65 years orlder from 1950 until 2050 [data obtained
from the World Health Organization [2]]

These challenges introduce opportunities for biomedical engineers to come up with
i nnovative solutions. Pr e e mp bady kealthmparameteosr i n g

traditionally involves wired biomedical sensors that can measure parameters such as body



temperature, respiration ratend heart rate. However, a primary disadvantage of using wired
sensor is that this kind of sensor is inconvensa uncomfortable for elderly people, especially
those susceptible to skin irritations. I n add
signs typically requires medical staff responsible for caring for those patients, thereby increasing
the ®st of healthcare systems. Therefore, the demand to seek unconventional heath monitoring
techniques is appealing from engineering, medical, and economic perspectives.

Recent advancements in wireless communications afzbady portable devices offer a
key dement of a solution and have attracted the attention of wireless, biomedical, and healthcare
professionals and investors. Widespread deployment of wireless technologies such as Bluetooth,
Wi-Fi, wireless sensor networks, heterogeneous networks, and neeragen mobile
communication systems, such as the 5G and Internet of Things (loT), offer the promise of
potential integration of these technologies. One of these technologiescditdyg wireless
communications, is anticipated to be a significant pord the fourth and fifth generation

mobile communication systems and is the focus of this dissertation.
1.1 Wireless Body Area Networks

A body-centric wireless network is comprised of a set of wireless sensors that are placed
in, on, or in proximityto the human body. These sensors collect multiple vital body signs, and
share that data with other wunits, such as ext
cellphone. Bodycentric communication technology incorporates various technologiesdha
be used separately or combined, including wireless body area networks (WBANS), wireless

personal area networks (WPANSs), and body sensor networks (BSNs).



WBANSs are built around small wireless sensors on or inside the body that collect relevant
healthinformation and send the data to a central node that is also worn drodlie Some
potential medicaapplications foMVWVBANSs are listed in Table 1[B].

Tablel1l.1 Some nedicalapplications ofwirelessbody areanetworks

Signal Application examples Average data

rates (kbps)

EEG Sleep analysis, epilepsy resea 107 100
and monitoring, localie damaged
brain tissue

ECG Remote paént heart monitoring, 107 100

research and early identification
P a r k iswdliseass, &esearch chi
development of motor skills

EMG Physiotherapy, identify fall risk 107 100
among elderly, research and early
i denti fication
diseaseresearch clhd development
of motor skills

EEG Similarity | Seizure warning systems 0.5
index
Blood pressure| Patient monitoring and automatic 0.0171 0.1
emergency response, sport
applications

0 and6 0 Patient monitoring and automatic 0.017 0.1
emergency response, identify
levels respiratory illnesses

Glucose levels| Diabetic patient monitoring, 0.017 0.1
automaticadministration of insulin

According to the IEEE 802.15 standardimat group WBANSs utilize a variety of
communicationincludingon-body, offbody, or in-body communications. FigureZldepicts

on-body and offbody communication scenarios
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Figure 1.2 Wireless body areanetwork and possible components for ofbody and off-body
communications [reproduced from[4]]

Three types of communication can be defined in the context of WBAN:

1) On-body communication
Onbody communicationexchangs data bewveen bodymounted devices that
communicate wirelessly.

2) Off-body communication
Off-body communicatiomlescribes wireless links betweentoody devices and base
units or mobile units located in ambient environments.

3) In-body communication
In-body communicatins describes links and relays that exchange data between
implant devices and ebnody nodes.

The nextSection reviews common spectrum allocations for WBANS.



1.2 Medical and non-Medical Spectrum Allocation

Without loss of generality, this research focuses anmoanication systems that operate
in licensed and unlicensed portions of the spectrum suitabheddical system relateBANS.

Table 1.2 Licensed and unlicensed bands suitable fanedical communications

Name Frequency band  Max. Transmit Max. duty Region
Licensed (L), (MHz) power (dBm EIRP) cycle
Unlicensed (U)

ISM, (V) 433.11 434.8 +7.85 10% Region 1
(Europe, Arica,
the Middle East,

and Russia)

ISM, (V) 868.01 868.6 +11.85 1% Europe

ISM, (V) 902.01 928.0 + 36 w/ spreading - us

ISM, (U) 2400.0i 2483.5| +36 w/ spreading - Worldwide

MICS, (V) 402.01 405.0 -16.0 - Worldwide
MedRadio, (L) 4017 206 us
MedRadio, (L) 41371 419 U

e 42671 432 us
é 43871 444 usS
MedRadio, (L) 4517 457 us

WMTS, (V) 6081 614 us

WMTS, (V) 139571 1400 +10.8 us

WMTS, (V) 14277 1432 +22.2 us

MBANS (L) 23601 2400 +22.2 us

Bands considered include Industrialgcié&htific, and Medicalbands (ISM), Medical
Implanted Communication System bands (MICS), Medical Device Radiocommunications
Service bands (MedRadio), Wireless Medical Telemetry Service bands (WMTS), Medical Body
Area Networks bands (MBANSs), and Ukvdadeband. Frequency bands and shwdnds for these
regions are provided in Table 1.2.
1.2.1Industrial, Scientific, and Medical Band

ISM bands were initially allocated for international raymmercial use. However, ISM

bands aralsoused in commercial devices suab WiFi networks. Frequency bands may vary



based on regulations specific to each country. Examples of ISM bands include the international
band in the range of 2400:02483.5 MHz and a countgpecific band in the range of 868.0
868.6 MHz band that care used only in Europe.
1.2.2Medical ImplantedCommunicationSystem Band

MICS bands, occupying the region of 402.@05.0 MHz, can communicate data from
implants inside the human body to an external device with a radio receiver in order to monitor
patient dad. The MICS band haa restriction tonarrow bandwidth (300 KHzyignaling.
Transmit power is also limited to 25 microwatts.
1.2.3Medical Device Radiocommuni¢ens Service Bands

MedRadio bands consist of the sodnds 401 406, 413- 419, 426- 432,438~ 444, and
451 - 457 MHz[5], licensed by the Federal Communication Commission (FGCyse in the
United States, hiese sudbbands can be used for diagnostic and therapeutic objectives in
conjunction with inbody or ombody commuication technologies. Unfortunately, however,
devices operating at these bands cannot be used outside the United States since their band is not
licensed in other countries.
1.2.4Wireless Medical Telemetry Service Bands

WMTS bands comprise a wireless servictallished by the FCC in 2000 in order to
transmit a patientaods bi omedi cal data to a r
incorporates a radioeceiver|[6]. This data includes a patient06:
and respiration rates. As shown in Table 1.2, WMTS includes three bands:63@8 1395i

1400, and 1427 1432 MHz.



1.2.5Medical Body Area Networks Band

In May 2012, the FCC has adopted a portion of the spectrum for what is called the
Medical Body Area Neavorks[7]. This band occupies the region from 2362400 MHz where
it is adjacent to the unlicensed band that hosts Bluetooth, most-&f, \&hd other wireless
applications. In particular, it is divided into two sbhénds: 3607 2390 MHz and 2390 2400
MHz.

However, this band can only be used with HJoswer signals within indoor environments
due to the fact that aircraft flight test stations use this spectrum and the medical device can cause
interfering signals with teseceive stations if placed close to them.
1.2.6Ultra-Wideband

In 2002, the FCC defined Ult\&/ideband (UWB) communication as any transmission
system that occupies an instantaneous bandwidth exceeding 500 MHz or having a fractional
bandwidth of more than 20% which fractional bandwidth is defined as the ratio of the 10 dB
bandwidth to the center frequency. UWB has a very wide bandwidth (3.1 to 10.6 GHz), thereby
enabling audio and video data transmission and allowing potential unprecedetiedl and
geneal-useapplications.

The following two sectionwvill focus onthe motivations and goals of our research

1.3 Motivations

WBANSs have attracted considerable research intereshéolast decadbecause othe
wide variety of possible applications, includingglemedicine, sports applications, and
applications for persons in extreme environments such as firefightars workers and outer
space. Unfortunately, ucrent space sug are limited in their ability to collect medical

information. Theyuse wired link to acquireelectrocardiogramBECG) dataand can indirectly



monitor oxygen uptake on a loitgrm basisFor future missions such as missions to asteroids
and Mars, additional monitoring is desired.

Replacing the current system with wireless sensors wpuidide several benefits,
including:

1) Protectionagainst mechaoal wear associated with wiring.

2) Ability to monitor multiple vital body signs orderto better understand the burden
onastronautaind ts effects on astronaut health.

3) Easyreconfguration of sensor placement.

WBANSs are able to monitor multiple vital body sigssich as heart rate, respiration rate,
and musclefatigue. The benefits of replacing wired links with wireless limkaddition tothe
variety of body signghat can be morored with this technology ha#spiredthe study and
designof a WBAN for astronauts this work

This research investigates astronaut wireless body area networks (AWBANS) in which a
central master node receives data transmitted from vesemsomodes distributed othe body.

A sensor node is simply a device that incorporates radio transceiver, microcontroller, memory,
antenna and various medical sensmbecting vital body biomedical data, may process them,
and transmit the information/data to etmodes via the antenriehe master node is envisioned

to be powered by the backpack and provide théoffy link. The sensor nodes are low power
devicesusing butteryor energy harvesting technologi@. In conjunction wih NASA Johnson
Space Centerresearchersat the Kansas State University Department of Kinesioldgy,
Manhattan, Kansasecommendedtrategic sensdypes andocations for astronaut health and
fatigue monitoring The work coveredin this dissertation is focused on determiningutcth a

system can be built by assessing the radio link within the suit.



1)

2)

3)

1.4 Research Objectives

Goals of the study can be summarized as follows:

Understanding tissueabsorption and impact ofspace suit material at various
frequenciesSince the human body is known to absorb radio enemgynderstandingf
radio wave interactions and absorptie needed The space suitmaterial and its
shielding propertiealsoneed to be studiedhis understanding isital to the design of a
successfuAWBAN.

Investigation and development of propagation models for-suitiradio signas. Signal
attenuation is analyzed andsimulated as a function of frequency for various
communication pathways withia space suitSmadl scale space suinodel €.g.,arm
space suit segment) is usiadially. The assumption that the arm and spacesadtion
have cylindrical geometry simplighe problem and enalsguantification ofpathloss

as a function of frequency, thereby allog recommendation of optimal carrier
frequencies for lowpower transmitters and expected data rates for-suiitawireless
communication system#\ subset of movements associated with physical activity that
affects relative orientation of communicatipathways is also investigated. Based on
availability of off-the-shelf integrated circuits and the size of practical anterdEs;
frequencies through approximately 10 GHz were emphasized in the theoretical and
experimental study.

Performance evaluation ina full-scale space suitmockup model This evaluation
involved both3D simulations orand laboratory measurements in full scale space suit

method.



4) Investigaton oftechniques fotaunching electromagnetic wavego the space suit radio
channel This part investigates possible antesrfar the intrasuit environment and
determines optimal antenna orientai@nd polarizatiors at various body locations to
ensureminimal path loss ithewireless links.

5) Developnent ofon-body wearable flexible, costeffective antenras in the emerging
MedRadioband that are conformal to the human body and provide reliabloan

wireless links during movement.

1.5 Prior Efforts

Early research of WBANSs focused statisticalmodeling forcharacterizing their radio
channelsfor onbody communicationsand on simulation methoddn [10], the authors
theoretically and experimentally studied-loody radio channels usiregmethod based on the
Friss formula and a novel local distorted rmthogonal Firte Difference TimeDomain (LN
FDTD). In narrowband channel characterization, most probability distributions of path gain are
log-normal, and the distribution spread depends on the degree of freedom between the
transmitter and the receiviacations For awideband channel, system performance is evaluated
and compared based on the antenna that is used: sshapad sel€omplementary antenna
(HSCA) or a planar inverted cone antenna (PICA). Reslitsvedthat PICA outperforms
HSCA in terms of root mean sare (RMS) delay spread for free space propagation.

In [11], the author investigated the performance of abadly radio channel that utilized
microstrip patch antennas. Propagation links were categorized based on bodydawatidgrich
the transmitter and receiver antennas were placed. A comparison of system performance for
various body postures and activities was also conducted. According to the author, path loss of the

measured data fit legormal cumulative distribution fution (CDF), and monopole antennas

10



produced superior performance. The graphed bit error rate (BER) vs-tsigmase ratio (SNR)
was used to analyze system performance, revealing that the system produced superior
performance for trunko-head and trunko-hand compared to other -dwody links. However,
system performance degraded as higher data rates were used.

In [12], the authors exploited the capabilities of conformal Fibitéerence Time
Domain (FDTD), Finite Element Mieod (FEM), and Finite Integral Technique (FIT) to model
on-body radio channels at a frequency of 2.4 GHz. The authors suggested that conformal FDTD
provides superior performance compared the other methods when modeling the geometric path
of waves travelig through and on the surface of the human body. In fact, the system suffered
variable path los@mountswhen body posture changed in the case of mdramd channels.
These results & when the experiment was conducted in the lab and multipath propagation
occurred. In addition, signal attenuation was higher compared to that for anechoic chamber
environment. However, the RMS delay spread decreased and produced higher path loss when
using HSCA antennas for UWB communication as opposed to the case when FdGrhaamas
used. In fact, RMS delays were fairly high because ofdirgight propagation in the anechoic
chamber.

Other research works have concentrated on development of models for UWB propagation
channels because this type @dmmunication has advageous forlow power consumption,
high data rates, and robustness against jamming signals. For exam[l@], ithe authors
investigated UWB ofbody radio propagation at high frequencies (3 to 9 GHz) in which channel
characterzation was derived and system level analysis modeling was conducted. The study also
compared communication channel performances when body postures and activities as well as

antenna orientation were changed.
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In [14], the autholintroduced a body area network that does not use antenna theory by
attempting to develop a WBAN using a conductive falilis.goal was to develop a garment for
remote wearable health monitoring that utilizes conductive fabric sheets for data transmission
However, the author did not use antennas to transmit biological data, but parallel conductors
(ParalletPlate Transmission line model) instead. Therefore, the concept ofclireent power
line carrier communication (D@LC) was utilized. This model aorporates impedance change
at the shoulder section of the human bolgcording to the authoexperimental results agreed
with results obtained using the proposed transmission line model in the frequency range of 100
KHz to 100 MHz.

In all previous stuigs, propagation analysis and modeling were conducted for typical
WBANs.However, to the best of thi gublshetidim@adiods kno
frequency (RF) signal propagation insidspace suitThis dissertation is focused on that urgqu
environment

1.6 Contributions

Major contributions of this dissertation are listed below:

1 A novel analytical modelis proposed for the intrgapace suitpropagation
environment(see Chapter 4)The proposednodel isa coaxialcable propagation
structurewith the body serving as a lossy center conductor and the conductive suit
material taking the role of the outer shielthese contributions were publishedoir
paper[15].

1 The effect of antenna polarization and the frequeatyperation on path loss
experienced in an intrgpace suit propagation environment is quantified via a small

scale suit model (see Chapter 4). Specifically, the vertical polarizaasifiound to
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result in lower path loss values compared to that producgdg horizontal
polarization. Also, the path loss for higher frequency bands generally results in higher
path loss valueS'hese contributions were publishedour paper{16].

1 Analysis, simulation, and measurement resultsedaon a full scale space suit
model/mockup (see Chapter 5) indicate thidie radio channel has enough knk
margin to allow lowpower energyharvesting systems (e.g., transmit power of 1
mW) to be builtand to communicate within the suitdsta rates upo 10 Mbps or
higher.These contributions were publishedor papes [17] and[18]. These results
canserve as a basis for development of wireless links and-$piaae suit antennas
f or NA StAénerationespace suits to be used in {@rgn missions to explore
remote planets and other interplanetary missions.

1 We discovered that the radopacity of the space suit is affected based on the
physical stress that the space suit experiences. S dlgifiour measurements (see
Chapter 3) suggest that asegmentshat typically endure significant wear due to
frequent movement tend to become less ragiaquerelative to rigid torsesegment

1 We propose a novedelf-shielded bowtie antenna operatinghithe MedRadio band
with superior performance compared dgisting antennas(see Chapter 6)These
contributians are presented in our pap&®]. Findings related to antennas used and
developed in this study also can guide antedevelopment forommercialusein

general wireless BANand potential integration into space suit fabrics
1.7 Organization of the Dissertation

This dissertation is organized as follows:
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Chapter 2 includes a review of basic electric properties of humany hs$ues and
fundamentals of radio channel propagatidhis chapter also includes reviews of recent works
regarding bodycentric wireless communications.

Chapter 3 includes discussion of the structuretio¢ extravehicular mobility unit (EMU)
space suitind itselectromagnetic shieldind@ his chapter also includes discussion and analysis of
shielding propertiesof metal in generalusing principles of physicsand validation from
laboratory experiments.

Chapter 4 describes propagation models and include®wealuation of intrsspace suit
losscharacteristics at various frequency bands for the arm segmespata suit

Chapter 5 includes expanded discussion of the study conducted in thes@aoe suit
segment, resulting in a fudicalespace suitmodel popagation model. This chapter also contains
details of the effects odpace suibreaks at body joints and other body parts on propagation
performance.

Chapter 6 builds onthe study conducted arealuateshe performance aseveral on
body wearable antmasat MedRadio band and proposes a novel antenna design that overcomes
the drawbacks found in those antennas

Chapter 7 providesthe overall conclusions arithdings of theresearchThe chapter also

recommends potential future research directions.
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Chapter2-Eéct r omagnet i c |l nteraction

Human Body

As explained in the introduction, the aim of this research is to investigate thapaira
suit propagation environment. However, a thorough understanding of electrical properties of
human tissueand how electromagnetic waves interact with body tissues is necessary in order to
comprehend details of this research. Therefore, this chapter begins with a brief discussion of
dielectric propertie®f human tissues, specifically the relative dielectoastant and electrical
conductivity, including a study of their behavior at various frequency bands for different body
tissues. In addition, the electromagnetic energy absorption problem for the human body and how
it has been historically investigated isegented in this chapter. This revievill enable the
transition to general radio channel propagation and in particular in the context etdrudyg

wireless communications. Research works related to this field are provided and summarized.
2.1 Electric Properties of Human Tissues

In the context of wireless communications for body area netwalkestromagnetic
waves interact significantly with human body tissudswever, the nature and degree of this
interaction varies depending on body location andtivelaissue thicknessf different layers
compared to total thickness. Therefore, a thorough understanding of the nature of this interaction
and parameters affecting it is essential. Certain parameters of human tissue are commonly used
to model electromagptic properties of body tissues, namely relative permittivityand
conductivity, “W& . Another importanfactoris the frequency of the operation which plays a
significant role in determining the values of these parameters, including dielectric properties and

others that are presented in the following geaphs.
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Dielectric properties abodytissues at radio frequencies and microwave frequencies have
been investigated by various researchers studying electromagnetics biocompatibility.
Measurements of live tissues are typically not feasible becauseothe ysually used must be in
contact with the tissue. Therefore, almost all EM biocompatibility studies are conducted on dead
tissues, and an op@&mded coaxial probe techniq{@0] is used for most measurement$e
results obdined using dead tissues &a@ly representative and can be applied to the case when
live tissues are usedHowever, for this research, all experiments will be conducted on real
human subjects.

In order to highlight dependence on operating frequeRigyre 2.1 illustrates varying

conductivity and relative permittivity for varioli®dy tissues for a range of 1 KHz 0 GHz.
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Figure 2.1 Simulated real relative permittiv ity for various tissues calcuhted with the Cole
Cole Eq.(2.2), and the dielectric parametes from Gabriel [21]
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As shown in Figure 2.1, permittivity gendyaldecreases as frequency increases. However,

conductivity of a cedin tissue increasess frequency increaseespecially at frequencies above

1000 MHz.
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Figure 2.2 Simulated conductivity for various tissues calculated with the ColkCole Eq.
(2.2), and the dielectric parametes from Gabriel [21]

2.1.1.1Relative permittivity, conductivity, skin depth and attenuation models
A related parametes the complex relative permittivity thhtais the following form:
-1 - - o— . (2.1)
where- 1 denotes material complex relative permittivity as a function of angular frequency

1, - denotes real part of material pernvitly, - denotesimaginary part of material

permittivity, and, denotes ionic conductivity.
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Several computational models have been proposed to produce values for relative permittivity and
conductivity that are close to those measured andeglatt Figure 2.1 and Figure 2.Dne
commonly used model, the CeBole Model, produces fairly comparable results to the measured
ones in its first order approximation. However, an improved and more accurate fourth order

Cole-Cole Model was developdd1l]:

-1 - B (2.2)

where- 1 denotesmaterialcomplex relative permittivity as a function ofgaar frequency

1, - denotes material permittivity at terahertz frequencydenotes frespace permittivity,
and, denotes ionic conductivity. Dispersion is given¥y - -, Where- s static
permittivity at which angular frequengy multiplied by relaxation time , i.e., 7 ¥ p .

The exponent stretches relaxation over a wide frequency range.

Values of material parameters can be obtained {2&hand by substituting values in
Eq. (2.9, complex relative permittivity can be calculated at any frequencyfor various
human body tissud23].

Relative permittivity and conductivity are fundamental parameters faulesion of
another key parameter, skin depth. Skin depdhof a material is defined as a measure of the
distance over which thdield falls by 1/e (approximately 37%) of its original value.

Mathematically, skin deptfor conductorsan be calculated H24]:
| = (2.3

where* denotes permeability of the materid)denotes the frequency of operation, gnd

denotes conductivity of the material.
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Intensity of the electric field of a wave propagating at a point spacédnistes from
the wave source decays exponentially inside the lvduigh is considered as lossy dielectric
[24]:

oi 0Q 8. (2.9
whereQis the wavenumber of the conducting medium, found fi@it
Q1 o - 0. (2.9
wherel derotes the phase constant,denotes the attenuation constant, andenotes the
wavelength of waveform propagating in the mediWhen the medium is not free spatiee
effective wavelength should be considered instead of thesfraee wavelength in E(R.5). In

fact, the effective wavelength becomes shorter due to propagation over a lossy medium, shown

by [26]:

(2.6)

An important resulderived from skin depth is penetration defith , defined as the distance
over which power of the wave decaysotcb , or approximately 13% of its surface val@é]:
1 - (2.7)

wheregl denotes the propagation attenuati®anetration depth iaversely related to attenuation

and he expression to finthe attenuatiorfactor( ) of awave propagatingn a certain tissue is

[26]:

1T — P — P . (2.8)
where* * is permeability of theissue that is approximately equaltbe perneability of free
space.

19



In the farfield for unbounded medjantensity of the electric field of wave at distarfee
from the wave source propagating away from the body in general decays inversely proportional
to the square of distance. That is,
8 Q . 9)2.
Another essential parameteraiaterial isits dielectric loss. This parameter quantifies a
dielectric material s i nherent di s etricposstisi on of
typically parameterized in terms of the loss tangén#i(l). The loss tangent can be calculated

from [24]:

O
I
—

(2.10)

2.1.1.2Loss invarious Tissues
Table 2.1 presents measurexampla where the conductivity and real part of relative
permittivity are found from theCole-Cole model in Eq(2.2) and penetration depth and loss

tangent formulas shown in E@.7) and Eq(2.10), respectivelyfor human tissues at 2.45 GHz.
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Table 2.1 Electromagnetic Properties of Human Tissues at 2.45 GHR2]

Conductivity  Relative Loss Penetration

Tissue Name [S/im] Permittivity Tangent  Depth {m]
Aorta 1.467 42.47 0.24837 0.023761
Bladder 0.69816 17.975 0.27927  0.032545
Blood 2.5878 58.181 0.31981 0.015842
Bone, Cancellous 0.82286 18.491 0.31996  0.028087
Bone, Corrical 0.40411 11.352 0.25597  0.044616
Brain, Gray Martter 1.843 48.83 0.27137  0.02031
Breast Fart 0.14067 5.137 0.1969 0.085942
Cartilage 1.7949 38.663 0.3338 0.018638
Cerebro Spinal Fluid 3.5041 66.168 0.38078  0.012537
Cornea 2.3325 51.533 0.32544  0.016548
Eye Sclera 2.0702 52.558 0.28321 0.018773
Fat 0.10672 5.2749 0.14547  0.11455
Gall Bladder Bile 2.8447 68.305 0.29945  0.015592
Heart 2.2968 54.711 0.30185 0.017286
Kidney 24694 52.63 0.33736 0.015811
Liver 1.7198 42,952 0.2879 0.020434
Lung, Inflared 0.81828 20.444 0.28779 0.02963
Muscle 1.773 52.668 0.24205  0.021886
Skin, Dry 1.4874 37.952 0.28184 0.022198
Skin, Wet 23.984 20.369 0.84665  0.0010736
Small Intestine 3.2132 54.324 0.42529 0.012438
Stomach 2.2546 62.078 0.26114  0.018707
Testis 2.2084 57.472 0.27628 0.018394
Tongue 1.8396 52.558 0.25167 0.021083

As shown in Table 2.1, conductivity of certain tissuesirsmaticallyhigher than the
conductivity of other tissues. For examptenductivity ofwet skinis approximately 16 times
higher than conductity of dry skin. Below the skin layerconductivity of fat is very low
compared to conductivity of muscle tissue because muscle has high water content compared to
fat.

Body tissues wih high water contentsuch as skin and muscleend to be better
conductors aslemonstrated ithe conductivity, of material(, 71 - - ). This degrades the

communication link by introducing losses that increase with increasing frequency. Hence,
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medical devices inside the body use lower frequency becauperibgatiordepth is better. For
2.45 GHz sy®ims, penetration depfor muscle tissues only 53% of the value 8915 MHz
Indeed, the newest allocatiorr fio-body devices is in the 400Hz band to address this issue.
2.1.1.3Specific AsorptionRate

In order to measure electromagnetic absorption by aaigeghantom or material,
parameters that can quantify the amount of absorption must be defined. The first parameter, the
Specific Absorption Rate (SAR), can be defined as the quantity of power from an
electromagnetic wave absorbed per unit mass by anhk@ys@uch as human body tissues.
Mathematically, SAR can be defined in Eq. (3,whered is power absorbed by the body
anda is body mass:

YO Y — . (2.11)

SAR is measted in Watts per kilogram or mWatt in milligrarnihe exposure limits in
the UnitedStates are defined by the FQEZ7] and are based on recommendations from the
Institute of Electrical and Electronics Engineers (IEEE3] and the National Council on
Radiation Prtection and Measurements (NCRRD]. In Europe, however, mbgountries set
exposure limitshasedon recommendations from the International Committee on Noniniz
Radiation Protection (ICNIRR30].

The ICNIRP has set certain exposure limits, including a WHadely SAR (WBSAR)
limit for public exposure of 0.08 W/kg and localized limits over 10g and 1g of flesh including a
set of fregiencydependent reference levels of power density to ensure compliance with ICNIRP
or FCC exposure limitsSfhe maximunSAR exposure&aluesthat are allowedor mobile devices

between 100 KHz and 6 GHiz the United States artelirope are summarized in Tal2.
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Table 2.2 Exposure Limits in terms of the Specific Absorption Rate from [28], [29], [30]
US exposure limit European exposure limit

Whole-body average BT Yo 7QQ T8 Yo 7QQ

averaged over 1 gram| averaged over 10 gram

Partial Body average PBH L FQQ BOTQQ

averaged over 1 gram| averaged over 10 gram

2.1.1.4Literature review of electromagnetiwaveinteractions with human body

Researchers have studied absorption characteristics of electromagnetic waves on the
human body[31]- [32]. One of the early works in this area [&1], in which the author
investigated electromagnetic absorption in a multilayered slab model of tissue. The study
concentrated on nedield exposure analysis, and calculations were made for 2,450 MHz. The
paper examined resonant absorption caused byatered slab model of the human body.
Results showed that energy deposition for fields that are constant ovesspdoeewavelength is
less than or equal to results obtained from plaaee exposure, but it is greater than values
obtained for a homogensumuscle slab model.

In [33], analytical derivations for EM energy absorption mechanism using numerical
techniques are explained. The author utilized capabilities of the Method of Moments for this
purpose by deriving integrakquations. Resulting equations were transformed to a matrix
equation, the matrix elements were evaluated, and the set of equations could be solved
simultaneously.

In [34], the author studied the behavior of electric fieldsragll antennas placed near a
dielectric halfspace with sources operating at 900 MHz. Results showed that boundary

conditions of electric nedrelds can be applied to analysis of EM absorption in human tissue,

23



thereby allowing location of SAR maximumshlie determined. This means that the peak SAR is
not related to the antenna current as previously beli@&dd

Other researchers have carried out analysis of layered body tissue in relation to
absorption of EM waves by takingto account variation of parameters such as frequency range
(from 236 to 5800 MHz), distance between the transmitter and the body, exposed location, and
the layering effect of the bod$6]. This paper claimed that two effecian significantly increase
average SAR compared to SAR computed with tissue simulating liquid: standing wave effects in
the analysis of fafield effects and enhanced coupling of reactive fields into fat tissue with low
permittivity. In both cases, an irased SAR by 3 dB magnitude for biological tissueund

Recent research works have studied EM energy absorption in the human body caused by
UWB antennas. For example, [B2], the authors thoroughly studied this problemriearfield
scenarios suitable for body area networks. Results were compared for homogeneous and
multilayer body models (skin, fat, and muscle) with varying degrees of thickness. Criteria used
included peak g SAR and peak SAR. Results showed that layem®dels always exhibit
higher SAR than SAR for a homogeneous body model. For a speiifi8 frequency, SAR
increased as the distance between therayat and the body deeasedn the reactive nedield
region due to having onoan leodyfwhiehlredutsdin noretalesorkeed t i o n
power. Moreover, the unaveraged SAR increased as the effective dielectric constant decreased.
However, when the distance between the anten
standing waves emerged, therebyr@asing SAR.

The literature, however, lacks necessary studies on absorption characteristics of EM

waves on other types of dielectrics (with the exception of skin tissue). In fact, there is a need to
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conducta comprehensive study of WBANs used for spepiaiposes, such asrf astronauts,
especially if significant transmitter power levels (e.g., > 1mW) are.used
2.2 Fundamentals of Radio Propagation Channels

The previous overview of electromagnetic properties of the human body and literature
review is essentidbr deriving WBANSs propagation behavior because théady radio channel
is in proximity to the bodyds surface. This o
radio propagation models for WBANS.
2.2.1Radio Channeldor Free Space vs. for ci8Body Gommunication

A radio link is typically categorized intthree blocks the transmitting antenna with
transfer functionO 71 , the radio channel with transfer functi@@ 71 , and the receiving

antenna with transfer functic® 1

Transmiting Radio Receiving
Input antenna channel antenna Output
signal Hy (o) Hen(o) Hgry(®) signal
Sy, (@) —> > > 2 — S, (w)
hry (1) hen (1) hr«(t)

Figure 2.3 Block diagram representing the radio link.

The received signaly 7 for the block diagram representing the radio link in Figure
2.3 can be obtained using the following form{®a]:
Y T Y1 'O 1 'O 1 O ] (2.12)
where™Y 7 is the input signal. The path gain (PG), which equals the ratio of outpet jpd

receiving antenna)(1 ) to the transmit signal poweb (] ), can also be defined.

25



Transmit antenna |« " » Receive antenna

Figure 2.4 Geometrical orientation of transmitting and receiving antennas in Frissormula
[37]

PGin free spacdetween transmit and receive antenna shown in Figureah4e computed

using the Fss transmission formu[&7]:

00 p W] $ O« h—p ] § 0« h-g 1 81 sb (2.13
where 0 — is the propagation channel transfer functi@® is the distance between

transmitting and receiving antenné®,» h— is the redked gain of the transmitting antenna,
"O « h— is the refized gain of receiving antenne, represents the reflection coefficient at the
input of transmitting antennay is the reflection coefficient at the output of receivargenna,

g 1 8 1 s is the polarization matching factor between the transmitter and receiver
antennasand_ is the wavelagth at the operating frequenchhe path loss (inverse of path gain)

is more commonly used.

Equation (213) is valid for a freespace environment and when the receiving antenna is
placed at a point within the féield propagation region. Therefqr&qg. (2.13 is not strictly
accurate for bodgentric communication. In this dsody propagation environment, theee/ed
electric field is a combination of frespace wavedield interactions withbody partsyeflections
from surrounding objes that carscattersignals, andccreeping waves along the surface of the

body.
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In an intrasuit propagation environment, neflections are present from the surrounding
scatterersbutinteractions withmultiple layers ® aluminized, radio opaque mylare present
Behavior ofantennas is more complex in tH®dy centric environment-or example, the
antenna input impedance atite antennaealizedgain are functions of the position of the
antenna on the bogddistance from aluminized mylar materiahd the antennbody separation
distance, respectively. Antenna polarization also plays a crucial role in thedgnradio
channé Investigation of theséactorsis a major focus of this dissertation, primarily within the
context of the intrasuit environment.

Wearable orbody antennasor the more typical environmemtith aluminized mylaiand
their performance characteristics Wbk investigated at chapter &nticipating the development
of future space suits which may use alternative TMG materials in their outer layers.

In the next subsection, we present the parameters that are generally used to compare the
performance of antenaa
2.2.2Narrowband Antenna Performance Parameters
2.2.2.1.1Reflection Coefficient

It describes either the amplitude or the intensity of a reflected wave relative to an incident
wave. The reflection coefficient can be given by the equation below, vébens the input

impedance of the antenna, is the impedance of the p¢&7]:

— (2.14)
The optimal value of refléion coefficient is wherg Sapproaches zero which means that almost
all of the incident power is radiated and no reflected power. Alternative metric is what is called

the return loss (RL) and it can be calculated from the following foriBila

YO ¢ méSQ (2.15)
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The optimal value of the return loss is when it approaches infinity.
2.2.2.1.2AntennaBandwidth

The impedance bandwidth of narrowband antennas is usually mgamuaeit can be
extracted from the S11 result. The impedance bandwidth is calculated for a certain return loss.
Most common measure is the impedance bandwidth for a 10 dB return loss.
2.2.2.1.3Antenna Resonant Frequency shift and Antea Input Impedance

The resoance frequency detunes from the free space value when the antenna placed on
the body. Frequency detuning occurs due to changes in the antenna effective length caused by
the presence of the human lossy tissue. The presence of ground plane in antenrashlike p
antennablocks the effects othe bodyon the antennavhich results in minimal frequency
detuning.
2.2.2.1.4Antenna Radiation Efficiency

The radiation efficiency@ ) is a measure of the efficiency with which a radio antenna
converts the radifrequerty power accepted at its terminals into radiated power. The total
efficiency of antennaQ incorporates the radiation efficiency and other factors as shown below
[37]:

Q QQQ (2.16)

whereQ is the reflection efficiency p §'S

‘Q is the conduction efficiency

‘Q is the dielectric efficiency

The product of conduction efficiency and the dielectric efficiency produces thenantadiation

efficiency (Q ). Thus, the total efficiencyY) can be rewritten in the following for{87]:
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Q Q p sS (2.17)
2.2.2.1.5Realized Gain
First, we can define the antenna gain as the ratio of the power radiated to the power
accepted by the antenna. However, the realized gain is the gain taking into account the reflection
coefficient losses at the input of the antenna. In other words, theeckgain is the ratio of

power radiateqt* "Yto the input power of the antenna ( [37]
00 Qe— (2.18)
YQOa Vi we— (2.19)
where "Y denotes the radiation intensity in a certain directiml antenna directivity can be

defined as the ratio of actual transmitted power in a particular direction to that which would be
transmitted if the power radiated isotogdly [37]:
00 QOO QW-"Q0 ® (2.20)
whered s the incident powerp is the accepted power whichequals 0 p Y
0 s the radiated power which can be calculated f@Tix
0 0 8YHQQUHNOWOOQNHE OW (2.21)
The realized gain can be measured indahenuth plane (ofbody direction) and vertical (off
body direction) plane.
2.2.2.1.6Radiation Pattern
The radiation pattern defines the variation of the power radiated by an antenna as a
function of the direction away from the antenna. To measure the 3D raduaitamn in 2D
planes, two 2D planes are usually plotted; one for the elevation angle and another for the azimuth

angle. It is usually measured/simulated for free space environment and on body case. The
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radiation pattern is usually distorted by the preseot human body and hence the optimal
design is the one which attempts to minimize this distortion.
2.2.2.1.7Polarization

The polarization of an antenna is the polarization of the radiated fields produced by
antenna, evaluated in the feeld. There are variouypes of antenna polarization namely, linear
polarization, circular polarization and elliptical polarization. In general, if two linearly polarized
antennas are rotated from each other by an anglkke power loss due to this polarization
mismatch is described by the Polarization Loss Factor (FB7F)

00 Owé b (2.22)
2.2.3Literature Review orOn-Body Antennas

We can say thahe parameters that control the narrowband antenna performance are the
ground plane size, full or partial ground plane, antenna type and size, abtelynseparation
and the locations of the body.

In the literature, many studies have been conducteduiy the behavior of antennas
located in proximity to the body tissug&8], [39], [40], [11] as well as on the specific absorption
rate[41], [42]. Those studies show that antennas with full ground plane are minimally sensitive
to human presence. [43], a parametric study is presented to evaluate thethewantenndody
separation distance affects the antenna performance. It has been shown that the further the
antenna from the body, the lower the absorption from the body. Also, using lossy material is
useful to reduce the electromagnetic fields absangdip human body as significant part of the
power is dissipated in the lossy material instead of body tissues.

There are two main requirements forloody antennas: (1) optimally the antennas should

be insensitive to the body effects and (2) the antenoaléihave a radiation pattern shape that
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minimizes the channel lo$44]. Studies of bodyvorn antennas have recently gained significant
attention[43], [45], [11], [41], [42], [46], [47], [48], [49].

The performance of 25 GHz narrowband ehody antennas is studied extensively in
[50], [46]. The author found that for dmody communication, wire monopole antennas show
good performance in terms of path loss since apofe antennas have omnidirectional radiation
pattern in the horizontal/azimuth plane.[48], a dualband, 2.4 GHz, 5.2 GHz, button antenna
is proposed for Wireless LAN applications. The size of this antenna is similar ttoftlza
standard metal button used in jeans and can be easily attached to clothes. The antenna has a
radiation pattern that is similar to that of monopole antenna in both frequency bands. More on
body antenna types include microstrip patch ant¢hhp [51], planar monopole antenfi@al],
printed monopolg43], planar inverted. antenng51], [52], printed circular loop antenrj&a3],
planar inverteer antenna (PIFA).

To facilitate the integration of wireless devices into garments, wearable antennas are
proposed. By definition, wearable antennas are anterssasfar bodycentric communications
that are conformal to the human body and can be bent, stretched and deformed while maintaining
relatively good performance. Textile wearable antennas are a class of wearable antennas and in
the literature, textile anteas can be easily fourjd0], [54], [55], [56], [57], [58], [59] . In [58],
a patch antenna designed to be integrated into protective clothing is introduced. The antenna is
printed on a flexible pad of foam that is commonly used in protective clothing. Antennas that are
printed alove Electromagnetic Band Gap (EBG) structures are presenig@]jrj55], [60] to
reduce the effect of human body and minimize the frequency shift from the resomauenty.
In [56], a flexible duaband (2.4 GHz and 5.5 GHz) patch antenna on an EBG textile substrate

made of felt is proposed. The author claims that the radiation into the body is reduced by 10 dB
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and the gain is improvedyl3 dB after introducing the EBG material. However, the antenna is
big (12 cm times 12 cm) which makes it impractical for human body area networks. Another
type of antenna, textile PIFA is designgeb] and planned to be usedrfsmart clothing
applications.
2.2.4Radio ChannelMeasurement Techniques

After briefly going over the principles of radio channel propagatibns useful to
previewthe basic methods used to measure the radio chameel they will be heavily used in
our study. First, it should benotedthat the propagatiogsimulation andneasurement setups are
typically classified into two categoriesme-domain andrequencydomain measuremenigl],
[62]. Almost dl radio propagation sounders rely on those two techniques to characterize the
wideband radio channel for various propagation environments (e.g., irdadoor, and body
centric communicationgp3], [64]. In our work, we employ exclusively the frequency domain

method.Figure 2.5depicts the general setup foequencydomain measurement.

VNA
X(w) Yi(w)

S-Parameters
Measurement

Port 1 Port 11

Su(w) e« H(w)* Y(w)VX (w)
IFFT

h(t)

Figure 2.5 Frequency-domain Measurement Method for Indoor Communication [61]

Using a vector network analyze(VNA) as shown in Figure 2.5%ve can measurthe forward
transmission gain (S21) where (X)) is output atPort | through the transmit antenna and the

receivedsignal (Y{ )) isinputto Port Il. The frequency response of the chanoah computed
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from (H( ) = (Y({ )/ (X( ))) which is presented in Eq2.12. It should be noted that the
overal frequency response inclusihe channel radio and the effects of the two antennas as well.

The frequency response forsaveepof discrete frequency pointsan be obtainedsing
the network anagkzer where the magnitude and phase of H¢anbe displayedIf desired the
time-domain form of the channel can bemputedas well by taking thenlverseDiscreteFourier
Transform(IDFT) of H{ ). By first using low loss cables and then properly applying advanced
calibration techniques, the losses introduceithéncablecanmitigated.

Throughout our dissertation, we will use mainly tlilequencydomain technique to
characterize the radio channel andarticularthe forward transmission gagl, gas the main
criterion for the evaluating the channel perfarmoe.In some cases the network analyzer is
avoided due to the difficulty of decoupling the antenna from the transmission line required in this
setup Instead, werely on bdtery powered radios to provide the desirgd @ magnitude
information using a i@ived signal strength indicator (RSSI) function in the rec¢8jer

2.3Modeling of Human Body for On-Body Applications

After going over the principles of radio channels and their measurement techmigques,
considerphantoms usetb represent the human botlgsues First, the physical phantonese
introduced and then the numerical phantoms used in electromagnetic simulatioleger
chapters are presented
2.3.1Physical Phantoms for Human Body

The aim ofusing a physical phantomis typically to have a physical model whose
dielectric properties arquite similar to that ofareal human body tissueh@& physical phantom
can be used to investigate the electromagnetic interaction with human trssteesl of using

real subjectsPhyscal phantoms have been dstr many applications; in medical research
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(implantable devices, and for the diagnosis and treatment of certain dis@age®y mobile
communications to ensure that the electromagnetic emission of cell phones are withfetthe s
limits imposed by IEEE, for instance. More recently, physical phantoms have been used for
bodyworn devices to quantify the amount of electromagnetic absorption by the human body
[44].

There are various types of phantodepending on the desired frequency range, body
tissuethat the phantom is representifigpmogenous or inhomogeneous tissaesl the statef
the phantom which can be either solid, sewlid (gel), or liquid. Each type of the phantom can
be used for cesin purpose. For example, liquid phantoms are typically used to measure the
amount of specific absorption rate (SAR), where the electric field is measured inside the
phantom using a proland then the SAR can be calculafes].

In this researchwe are using lovwpower traasmitters (1mW) anthe specific absorption
rate is less than limit specified by IEEE as shown in Table 2.2. Therefore, we believe that it is
more accurate andore meaningfulto use the o#body devices/antensawith real human
subjects.All subjectswere adults and enrolled at the Department of Electrical and Computer
Engineering at Kansas State University at the time of conducting experiments.
2.3.2Numerical Phantoms foiSimulation Study

3D EM simulation is alsased exterigely in this work to allow for understanding and
visualization of fieldsas well or an alternatenethod of studyig the propagation losses in the
suit. Models composed of cylindridedctangular/cubicashapes @ used to gain initial insights
while models withmorecomplex geometries simulating the shapes and thickness of real human
bodytissuesare used for maraccurate simulation results. Araeple of his model is what is

called HUGO Human Bodiodel displayed in Figure 2.@ight) which is composed of many
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voxels [66]. The parts of the body and tissues are modeled using the dielectric properties
discussed earlier (i.e., relatiyermittivity, conductivity, loss tangent, etc) depending on the
method of insertionFor instance, for DebyBrude model, the conductivity, static relative
permittivity, infinite relative permittivity, number of poles and relaxation time are reqibueth

highly accurate models are available and can be easily imported into the simdiztiainof

EM simulators

Figure 2.6 (left) Simplified Cylindrical Human Body Model, (right) HUGO Model in
EMPro Simulator, Keysight Technologies

2.4 Numerical Modeling of Electromagnetic Problems

Throughoutthis research work, weise 3D EM simulation to studgne radio channel
inside space sug. This unique 3D propagation structure is complerature,and thusclosed
form or analytical salitions can be very complicateshd impracticalNumerical techniques can
provide a physicahsightinto the propagatiostructure with reasonably accuragésults We use
two common computational algorithms, namely FubiEerence TimeDomain (FDTD) and

Finite-Element Method (FEM)These algorithms have applications in many physical, chemical,

35



and biological phenomena diverse areas such as fluid dynamics, material science, economy,
financial modelling and electromagnetism. We will use these methods in the context af electr
and magnetidield simulations.

In the following subsections, we provide a brief descriptionath algorithms and then a
comparison of their performance in the context of electromagnetic problems involving human
body and small antennaBetailed mathematical derivations of electric and magnetic solutions
using FDTD and FEM methods can be seemin@mputational electromagnetics bd6K].
2.4.1Fundamentals of the FDTD Method

Finite-Difference TimeDomaintechnique employs finite differences as approximations
to both the temporal and spatial datives which appear in Maell equations (particularly
Amper eds and)|[B8 mhe dFRTY @lgorithmawas first proposed by Kane Yee in
1996 utilizing seconarder difference equations.

FDTD divides both time and space into discrete segmenggrticular, we divide th8D
space into cellsvith rectangularshape which are small compared to the shortest wavelength of
the simulation domain. After division, the electric field components are positioned on the edges
of the box whereas the magnetieldis are located on thecksas illustrated in Figure 2.This
form of fields with this orientation is known as Yee cell and it is the basic element of FDTD
algorithm. Time is divided into small steps such that each step represents the time required for

field to pass from one cell to another.
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Figure 2.7 Yee Cell labeled Field Componentf58]

With many FDTD cells combined together, the thdémensional volume formed is
called FDTD grid or meshzach cell will overlap the edges and faces witighbors thus
each cell will have three electric field components that start at a common node associated with it.
However, the electric field at the other nine edges of th&Fell will belorng to the other
adjacent cells. Thease thing applies to the magnetic fields whereedhcomponents are
originating onthe faces of the cell adjacent to the common node of the electric fields.
The general procedutte solve electric and agnetic fields using FDTD method &
follows:
1) Wemodifyt he equations of Ampereds and Far ada
to their finite difference equations.
2) Then, we solve the resulteti f f er ence equations to get W
equat ons 0 t hat express the future fields

domain.
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3) After that, we compute the electric and magnetic fields onegieinto the future.
4) We repeat the pwrious step for both the electrand magnetic fields until the fas
are obtained for the desired time duration.

The previous procedurevorks for a onelimensional space domairfkor a three
dimensional EM domain, we solve takectric and magnetic fields in a similaanner wheré¢he
field solutions are expressed usitigee variables; x, y, and z in three difference equations
instead of one variable.

The maximum timestep for stable computational operations is bounded by the following
equation68]:

v

Yo S— (2.23

where ®denotesthe maximum speed of wavelength for all erals in the simulation
domain, Yo  the maximum time stegndYa Yo Ydathe lengths of the cell sides in meters.

Common applications ofhe Yee algorithm includingscattering problems or antenna
analysisandtheoretically requirean unbounded simulation space to obtain accurate simulation.
However, since th computational resources of practical computers are limited, the computation
domain isusuallytruncatedwith what is called anksorbing boundary condition (ABCThis
boundary condition simulates the propagation behavior of open space in which trseaveave
allowed to propagate outside the simulation domain and #rereo reflected waves. However,
practically, there will be some reflected waves but they can be minimized if the size of boundary
box is large compared to the wavelength (e.g., multiplewafelengths)In all the simulations
presented in this dissertation, a computational absorbing boundary condition called Perfect

Matched Layer (PML) with seven layers has been adopted.
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2.4.2Fundamentals of the FEM Method

The finite element method divides tlil simulation space into a number of smaller
regions (the so called elements) and represents the fields in each element by a focal function
[69]. Each region is triangle in 2D space aradtetrahedron in 3D space. The vatiea vector
guantity which can be either anfigld or H-field at points inside each tetrahedron is interpolated

from the vertices of the tetrahedron.

Figure 2.8 Field Quantities are interpolations of the Nodal Values in 3D spacf9]

Figure 2.8shows the field components of a tetrahedron where the components are
classified as{a) the components of a field that are tangential to the edges of raerglare
stored at the véces, (b)the component of a field that is tangential to the face of an element and
perpendiculato an edge is explicitly stored at th@dpoint of the selected edges, and (® t
component ofield at a point inside the tetrahedron can be computedeasitéérpolation of the
nodal values. Using this methad representing vector fieldsve can change the conventional
form of Ma x we | | 6 s inte @matix forro wrere the matrixcan be solved easilyusing
common numerical methods

The matrix can be sobd either directly or iteratively. In the caseadafirectsolution the

convergence to a solution is guaranteed if the FEM settings are properly adjusted. However, this
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consumesextensivememory resourcegspecially when the structurgin a threedimersional
volume. In the casef iterative solutios, memory usage is not a concern since the solver stores
only the last values irach iterationin contrast to the diresblver, the iterative technique does
not guarantee convergence to a solutiomerall the choice of selecting the appropriate way
depends on the available resources and desired speed of obtaining a solution.

For solutions involving excitation portshe procedure to calculate theP&rameter
matrix can be summarized in the following steps

1) First, the structure is divided into a finite element mestnahedral

2) The electromagnetic waves on each port of the structure are computed.

3) Assuming that each of the ports is excited by one of waves, we compute the full
electromagnetic fielthside the structure.

4) Lastly, we can compute the generalized®Pe8ameter matrix using the values of
transmission and reflection occurring.
2.4.3Comparison between FDTD vs. FEM: Pros and Cons.

The FDTD can be easily applied to the modelling of inhomogerstousturesand it has
the big advantage of having an Q(Bbmputingcomplexity, whilethe FEM is more complex
and timeconsuming Q(0 ) complexity. In addition, FDTD is a time domain method which
enables obtaining wideband results using a singlalaiion run.

However, FDTD has some shortcomingsst, the whole simulation domain needs to be
meshed into small cells compared to wavelerggii simulatedthus the simulation time and
memory usage risguite rapidly

In the context of o#body commuitations wherean electrically very large objeds

typically used, his may require the use of parallel computers. In addition, when there is a need to
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analyze sharp edgesd a structure we need to have very fine mesh and small t&tep to
accurately mdel the edgewhich increases the computational time dramatically.

Despie these problemsn the literature, it can be seen that FDTD method has been
extensively used to studige effect of human body in the electromagnetic radiation. This method
is themost suitable technique for modeling the EM wave propagation inside and on the human
body. In fact, FDTD has been adopted to study the specific absorption AR¢ & mobile
communicationg70]. Also, the FDTDmethodhas bee commonly utilized to investigate both
the electromagnetic radiation of implanted devices inside the human[bbgy72], and the
performance of ofbody antennaf/3]. In [74], a dispersive FDTD method is developed for use
with inhomogeneous structures and dispersive materials where their dielectric properties vary as
a function of frequency

When usingsmall antennas for enody radiowirelesslinks, very fine grid settings are
neecdto get high spatial resolution which in turn increases the computation time and memory
utilization especially if uniform mesh settings are uselth contrast if non-uniform mesh and
subgriding schenseare applied, it may produceéncorrect solutions or shownstable sub
gridding schemégr5]. Finite Element Method (FEM) method may be regarded in such situations

As mentionedearlier, FEM decomposes the structure into a set ofmelats called
tetrahedral whiclaresuitable for modelling curved structures. Despite its advantages, FEM has
some drawbackas mentioned earliesuch as the high computatiocaimplexity

In the simulations utilized in this study, both FDTD and FEM/exd are used/Nhen
characterizing the performance of antenna is needed, iEBMstly used due to its convenience

for general antenna simulation and fitting the antennas with curved structures.
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2.5 Chapter Summary

This chapter included review ofthe conceps of dielectric properties afommonhuman
body tissuesind theirvariationsfor a range of frequencieBundamentatonceptsypically used
in studyingelectromagnetic energgteractionwith human bodywere alsopresentedThen, we
moved on to review thprinciples of radio channel modeling in free space and in general body
centric communication channeld\ext, the typical physical and numerical phantoms used in
modeling electromagnetic problems in the context of buehtric wireless communications are
presented.

This chapter alsoutlined the advantages and disadvantagesy@fcommon numerical
algorithms used to solve electric and magnetic fields structures with thredimensional
volume Both algorithmsarealternatively used in simulation studipsesentedn the following

chapters.
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Chapter3-Shi el ding in Space Suits

Successful design and implementation of a WBAN inside a space suit requires
knowledge of the wireless gragation environment within theuit. This chaptefirst details the
structure ofan extravehicular mobility unit (EMU) space suit. This suit has been in uadoiog
time and is especially useful for shoetm missions(e.g., international space station (ISS)
missiony. Although other space suits are under developmeatticularly for longterm
missions, materials in those suits may differ but their shielding properties are kxpebted to
bethe same.

Understanding the shielding properties of space suit materiatgcial for characterizing
intra-space suit propagation envinment Therefore, this chapter highlights the basics of metal
surface shielding for various materials using plane wave andfirihshielding principles. A
preliminary analytical study is conducted using simplifying assumptions in ordemtdify the
insigh and shielding effectivenesd space suit material®esults of analytical calculaticare

verified using laboratory experiments.
3.1 EMU Space SuitStructure

EMU space suits, commonly used ldye National Aeronautics and Space Agency
(NASA), arecomposed ofa cooling andventilationgarment (CVG) liner, liquid CVG (LCVG)
water transport, pressure bladder, and thermal micrometeoroid garment (TMG) coverdsyers
illustrated in Figure 3.1The outermost TMG segment includes multiple metallic laygdrs
aluminizedmylar. These layers are radio opaquelate-high frequencyHF) and above due to
metallizationthicknessin the range of 508 ato 1000¢ dfor each layerThe number of TMG

layer varies from five to seven depending on the segment of space suit.
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Figure 3.1 EMU space suitstructure [76]

In this stidy, experiments are conducted on a space suit to understand the propagation
environment and develop propagation models. However, conducting experiments on a real space
suit at NASA space centers is neaéible because of lack of time and access. Theredor
section of an EMU space suit (Figure 3.2) was obtained from the primary manufacturer (ILC
Dover, Inc) to build a space suit mockup with electrical properties similar to properties of a real
space suit. The space suit mockup was built at Kansas StateMJe r s i t y 6 sApfaelp ar t me
Textiles, and Interior Design. As shown in Figure 3.3, various design stagesrily
incorporated copper fabric (Pure Copper Polyester Taffeta F4brip. First, electrical
properties oflie space suit mockup are compared to dihat section of EMU space sughown
in Figure 3.2. Results show that electrical properties of the space suit mockup are fairly similar

to properties of the real EMU stjitspecifically 0.05 Ohms pesquaresurface resistivity and

!t is important to note that various TMG layer materials may have various aluminum thicknesses, since the goal is
only to reflect infrared energy, not radio waves. A system designer should measure actual suit materials and
consider the type of antennas ubsedore assuming strong raelipacity.
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throughsuit attenuation of at least 40 dBdicating that the mockup suit@amost radio opaque

at UHF.

Figure 3.2 Multiple aluminized mylar in a section of EMU space suitfrom ILC Do ver, Inc

The construction process of individual space suit sections and the final space suit mockup is
demonstrated in Figure3. Figure 3.3 (left) shows copper fabric being sewed to build segments
of space suit mock up according to the drawings shéwter all space suit segments are built

and assembled, the final suiw®rn by a subject with averadeeightand weight as illustrated in

Figure 3.3 (right).

2 Spacesuit mockup was designed and built by Erin Mometson, Department of Apparel, Textiles, and Interior
Design, Kansas State University, 2012.
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Figure 3.3 Construction of KSU space suit

Highlighting electrical properties of common conductive metallic surfaces, particularly
materials used in the EMU space suit, is beneficial in the contexntatspace suit
characterizabn. Therefoe, in the following section, weériefly reviewtwo basicapproaches for
evaluating the shieldingffectivenessfor differentwaveforns. Then a simple analytical study is
conducted to obtain insighinto the shieldingropertiesat DC and lowfrequenciesFinally, we
verify theanalyticalresultsagainst results daboratory measurements.

3.2 Basic Principles of Shielding

The shielding effectiveness parametéf(pis commonly used to quantify shielding of
any conductive surface. Shielding effectivenesa sfirface can be defined as the ratio of field
magnitude (electric or magnetic) withopllacing aconductor surface to field magnitude with
conductor surfacplaced

Shielding effectivenesis typically a function of distance between the source of incident
wave andthe location of the shielded surfac€herefore, the shielding investigation is divided

into farfield or neaffield wave sourc¢78]. A plane wave typically represerntwe far-field case
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whereas a nedreld source haa more complexlectic or magnetic field structurand thus will

be discussed separately.
3.2.1Uniform Plane Wave Shielding Effectiveness

In this case, thehield is first assumed to Ipdanar with certain thicknessQ), as shown

in Figure 3.4
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Figure 3.4 Electric and magnetic field components for an incident wavdaken from [78]
Shielding effectiveness dB scale YO ) in plane wavecaseconsists othreedistinct
components: (1) shielding effectiveness due to reflection Rs¢4) shielding effectiveness due
to multiple reflections §1), and (3) shielding effectivess due to absorption los#).(
Mathematically, YO expressed in dB scales thefollowing form [78]:
YO Y D o (3.1)
where each coponent can be calculated [78]:

Y ¢l ¢0—— (3.2)
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0 ¢cni @ : Q T 8 (3.3)
o) cni @7 . (3.4)
Here, : denotesthe reflection coefficient for waves moving from air into the
conductor dQdenoes the shield thicknesks; denotesthe skin depth of the shield at certain
frequency ; and’ denotes the phase congtafhe reflection coefficient for wavegansitioning

from the conductor into air () corresponds tf/8]:
—_ (3.5)

where istheintrinsic impedance of the conductoris frequencydependenandcan be

calculated using78]:
—_ (3.6)

Here,, denotes the conductivity of the shielddenotes the permeabilityf the shield
and- denotes the permittivity of the shielBor a good conductor witkhieldthicknessthat is
multiple orders ofkin depth,0  is not negligible and must be includédthe calculation of
shielding effectivenes©n the other handor athin shield with good conductivitgndthickness
that iscomparable to one skin deptime value ofcomponenth  is negligiblecompared to
reflectionloss(Y  and absorptiond( loss
3.2.2Near-Field Shielding Effectiveness

For neaifield source calculating shielding effectiveness is more complicated than that of
plain wave because dfs complex electric andbr magnetic fieldsbehaviors In neasfield
problemsit is important to consider electric field anthgnetic fieldsourcesas discussed in the

following subsections
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3.2.2.1Electric field-based surces
Electric field source actas a superpositionf Hertzian dipoles. Wave impedances for

this source are givess[78]:

O -~ , (3.7)

whereO andO denotethemagnitude oklectricand magnetiield of the incoming

wave respectivelyi denotes distance from the source landlenotes the phase constant of the
wave in free space. The electric field is dominant in the-frelarof a Hertizan dipole
3.2.2.2Magnetic FieldBased Sources

The magnetic field source acts asuperposition of small loops. Wave impedas for

this source correspond [68]:

W T 7 - - . (38)

The magnetic field is dominant inegmeasfield of a small looppndwave impedancef®r
both sources Eq. (3.7) and Eqg. (3.&8pproximate in the farfield.

The neadfield shielding effectiveness for electric and magnetic field soucess be
calculated by substituting the respective impedance values into the shielding effectiveness
equations (383.6).

By substituting the respective wave impedance into théidiar shielding effectiveness
components produces the ndéiaid shielding efflectiveness value. It should be noted that only
the reflection loss and multiple reflection losses are functions of the wave impedance whereas
the absorption loss componeant does not changand thus can be calculated using Eq. (3.4)

For electricfield basedsources, the two individual terms constituting the shielding effectiveness

are[78]:
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Y ¢l C—— (3.9)

0 ¢cniCop —— Q 7TQ 8 (3.10)
For magnetic field sources, the reflection 108 () and multiple reflections los$ (
correspond t¢78]:

Y ¢l C—— (3.11)

0 ¢cnniCop —— Q T 88 (3.12)
In the following section, the shielding effectiveness of common conductive fabrics is
evaluated based on the principles of Faraday?o

3.3 Near-Field Shidding: Analysis and Measurements

3.3.1Analysis

The exact theoretical analysis of the shielding due to space suit materials is complicated.
In order to develop some basic intuition shielding behavior of space suits, wesortto
simplifying assumptions thaian lead to a tractable analysis. Consider a source in the form of a
circular loop with one turand diametetand areceiving lo@ is located at a very close distance

to the transmitter, as shown in Figure.3.5
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Figure 3.5 Transmit and receive loops

The transmitting loop, which has a current source when figwireates a timaearying
magnetic field according to Faradayb6s Law of
receive loop embedded withinsaeetand both the loop and the receive loop hidnekness th),
creating Eddy currestin closed curvedecause voltage induced in the sheet creates a current
with certain densitys represented in Figure 3.6
Current density can be represented by the width of current flow in which mostl dsaare

concentrated. Current direction opposes change in thaetia field in the source loop.
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Figure3.6 Transmit loop and receive loop embeded within a sheet with thickmess

To calculate magnetic field induced by all current elements, contributions from all

current elements with lengtf ahave to be considered resulting in the following expred§ioh

6 w ’ (313

Here,' denotes th@ermeabilityof free spaceiQdenotes the currerilowing into the wire,&

denotes the radius of the loop, ab@ the length of theurrent flowing.

The goal of this simplified study is to quantify the percentafgelectromagnetictgelding as a

function of the frequencof the source current waveform

The following presents shielding effectiveness of a thin sheet at DC and then at low frequencies.
The general procedurimvolves the indirect evaluation afhielding effectiveness by

calculating the percentage of forward current compared to transmitted current
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1) UsingBiot-Savart Law to obtain B at center ofreceiving loop:
As shown in Figure 3, a magnetic fieldis created due to current flomg in a straight

wire. Consider goint 6 located at horizontal distance)(and zercon the verttal distance from

the origin, withcoordinates ¢f¢ .

® &b
A

el

dy

Figure 3.7 Magnetic field calculation due to infinitesimal current elementdY

The direction of induced magnetic fieldue to the current flow in the wirganbe determined
using the righthand rulein which the thumb refers to théirection of current and the forefinger
refers to the direction of magnetifield, as illustrated in Figur®.7. The induced magnetic field
atthe location ¢f¢ . can be obtained usifg0]:

Q6 _ (3.19
In Eq.(3.14, Q& , andi vary for each current elemeselected on theertical axis,i can be

substitutedn terms ofc and®wherei ® o andOET ©® [80]. That is,
O ®

0 — (3.19
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(ofs _ (3.19

To calculate magnetic field inducdaly all current elements, contributionsof all current

elements with lengtl® czan besummed to yield80]

8 : . (3.17)

To compute the magnetic field dtet center of the receiving loop with one turn, as shown in

Figure 38, the following analysis can lellowed:

Figure 3.8 Magnetic field calculation at the center of the circular loop

In Figure 38, angke . is always equato 90 degreedecausehe projected line from the
center to any point in the circumfererisgerpendicular to that point. Erefore O E Tequas 1.
UsingBiot-Savart Law, lte result of integration {80]

6 —BQ0 —¢* O — — (3.18
where currentO0 is assumed to be sinusoidal for simplici®d 00 Kt "Q&andO denotes
the dameter of the loopThis calculation ofy Is an approximation thas valid only ifthe

receiver loop is very close thetransmitter(i.e., less thady one radius of the loop)

54



2) Assumethe magnetic field calculated in Step (1) is appximately equal throughout the
area of the source loop:
This implies that the magnetic field strength is uniformly distributed over the area of
loop.
3) Assumethe sheetfor which the shielding effectivenesss to be calculatedclose to the
source loop This implies that themagnitude of induced magnetio ( ) in the sheet
approximately equal to thmagnetic field @ in Eq. (3.1%). That is,the magnetic field in the

sheet can be written as:

o} ed —— —00Kf Qa (3.19
4) UseFaradaydéds Law to obtain electromotiyve for.
around loop in sheet:
Usi ng Far af thdugtionswhithanedicts how a timarying magnetic field will

interact with an electric circuit to pdace an EMFFtheinduced voltage or EMF at the receiving

loop can bealculated a$80]:

000 w 0o—, (3.20
where! denotes magnetic flux densityd ¢¥a or Tesla, and denotes number of turns. This
law suggests that additional EMF (voltage) will be induced as the rate of change of magnetic flux
density increases. The negative sign means that the induced electric field will directionally
opposethe change in the magnetic fielBlux density! through a surface is the surface integral
of the normal component of the magnetic figdd passing through that surface. The Sl unit of
magnetic flux is WebeM{(b) or Volt-secondsThe flux density tine function is defined g80];

6 Ad &Y (3.2

This integration is over the area)(throughwhich the magnetic field passi89], i.e.,
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o 6 &AT S (3.22
where —denotes angle between the surface ughowhich the magnetic field passasd the

magnetic field vector. Magnetic flux densigymaxmizedwhen the magnetic field is normal to

the surface of the sheet. For a circular loop, @area“ - . Thus,the magnetic field can be
given ag80]
o —O00Ki Qb - Al ©® (3.23
o - "00“OKf Qa (3.29

Therefore, induced voltage has the following f¢&qy:

) o) 06— 00— "00“c¢" RIcO Qo (3.29

w 0

1 ATcd Qo (3.26
5) Find the resistance ) around a loop within the sheet ResistanceY for any section can
be generally calculated using the following equaj&ij:

Yo - (3.27
where” denotes resistivity of material) is length ofsection, and is crosssetional area of
current flowing loopm the sheetand () is the circumference of the current flowitapp in the
sheef[81] (0 “ &0). (A is width (w) multiplied by sheet thicknessq; i.e.,0  w 8Qwhich
can be illustrated in Figure 3.6

Therefore,Y for a loop section is given by

Yo . (3.28)
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For example, if diameteiQ) is 8t um, width @ isp & 1 m, ard thickness@Q is p& 1 m,
Y 18 ¢ opm.Impedance of the crosectional area of the current at angular frequengy (
is [80]
O Y Q 0 (3.29
However, for imgdance approximation, the assumption can be made thadinetance is zero
for DC. Therefore,
Ge Y . (3.30
6) Find current (1) inloopwithi n s heet wusing Ohmés Law:
To calculate currentinducedi t he s heet /chndbeyseB0lOhmés | aw

0 o — (3.3)

Substituting the value of induced voltage in E2326) and impedanc€Z) in Eq. 3.31) results in

o T R (3.32
o, \ - 8
o o (3.33
8
0 6 — o °° (3.39

For a loop with one turny)  phthe relative magnitude of current compared to magnitude of

.. . v~NA R T 8 8 8
original current in source ¢t ="00 KT "Q8

Therefore the magnitude ahduced current is related to theagnitude of initial curreriDvia a
multiplication factor corresponds,

06 a0 Qf & hdhmaae £ (3.35
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7) Compare with original current source O . 0:

If inductance of the loop wirel( ) is neglected foa first order approximation, a loop
with one turn { =1) is used, and the negative sign represents the direction of induced field

removed in the calculation, then

™ 00 Kt Q48 — I ¢ AT © Qo 336

However,
AT O Q0 —md 0 EJ "Qo” — (3.37)
™0 " — . (3.39

8
Corresponding freqncy can be calculated by solving this fimearequationfor every value of
thickness §Q. The purpose is to vary sheet thickne#g {n the range of 100 nm and 80,000 nm
and cé#culate corresponding frequency that satisfies (3.B§).fixing the shee effectiveness
parameter Q) to a certain value (i.eGQ p*‘ &), shielding effectiveness as a function of

frequency can be plotted, as shown in Figugée 3.
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Figure 3.9 Multiplication factor of Eddy current flowing in pure aluminum sheet relative
to the current in the source loop

As shown in Figure. 8, the current multiplication factor of 0.5 (shielding effectiveness
of 6 dB) occurs at frequency 7.148Hz when sheet thickness is 100n. The frequecy
corresponding t@ 6 dBshieldingeffectiveness for various material thicknessealuminumis
summarized in Table 3.1.

Table 3.1 Frequency corresponding to6 dB shielding effectiveness foaluminum

Sheet Thickness 6 dB Shielding Effectivenessequency
80,000 nm 0.055 MHz (55 KHz)
1,000 nm 7.145 MHz
500 nm 14.29 MHz
100 nm 71.43 MHz
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For a opper fabric that is used to build the space suit mock up, thelataltuand
measured frequency corresponding tdB shielding effectiveness are listed in Table 3.2

Table 3.2 Frequencycorresponding to6 dB shielding effectiveness fospace suitmockup

copper plated fabric
Commercially woven apper Approximatetheoretical Measuredrequency at
sheet(space suit mockup mode| calculationof frequency at | which™O O
whichO ‘O
Thickness 80,000 nm ~1 MHz ~ 987 KHz

In Figure 310, the #ielding effectiveness for various conductive surfasgsotted for
comparisonat fabric thickness of 1@ nm. Frequencies corresponding to 6 dB shiajdin

effectiveness for different materials are summarized in Table 3.3.

Copper

Aluminum

Sikver

Multiplication Factor of induced Current with [10]
=]
T

Frequency

Figure 3.10 Shielding effectivenessdr different materials at fabric (thickness=1000 nm)
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Table 3.3 Frequency corresponding to6 dB shielding éfectiveness occurs for various
materials (1000 nmthicknesg

Material Shielding Effectiveness Frequeng
Silver (green) 4.025 MHz
Copper (blue) 4.255 MHz
Aluminum (red) 7.145 MHz
Nickel (blak) 17.71 MHz

3.3.2Measurement Setup and Results

The teoretical first order approximation for shielding effectiveness is validated through
laboratory experiments. To conduct these experiments, -pavwaetwork device is assumed in
which each port is connext to a small circular loop antenna unmatched to the 50 Ohm coaxial
cable impedance.
3.3.2.1Loop Antennas to Measure Loss Caused by Copper Fabric

After calibrating S21 transmission gain of the network analyzer with coaxial cables to
remove their effects of cablloss, tweloop antennas are mounted parallel to each other with a

separation distance of 3 cm to serve as a magnetic field source, as demonstrated inlEigure 3.
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Figure 3.11 Measurement setup forCase 1 (without fabric) andCase2 (with fabric): two
small loop antennas separated by 3 cm

As shown in Figure 32, the transmission gain parameter (S21) is measured and plotted
The transmissiomain parameter is plotted for frequencies ranging from 10 KHz to 20 MHz.
Two curves are displayed in the figure: one curve corresponds to Case 1 (two antennas without
copper fabridoetween the loopsn Figure 311 (left) and the second curve correspotm€ase 2

(with copperfabric placed fabric between the two antenmaBigure 311 (right)).
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Figure 3.12 S21 measurement for two loops

Figure 312 illustratesthe effect of copper fabriplacementn the middle ofthe loops.
The forward transmission gain (S21) paramdemreasegignificantly and it is almost flat along
all frequencies from 10 KHz to 20 MHn addition, the 6 dB difference due to the shielding
effect of copper fabric occurs around 1 MHz frequency.

Next, the copper fabric is replaced with the torso section of the spacesuit mockup (Figure

3.13); the S21 pameter is reneasured.

Figure 3.13 Torso section of KSU spacesuitmockup
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After placing the torso section, the path gain drops significantly and a 6 dB drop occurs at

frequency of 1 MHz.

Figure 3.14 S21for loop antennas with and without the torso section

Next, measurement of shielding effectiveness of a space suit arm segroemdigted to

comparewith the results of torso section @smonstrated in Figure1®.

Figure 3.15Arm section of KSU spacesuit mockup model

Measured forward transmission g&im this experimenis plotted in Figure 3.6 using twoloop
antennas without the arm segment and when the arm segment is placed between the tcansmit an

receive antennas. In this case, a transmission gamalronly a few dBs is noticed

64



T

Figure 3.16 Measured S21 for loop antennas without and with arm sectiocorresponding
to setup in Figure 3.14

This surprising measuremergsultwas also observed while performing a similar experiment on
a real space suit at Karss&€osmophere and Space Center. Possible explanation for this
observation is the following: with extensive use of the suit, crinkles (microscopic breaks) start to
appear in the copper fabric meskep time. These metalized layers in turn change the
conductivity of the fabric, reducing their shielding effectiveness. In our mockup space suit,
unlike the armsections the torso sectionwas designed to be firm and not flexiblehus, no
significant change in conductivity was observed and the shielding lbehavtonsistent with
that expected from a copper fabMhile resistance measurements the fabric inthe arm and
torso sectioaseems to supportthi hypot hesi s, further investiga
useo on the micredabrcepeacessary.t ructure of th
3.3.2.2 Helical Monopole toMeasurelLoss due taCopperFabric

The previous experiment is conducted again using helical monopole electric field
antennas set parallel to each other and separated by 3 cm, as shown in Efglitee3neasured

S21 parameter in Figurel®shows that a 18 dB difference occurs at frequency of 967 KHz.

65



49 dB- REF 9 dB

] .

B7.

lIIIIEII
I\Illﬁll

" -

10— — By

il

|/ II-FW"W"

,IHFMW----I
771 P O N

Figure 3.18 Measured S21corresponding to Figure 3.16: no shield (left) and with fabric
shielding (right)

Finally, an arm segment of space su# inserted between ¢htransmit and receive
antennasas shown in the setup ingdre 319. Measuredransmission gaiparametef(S21)is
plotted in Figure 20. Two curves are shown in Figure28.where one for case when no space

suit is placed between the transmitter and receiver and one time when the space suit segment is
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placed baveen the two antennas. It can be noticed that around a 13 dB drop occurs when the

arm segment is placed betweblgr transmits and receive helical monopole antennas at 967 KHz.

Figure 3.20 Measued S21 corresponding to Figure 3.18etup (without and with arm
section)

67



3.4 Chapter Summary

This chapter highlighted the fundamentals of electromagnetic shielding for various
conductive materials. First, the concepts of shielding effectiveness for plane wave versus near
field soures were reviewed and shieldinfeetiveness for electrically @magneticallysources
was describedNext, a simple analytical study was conductedindirectly evaluate shielding
effectiveness forthe aluminized mylarembedded inspace suitfabrics under simplifying
assumptions. Bas ed o rectricfieldantenrasarqused, thé EMUfspaced i n g s
suit is largely radiapaque to eldrically polarized antennas. Also, the shielding effectiveness
for small loop magnetic field antennas is found be to be high for torso section. However, forward
transmissia gain of the two small | oforprm/itegdegmert as di c
One possiblexplanatiorfor this phenomenon is that the space suit segn&nth as arm or leg
segmentsafterextensive use casuffer from crinkles resulting in neumiform distribution of the
conductive threadthat constituteshe fabric. Thismicroscopic change in the fabric appetrs
significantly reduce the conductivity of the fabric which in turn makes the conductive fabric or
TMG layers in these segments lalgradiotransparent. For the rest of thissertationwe will

assume that the space suit TMG layers are largely-m#ique
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Chapter4- Pr opagation Modes in Space Su

The discussion of the most critical parameters that describe electromagnetic (EM)
interaction with the human body in Chapter 2 and the description of space suit structure and its
shielding properties in Chapter 3 provide the background necessary to characterize the
propagation structure within a space suit. This chapter introduceshlegmed propagation
models for a small segment of space suit, specifically the arm segment. The proposed models are
validated through both simulations and experiments. This chapter also includes an evaluation of
the radio link characteristics at variousedquency bands using two common antenna
polarizations: vertical and horizontal electric field polarization. The evaluation process involves
a comparison of free space antennasbhaaly antennas, and antennasbmay and inside the

space suit arm segment.
4.1 Small-Scale Propagation Models for IntraSpace Suit Environment

In this Section, two propagation modes are hypothesized and verified through simulations
and experiments.
4.1.11Loaded Circular Waveguide Propagation Model

The cylindrical metal structure of ttepace sui t 6s outer | ayers
arm within the space suit motivates consideration of a loaded circular waveguide propagation
model. In this hypothesized model, cutoff frequency can be calculated based ¥i®tmeode
for propagatia which is typically the dominant propagation mode, as shown Figur€dtaff

frequency for this mode can be calculated from:

% Copyright 2013Association for Computing MachinenACM). Portions of section4.1 are reprinted with
permissionfrom M. Taj-Eldin, W. Kuhn, B. Natarajan, "Study of Radio Channel for Bimfical Sensors in
SpacesuitssBody Net s 613 Processings of the 8th Sepi30©ctf,at i onal
2013, pp 302306.
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"Q — (4.1)

wheredenotes waveguide radiysdenotes permeability, denotes material permittivity,.

is the constant for propagation modet, and the dominant mode numberds p p For

example, substituting the speed of light in free spaceofai;—lT with @ T8t wmeters and

... =1.8412 in (4.1 results in"Q = 925 MHz. If the circular waveguide model holds, a cutoff
frequency is expected between two extreme caSeswith air dielectric = 976 MHz ani

with full core of human tissue = 158.4 MHz).

|

Figure 4.1 Electric and magnetic field for circular waveguide dominant node

4.1.2Coaxial Cable Model

Next, we consider &oaxal transmission linenodel. Figure £ depictsa coaxial transmission

line model.

70



E\
5 )

B
Figure 4.2 Transverse electronagnetic mode

In this model, he electric field (E) is normal to the surface of inner conductor

(astr on aand thesmagetic field,(B) is tangential to the inner and outer surfaces and

normal to both the electric field and teettirection of wave propagation.

Transverse electromagnetic (TEM) fields illustrated in Figurerdp2esent ideal fields
however, in the expeimental validation section, directions gdroduced fields may not
necessarilyconform tothis ideal case. In particular, at frequendiagher than cutoff frequency
coaxial structur@limensionssupport more complex modeghis multrmode propagation begn

to occur at frequency2 given by

N - — (4.2)
—n

where' andl denote permeability and permittivity of the dielectric, respectivaatgld andD
denote inner and outer conductor diameters, respectiviebstiBiting0.19 meterdor D, 0.088
metersfor d, and’ T p in EQ. (4.2) results if2 = 687 MHz.

At frequencies belovQ, thelumped element approximate egalient circuit forthis coax
modelresemblesa lossy transmission line with theddition of0 component paralleio series

resistancévhas shown in Figure 4.3
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Figure 4.3 Equivalent circuit of a secton of human tissue with space suit

The propagation constant can be computed from

r Qr —— Q@ 0 O Q6 (4.3)

wherel is the attenuation constaht;is the phase cormit; andR, G, 0 , @ , andL are per unit
length values. Conductan&is negligible for airL and & hbased on expressions for a coax

model derived irf82], utilize inner (arm) and outer conductor (space sadjus values based on

setup parameters from this test ( 0O = 0.095 andd @ _ =0.044 meters). Values of L and

C

0 are0.13 uH and 85 pkt 400 MHz Resistance per unit lengt can be calculated from

'Y —hwhered and A arelength ad crosssectionalarea ofa unit block of cylindrical arm

model [83] and, is the armconductivity Similarly, 6 can be calculated fromd ——

where - is relative permittivity of human tise and- is permittivity of free spacelable 4.1
shows relative permittivity and conductivity using C@ele Model and published values in
[22].

However, attenuation estimation for an arm inside a section of spads problematic
because of the difficulty in determining ar&an Y andd in the inhomogeneous body model.
Nevertheless, upper and lower bounds of attenuation can be calculated, as explained in the

following.
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Table 4.1 Permittivity and conductivity of human tissues at 400 MHz

Tissue iR a-{m
Skin 46.787 0.68806
Fat 5.5798 0.04142

Muscle |57.129 0.79631

4.1.2.1.1Equipotential Excitation Assumption along the Unit Block Cross Section

Fields within he arm tissue are complex and thdémensional in nature. Therefore, in
order to estimate component values in Figureah@® resulting attenuation per unit length, the
crosssection in Figure 4.3vas assumed to be an equipotential surf88¢ In this case, the
definition of aread in equations fofY and0 for a certain tissue is the cressctional area of
that tissueFor example, the area () of skin or fat tissues is the circumference of that tissue
multiplied by its corresponding thickness. However, thea 0 ) for muscle is
approximately the area of a circle that represents the muscle with radius equal to the muscle
thickness. Capacitances of skin, fat, and muscle layers can be calculated based on the area of
each layer and its relatiygermittivity. Therefore, capacitan@e in Figure 4.3 isequivalent to
three parallel capacitors arid is the equivalent resistance of three parallel resistors, each
calculated based on conductivity and cresstional area of those tissues (Table.4.1)
4.1.2.1.2Excitation of Fields on Skin Surface

The equipotential surface assumption for the cross section in Figuris & 4ough
approximation. At sufficiently high frequency, most electric fields propagate only in skin and fat
layers. Therefore, capacitanagsskin and fat layers in which areas of skin and fat tissues can be
calculated identically to the equipotential excitation method, were computed for this study.
Capacitanc® in Figure 4.3is the equivalent of only these two parallel capacitors. Similarly,

resistance per unit blocKis the equivalent resistance of parallel skin and fat resistors.
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Skin (1 mm)

Muscle (40 mm)

Fat (3 mm)

Figure 4.4 Numerical human body model

ResultingYand® values for the two cases discussed above are provided in Table 4.2.

Table 4.2 Values of éF , R per unit block of onemeter and attenuation for 30 cm unit

length

o R (Ohm)

Attenuation (dB) for

30 cm unit length

on skin surface)

Lower Bound 1475 230 2.6
(equipotentialexcitation)
Upper Bound éxcitation | 2574 4468 50.8

Table 4.2shows that resistance for equipotential excitation is relatively lothiscase provides

a lower bound on expected attenuation. However, values of resistance, reactance, and

subsequently the attenuation became very high when wave excitation was assumed on the skin

surface, thereby providing an upper bound on expected afitamuln practice, the fields only

partially penetrate into the muscle region, thereby requiring simulations and measurements in

order to accurately estimate expected attenuation.
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4.1.3Simulation and Experimental Validation of Coax Model

Next, annularcopper &bricrings placed 30 cm apafigure 4.5 on a pwaresonos
usedto excite TEM wave based on the coax model assumption. Gawastled to the outer
conductive cylinder.
4.1.3.1.1Simulation and Measurement Setup

Numerical simulatiorwas conductedsing Agie nt 6 s E Mased séliverfdfind
the forward transmission gain (S21) curiultilayer cylinderssimulatedskin, fat and muscle
on a human arm, wittayer thicknessedeinglmm, 3mm and 40 mmrespectivelyFigure 4.5
illustratesthe simulation modencluding a human arm and annular rings as well as a tube of

aluminumthatrepresers TMG metalliclayers in the space suit.

Figure 4.5 Simulation setup

Conformal meshing84] was enabled for the annular rings and aluminum tube so that
meshes for the metal objeasuld be properly generated. Target cell sizes in the grid for skin,
fat, and muscle tissuegsere2 mm, 4mm, and 4 mm, respectivel\andtarget cell sizes for th
annular rings and aluminum tulaerelmm and 4 mm, respectively. Target base cell size for the

entire simulation domaiwasset to 1 mm in the three dimensions. The boundary conditions for
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the box containing the modefere absorbing boundaries in theeadimensionsand a perfectly
matched layer (PMLyvasused witheightlayers as type of absorptioRelative permittivity and
conductivity valueswere based on the Col€ole model and frequenaependent. The
simulation timestepwas p® X Wp 1  secondswhich satisfiel the stability condition.
Maximum simulation timewas set to 1,000,000 multiplied by the timestep. However,
convergence occred before thatmaximumtime in simulationdor this study Transmit power
of 0 dBmwasapplied to one of the anrarlring ina frequency range of 300 KHz to 3 GHz. The
field of interest convergesufficiently in these condition®A convergence threshold e30 dB
producel relatively accurate -parameter curves.

As shown inFigure 4.6, in order to validate sinatibns, a path loss measurement was
performed in whicha human arnwas inserted inside a metal tube aftezing fitted withtwo
annular rings of copper fabric separated by 30 cm. These annulawengghen connected tan

HP Network Analyzeandthe graundshield contactethe outer cylinder.

Figure 4.6 Measurementsetup
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4.1.3.1.2Simulation and Measurement Results

S21 curves for simulated and measured values are plottédgimes 4.7and 4.8,
respectively.No cutoff frequencywas observedn the S21 curves, so waveguide pagption
modewasnot supported in the presented arm with spacessginent environmenittenuation
of thesignal was simulated in Figure 4ar a separation of 30, 6&nd 90 cm between the two
rings (blue, redand green curves, respectivelgut meaared foronly 30 cmbecause ofength
constraints on a reAumanarmlength Total simulated loss at 400 MHzas28.6 dB for 30 cm
36.5 dB for 60 cmand 45.5 dB for 90 cnHowever measured total loss at 400 MMas31.7
(Figure 4.8, or 3.1 dB higher han simulated loss due to naeal measurement setupn
impedance discontinuitgccurredbetween the cavity inside the aluminum tube and impedance

of the coaxial feed lines, resimlg) in extra loss in the S21 curves.

According toFigure 4.8 one can egnate thechannel loss due to coax mode propagation
for 30 cm arm lengtras the difference between simulated losses at 60 cm and 3Grcm,
approximately7.9 dB at 400 MHz.Channel loss for thdollowing 30 cm arm lengthwas
approximatelyd dB. As the fluctiations in simulation resultgerenot significantthe average of
these two valuewasconsidered a reasonable estimate. Compared to upper and |lawels lod
attenuation previously discussesimulated path lossvas well within the upper and lower
bounds and simulated path loss (attenuatiowps closer to the lower boundéit which
equipotential excitatiorwas assumed. This observation suggests that fields in the tissue
expectedlypenetrate well into the muscle region, especially if the wave is launched at
relatively low frequency (400 MHzZ)ompared GHz frequencies at whigbnetration/skirdepth
of body layers is relatively deep (5.53 cm for skin, 30 fomfat, and 5.2 cm for muscle)

compared to that at GHz frequencies which is on the order of mm.
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Figure 4.7 Simulated S21 curve 300 kHz to 3 GHz 10 dB/division vertical (blue for 30 cm,
red for 60 cm, and green for 90 cm distance)
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Figure 4.8 Measured S21 curve300 kHz to 3GHz; ~10 dB/division vertical
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In addition to channel loss per unit length, an additional loss was observed. This loss can
be calculated as the difference between measured total loss for 3G-guren4.8(31.7 dB) and
channel loss for 30 cm arm lengt¥8(4 dB). The result of this difference was 23.3 dB, attributed
in part to the impedance mismatch at the input and output of the coax mode with 50 Ohm
impedance of network analyzer ports. Another reason for this additional loss is because of the
antenna tnsducer effect of the copper rings (almost quarter wavelength compared to half the
ring circumferencs). The annular rings and ground connections did not perfectly excite the coax
mode, so this level of input/output port mismaéttenuation was not surping.

In order to obtain a clear picture of the propagating wave, directions of electric and
magnetic fields were plotted using the simulation model in Figurgldf9 and a 3D direct
FEM-basedsolver because FEM engine supports field visualizationrivhkhimesh size initially
was 0.3125mm, and convergence occurred when delta error was equal to 0.02 and required
consecutive passes of delta error before simulation stops W8E. A vertical cut plane with
arrows that represt field directions and strength 34.5 cm (slightly less than half wavelength at
400 MHz) away from the excitation point and electric and magnetic fields is illustrated in Figure
4.9. Red arrows represent strong fields and blue arrows represent weak Regidts showed
that the electric field was normal and the magnetic field was tangential to the human arm.
Therefore, the structure supports a TEM wave and the coax model works well, especially at

lower frequencies compared to that at the GHz region @hehthan the cubff frequency.
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Figure 4.9 Electric (top) and magnetic (botton) field direction at 34 cm separation
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The following section quantifies path loss for various channel frequencies and, using
simulation and laboratory measurements, investigate tfeetefof antenna polarization on

channel path loss.
4.2 Antennas and Wave Propagatiofi

As discussedin Section 4.1, ppagation structure inside thepace suitis coaxial
mearnng that when operating at a frequency below the nmtde frequency, EM wave
propagation follons TEM modein which the electric fieldis normal to the inner conductor
surface(i.e., humanarm) andthe magnetic field is tangential toettbody and normal to the
electricfield direction and thevave propagatiomlirection. The preliminargtudy described in
Section 4.1used annular rings to excite a TEM wave mode.

In an idealized setugtlustrated in Figure 4.10, it consisté virtually infinite number of
portsthat start from the central point in the inner conductor and end at one pdiné @uter
conductor that are uniformly distributed. This configuration should produce circularly symmetric

TEM wave andne can assess the dB loss per unit length.

* Copyright 2028 IEEE. Portions of sectiort.2 are reprinted with permissiofrom Taj-Eldin, M.; Kuhn, W.;
Natarajan, B.; Peterson, G., "Investigation of practical antennas for astronaut body area nélfireldss for
Space and Extreme Enonments (WIiSEE), 2014 IEEE International Conference \al., no., pp.1,7, 3@1 Oct.
2014
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Ring

Figure 4.101dealized setup consisting of circularly symmetric loop antenna using infinite
number of ports

However,becausalirect connection to the méiteed outer layer of the suis not practical for
space suitbody area netwds, using antennas launch EM wavess a more practical
possibility. Therefore,Section4.2 investigate use ofcommonlydesigned antenndkat operae
at common frequenciesuch asA33 MHz, 2.4 GHzand 5.2 GHzThis includes the reflection
coefficient the 10 dB bandwidth and the gain of antenna.
4.2.1433 MHz Microstrip Patch Antenna

A patch antenna is designed and built in EMPro EM simulator using very high permittivity
material (k160) with dielectric constant  p @.1Therefore, the dimensions of the antenna are
greatly reduced and it has dimensions of 38.6 mg#.72 mm for the patch and 48.05
mm 34.17mm for the substrate. The thickness of the substrate is 1.5748 mrsinitiated
reflection coefficient fod33 MHz patch antenna is simulated in Figure 4.11 where the antenna

has 10 dB bandwidth of 1.77 MHz and gain of 1.9 dBi.
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Figure 4.11 S11 for the 420 MHz patch antenna in free spacagproximately -20 dB
reflection coefficient)

To build such an antenna with the available commercial substrategh-& ceramic
substrate with Y owas usedfor the 433 MHz patch antenna orderto greatly reduce
antennasize for body area network applicatipottom, eft of Figure 4.19)This433 MHz patch
antenna which demonstrated somewhat suboptimal performance in terms of reflection
coefficient, radiation efficiencywas built by grafting together nirmpies of a commercial GPS
patch antennalhe 433 MHz patch d@annashowsonly -3 dB of reflection coefficient due to its
narrow bandwidth.

4.2.2433 MHzHelical Monopole Antenna
A regular monopole designed at 433 MHz will have a length of 173.21 mm. However, for
space suit applications, we need to have small antennaefdileg a commercial monopole is

used and it has the form of helical wire with 26 turns. The antenna has reasonably good return
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loss (10 dB) at the desired frequency. Baulatedreflection coefficient for 433 MHhelical

monopoleis plottedin Figure 412 where the antenna has 10 dB bandwidth of 22 MHz and gain

of 1.64 dBi.

11 (dB)

D 46627 GHz, -16.40]1 dBa

200 250 300 315 400 450 500 550 600 650 700 750 80(
Frequency (MHz)

Figure 4.12 S11 for the 433 MHz monopole antenna in free spacel6 dB reflection
coefficient)

4.2.32.45 GHz Microstrip Patch Antenna

A patch antenna is designed using-#Rvith dielectric constart = 4.6. The dimensions of
thisantenna are 11mni3mm for the patch and 46.02m#2.53mm for the substrap, right
of Figure 4.19) The thickness of the substrate is 1.5748 mm. Sineulated reflection
coefficient for2.45 GHz microstrippatch antenna ishownin Figure 413 where tle antenna has

-10 dB bandwidth of 50 MHZThe free space gain for this antem.2 dBi.
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Figure 4.13S11 for the 2.45 GHz Patch antenna in free spacel? dB reflection coefficient)

4.2.42.45 GHzHelical Monopole Antenna
It is known that the length of the monopole-is at2.45 GHzis 30.61 mmfor ground plane

(countepoise) However,also due to our practical applicatighe ground plane sizelecteds
40mm 40mm. Thus, to tune the operating frequency to the desired value, we need to extend the
monopole to 36 mm. Th&mulatedreflection coefficient for2.45 GHz moopoleis plottedin

Figure 414 where the antenna hal) dB bandwidth of 180 MHz arfcke spacegain of 2.2 dBi.
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Figure 4.14 S11 for the 2.45 GHz Monpole Antenna in free space2Q dB reflection
coefficient)

It should be noted that helical monopole antennas are used from Antenna Factor by Linx
for 433 MHz[86] shown in bottom, right of Figure 4.18nd 2.4 GHz [87]. Then, a custom
ground/counterpoise is built for both antennas to make the human body the ground/counterpoise
during the path loss measurements. Final 433 MHz and 2.4 @lldallmonopole antennas have
the configuration shown in Figurel® where the outer shield of the antenna is in contact with

the built counterpoise on a 40 mm * 40 mm-#Rubstrate.
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Feeding SMA
connector

Wire connecting outer shield with ,
counterpoise at bottom FR-4 substrate

Figure 4.15 Configuration of 2.4 GHz helical monopolg87] for intra -space suit path loss
measurements

4.2.55.2 GHz Microstrip Patch Antenna

A patch antenna is designed using Rogers RO4003 with dielecistant- =3.38. The
dimensions of this antenna are 11mb3mm for the patch and 21.74 mi29.92 mm for the
substrate. The reflection coefficient for 433 MHz patch antenna is simulated in Figure 4.17
where the thickness of the substrate is 1.5748 niitve simulatedreflection coefficient foi5.1

GHz patch antenna igresentedn Figure 416 where the antenna has0 dB bandwidth of 70

MHz andfree space gain ef.2dBi.
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Figure 4.16 S11 for the 5.1 GHZPatch Antenna in free space-(2 dB reflection coefficient)

4.2.65.2 GHz Monopole Antenna
It is known that the length of the monopole-is and for frequency of 5.25 GHz, the

length of the monopole equals 14.28 nfion infinite ground plane. However, fgoractical
reasons the counterpoise surfacesedis 40mm 40mm. We have found thalhe antenna

shown in Figure 4.18 with wire length ©5.8 mm soldiered normally with a 50 Ohm microstrip

l'ine to minimize coupling thenedteddedo areSVAfadt s .

connector and found teroduce the desired resonance frequency wii® dB reflection
coefficient. Thesimulatedreflection coefficient however,for this 5.2 GHz monopoleantenna
with 7.5 mm wire lengths plottedin Figure 417 where the antenna is matched to 50 Offile
measured reflection coefficie(l6 dB)was found to agree fairly with the simulated one and the

thus is not included. Theee spaca@ntenna gain is 3 dBi.
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Figure 4.17 S11 for the 5.25 GHz Monopole Antenna in free spacel@ dB reflection
coefficient)

15.8 mm wire height

Feeding SMA connector

50 Ohm microstrip line

Figure 4.18 Configuration of 5.2 GHz monopole for intra-space suit path loss
measurements
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The rest of atennas not illustrated previouslyare shown in Figure 49. Antenna

dimensions are provided in Table 43d theoretical performanparameters are summarized in

Table 4.4

Figure 4.19 (left) Antennas used from left to right: (top) 5.2 GHz patch, 2.4 GHz patch,
(bottom) 433 MHz patch, and 433 MHz helical monopole antenndright) 433 MHz helical
monopole with 3.5 cm 2 cm counterpoise
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Table 4.3 Dimensions of antennas used

Antenna

Dimension of Antenna

5.2 GHz Patch

21.74 29.92 0.8128 mm

5.2 GHz Monopole

(simulation)

7.5 mm wire longhormal onr40 mm 40

mm counterpoise

5.2 GHz Helical Monopole

(measurements)

15.8 mm wire monopole with 40 mmM0

mm couwnterpoise

2.4 GHz Patch

46.02 42.53 1.5748mm

2.45 GHz Monopole

(simulation)

36 mm wire length and 40 mnd0 mm

counterpoise

2.4 GHz Helical Monopole

(measurements)

38 mm helical monopole lor{§7]

433 MHz Patch

48.05 34.17 1.5748 mm

433 MHz Helical Monopole

(simulation)

Helical shape with 36 threads, 2 mm radi
40.9 mm height

433 MHz Helical Monopole

[86] (measurement)

39 mm height

Table 4.4 Performance characteristics of antennas in free space

Antenna Reflection 10 dB Freespace gain
coefficient bandwidth
5.2 GHz Patch -15dB 70 MH 4.2dBi
5.2 GHzMonopole -16dB 160 MHz 3 dBi
2.4 GHz Patch -10 dB 50 MHz 4.2dBi
2.4 GHz Monopole -25 dB 180 MHz 2.2 dBi
433 MHz Patch -3dB 1.77 MHz 1.9dBi
433 MHzHelical Monopole -16 dB 22 MHz 1.64dBi

91




4.3 Small-Scale Performance Evaluation

After characterizing the antennas that will be used in path loss measurepagimtss
evaluaion was conductedor three propagation environmengntennas in free space, antennas
onbody, and antennas dmody and inside thespace suit Applicability and feasibility of
commercial offtheshelf antennas for this unique propagation environment were also
investigated. O+body antennas in WBANS play a crucial role in determining quality of service.
Several antenna designs have been proposed fordeodiyc wireless communicatioi88]. In
particular, polarization of launched wavissone antenna feature found to significantly affect
path loss values. For example, Norton surface waves-body channels and associated vertical
polarization result in electric fields that are more strongly received and less pd#89]oss

In this Section, the vertically (monopole and helical monopole) and horizontally
(microstrip patch antenna) polarized antennas presented in Section 4.2 are investigated in the
context of astronaut body area network. Effects of polaozadind frequency on the path loss
performance metric are also studied. Path loss is chosen as the primary criterion because wave

reflections inside this unique intsgpacesuit environment are minimal.

4.3.1Simulation ofLoss in Free Space, GBody, and Irtra-Space Suit
4.3.1.1Simulation Setup and Results
Next, we quantify the performance of all four antennas within an arm section of a space

suit through computational EM simulations. Simulation setup consists of a section of a human

® Copyright 2028 IEEE. Portions of sectiort.2 are reprinted with permissiofrom Taj-Eldin, M.; Kuhn, W.;
Natarajan, B.; Peterson, G., "Investigation of pratt@ntennas for astronaut body area netwofkreless for
Space and Extreme Environments (WIiSEE), 2014 IEEE International Conferengelgmo., pp.1,7, 3@1 Oct.
2014

92



arm within an aluminum outdaiyer to mimic the space suits shown in Figure 20, Tx and Rx
antennas were mounted on the arm (with no antbodg separation distance), and both ends
remained open with one base cell as free space padding at each end of the aluminum tube. Free
spacepadding of only one base cell is chosen to minimize the effect of impedance discontinuity
on Sparameter simulation results. The simulation box uses eight layers of Perfect Matched

Layer PML as the boundary conditions.

Figure 4.20 Simulation setup for two antennas placed on human arm inside a section of
space suit

Keysi ght E MBased solver i Ds€dDimulateS21 parameteaccording toeach
frequeng, 433MHz, 2.4 GHz, and 5.55Hz, with the exception of the S21 simulation that used
433 MHz helical monopole antenn@hanks to the curved structure of helical monopole, the
FEM-based solver is more efficient for the 433 MHz helical monopole. In the FDTD simulation,
the simulator automatidglset thetimestep based on minimum cell sirethe entire simulation
domain In most cases, the fiddf interest converge sufficientfpr antennas applicationssing

a threshold of-30 dB in which undesired reflections from thgerfect matched laygPML)
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boundary conditions amxcludedResultsof FDTD simulations arebtainedby takinga Fourier
Transformof transient fields excited byulsewaveform.

The following sections present simulated forward transmission gain (S21) curves for four
cases for each antenna at specific frequencies. The four cases corresponded to four distances
between the transmit and receive antennas, (1) 100 cm, (2) 115 cm, (3) 130 cm, and (4) 145 cm,
in order for 433 MHz and 2.4 GHz antennas investigate the S21 prothe ifarfield and avoid
nearfield effects. However, distances chosen for transmission gain simulations using 5.2 GHz
antennas are 15, 30, 45, and 60 cm, which are sufficient fdrefdrregion at this short
wavelength.

Simulations are repeated fayur distances in order to accurately estimate path loss per
15 cm of arm length via differencing. Differencing of explicit path loss values helps isolate other

loss effects and antenna gains that are not of direct interest in this work.

433 MHz Microstrip Patch Antenna
Figure 421 demonstrates the S21 curve using helical monopole antenna for three
scenarios; antennas in free space, antennas on body with zero body distance, and antennas on
body but inside the aluminum tube simulating the TMG layers ofespait segment.
The path loss when the antennas are in free spdeb B whereas it equals tb40dB
when antennas emody environment. Finally, the path loss is further reduce80mB when the

intrarspace suit propagation environment is utilized.
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Figure 4.21 S21 graph br 100 cm separationwith two 433 MHz patch antennas forthree
casesfree space (green)on arm (red), and on arm with suit (blue) (145, 140, and 6dB)

Path loss within an ind-space suit arm segmentalserved for varying T-Rx distances,
as shown in Figure 22. Results show that path loss for the first 15 cm arm length (calculated as
the difference between 115 cm simulated loss (54.5 dB) and 100 cm simulated loss (#7.5 dB)
equals 7 dB. Similarly, path loss for the second 15 cm arm length (calculated by taking the
difference of simulated loss for 130 cm (57 dB) from simulated loss for 115 cm distance (54.5
dB)) equals 2.5 dB. In addition, path loss for the third 15 cm angth is4.6 dB and average

path loss ispproximately 4.7 dB/15 cm.
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Figure 4.22 S21 curve for two 433 MHz patch antennas fofour antenna distances: 100,
115, 130and 145 cm with corresponding vluesof 47.5, 54.5, 57, and 61@B, respectively

Comparison of path loss produced using 433 MHz monopole and patch antennas reveal
that path loss produced usingpnopoleantennas approximately2.3 dBlower for 15 cm arm
length. This observatiors expectedbecausanonopoleantenna produce vertical polarization,
resulting in stronger received electric field that equals the sum of direct wave and reflected
waves from the aluminum tube surfat®wever, insertion into the suit environment made the

monopole mee susceptible to detuning, a potentially problematic behavior.
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433 MHz Helical Monopole Antenna

Propagation characteristics are initially evaluated with 433 MHz helical monopole and
patch antennas. Spacing between the arm and space suit is approxdndatety(approximately
0.5 cm greater than monopole height). FiguZ84lemonstrates thiarward transmission gain
(S2) curve using helical monopole antenna for three scenarios; antennas in free space, antennas
on body with zero body distance, and angenanbody but inside the aluminum tube simulating

the TMG layers of space suit segment.

= Antennas in freespace

-20
Antennas on arm
-40

Antermas on arm inside
spacesuit

-60
-80 /

-100

s21 (dB)

D.40685 GHz, -109.13 dB

-120

-140

P4 GHz, -147 54 dB

-160

-180

-200 | | | | i | | ]
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Frequency (GHz)

Figure 4.23 S21 graph for100 cm separatiorwith two 433 MHz helical monopoledor three
cases: on free spac@reen), on arm without suit (red), and with suit (blue) (147, 109, and
31dB)

It can be noticed that the resonance frequency is detuned to 360 MHz due to change in

antenna impedance resulting from the contact of helical monopole ground plane with #re hum
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body. Also, the path loss when the antennas are in free space is 147 dB whereas it equals to 109
dB when antennas drody environment. Finally, thegath loss is further reduced 3d@ dB when
the intraspace suit propagation environment is utilized.

Next, the purpose is to quantify the path loss in dB per cm arm length. Thus, to get an

insight, we need to simulate the path loss in thdiéét between TxRx path. For example, 100
cm is adopted which is greater tharé in free space medium and it che noticed that the path

loss for the first 15 cm arm length (simulated loss of 115 cm minus simulated loss of 100 cm

case) is 2 dB whereas the path loss for the second 15 cm arm length is 3.1 dB as can be seen in

Figure 424,
o=
= s | 00 cm distance
10 || =
— ] 15 cm distance
-20 w130 cm distance
-30 ] 45 cm distance
)
=
™
o~
)]

-100

-110

.o 0 0.1 0.2 0.3 04 05 0.6 0.7 0.8

Frequency (GHz)

Figure 4.24 S21 curve for 30 cm separation with two 433 MHz helical monopole antennas
for four antenna separation distances: 100, 115, 130, and 145 cm with corresponding values
of 32.2, 34.2, 37.3and 39.3 dB respectively
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Howeve, path loss for the third 15 cm arm lengs? dB. Mean path loss of théhree

valuesis approximately 2.4I1B/15 cm

2.4 GHzMicrostrip Patch Antenna

Intra-suit propagation characteristics of 2.4 GHz radio channel using a patch antenna is
shown in kgure 425. The figure shows that path loss for the first 15 cm (calculated as the
difference between simulated loss at 115 cm (30.5 dB) and simulated loss at 100 cm (25.8 dB))

equals 4.7 dB/15 cm.

0
s | )0 cm distance
-10 [ s ] 15 cm distance
-20 s 130 cm distance
|45 cm distance
-30

- —

0 05 1 15 2 250 3! &5 4 45 5 55 ©6
Frequency (GHz)

Figure 4.25S21 curve for two 2.4 GHz patch antennas fdiour antenna distances: 100, 115,
130 and 145 cm with corresponding values of 25.8, 30.5, 32ahd 34.7 dB, respectively
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Similarly, path loss for the second 15 cm arm length (calculated as the difdyetween 32.2
dB and 30.5 dB, equaling 1.7 dB, and path loss for the third 15 cm arm length)dB. Mean
path loss is approximately 3 dB/15 cm.

5.2 GHzMicrostrip Patch Antenna
As seen in Figure 26 (green curve), the path loss with patch antemmdee space for

30 cm antenngeparation distance is 52 dB at 5.2 GHz. However, path loss reduces by 10 dB
when antennas are positioned on the arm with zero antenna body separation (see red curve). Path
loss isfurther reduced by 12 dB when antennas @methe body but inside the space suit

structure, proving that the space suit material benefits the propagation environment.

Figure 4.26 S21 graph for 30 cm separation with two 5.1 GHz patch antennas ftinree
cases: in free space, on arm, on arm with suit (52, 42, 30 dB)

The impact of using a 5.2 GHz patch antenna to launch signals within a spase suit

evaluated and shown in Figure4. Results show that path loss for the first 15 cm (difference
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