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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 

biomedical data. Continuous monitoring and collecting more extensive body vital signs is 

important to assess astronaut health. This dissertation investigates wireless biomedical sensor 

systems that can be easily incorporated into future space suits to enable real time astronaut health 

monitoring. The focus of the work is on the radio-wave channel and associated antennas. 

We show that the space suit forms a unique propagation environment where the outer 

layers of the suitôs thermal micrometeoroid garment are largely radio opaque. This environment 

can be modeled as a coaxial one in which the body itself plays the role of the coax center 

conductor while the space suit shielding materials play the role of the outer shield. This model is 

then validated through simulations and experiments. 

Selecting the best frequency 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 GHz.  Signal 

attenuation is analyzed as a function of frequency for various communication pathways through 

3D simulations and laboratory experiments. Small-scale 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 MHz yield acceptable path loss values. 

Propagation between the left wrist and left ankle yielded the worst overall path loss, but signals 

were still above ï100 dBm in raw measurements for a 0dBm transmission indicating that the 

intra-suit environment is conducive to wireless propagation.  



  

Our findings suggest that the UHF bands are best candidate bands since there is interplay 

between the body conductivity favoring lower frequencies, and the difficulty of coupling RF 

energy into and out of the channel using suitably sized antennas favoring higher frequencies.  

Finally, a new self-shielded folded bow-tie 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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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 

biomedical data. Continuous monitoring and collecting more extensive body vital signs is 

important to assess astronaut health. This dissertation investigates wireless biomedical sensor 

systems that can be easily incorporated into future space suits to enable real time astronaut health 

monitoring. The focus of the work is on the radio-wave channel and associated antennas. 

We show that the space suit forms a unique propagation environment where the outer 

layers of the suitôs thermal micrometeoroid garment are largely radio opaque. This environment 

can be modeled as a coaxial one in which the body itself plays the role of the coax center 

conductor while the space suit shielding materials play the role of the outer shield. This model is 

then validated through simulations and experiments. 

Selecting the best frequency 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 GHz.  Signal 

attenuation is analyzed as a function of frequency for various communication pathways through 

3D simulations and laboratory experiments. Small-scale 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 MHz yield acceptable path loss values. 

Propagation between the left wrist and left ankle yielded the worst overall path loss, but signals 

were still above ï100 dBm in raw measurements for a 0dBm transmission indicating that the 

intra-suit environment is conducive to wireless propagation.  



  

Our findings suggest that the UHF bands are best candidate bands since there is interplay 

between the body conductivity favoring lower frequencies, and the difficulty of coupling RF 

energy into and out of the channel using suitably sized antennas favoring higher frequencies.  

Finally, a new self-shielded folded bow-tie 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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Chapter 1 - Introduction 

The rising median age of most 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 

approximately 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 people falling in this category is expected to jump from 

13% in 2015 to 34% in 2050, introducing unprecedented challenges for governments and 

strategic planners.  

 

Figure  1.1 Population percentage of 65 years or older from 1950 until 2050 [data obtained 

from the World Health Organization [2]] 

 

These challenges introduce opportunities for biomedical engineers to come up with 

innovative solutions. Preemptive monitoring of a patientôs vital body health parameters 

traditionally involves wired biomedical sensors that can measure parameters such as body 
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temperature, respiration rate, and heart rate. However, a primary disadvantage of using wired 

sensor is that this kind of sensor is inconvenient and uncomfortable for elderly people, especially 

those susceptible to skin irritations. In addition, continuous monitoring of a patientôs vital body 

signs typically requires medical staff responsible for caring for those patients, thereby increasing 

the cost 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 and on-body portable devices offer a 

key element 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 new generation mobile 

communication systems, such as the 5G and Internet of Things (IoT), offer the promise of 

potential integration of these technologies. One of these technologies, body-centric wireless 

communications, is anticipated to be a significant portion of 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 proximity to the human body. These sensors collect multiple vital body signs, and 

share that data with other units, such as external devices or a gateway radio such as a patientôs 

cellphone. Body-centric communication technology incorporates various technologies that can 

be used separately or combined, including wireless body area networks (WBANs), wireless 

personal area networks (WPANs), and body sensor networks (BSNs). 
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WBANs are built around small wireless sensors on or inside the body that collect relevant 

health information and send the data to a central node that is also worn on the body. Some 

potential medical applications for WBANs are listed in Table 1.1 [3]. 

Table  1.1 Some medical applications of wireless body area networks 

Signal Application examples Average data 

rates (kbps) 

EEG Sleep analysis, epilepsy research 

and monitoring, localize damaged 

brain tissue 

10 ï 100 

ECG Remote patient heart monitoring, 

research and early identification of 

Parkinsonôs disease, research child 

development of motor skills 

10 ï 100 

EMG Physiotherapy, identify fall risk 

among elderly, research and early 

identification of Parkinsonôs 

disease, research child development 

of motor skills 

10 ï 100 

EEG Similarity 

index 

Seizure warning systems 0.5 

Blood pressure Patient monitoring and automatic 

emergency response, sport 

applications 

0.01 ï 0.1 

ὕ and ὅὕ 

levels 

Patient monitoring and automatic 

emergency response, identify 

respiratory illnesses 

0.01 ï 0.1 

Glucose levels Diabetic patient monitoring, 

automatic administration of insulin 

0.01 ï 0.1 

 

According to the IEEE 802.15 standardization group, WBANs utilize a variety of 

communication, including on-body, off-body, or in-body communications. Figure 1.2 depicts 

on-body and off-body communication scenarios. 
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Figure  1.2 Wireless body area network and possible components for on-body and off-body 

communications [reproduced from [4]] 

 

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

1) On-body communication 

On-body communication exchanges data between body-mounted devices that 

communicate wirelessly. 

2) Off -body communication 

Off-body communication describes wireless links between on-body devices and base 

units or mobile units located in ambient environments. 

3) In -body communication 

In-body communications describes links and relays that exchange data between 

implant devices and on-body nodes. 

 The next Section reviews common spectrum allocations for WBANs. 
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1.2 Medical and non-Medical Spectrum Allocation 

Without loss of generality, this research focuses on communication systems that operate 

in licensed and unlicensed portions of the spectrum suitable for medical system related WBANs.  

Table  1.2 Licensed and unlicensed bands suitable for medical communications 

Name 

Licensed (L), 

Unlicensed (U) 

Frequency band 

(MHz) 

Max. Transmit 

power (dBm EIRP) 

Max. duty 

cycle 

Region 

ISM, (U) 

 

 

 

ISM, (U) 

ISM, (U) 

ISM, (U) 

MICS, (U) 

MedRadio, (L) 

MedRadio, (L) 

é 

é 

MedRadio, (L) 

WMTS, (U) 

WMTS, (U) 

WMTS, (U) 

MBANs (L) 

433.1 ï 434.8 

 

 

 

868.0 ï 868.6 

902.0 ï 928.0 

2400.0 ï 2483.5 

402.0 ï 405.0 

401 ï 206 

413 ï 419  

426 ï 432 

438 ï 444 

451 ï 457 

608 ï 614 

1395 ï 1400 

1427 ï 1432 

2360 ï 2400 

+7.85 

 

 

 

+11.85 

+ 36 w/ spreading 

+36 w/ spreading 

-16.0 

 

 

 

 

 

 

+10.8 

+22.2 

+22.2 

10% 

 

 

 

1% 

- 

- 

- 

 

Region 1 

(Europe, Arica, 

the Middle East, 

and Russia) 

Europe 

US 

Worldwide 

Worldwide 

US 

US 

US 

US 

US 

US 

US 

US 

US 

 

 

Bands considered include Industrial, Scientific, and Medical bands (ISM), Medical 

Implanted Communication System bands (MICS), Medical Device Radiocommunications 

Service bands (MedRadio), Wireless Medical Telemetry Service bands (WMTS), Medical Body 

Area Networks bands (MBANs), and Ultra-wideband. Frequency bands and sub-bands for these 

regions are provided in Table 1.2. 

1.2.1 Industrial, Scientific, and Medical Bands  

ISM bands were initially allocated for international non-commercial use. However, ISM 

bands are also used in commercial devices such as Wi-Fi networks. Frequency bands may vary 
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based on regulations specific to each country. Examples of ISM bands include the international 

band in the range of 2400.0 ï 2483.5 MHz and a country-specific band in the range of 868.0 ï 

868.6 MHz band that can be used only in Europe. 

1.2.2 Medical Implanted Communication System Band 

 MICS bands, occupying the region of 402.0 ï 405.0 MHz, can communicate data from 

implants inside the human body to an external device with a radio receiver in order to monitor 

patient data. The MICS band has a restriction to narrow bandwidth (300 KHz) signaling. 

Transmit power is also limited to 25 microwatts.  

1.2.3 Medical Device Radiocommunications Service Bands  

 MedRadio bands consist of the sub-bands 401 - 406, 413 - 419, 426 - 432, 438 - 444, and 

451 - 457 MHz [5], licensed by the Federal Communication Commission (FCC) for use in the 

United States, these sub-bands can be used for diagnostic and therapeutic objectives in 

conjunction with in-body or on-body communication technologies. Unfortunately, however, 

devices operating at these bands cannot be used outside the United States since their band is not 

licensed in other countries. 

1.2.4 Wireless Medical Telemetry Service Bands 

WMTS bands comprise a wireless service established by the FCC in 2000 in order to 

transmit a patientôs biomedical data to a remote location such as a nurseôs station that 

incorporates a radio receiver [6]. This data includes a patientôs vital body signs, such as pulse 

and respiration rates. As shown in Table 1.2, WMTS includes three bands: 608 ï 614, 1395 ï 

1400, and 1427 ï 1432 MHz.  
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1.2.5 Medical Body Area Networks Band 

 In May 2012, the FCC has adopted a portion of the spectrum for what is called the 

Medical Body Area Networks [7]. This band occupies the region from 2360 ï 2400 MHz where 

it is adjacent to the unlicensed band that hosts Bluetooth, most of Wi-Fi, and other wireless 

applications. In particular, it is divided into two sub-bands: 2360 ï 2390 MHz and 2390 ï 2400 

MHz. 

 However, this band can only be used with  low-power 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 test receive stations if placed close to them.  

1.2.6 Ultra-Wideband  

 In 2002, the FCC defined Ultra-Wideband (UWB) communication as any transmission 

system that occupies an instantaneous bandwidth exceeding 500 MHz or having a fractional 

bandwidth of more than 20% in 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 unprecedented medical and 

general-use applications.  

 The following two sections will focus on the motivations and goals of our research. 

1.3 Motivations  

WBANs have attracted considerable research interest for the last decade because of the 

wide variety of possible applications, including telemedicine, sports applications, and 

applications for persons in extreme environments such as firefighters, mine workers, and outer 

space. Unfortunately, current space suits are limited in their ability to collect medical 

information. They use wired links to acquire electrocardiogram (ECG) data and can indirectly 
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monitor oxygen uptake on a long-term basis. For future missions such as missions to asteroids 

and Mars, additional monitoring is desired. 

Replacing the current system with wireless sensors would provide several benefits, 

including: 

 1) Protection against mechanical wear associated with wiring. 

 2) Ability  to monitor multiple vital body signs in order to better understand the burden 

on astronauts and its effects on astronaut health. 

3) Easy reconfiguration of sensor placement.  

WBANs are able to monitor multiple vital body signs, such as heart rate, respiration rate, 

and muscle fatigue. The benefits of replacing wired links with wireless link in addition to the 

variety of body signs that can be monitored with this technology has inspired the study and 

design of a WBAN for astronauts in this work.   

This research investigates astronaut wireless body area networks (AWBANs) in which a 

central master node receives data transmitted from various sensor nodes distributed on the body. 

A sensor node is simply a device that incorporates radio transceiver, microcontroller, memory, 

antenna and various medical sensors collecting vital body biomedical data, may process them, 

and transmit the information/data to other nodes via the antenna. The master node is envisioned 

to be powered by the backpack and provide the off-body link. The sensor nodes are low power 

devices using buttery or energy harvesting technologies [8]. In conjunction with NASA Johnson 

Space Center, researchers at the Kansas State University Department of Kinesiology [9], 

Manhattan, Kansas, recommended strategic sensor types and locations for astronaut health and 

fatigue monitoring. The work covered in this dissertation is focused on determining if such a 

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

 Goals of the study can be summarized as follows: 

1) Understanding tissue absorption and impact of space suit material at various 

frequencies. Since the human body is known to absorb radio energy, an understanding of 

radio wave interactions and absorption is needed. The space suit material and its 

shielding properties also need to be studied. This understanding is vital to the design of a 

successful AWBAN.  

2) Investigation and development of propagation models for intra-suit radio signals. Signal 

attenuation is analyzed and simulated as a function of frequency for various 

communication pathways within a space suit. Small scale space suit model (e.g., arm 

space suit segment) is used initially. The assumption that the arm and space suit section 

have cylindrical geometry simplifies the problem and enables quantification of path loss 

as a function of frequency, thereby allowing recommendation of optimal carrier 

frequencies for low-power transmitters and expected data rates for intra-suit wireless 

communication systems. A subset of movements associated with physical activity that 

affects relative orientation of communication pathways is also investigated.  Based on 

availability of off-the-shelf integrated circuits and the size of practical antennas, UHF 

frequencies through approximately 10 GHz were emphasized in the theoretical and 

experimental study. 

3) Performance evaluation in a full-scale space suit mock-up model. This evaluation 

involved both 3D simulations on and laboratory measurements in full scale space suit 

method.   
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4) Investigation of techniques for launching electromagnetic waves into the space suit radio 

channel. This part investigates possible antennas for the intra-suit environment and 

determines optimal antenna orientations and polarizations at various body locations to 

ensure minimal path loss in the wireless links. 

5) Development of on-body wearable, flexible, cost-effective antennas in the emerging 

MedRadio band that are conformal to the human body and provide reliable on-body 

wireless links during movement.  

1.5 Prior Efforts  

Early research of WBANs focused on statistical modeling for characterizing their radio 

channels for on-body communications and on simulation methods. In [10], the authors 

theoretically and experimentally studied on-body radio channels using a method based on the 

Friss formula and a novel local distorted non-orthogonal Finite Difference Time-Domain (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 receiver locations. For a wideband channel, system performance is evaluated 

and compared based on the antenna that is used: a horn-shaped self-complementary antenna 

(HSCA) or a planar inverted cone antenna (PICA). Results showed that PICA outperforms 

HSCA in terms of root mean square (RMS) delay spread for free space propagation. 

 In [11], the author investigated the performance of an on-body radio channel that utilized 

microstrip patch antennas. Propagation links were categorized based on body locations on which 

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 log-normal cumulative distribution function (CDF), and monopole antennas 
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produced superior performance. The graphed bit error rate (BER) vs. signal-to-noise ratio (SNR) 

was used to analyze system performance, revealing that the system produced superior 

performance for trunk-to-head and trunk-to-hand compared to other on-body links. However, 

system performance degraded as higher data rates were used.  

 In [12], the authors exploited the capabilities of conformal Finite-Difference Time-

Domain (FDTD), Finite Element Method (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 traveling through and on the surface of the human body. In fact, the system suffered 

variable path loss amounts when body posture changed in the case of narrowband channels. 

These results held 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 PICA antenna was 

used.  In fact, RMS delays were fairly high because of line-of-sight propagation in the anechoic 

chamber. 

 Other research works have concentrated on development of models for UWB propagation 

channels because this type of communication has advantageous for low power consumption, 

high data rates, and robustness against jamming signals. For example, in [13], the authors 

investigated UWB on-body radio propagation at high frequencies (3 to 9 GHz) in which channel 

characterization 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 author introduced a body area network that does not use antenna theory by 

attempting to develop a WBAN using a conductive fabric. His 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 

(Parallel-Plate Transmission line model) instead. Therefore, the concept of direct-current power-

line carrier communication (DC-PLC) was utilized. This model incorporates impedance change 

at the shoulder section of the human body. According to the author, experimental results agreed 

with results obtained using the proposed transmission line model in the frequency range of 100 

KHz to 100 MHz. 

 In all previous studies, propagation analysis and modeling were conducted for typical 

WBANs. However, to the best of this authorôs knowledge, no work has been published for radio 

frequency (RF) signal propagation inside a space suit. This dissertation is focused on that unique 

environment.   

1.6 Contributions  

Major contributions of this dissertation are listed below: 

¶  A novel analytical model is proposed for the intra-space suit propagation 

environment (see Chapter 4). The proposed model is a coaxial-cable propagation 

structure with the body serving as a lossy center conductor and the conductive suit 

material taking the role of the outer shield. These contributions were published in our 

paper [15]. 

¶ The effect of antenna polarization and the frequency of operation on path loss 

experienced in an intra-space suit propagation environment is quantified via a small 

scale suit model (see Chapter 4). Specifically, the vertical polarization was found to 
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result in lower path loss values compared to that produced using horizontal 

polarization. Also, the path loss for higher frequency bands generally results in higher 

path loss values. These contributions were published in our paper [16]. 

¶ Analysis, simulation, and measurement results based on a full scale space suit 

model/mock-up (see Chapter 5) indicate that the radio channel has enough link-

margin to allow low-power energy-harvesting systems (e.g., transmit power of 1 

mW) to be built and to communicate within the suit at data rates up to 10 Mbps or 

higher. These contributions were published in our papers [17]  and [18]. These results 

can serve as a basis for development of wireless links and intra-space suit antennas 

for NASAôs next-generation space suits to be used in long-term missions to explore 

remote planets and other interplanetary missions. 

¶ We discovered that the radio-opacity of the space suit is affected based on the 

physical stress that the space suit experiences. Specifically, our measurements (see 

Chapter 3) suggest that arm segments that typically endure significant wear due to 

frequent movement tend to become less radio-opaque relative to rigid torso-segment. 

¶ We propose a novel self-shielded bow-tie antenna operating in the MedRadio band 

with superior performance compared to existing antennas (see Chapter 6). These 

contributions are presented in our paper [19]. Findings related to antennas used and 

developed in this study also can guide antenna development for commercial use in 

general wireless BANs and 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 human body tissues and 

fundamentals of radio channel propagation. This chapter also includes reviews of recent works 

regarding body-centric wireless communications.  

Chapter 3 includes discussion of the structure of the extravehicular mobility unit (EMU) 

space suit and its electromagnetic shielding. This chapter also includes discussion and analysis of 

shielding properties of metal in general using principles of physics and validation from 

laboratory experiments. 

Chapter 4 describes propagation models and includes an evaluation of intra-space suit 

loss characteristics at various frequency bands for the arm segment of a space suit.  

Chapter 5 includes expanded discussion of the study conducted in the arm space suit 

segment, resulting in a full-scale space suit model propagation model. This chapter also contains 

details of the effects of space suit breaks at body joints and other body parts on propagation 

performance.  

Chapter 6 builds on the study conducted and evaluates the performance of several on-

body wearable antennas at MedRadio band and proposes a novel antenna design that overcomes 

the drawbacks found in those antennas. 

Chapter 7 provides the overall conclusions and findings of the research. The chapter also 

recommends potential future research directions.  
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Chapter 2 - Electromagnetic Interaction and Modelling of the 

Human Body  

As explained in the introduction, the aim of this research is to investigate the intra-space 

suit propagation environment. However, a thorough understanding of electrical properties of 

human tissues and 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 properties of human tissues, specifically the relative dielectric constant 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 is presented in this chapter. This review will  enable the 

transition to general radio channel propagation and in particular in the context of body-centric 

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 networks, electromagnetic 

waves interact significantly with human body tissues. However, the nature and degree of this 

interaction varies depending on body location and relative tissue thickness of 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 electromagnetic properties of body tissues, namely relative permittivity ‐ and 

conductivity „ ὛȾά . Another important factor is 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 paragraphs. 
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   Dielectric properties of body tissues at radio frequencies and microwave frequencies have 

been investigated by various researchers studying electromagnetics biocompatibility. 

Measurements of live tissues are typically not feasible because the probe usually used must be in 

contact with the tissue. Therefore, almost all EM biocompatibility studies are conducted on dead 

tissues, and an open-ended coaxial probe technique [20] is used for most measurements. The 

results obtained using dead tissues are fairly representative and can be applied to the case when 

live tissues are used. However, for this research, all experiments will be conducted on real 

human subjects. 

 In order to highlight dependence on operating frequency, Figure 2.1 illustrates varying 

conductivity and relative permittivity for various body tissues for a range of 1 KHz to 10 GHz.  

 

Figure  2.1 Simulated real relative permittiv ity for various tissues calculated with the Cole-

Cole Eq. (2.2), and the dielectric parameters from Gabriel [21] 
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As shown in Figure 2.1, permittivity generally decreases as frequency increases. However, 

conductivity of a certain tissue increases as frequency increases, especially at frequencies above 

1000 MHz.  

 

Figure  2.2 Simulated conductivity for various tissues calculated with the Cole-Cole Eq. 

(2.2), and the dielectric parameters from Gabriel  [21] 

 

2.1.1.1 Relative permittivity, conductivity, skin depth and attenuation models 

A related parameter is the complex relative permittivity that has the following form: 

‐‫ ‐ Ὦ‐ ‐ Ὦ   .                                    (2.1)  

where ‐‫  denotes material complex relative permittivity as a function of angular frequency 

denotes real part of material permittivity, ‐ denotes imaginary 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 and plotted in Figure 2.1 and Figure 2.2. One 

commonly used model, the Cole-Cole 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 developed [21]:  

‐ ‫ ‐ В
Ў

  .                                    (2.2)                                    

where ‐‫  denotes material complex relative permittivity as a function of angular frequency 

‐ ,‫  denotes material permittivity at terahertz frequency, ‐ denotes free-space permittivity, 

and „ denotes ionic conductivity. Dispersion is given by Ў‐ ‐ ‐ , where ‐  is static 

permittivity at which angular frequency † multiplied by relaxation time ‫ , i.e., †‫ ρ . 

The exponent ‌  stretches relaxation over a wide frequency range. 

  Values of material parameters can be obtained from [22] and, by substituting values in 

Eq. (2.2), complex relative permittivity ‐ can be calculated at any frequency for various ‫ 

human body tissues [23].  

 Relative permittivity and conductivity are fundamental parameters for calculation of 

another key parameter, skin depth. Skin depth (‏) of a material is defined as a measure of the 

distance over which the field falls by 1/e (approximately 37%) of its original value. 

Mathematically, skin depth for conductors can be calculated by [24]: 

‏   .                                                             (2.3) 

where ‘ denotes permeability of the material, Ὢ denotes the frequency of operation, and „ 

denotes conductivity of the material.  



19 

Intensity of the electric field of a wave propagating at a point spaced by ὶ meters from 

the wave source decays exponentially inside the body which is considered as lossy dielectric 

[24]: 

Ὁὶ  ὉὩ Ȣ  .                                                         (2.4) 

where Ὧ is the wavenumber of the conducting medium, found from [25]: 

Ὧ ‍ Ὦ‌ Ὦ‌  .                                                         (2.5) 

where ‍ denotes the phase constant, ‌ denotes the attenuation constant, and ‗ denotes the 

wavelength of waveform propagating in the medium. When the medium is not free space, the 

effective wavelength should be considered instead of the free-space wavelength in Eq. (2.5). In 

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

by [26]: 

‗   .                                                         (2.6) 

An important result derived from skin depth is penetration depth (‏ , defined as the distance 

over which power of the wave decays to ρὩ, or approximately 13% of its surface value [26]: 

‏   .                                                                (2.7) 

where ‌ denotes the propagation attenuation. Penetration depth is inversely related to attenuation 

and the expression to find the attenuation factor (‌) of a wave propagating in a certain tissue is 

[26]: 

‌ ‫ ρ ρ  .                                             (2.8) 

where ‘ ‘ is permeability of the tissue that is approximately equal to the permeability of free 

space. 
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 In the far-field for unbounded media, intensity of the electric field of wave at distance Ὠ 

from the wave source propagating away from the body in general decays inversely proportional 

to the square of distance. That is, 

ȿὉȿᶿὨ   .                                                            (2.9) 

 Another essential parameter of a material is its dielectric loss. This parameter quantifies a 

dielectric materialôs inherent dissipation of electromagnetic energy into heat. Dielectric loss is 

typically parameterized in terms of the loss tangent (ÔÁÎ ‏). The loss tangent can be calculated 

from [24]: 

ÔÁÎ ‏   .                                                        (2.10) 

 

2.1.1.2 Loss in various Tissues 

 Table 2.1 presents measured examples where the conductivity and real part of relative 

permittivity are found from the Cole-Cole model in Eq. (2.2) and penetration depth and loss 

tangent formulas shown in Eq. (2.7) and Eq. (2.10), respectively for human tissues at 2.45 GHz.  
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Table  2.1 Electromagnetic Properties of Human Tissues at 2.45 GHz [22] 

 

As shown in Table 2.1, conductivity of certain tissues is dramatically higher than the 

conductivity of other tissues. For example, conductivity of wet skin is approximately 16 times 

higher than conductivity of dry skin. Below the skin layer, conductivity of fat is very low 

compared to conductivity of muscle tissue because muscle has high water content compared to 

fat.  

Body tissues with high water content, such as skin and muscle, tend to be better 

conductors as demonstrated in the conductivity „ of material („ 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 because the penetration depth is better.  For 

2.45 GHz systems, penetration depth for muscle tissue is only 53% of the value at 915 MHz. 

Indeed, the newest allocation for in-body devices is in the 400 MHz band to address this issue. 

2.1.1.3 Specific Absorption Rate 

 In order to measure electromagnetic absorption by a certain phantom 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 an absorber, such as human body tissues. 

Mathematically, SAR can be defined in Eq. (2.11), where ὖ  is power absorbed by the body 

and ά is body mass: 

ὛὃὙ     .                                                        (2.11) 

SAR is measured in Watts per kilogram or mWatt in milligram. The exposure limits in 

the United States are defined by the FCC [27] and are based on recommendations from the 

Institute of Electrical and Electronics Engineers (IEEE) [28] and the National Council on 

Radiation Protection and Measurements (NCRP) [29]. In Europe, however, most countries set 

exposure limits based on recommendations from the International Committee on Nonionizing 

Radiation Protection (ICNIRP) [30]. 

The ICNIRP has set certain exposure limits, including a Whole-Body SAR (WBSAR) 

limit for public exposure of 0.08 W/kg and localized limits over 10g and 1g of flesh including a 

set of frequency-dependent reference levels of power density to ensure compliance with ICNIRP 

or FCC exposure limits. The maximum SAR exposure values that are allowed for mobile devices 

between 100 KHz and 6 GHz in the United States and Europe are summarized in Table 2.2. 
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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 πȢπψ ὡȾὯὫ  

averaged over 1 gram 

πȢπψ ὡȾὯὫ 

averaged over 10 grams 

Partial Body average ρȢφ ὡȾὯὫ 

averaged over 1 gram 

ςȢπ ὡȾὯὫ 

averaged over 10 grams 

  

2.1.1.4 Literature review of electromagnetic wave interactions 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 is [31], in which the author 

investigated electromagnetic absorption in a multilayered slab model of tissue. The study 

concentrated on near-field exposure analysis, and calculations were made for 2,450 MHz. The 

paper examined resonant absorption caused by the layered slab model of the human body. 

Results showed that energy deposition for fields that are constant over a free-space wavelength is 

less than or equal to results obtained from plane-wave exposure, but it is greater than values 

obtained for a homogenous muscle 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 integral equations. 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 fields of small antennas placed near a 

dielectric half-space with sources operating at 900 MHz. Results showed that boundary 

conditions of electric near-fields can be applied to analysis of EM absorption in human tissue, 
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thereby allowing location of SAR maximums to be determined. This means that the peak SAR is 

not related to the antenna current as previously believed [35]. 

 Other researchers have carried out analysis of layered body tissue in relation to 

absorption of EM waves by taking into 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 body [36]. This paper claimed that two effects can significantly increase 

average SAR compared to SAR computed with tissue simulating liquid: standing wave effects in 

the analysis of far-field effects and enhanced coupling of reactive fields into fat tissue with low 

permittivity. In both cases, an increased SAR by 3 dB magnitude for biological tissue is found. 

 Recent research works have studied EM energy absorption in the human body caused by 

UWB antennas. For example, in [32], the authors thoroughly studied this problem for near-field 

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 1-g SAR and peak SAR. Results showed that layered models always exhibit 

higher SAR than SAR for a homogeneous body model. For a specific UWB frequency, SAR 

increased as the distance between the antenna and the body decreased in the reactive near-field 

region due to having more fieldsô interaction with human body which results in more absorbed 

power. Moreover, the unaveraged SAR increased as the effective dielectric constant decreased. 

However, when the distance between the antenna and the body became larger (d > ɚ/25), 

standing waves emerged, thereby increasing 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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conduct a comprehensive study of WBANs used for special purposes, such as for 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 essential for deriving WBANs propagation behavior because the on-body radio channel 

is in proximity to the bodyôs surface. This offers a good starting point to enable development of 

radio propagation models for WBANs. 

2.2.1 Radio Channels for Free Space vs. for on-Body Communication 

A radio link is typically categorized into three blocks: the transmitting antenna with 

transfer function Ὄ ‫ , the radio channel with transfer function Ὄ ‫ , and the receiving 

antenna with transfer function Ὄ ‫ .  

 

Figure  2.3 Block diagram representing the radio link. 

 

The received signal Ὓ ‫  for the block diagram representing the radio link in Figure 

2.3 can be obtained using the following formula [37]: 

Ὓ ‫ Ὓ ‫Ὄ ‫Ὄ ‫Ὄ ‫                                         (2.12) 

where Ὓ ‫  is the input signal. The path gain (PG), which equals the ratio of output power of 

receiving antenna (ὖ‫ ) to the transmit signal power (ὖ ‫ ), can also be defined.  
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Figure  2.4 Geometrical orientation of transmitting and receiving antennas in Friss formula 

[37] 

PG in free space between transmit and receive antenna shown in Figure 2.4 can be computed 

using the Friss transmission formula [37]:  

ὖὋ ρ ȿῲ‫ȿὋ •ȟ— ρ ȿῲ‫ȿὋ •ȟ— ȿ” ”‫Ȣ ‫ȿὖ                (2.13) 

where ὖ is the propagation channel transfer function, Ὠ is the distance between 

transmitting and receiving antennas, Ὃ •ȟ—  is the realized gain of the transmitting antenna, 

Ὃ •ȟ—  is the realized gain of receiving antenna, ῲ represents the reflection coefficient at the 

input of transmitting antenna, ῲ is the reflection coefficient at the output of receiving antenna, 

ȿ” ”‫Ȣ ‫ȿ is the polarization matching factor between the transmitter and receiver 

antennas, and ‗ is the wavelength at the operating frequency. The path loss (inverse of path gain) 

is more commonly used. 

Equation (2.13) is valid for a free-space environment and when the receiving antenna is 

placed at a point within the far-field propagation region. Therefore, Eq. (2.13) is not strictly 

accurate for body-centric communication. In this on-body propagation environment, the received 

electric field is a combination of free-space waves, field interactions with body parts, reflections 

from surrounding objects that can scatter signals, and creeping waves along the surface of the 

body.  
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In an intra-suit propagation environment, no reflections are present from the surrounding 

scatterers, but interactions with multiple layers of aluminized, radio opaque mylar are present. 

Behavior of antennas is more complex in this body centric environment. For example, the 

antenna input impedance and the antenna realized gain are functions of the position of the 

antenna on the body, distance from aluminized mylar material, and the antenna-body separation 

distance, respectively. Antenna polarization also plays a crucial role in the on-body radio 

channel. Investigation of these factors is a major focus of this dissertation, primarily within the 

context of the intra-suit environment. 

Wearable on-body antennas for the more typical environment with aluminized mylar and 

their performance characteristics will be investigated at chapter 6, anticipating 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 antennas. 

2.2.2 Narrowband Antenna Performance Parameters  

2.2.2.1.1 Reflection 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, where ὤ  is the input 

impedance of the antenna, ὤ is the impedance of the port [37]: 

ː
 

 
                                                               (2.14)  

The optimal value of reflection coefficient is when ȿːȿ approaches 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 formula [37]: 

Ὑὒ ςπὰέὫȿːȿ                                                          (2.15) 
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The optimal value of the return loss is when it approaches infinity.  

2.2.2.1.2 Antenna Bandwidth 

 The impedance bandwidth of narrowband antennas is usually measured and it 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.  

2.2.2.1.3 Antenna Resonant Frequency shift and Antenna Input Impedance 

 The resonance 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 antennas like patch 

antenna blocks the effects of the body on the antenna which results in minimal frequency 

detuning. 

2.2.2.1.4 Antenna Radiation Efficiency  

 The radiation efficiency (Ὡ ) is a measure of the efficiency with which a radio antenna 

converts the radio-frequency power accepted at its terminals into radiated power. The total 

efficiency of antenna Ὡ  incorporates the radiation efficiency and other factors as shown below 

[37]: 

Ὡ ὩὩὩ                                                           (2.16) 

 

where Ὡ is the reflection efficiency = ρ ȿːȿ 

Ὡ is the conduction efficiency  

Ὡ is the dielectric efficiency  

The product of conduction efficiency and the dielectric efficiency produces the antenna radiation 

efficiency (Ὡ ). Thus, the total efficiency (Ὡ) can be rewritten in the following form [37]: 
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Ὡ Ὡ ρ ȿːȿ                                                        (2.17)  

2.2.2.1.5  Realized 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, the realized gain is the ratio of 

power radiated (τ“Ὗ to the input power of the antenna (ὖ  [37] 

ὋὥὭὲ                                                         (2.18) 

ὙὩὥὰὭᾀὩὨ ὋὥὭὲ                                                (2.19) 

where Ὗ denotes the radiation intensity in a certain direction and 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 isotopically [37]: 

ὈὭὶὩὧὸὭὺὭὸώ                                                  (2.20) 

where ὖ  is the incident power,  ὖ  is the accepted power which equals ὖ ὖ ρ Ὓ  

ὖ  is the radiated power which can be calculated from [37]:  

ὖ ὖ  Ȣ  ὙὥὨὭὥὸὭέὲ ὉὪὪὭὩὭὧὲὧώ                                (2.21) 

The realized gain can be measured in the azimuth plane (on-body direction) and vertical (off-

body direction) plane. 

2.2.2.1.6 Radiation 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 radiation pattern 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 



30 

radiation pattern is usually distorted by the presence of human body and hence the optimal 

design is the one which attempts to minimize this distortion.  

2.2.2.1.7 Polarization 

 The polarization of an antenna is the polarization of the radiated fields produced by 

antenna, evaluated in the far-field. There are various types 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 angle ,ɲ the power loss due to this polarization 

mismatch is described by the Polarization Loss Factor (PLF) [37]: 

ὖὒὊὧέίɲ                                                         (2.22) 

2.2.3 Literature Review on On-Body Antennas  

 We can say that the parameters that control the narrowband antenna performance are the 

ground plane size, full or partial ground plane, antenna type and size, antenna-body separation 

and the locations of the body.  

 In the literature, many studies have been conducted to study the behavior of antennas 

located in proximity to the body tissues [38], [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. In [43], a parametric study is presented to evaluate the how the antenna-body 

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 absorption by human body as significant part of the 

power is dissipated in the lossy material instead of body tissues. 

 There are two main requirements for on-body antennas: (1) optimally the antennas should 

be insensitive to the body effects and (2) the antenna should have a radiation pattern shape that 
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minimizes the channel loss [44]. Studies of body-worn antennas have recently gained significant 

attention [43], [45], [11], [41], [42], [46], [47], [48], [49]. 

 The performance of 2.45 GHz narrowband on-body antennas is studied extensively in 

[50], [46]. The author found that for on-body communication, wire monopole antennas show 

good performance in terms of path loss since monopole antennas have omnidirectional radiation 

pattern in the horizontal/azimuth plane. In [48], a dual-band, 2.4 GHz, 5.2 GHz, button antenna 

is proposed for Wireless LAN applications. The size of this antenna is similar to that of a 

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 antenna [11], [51], planar monopole antenna [51], 

printed monopole [43], planar inverted-L antenna [51], [52], printed circular loop antenna [53], 

planar inverted-F antenna (PIFA).  

To facilitate the integration of wireless devices into garments, wearable antennas are 

proposed. By definition, wearable antennas are antennas used for body-centric 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 antennas can be easily found [40], [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 above Electromagnetic Band Gap (EBG) structures are presented in [56], [55], [60]  to 

reduce the effect of human body and minimize the frequency shift from the resonance frequency. 

In [56], a flexible dual-band (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 improved by 3 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 designed [59] and planned to be used for smart clothing 

applications. 

2.2.4 Radio Channel Measurement Techniques 

After briefly going over the principles of radio channel propagation, it is useful to 

preview the basic methods used to measure the radio channel since they will be heavily used in 

our study. First, it should be noted that the propagation simulation and measurement setups are 

typically classified into two categories; time-domain and frequency-domain measurements [61], 

[62]. Almost all  radio propagation sounders rely on those two techniques to characterize the 

wideband radio channel for various propagation environments (e.g., indoor, outdoor, and body-

centric communications) [63], [64]. In our work, we employ exclusively the frequency domain 

method. Figure 2.5 depicts the general setup for frequency-domain measurement. 

 

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

 

Using a vector network analyzer (VNA) as shown in Figure 2.5, we can measure the forward 

transmission gain (S21) where (X(is output at Port I through the transmit antenna and the ((‫ 

received signal (Y(is input to Port II. The frequency response of the channel can computed ((‫ 
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from (H(which is presented in Eq. (2.12). It should be noted that the (((‫)X) /(‫)Y)  = (‫ 

overall frequency response includes the channel radio and the effects of the two antennas as well. 

 The frequency response for a sweep of discrete frequency points can be obtained using 

the network analyzer where the magnitude and phase of H(can be displayed. If desired, the (‫ 

time-domain form of the channel can be computed as well by taking the Inverse Discrete Fourier 

Transform (IDFT) of H(By first using low loss cables and then properly applying advanced  .(‫ 

calibration techniques, the losses introduced in the cable can mitigated.  

 Throughout our dissertation, we will use mainly the frequency-domain technique to 

characterize the radio channel and in particular the forward transmission gain ȿὛςρȿ as the main 

criterion for the evaluating the channel performance. 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, we rely on battery powered radios to provide the desired ȿὛςρȿ magnitude 

information using a received signal strength indicator (RSSI) function in the receiver [8]. 

2.3 Modeling of Human Body for On-Body Applications 

After going over the principles of radio channels and their measurement techniques, we 

consider phantoms used to represent the human body tissues. First, the physical phantoms are 

introduced and then the numerical phantoms used in electromagnetic simulations in later 

chapters are presented.   

2.3.1 Physical Phantoms for Human Body  

 The aim of using a physical phantom is typically to have a physical model whose 

dielectric properties are quite similar to that of a real human body tissue. The physical phantom 

can be used to investigate the electromagnetic interaction with human tissues instead of using 

real subjects. Physical phantoms have been used for many applications; in medical research 
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(implantable devices, and for the diagnosis and treatment of certain diseases) and for mobile 

communications to ensure that the electromagnetic emission of cell phones are within the safety 

limits imposed by IEEE, for instance. More recently, physical phantoms have been used for 

body-worn devices to quantify the amount of electromagnetic absorption by the human body 

[44].  

There are various types of phantoms depending on the desired frequency range, body 

tissue that the phantom is representing, homogenous or inhomogeneous tissues, and the state of 

the phantom which can be either solid, semi-solid (gel), or liquid.  Each type of the phantom can 

be used for certain 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 probe and then the SAR can be calculated [65]. 

In this research, we are using low power transmitters (1mW) and the specific absorption 

rate is less than limit specified by IEEE as shown in Table 2.2. Therefore, we believe that it is 

more accurate and more meaningful to use the on-body devices/antennas with real human 

subjects. All subjects were adults and enrolled at the Department of Electrical and Computer 

Engineering at Kansas State University at the time of conducting experiments.  

2.3.2 Numerical Phantoms for Simulation Study  

3D EM simulation is also used extensively in this work to allow for understanding and 

visualization of fields as well or an alternate method of studying the propagation losses in the 

suit. Models composed of cylindrical/rectangular/cubical shapes are used to gain initial insights 

while models with more complex geometries simulating the shapes and thickness of real human 

body tissues are used for more accurate simulation results. An example of this model is what is 

called HUGO Human Body Model displayed in Figure 2.6 (right) 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., relative permittivity, conductivity, loss tangent, etc) depending on the 

method of insertion. For instance, for Debye-Drude model, the conductivity, static relative 

permittivity, infinite relative permittivity, number of poles and relaxation time are required. Such 

highly accurate models are available and can be easily imported into the simulation domain of 

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 

Throughout this research work, we use 3D EM simulation to study the radio channel 

inside space suits. This unique 3D propagation structure is complex in nature, and thus closed-

form or analytical solutions can be very complicated and impractical. Numerical techniques can 

provide a physical insight into the propagation structure with reasonably accurate results. We use 

two common computational algorithms, namely Finite-Difference Time-Domain (FDTD) and 

Finite-Element Method (FEM). These algorithms have applications in many physical, chemical, 
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and biological phenomena in diverse areas such as fluid dynamics, material science, economy, 

financial modelling and electromagnetism. We will use these methods in the context of electric 

and magnetic field simulations. 

In the following subsections, we provide a brief description of both algorithms and then a 

comparison of their performance in the context of electromagnetic problems involving human 

body and small antennas. Detailed mathematical derivations of electric and magnetic solutions 

using FDTD and FEM methods can be seen in any computational electromagnetics book [67].  

2.4.1 Fundamentals of the FDTD Method 

Finite-Difference Time-Domain technique employs finite differences as approximations 

to both the temporal and spatial derivatives which appear in Maxwell equations (particularly 

Ampereôs and Faradayôs laws) [68]. The FDTD algorithm was first proposed by Kane Yee in 

1996 utilizing second-order difference equations.  

FDTD divides both time and space into discrete segments. In particular, we divide the 3D 

space into cells with rectangular shape 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 magnetic fields are located on the faces as illustrated in Figure 2.7. 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 Components [68] 

 

With many FDTD cells combined together, the three-dimensional volume formed is 

called FDTD grid or mesh. Each cell will overlap the edges and faces with its neighbors, 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 the FDTD cell will belong to the other 

adjacent cells. The same thing applies to the magnetic fields where three components are 

originating on the faces of the cell adjacent to the common node of the electric fields. 

The general procedure to solve electric and magnetic fields using FDTD method is as 

follows: 

1) We modify the equations of Ampereôs and Faradayôs laws from their derivative form 

to their finite difference equations. 

2) Then, we solve the resulted difference equations to get what can be called ñupdate 

equationsò that express the future fields in terms of their past fields using time 

domain. 
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3) After that, we compute the electric and magnetic fields one time-step into the future. 

4) We repeat the previous step for both the electric and magnetic fields until the fields 

are obtained for the desired time duration.  

The previous procedure works for a one-dimensional space domain. For a three-

dimensional EM domain, we solve the electric and magnetic fields in a similar manner where the 

field solutions are expressed using three variables; x, y, and z in three difference equations 

instead of one variable.  

The maximum time-step for stable computational operations is bounded by the following 

equation [68]: 

Ўὸ
Ў Ў Ў

  .                                                      (2.23) 

where ὧ denotes the maximum speed of wavelength for all materials in the simulation 

domain, Ўὸ   the maximum time step, and Ўὼ, Ўώ, Ўᾀ the lengths of the cell sides in meters. 

Common applications of the Yee algorithm including scattering problems or antenna 

analysis and theoretically requires an unbounded simulation space to obtain accurate simulation. 

However, since the computational resources of practical computers are limited, the computation 

domain is usually truncated with what is called an absorbing boundary condition (ABC). This 

boundary condition simulates the propagation behavior of open space in which the waves are 

allowed to propagate outside the simulation domain and there are no 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., multiples of wavelengths). 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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2.4.2 Fundamentals of the FEM Method 

The finite element method divides the full 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 a triangle in 2D space and a tetrahedron in 3D space. The value of a vector 

quantity which can be either an E-field 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 space [69] 

 

Figure 2.8 shows 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 an element are 

stored at the vertices, (b) the component of a field that is tangential to the face of an element and 

perpendicular to an edge is explicitly stored at the midpoint of the selected edges, and (c) the 

component of field at a point inside the tetrahedron can be computed as the interpolation of the 

nodal values. Using this method of representing vector fields, we can change the conventional 

form of Maxwellôs equations into a matrix form where the matrix can be solved easily using 

common numerical methods. 

The matrix can be solved either directly or iteratively. In the case of a direct solution, the 

convergence to a solution is guaranteed if the FEM settings are properly adjusted. However, this 
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consumes extensive memory resources, especially when the structure is in a three-dimensional 

volume. In the case of iterative solutions, memory usage is not a concern since the solver stores 

only the last values in each iteration. In contrast to the direct solver, the iterative technique does 

not guarantee convergence to a solution. Overall, the choice of selecting the appropriate way 

depends on the available resources and desired speed of obtaining a solution. 

For solutions involving excitation ports, the procedure to calculate the S-Parameter 

matrix can be summarized in the following steps: 

1) First, the structure is divided into a finite element mesh (tetrahedral) 

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 field inside the structure. 

4) Lastly, we can compute the generalized S-Parameter matrix using the values of 

transmission and reflection occurring. 

2.4.3 Comparison between FDTD vs. FEM: Pros and Cons. 

 The FDTD can be easily applied to the modelling of inhomogeneous structures, and it has 

the big advantage of having an O(N) computing complexity, while the FEM is more complex 

and time-consuming (O(ὔ ) complexity).  In addition, FDTD is a time domain method which 

enables obtaining wideband results using a single simulation run. 

 However, FDTD has some shortcomings. First, the whole simulation domain needs to be 

meshed into small cells compared to wavelength and simulated, thus the simulation time and 

memory usage rise quite rapidly.  

 In the context of on-body communications where an electrically very large object is 

typically used, this may require the use of parallel computers. In addition, when there is a need to 
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analyze sharp edges of a structure, we need to have very fine mesh and small time-step to 

accurately model the edge, which increases the computational time dramatically. 

 Despite these problems, in the literature, it can be seen that FDTD method has been 

extensively used to study the effect of human body in the electromagnetic radiation. This method 

is the most 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 rate (SAR) for mobile 

communications [70]. Also, the FDTD method has been commonly utilized to investigate both 

the electromagnetic radiation of implanted devices inside the human body [71], [72], and the 

performance of on-body antennas [73].  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 using small antennas for on-body radio wireless links, very fine grid settings are 

needed to get high spatial resolution which in turn increases the computation time and memory 

utilization especially if uniform mesh settings are used.   In contrast, if non-uniform mesh and 

subgriding schemes are applied, it may produce incorrect solutions or show unstable sub-

gridding scheme [75]. Finite Element Method (FEM) method may be regarded in such situations. 

 As mentioned earlier, FEM decomposes the structure into a set of elements called 

tetrahedral which are suitable for modelling curved structures. Despite its advantages, FEM has 

some drawbacks as mentioned earlier, such as the high computational complexity.   

 In the simulations utilized in this study, both FDTD and FEM solvers are used. When 

characterizing the performance of antenna is needed, FEM is mostly 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 a review of the concepts of dielectric properties of common human 

body tissues and their variations for a range of frequencies. Fundamental concepts typically used 

in studying electromagnetic energy interaction with human body were also presented. Then, we 

moved on to review the principles of radio channel modeling in free space and in general body-

centric communication channels.  Next, the typical physical and numerical phantoms used in 

modeling electromagnetic problems in the context of body-centric wireless communications are 

presented.  

This chapter also outlined the advantages and disadvantages of two common numerical 

algorithms used to solve electric and magnetic fields in structures with three-dimensional 

volume.  Both algorithms are alternatively used in simulation studies presented in the following 

chapters.   
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Chapter 3 - Shielding in Space Suits  

Successful design and implementation of a WBAN inside a space suit requires 

knowledge of the wireless propagation environment within the suit. This chapter first details the 

structure of an extravehicular mobility unit (EMU) space suit. This suit has been in use for a long 

time and is especially useful for short-term missions (e.g., international space station (ISS) 

missions). Although other space suits are under development, particularly for long-term 

missions, materials in those suits may differ but their shielding properties are largely expected to 

be the same. 

Understanding the shielding properties of space suit materials is crucial for characterizing 

intra-space suit propagation environment. Therefore, this chapter highlights the basics of metal 

surface shielding for various materials using plane wave and near-field shielding principles. A 

preliminary analytical study is conducted using simplifying assumptions in order to quantify the 

insights and shielding effectiveness of space suit materials. Results of analytical calculation are 

verified using laboratory experiments.   

3.1 EMU Space Suit Structure  

 EMU space suits, commonly used by the National Aeronautics and Space Agency 

(NASA), are composed of a cooling and ventilation garment (CVG) liner, liquid CVG (LCVG) 

water transport, pressure bladder, and thermal micrometeoroid garment (TMG) cover layers, as 

illustrated in Figure 3.1. The outermost TMG segment includes multiple metallic layers of 

aluminized mylar. These layers are radio opaque at ultra-high frequency (UHF) and above due to 

metallization thickness in the range of 500 ὲά to 1000 ὲά for each layer. The 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 suit structure  [76] 

 

 In this study, 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 not feasible because of lack of time and access. Therefore, a 

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 State Universityôs Department of Apparel, 

Textiles, and Interior Design. As shown in Figure 3.3, various design stages primarily 

incorporated copper fabric (Pure Copper Polyester Taffeta Fabric [77]). First, electrical 

properties of the space suit mockup are compared to that of a section of EMU space suit (shown 

in Figure 3.2). Results show that electrical properties of the space suit mockup are fairly similar 

to properties of the real EMU suit
1
, specifically 0.05 Ohms per square surface resistivity and 

                                                 

1
 It 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 used before assuming strong radio-opacity. 
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through-suit attenuation of at least 40 dB, indicating that the mockup suit is almost radio opaque 

at UHF. 

 

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

 

The construction process of individual space suit sections and the final space suit mockup is 

demonstrated in Figure 3.3
2
. Figure 3.3 (left) shows copper fabric being sewed to build segments 

of space suit mock up according to the drawings shown. After all space suit segments are built 

and assembled, the final suit is worn by a subject with average height and weight as illustrated in 

Figure 3.3 (right).  

                                                 

2
 Spacesuit mockup was designed and built by Erin Monfort-Nelson, 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 context of intra-space suit 

characterization. Therefore, in the following section, we briefly review two basic approaches for 

evaluating the shielding effectiveness for different waveforms. Then, a simple analytical study is 

conducted to obtain insights into the shielding properties at DC and low frequencies. Finally, we 

verify the analytical results against results of laboratory measurements. 

3.2 Basic Principles of Shielding  

The shielding effectiveness parameter (ὛὉ) is commonly used to quantify shielding of 

any conductive surface. Shielding effectiveness of a surface can be defined as the ratio of field 

magnitude (electric or magnetic) without placing a conductor surface to field magnitude with 

conductor surface placed. 

Shielding effectiveness is typically a function of distance between the source of incident 

wave and the location of the shielded surface. Therefore, the shielding investigation is divided 

into far-field or near-field wave source [78]. A plane wave typically represents the far-field case, 
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whereas a near-field source has a more complex electric or magnetic field structure and thus will 

be discussed separately.  

3.2.1 Uniform Plane Wave Shielding Effectiveness 

In this case, the shield is first assumed to be planar with certain thickness (ὸὬ), as shown 

in Figure 3.4. 

 

Figure  3.4 Electric and magnetic field components for an incident wave, taken from [78] 

 Shielding effectiveness in dB scale (ὛὉ) in plane wave case consists of three distinct 

components: (1) shielding effectiveness due to reflection loss (R), (2) shielding effectiveness due 

to multiple reflections (M), and (3) shielding effectiveness due to absorption loss (A). 

Mathematically, ὛὉ  expressed in dB scale has the following form [78]: 

ὛὉ Ὑ ὓ ὃ                                                       (3.1) 

where each component can be calculated via [78]: 

Ὑ ςπÌÏÇ                                                  (3.2) 
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ὓ ςπÌÏÇρ ː Ὡ ȾὩ Ȣ                                    (3.3) 

ὃ ςπÌÏÇὩ Ⱦ   .                                              (3.4) 

Here, ː  denotes the reflection coefficient for waves moving from air into the 

conductor; ὸὬ denotes the shield thickness; ‏ denotes the skin depth of the shield at certain 

frequency and ‍ denotes the phase constant. The reflection coefficient for waves transitioning ;‫ 

from the conductor into air (ː ) corresponds to [78]: 

ː                                                            (3.5) 

where  is the intrinsic impedance of the conductor.  is frequency-dependent and can be 

calculated using [78]:  

  .                                                            (3.6) 

Here, „ denotes the conductivity of the shield, ‘ denotes the permeability of the shield, 

and ‐ denotes the permittivity of the shield. For a good conductor with shield thickness that is 

multiple orders of skin depth, ὓ  is not negligible and must be included in the calculation of 

shielding effectiveness. On the other hand, for a thin shield with good conductivity and thickness 

that is comparable to one skin depth, the value of component ὓ  is negligible compared to 

reflection loss (Ὑ  and absorption (ὃ  loss. 

3.2.2 Near-Field Shielding Effectiveness 

For near-field source, calculating shielding effectiveness is more complicated than that of 

plain wave because of its complex electric and/or magnetic fields behaviors. In near-field 

problems, it is important to consider electric field and magnetic field sources as discussed in the 

following subsections. 
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3.2.2.1 Electric field-based sources 

Electric field sources act as a superposition of Hertzian dipoles. Wave impedances for 

this source are given as [78]: 

ὤ  ˿
Ⱦ Ⱦ Ⱦ

Ⱦ Ⱦ
  ,                                    (3.7) 

where Ὁ˿ and Ὄ  denote the magnitude of electric and magnetic field of the incoming 

wave, respectively, ὶ denotes distance from the source and ‍ denotes the phase constant of the 

wave in free space. The electric field is dominant in the near-field of a Hertizan dipole. 

3.2.2.2 Magnetic Field-Based Sources 

The magnetic field source acts as a superposition of small loops. Wave impedances for 

this source correspond to [78]: 

ὤ  
˿

Ⱦ Ⱦ

Ⱦ Ⱦ Ⱦ
  .                             (3.8) 

The magnetic field is dominant in the near-field of a small loop and wave impedances for 

both sources in Eq. (3.7) and Eq. (3.8) approximate   in the far-field. 

The near-field shielding effectiveness for electric and magnetic field sources can be 

calculated by substituting the respective impedance values into the shielding effectiveness 

equations (3.1-3.6). 

By substituting the respective wave impedance into the far-field shielding effectiveness 

components produces the near-field shielding effectiveness value. It should be noted that only 

the reflection loss and multiple reflection losses are functions of the wave impedance whereas 

the absorption loss component ὃ  does not change and thus can be calculated using Eq. (3.4). 

For electric-field based sources, the two individual terms constituting the shielding effectiveness 

are [78]: 
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Ὑ ςπÌÏÇ                                                  (3.9) 

ὓ ςπÌÏÇρ Ὡ ȾὩ Ȣ                         (3.10) 

For magnetic field sources, the reflection loss (Ὑ ) and multiple reflections loss (ὓ  

correspond to [78]: 

Ὑ ςπÌÏÇ                                                 (3.11) 

ὓ ςπÌÏÇρ Ὡ ȾὩ ȢȢ                          (3.12) 

In the following section, the shielding effectiveness of common conductive fabrics is 

evaluated based on the principles of Faradayôs Law of Induction.  

3.3 Near-Field Shielding: Analysis and Measurements  

3.3.1 Analysis 

The exact theoretical analysis of the shielding due to space suit materials is complicated. 

In order to develop some basic intuition on shielding behavior of space suits, we resort to 

simplifying assumptions that can lead to a tractable analysis.  Consider a source in the form of a 

circular loop with one turn and diameter ὥ and a receiving loop 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 flowing, creates a time-varying 

magnetic field according to Faradayôs Law of Induction. The magnetic field passes through a 

receive loop embedded within a sheet and both the loop and the receive loop have thickness (th), 

creating Eddy currents in closed curves because voltage induced in the sheet creates a current 

with certain density as represented in Figure 3.6.  

Current density can be represented by the width of current flow in which most char, I es are 

concentrated. Current direction opposes change in the magnetic field in the source loop. 
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Figure  3.6 Transmit loop and receive loop embeded within a sheet with thickness th 

 

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

current elements with length Ὠὣ have to be considered resulting in the following expression [79] 

ὄ ᷿
 

    ,                                     (3.13) 

Here, ‘ denotes the permeability of free space; Ὅ denotes the current flowing into the wire, ὥ 

denotes the radius of the loop, and ὣ is the length of the current flowing. 

The goal of this simplified study is to quantify the percentage of electromagnetic shielding as a 

function of the frequency of the source current waveform.  

The following presents shielding effectiveness of a thin sheet at DC and then at low frequencies.  

The general procedure involves the indirect evaluation of shielding effectiveness by 

calculating the percentage of forward current compared to transmitted current. 
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1) Using Biot-Savart Law to obtain B at center of receiving loop: 

 As shown in Figure 3.7, a magnetic field is created due to current flowing in a straight 

wire. Consider a point ὄ located at horizontal distance (ὥ) and zero on the vertical distance from 

the origin, with coordinates ὥȟέ.  

 

Figure  3.7 Magnetic field calculation due to infinitesimal current element dY 

The direction of induced magnetic field due to the current flow in the wire can be determined 

using the right-hand rule in which the thumb refers to the direction of current and the forefinger 

refers to the direction of magnetic field, as illustrated in Figure 3.7. The induced magnetic field 

at the location ὥȟέ. can be obtained using [80]: 

Ὠὄ
  ˿

   .                                              (3.14) 

In Eq. (3.14), Ὠὣȟ˿, and ὶ vary for each current element selected on the vertical axis, ὶ can be 

substituted in terms of ὣ and ὥ where ὶ ώ ὥ and ÓÉÎ˿ ὥ
ὣ ὥ

 [80]. That is, 

Ὠὄ
  

                                           (3.15) 
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Ὠὄ
  ˿

 .                                              (3.16) 

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

elements with length Ὠὣ can be summed to yield [80] 

ὄ ᷿
 

  .                                       (3.17) 

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

Figure 3.8, the following analysis can be followed: 

 

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

 In Figure 3.8, angle ˿  is always equal to 90 degrees because the projected line from the 

center to any point in the circumference is perpendicular to that point. Therefore, ÓÉÎ˿ equals 1. 

Using Biot-Savart Law, the result of integration is [80] 

 ὄ ḂὨὒ ς“ὥ                               (3.18) 

where current Ὅὸ is assumed to be sinusoidal for simplicity, Ὅὸ ὍÓÉÎς“Ὢὸ, and Ὀ denotes 

the diameter of the loop. This calculation of ὄ  is an approximation that is valid only if the 

receiver loop is very close to the transmitter (i.e., less than ὥ; one radius of the loop). 
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2)  Assume the magnetic field calculated in Step (1) is approximately equal throughout the 

area of the source loop: 

This implies that the magnetic field strength is uniformly distributed over the area of 

loop. 

3) Assume the sheet for which the shielding effectiveness is to be calculated close to the 

source loop: This implies that the magnitude of induced magnetic (ὄ ) in the sheet 

approximately equal to the magnetic field (ὄ  in Eq. (3.17)). That is, the magnetic field in the 

sheet can be written as: 

ὄ ḙὄ ὍÓÉÎς“Ὢὸ   .                                 (3.19) 

4) Use Faradayôs Law to obtain electromotive force (EMF) or voltage induced (ὠ ) 

around loop in sheet:  

 Using Faradayôs Law of Induction which predicts how a time-varying magnetic field will 

interact with an electric circuit to produce an EMF, the induced voltage or EMF at the receiving 

loop can be calculated as [80]: 

ὉὓὊ ὠ  ὔ
ˡ

  ,                                               (3.20) 

where l  denotes magnetic flux density in ὡὦȾά  or Tesla, and ὔ 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 

oppose the change in the magnetic field. Flux density l  through a surface is the surface integral 

of the normal component of the magnetic field (ὄ  passing through that surface. The SI unit of 

magnetic flux is Weber (Wb) or Volt-seconds. The flux density time function is defined as [80]; 

ˡὸ Ḁὄ  ȢὨὛ  .                                                       (3.21) 

This integration is over the area (ὃ) through which the magnetic field passes [80], i.e., 
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ˡὸ ὄ Ȣὃ ÃÏÓ —                                                      (3.22) 

where — denotes angle between the surface through which the magnetic field passes and the 

magnetic field vector. Magnetic flux density is maximized when the magnetic field is normal to 

the surface of the sheet. For a circular loop, area ὃ  “ . Thus, the magnetic field can be 

given as [80] 

ˡὸ ὍÓÉÎς“Ὢὸ “ ÃÏÓ π                                    (3.23) 

ˡὸ ‘ὍὈ“ ÓÉÎς“Ὢὸ   .                                                 (3.24) 

Therefore, induced voltage has the following form [80]: 

ὠ ὸ ὔ
ˡ

ὔ ‘ὍὈ“ ς“ὪÃÏÓς“Ὢὸ                         (3.25) 

ὠ ὸ  ÃÏÓς“Ὢὸ  .                                 (3.26) ‫  

5) Find the resistance (Ὑ) around a loop within the sheet: Resistance Ὑ for any section can 

be generally calculated using the following equation [81]: 

Ὑ ”                                                                    (3.27) 

where ” denotes resistivity of material,  ὒ is length of section, and ὃ is cross-sectional area of 

current flowing loop in the sheet, and (ὒ) is the circumference of the current flowing loop in the 

sheet [81] (ὒ “ȢὈ). (A is width (ὡ) multiplied by sheet thickness (ὸὬ); i.e., ὃ ὡȢὸὬ which  

can be illustrated in Figure 3.6). 

Therefore, Ὑ for a loop section is given by  

Ὑ ”
 Ȣ  

 .                                                         (3.28) 
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 For example, if diameter (Ὀ) is πȢπυ m, width ὡ  is ρ Ȣρπm, and thickness (ὸὬ) is ρȢρπm, 

Ὑ τȢτςωφ Ohm. Impedance of the cross-sectional area of the current at angular frequency ((‫ 

is [80] 

ὤ Ὑ Ὦ‫ὒ  .                                                      (3.29) 

However, for impedance approximation, the assumption can be made that the inductance is zero 

for DC. Therefore,  

ὤḙὙ  .                                                           (3.30) 

6) Find current (I ) in loop within sheet using Ohmôs Law: 

To calculate current induced in the sheet/loop, Ohmôs law can be used [80]:  

Ὅ ὸ    .                                               (3.31) 

Substituting the value of induced voltage in Eq. (3.26) and impedance (Z) in Eq. (3.31) results in 

Ὅ ὸ                                              (3.32) 

Ὅ ὸ  
Ȣ

Ȣ

                                         (3.33) 

Ὅ ὸ  
Ȣ  ȢȢ

   .                                  (3.34) 

For a loop with one turn, ὔ ρȟ the relative magnitude of current compared to magnitude of 

original current in source loop = ὍÓÉÎς“Ὢὸ is 
Ȣ Ȣ   Ȣ  

                                                    

Therefore, the magnitude of induced current is related to the magnitude of initial current Ὅ via a 

multiplication factor corresponds to, 

ὓόὰὸὭὴὰὭὧὥὸὭέὲ Ὂὥὧὸέὶ
 Ȣ   Ȣ  

  .                                   (3.35)  
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7) Compare with original current source Ὅ ͺ ὸ:  

If inductance of the loop wire (ὒ π) is neglected for a fi rst order approximation, a loop 

with one turn (ὔ=1) is used, and the negative sign represents the direction of induced field 

removed in the calculation, then    

πȢυ ὍÓÉÎς“Ὢὸ”
Ȣ

  l ςʌὪ ÃÏÓ ς“Ὢὸ .                         (3.36) 

However,  

ὪÃÏÓς“Ὢὸ
ˡ
πȢυ ὍÓÉÎ ς“Ὢὸ”

Ȣ
                             (3.37) 

ˡ
πȢυ Ὅ ”

Ȣ
 .                                   (3.38)  

Corresponding frequency can be calculated by solving this non-linear equation for every value of 

thickness (ὸὬ). The purpose is to vary sheet thickness (ὸὬ) in the range of 100 nm and 80,000 nm 

and calculate corresponding frequency that satisfies (3.38). By fixing the sheet effectiveness 

parameter (ὸὬ ) to a certain value (i.e., ὸὬ ρ ‘ά), shielding effectiveness as a function of 

frequency can be plotted, as shown in Figure 3.9. 
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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. 3.9, the current multiplication factor of 0.5 (shielding effectiveness 

of 6 dB) occurs at frequency 7.145 MHz when sheet thickness is 100 nm. The frequency 

corresponding to a 6 dB shielding effectiveness for various material thicknesses of aluminum is 

summarized in Table 3.1. 

Table  3.1 Frequency corresponding to 6 dB shielding effectiveness for aluminum  

Sheet Thickness 6 dB Shielding Effectiveness Frequency  

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 copper fabric that is used to build the space suit mock up, the calculated and 

measured frequency corresponding to 6 dB shielding effectiveness are listed in Table 3.2 

Table  3.2 Frequency corresponding to 6 dB shielding effectiveness for space suit mockup 

copper plated fabric  

Commercially woven copper 

sheet (space suit mockup model) 

Approximate theoretical 

calculation of frequency at 

which Ὅ Ὅ  

Measured frequency at 

which Ὅ Ὅ  

Thickness = 80,000 nm  ~ 1 MHz ~ 987 KHz 

 

In Figure 3.10, the shielding effectiveness for various conductive surfaces is plotted for 

comparison at fabric thickness of 1000 nm. Frequencies corresponding to 6 dB shielding 

effectiveness for different materials are summarized in Table 3.3. 

 

Figure  3.10 Shielding effectiveness for different materials at fabric (thickness=1000 nm) 

 

   



61 

Table  3.3 Frequency corresponding to 6 dB shielding effectiveness occurs for various 

materials (1000 nm thickness) 

Material Shielding Effectiveness Frequency  

Silver (green) 4.025 MHz 

Copper (blue) 4.255 MHz 

Aluminum (red)  7.145 MHz 

Nickel (black) 17.71 MHz 

 

3.3.2 Measurement Setup and Results 

The theoretical first order approximation for shielding effectiveness is validated through 

laboratory experiments. To conduct these experiments, a two-port network device is assumed in 

which each port is connected to a small circular loop antenna unmatched to the 50 Ohm coaxial 

cable impedance.  

3.3.2.1 Loop 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 cable loss, two-loop antennas are mounted parallel to each other with a 

separation distance of 3 cm to serve as a magnetic field source, as demonstrated in Figure 3.11.  



62 

 

  

Figure  3.11 Measurement setup for Case 1 (without fabric) and Case 2 (with fabric): two 

small loop antennas separated by 3 cm 

 

 As shown in Figure 3.12, the transmission gain parameter (S21) is measured and plotted 

The transmission gain 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 fabric between the loops) in Figure 3.11 (left) and the second curve corresponds to Case 2 

(with copper fabric placed fabric between the two antennas in Figure 3.11 (right)). 
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Figure  3.12 S21 measurement for two loops 

 

Figure 3.12 illustrates the effect of copper fabric placement in the middle of the loops. 

The forward transmission gain (S21) parameter decreased significantly and it is almost flat along 

all frequencies from 10 KHz to 20 MHz In 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 parameter is re-measured. 

 

Figure  3.13 Torso section of KSU spacesuit mockup 
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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 S21 for loop antennas with and without the torso section 

 

Next, measurement of shielding effectiveness of a space suit arm segment is conducted to 

compare with the results of torso section as demonstrated in Figure 3.15. 

 

Figure  3.15 Arm section of KSU space suit mockup model 

 

Measured forward transmission gain for this experiment is plotted in Figure 3.16 using two-loop 

antennas without the arm segment and when the arm segment is placed between the transmit and 

receive antennas. In this case, a transmission gain drop of only a few dBs is noticed. 
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Figure  3.16 Measured S21 for loop antennas without and with arm section corresponding 

to setup in Figure 3.14 

 

This surprising measurement result was also observed while performing a similar experiment on 

a real space suit at Kansas Cosmophere and Space Center. One possible explanation for this 

observation is the following: with extensive use of the suit, crinkles (microscopic breaks) start to 

appear in the copper fabric mesh over time. These metalized layers in turn change the 

conductivity of the fabric, reducing their shielding effectiveness. In our mockup space suit, 

unlike the arm sections, the torso section was designed to be firm and not flexible. Thus, no 

significant change in conductivity was observed and the shielding behavior is consistent with 

that expected from a copper fabric. While resistance measurements on the fabric in the arm and 

torso sections seems to support this hypothesis, further investigation into the effects of ñregular 

useò on the microscopic structure of the fabric is necessary.  

3.3.2.2  Helical Monopole to Measure Loss due to Copper Fabric 

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 Figure 3.17. The measured 

S21 parameter in Figure 3.18 shows that a 18 dB difference occurs at frequency of 967 KHz. 
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Figure  3.17 Two 915 MHz monopole antennas (left) without and (right) with copper fabric 

 

 

Figure  3.18 Measured S21 corresponding to Figure 3.16: no shield (left) and with fabric 

shielding (right) 

 

Finally, an arm segment of space suit is inserted between the transmit and receive 

antennas as shown in the setup in Figure 3.19. Measured transmission gain parameter (S21) is 

plotted in Figure 3.20. Two curves are shown in Figure 3.20 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 between the two antennas. It can be noticed that around a 13 dB drop occurs when the 

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

 

Figure  3.19  Placing arm section of space suit mockup between monopoles 

 

 

Figure  3.20 Measured S21 corresponding to Figure 3.18 setup (without and with arm 

section) 
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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 sources were reviewed and shielding effectiveness for electrically and magnetically sources 

was described. Next, a simple analytical study was conducted to indirectly evaluate shielding 

effectiveness for the aluminized mylar embedded in space suit fabrics under simplifying 

assumptions. Based on this chapterôs findings, if electric field antennas are used, the EMU space 

suit is largely radio-opaque to electrically polarized antennas.  Also, the shielding effectiveness 

for small loop magnetic field antennas is found be to be high for torso section. However, forward 

transmission gain of the two small loop antennas didnôt differ significantly for arm/leg segments. 

One possible explanation for this phenomenon is that the space suit segments, such as arm or leg 

segments, after extensive use can suffer from crinkles resulting in non-uniform distribution of the 

conductive threads that constitutes the fabric. This microscopic change in the fabric appears to 

significantly reduce the conductivity of the fabric which in turn makes the conductive fabric or 

TMG layers in these segments largely radio-transparent. For the rest of this dissertation, we will 

assume that the space suit TMG layers are largely radio-opaque.  
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Chapter 4 -  Propagation Modes in Space Suit Segments  

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 introduces hypothesized 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 various frequency bands using two common antenna 

polarizations: vertical and horizontal electric field polarization. The evaluation process involves 

a comparison of free space antennas, on-body antennas, and antennas on-body and inside the 

space suit arm segment.   

4.1 Small-Scale Propagation Models for Intra-Space Suit Environment
3
 

In this Section, two propagation modes are hypothesized and verified through simulations 

and experiments.  

4.1.1 Loaded Circular Waveguide Propagation Model 

 The cylindrical metal structure of the space suitôs outer layers together with the human 

arm within the space suit motivates consideration of a loaded circular waveguide propagation 

model. In this hypothesized model, cutoff frequency can be calculated based on the ὝὉ mode 

for propagation which is typically the dominant propagation mode, as shown Figure 4.1. Cutoff 

frequency for this mode can be calculated from: 

                                                 

3
 Copyright 2013 Association for Computing Machinery (ACM). Portions of section 4.1 are reprinted with 

permission from M. Taj-Eldin, W. Kuhn, B. Natarajan, "Study of Radio Channel for Biomeidical Sensors in 

Spacesuits," BodyNets ô13 Processings of the 8th International Conference on Body Area Networks, Sept 30- Oct 2, 

2013, pp 302-306. 
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Ὢ
Ѝ

                                                                    (4.1) 

where ὥ denotes waveguide radius, ʈ denotes permeability, ‐ denotes material permittivity, …  

is the constant for propagation mode άὲ, and the dominant mode number is άὲ ρρ. For 

example, substituting the speed of light in free space for ρ
Ѝ‘‭

 with ὥ πȢπωυ meters and 

… =1.8412 in (4.1) results in Ὢ  = 925 MHz. If the circular waveguide model holds, a cutoff 

frequency is expected between two extreme cases (Ὢ  with air dielectric = 976 MHz and Ὢ  

with full core of human tissue = 158.4 MHz). 

 

Figure  4.1 Electric and magnetic field for circular waveguide dominant mode 

 

4.1.2 Coaxial Cable Model 

Next, we consider a coaxial transmission line model. Figure 4.2 depicts a coaxial transmission 

line model.   



71 

 

Figure  4.2 Transverse electromagnetic mode 

 

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

(astronautôs arm), and the magnetic field (B) is tangential to the inner and outer surfaces and 

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

    Transverse electromagnetic (TEM) fields illustrated in Figure 4.2 represent ideal fields; 

however, in the experimental validation section, directions of produced fields may not 

necessarily conform to this ideal case. In particular, at frequencies higher than cutoff frequency, 

coaxial structure dimensions support more complex modes. This multi-mode propagation begins 

to occur at frequency Ὢ ȟ given by 

Ὢ   
Ѝ

                                                     (4.2) 

where ‘ and ‭denote permeability and permittivity of the dielectric, respectively, and d and D 

denote inner and outer conductor diameters, respectively. Substituting 0.19 meters for D, 0.088 

meters for d, and ‘ ‭ ρ  in Eq. (4.2) results in Ὢ = 687 MHz.  

 At frequencies below Ὢ, the lumped element approximate equivalent circuit for this coax 

model resembles a lossy transmission line with the addition of ὅ component parallel to series 

resistance Ὑȟ as shown in Figure 4.3. 



72 

 

Figure  4.3 Equivalent circuit of a section of human tissue with space suit 

 

The propagation constant can be computed from 

‎ ‌ Ὦ‍
 

Ὦ ‫ὒ Ὃ Ὦ‫ὅ                               (4.3) 

where ‌ is the attenuation constant; ‍ is the phase constant;  and R, G, ὅ, ὢ , and L are per unit 

length values. Conductance G is negligible for air. L and  ὅȟ based on expressions for a coax 

model derived in [82], utilize inner (arm) and outer conductor (space suit) radius values based on 

setup parameters from this test (ὦ Ὀ
ς= 0.095 and ὥ Ὠ

ς = 0.044 meters). Values of L and 

ὅ are 0.13 uH and 85 pF at 400 MHz. Resistance per unit length R can be calculated from 

Ὑ  
„
ȟ where ὒ and A are length and cross-sectional area of a unit block of cylindrical arm 

model [83] and „ is the arm conductivity. Similarly, ὅ can be calculated from ὅ  ,  

where  ‐ is relative permittivity of human tissue and ‐ is permittivity of free space. Table 4.1 

shows relative permittivity and conductivity using Cole-Cole Model and published values in 

[22].  

 However, attenuation estimation for an arm inside a section of space suit is problematic 

because of the difficulty in determining area A in Ὑ and ὅ 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   ꜗ►  Ɑ╢Ⱦ□  

Skin 46.787 0.68806 

Fat 5.5798 0.04142 

Muscle 57.129 0.79631 

 

4.1.2.1.1 Equipotential Excitation Assumption along the Unit Block Cross Section 

 Fields within the arm tissue are complex and three-dimensional in nature. Therefore, in 

order to estimate component values in Figure 4.3 and resulting attenuation per unit length, the 

cross-section in Figure 4.3 was assumed to be an equipotential surface [83].  In this case, the 

definition of area ὃ in equations for Ὑ and ὅ for a certain tissue is the cross-sectional area of 

that tissue. For example, the area (ὃ ) of skin or fat tissues is the circumference of that tissue 

multiplied by its corresponding thickness. However, the area ὃ ) 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 relative permittivity. Therefore, capacitance ὅ in Figure 4.3 is equivalent to 

three parallel capacitors and R is the equivalent resistance of three parallel resistors, each 

calculated based on conductivity and cross-sectional area of those tissues (Table 4.1).  

4.1.2.1.2 Excitation of Fields on Skin Surface 

 The equipotential surface assumption for the cross section in Figure 4.4 is a rough 

approximation. At sufficiently high frequency, most electric fields propagate only in skin and fat 

layers. Therefore, capacitances of skin 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. 

Capacitance ὅ in Figure 4.3 is the equivalent of only these two parallel capacitors. Similarly, 

resistance per unit block Ὑ is the equivalent resistance of parallel skin and fat resistors. 
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Figure  4.4 Numerical human body model 

 

Resulting Ὑ and ὢ  values for the two cases discussed above are provided in Table 4.2. 

Table  4.2 Values of  ╧╒ , R per unit block of one meter and attenuation for 30 cm unit 

length 

 ὢ  R (Ohm) Attenuation (dB) for 

30 cm unit length 

Lower Bound 

(equipotential excitation) 

147.5 230 2.6  

Upper Bound (excitation 

on skin surface) 

2574 4468 50.8 

 

Table 4.2 shows that resistance for equipotential excitation is relatively low, so this case 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 attenuation. In 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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4.1.3 Simulation and Experimental Validation of Coax Model 

 Next, annular copper fabric rings placed 30 cm apart (Figure 4.5) on a personôs arm were 

used to excite TEM wave based on the coax model assumption. Ground was tied to the outer 

conductive cylinder. 

4.1.3.1.1 Simulation and Measurement Setup 

 Numerical simulation was conducted using Agilentôs EMPro FDTD-based solver to find 

the forward transmission gain (S21) curve. Multilayer cylinders simulated skin, fat, and muscle 

on a human arm, with layer thicknesses being 1mm, 3mm, and 40 mm, respectively. Figure 4.5 

illustrates the simulation model including a human arm and annular rings as well as a tube of 

aluminum that represents TMG metallic layers in the space suit.  

 

Figure  4.5 Simulation setup 

 

 Conformal meshing [84] was enabled for the annular rings and aluminum tube so that 

meshes for the metal objects could be properly generated. Target cell sizes in the grid for skin, 

fat, and muscle tissues were 2 mm, 4 mm, and 4 mm, respectively, and target cell sizes for the 

annular rings and aluminum tube were 1mm and 4 mm, respectively. Target base cell size for the 

entire simulation domain was set to 1 mm in the three dimensions. The boundary conditions for 
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the box containing the model were absorbing boundaries in the three dimensions, and a perfectly 

matched layer (PML) was used with eight layers as type of absorption. Relative permittivity and 

conductivity values were based on the Cole-Cole model and frequency-dependent. The 

simulation timestep was ρȢρχψρπ  seconds which satisfied the stability condition. 

Maximum simulation time was set to 1,000,000 multiplied by the timestep. However, 

convergence occurred before that maximum time in simulations for this study. Transmit power 

of 0 dBm was applied to one of the annular ring in a frequency range of 300 KHz to 3 GHz. The 

field of interest converged sufficiently in these conditions. A convergence threshold of -30 dB 

produced relatively accurate S-parameter curves. 

       As shown in Figure 4.6, in order to validate simulations, a path loss measurement was 

performed in which a human arm was inserted inside a metal tube after being fitted with two 

annular rings of copper fabric separated by 30 cm. These annular rings were then connected to an 

HP Network Analyzer and the ground shield contacted the outer cylinder.  

 

Figure  4.6 Measurement setup 
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4.1.3.1.2 Simulation and Measurement Results  

 S21 curves for simulated and measured values are plotted in Figures 4.7 and 4.8, 

respectively. No cutoff frequency was observed in the S21 curves, so waveguide propagation 

mode was not supported in the presented arm with space suit segment environment. Attenuation 

of the signal was simulated in Figure 4.7 for a separation of 30, 60, and 90 cm between the two 

rings (blue, red, and green curves, respectively), but measured for only 30 cm because of length 

constraints on a real human arm length. Total simulated loss at 400 MHz was 28.6 dB for 30 cm, 

36.5 dB for 60 cm, and 45.5 dB for 90 cm. However, measured total loss at 400 MHz was 31.7 

(Figure 4.8), or 3.1 dB higher than simulated loss due to non-ideal measurement setup. An 

impedance discontinuity occurred between the cavity inside the aluminum tube and impedance 

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

According to Figure 4.8, one can estimate the channel loss due to coax mode propagation 

for 30 cm arm length as the difference between simulated losses at 60 cm and 30 cm, or 

approximately 7.9 dB at 400 MHz. Channel loss for the following 30 cm arm length was 

approximately 9 dB. As the fluctuations in simulation results were not significant, the average of 

these two values was considered a reasonable estimate. Compared to upper and lower bounds of 

attenuation previously discussed, simulated path loss was well within the upper and lower 

bounds and simulated path loss (attenuation) was closer to the lower bound at which 

equipotential excitation was assumed. This observation suggests that fields in the tissue 

expectedly penetrate well into the muscle region, especially if the wave is launched at a 

relatively low frequency (400 MHz) compared GHz frequencies at which penetration/skin-depth 

of body layers is relatively deep (5.53 cm for skin, 30 cm for fat, 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) 

 

 

Figure  4.8 Measured S21 curve: 300 kHz to 3 GHz; ~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 30 cm in Figure 4.8 (31.7 dB) and 

channel loss for 30 cm arm length (~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 transducer effect of the copper rings (almost quarter wavelength compared to half the 

ring circumferences). The annular rings and ground connections did not perfectly excite the coax 

mode, so this level of input/output port mismatch-attenuation was not surprising. 

In order to obtain a clear picture of the propagating wave, directions of electric and 

magnetic fields were plotted using the simulation model in Figure 4.9 (left) and a 3D direct 

FEM-based solver because FEM engine supports field visualization Minimal mesh size initially 

was 0.3125 mm, and convergence occurred when delta error was equal to 0.02 and required 

consecutive passes of delta error before simulation stops were 2 [85]. A vertical cut plane with 

arrows that represent 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 fields. Results 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 and higher than the cut-off frequency. 
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Figure  4.9 Electric (top) and magnetic (bottom) field direction at 34 cm separation 

 

 



81 

 The following section quantifies path loss for various channel frequencies and, using 

simulation and laboratory measurements, investigate the effects of antenna polarization on 

channel path loss. 

4.2 Antennas and Wave Propagation
4
 

As discussed in Section 4.1, propagation structure inside the space suit is coaxial, 

meaning that when operating at a frequency below the multi-mode frequency, EM wave 

propagation follows TEM mode in which the electric field is normal to the inner conductor 

surface (i.e., human arm) and the magnetic field is tangential to the body and normal to the 

electric field direction and the wave propagation direction. The preliminary study described in 

Section 4.1 used annular rings to excite a TEM wave mode.  

In an idealized setup illustrated in Figure 4.10, it consists of virtually infinite number of 

ports that start from the central point in the inner conductor and end at one point on the outer 

conductor that are uniformly distributed. This configuration should produce circularly symmetric 

TEM wave and one can assess the dB loss per unit length.  

 

                                                 

4
 Copyright 2014 IEEE. Portions of section 4.2 are reprinted with permission from Taj-Eldin, M.; Kuhn, W.; 

Natarajan, B.; Peterson, G., "Investigation of practical antennas for astronaut body area network," Wireless for 

Space and Extreme Environments (WiSEE), 2014 IEEE International Conference on , vol., no., pp.1,7, 30-31 Oct. 

2014 
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Figure  4.10 Idealized setup consisting of circularly symmetric loop antenna using infinite 

number of ports 

 

However, because direct connection to the metalized outer layer of the suit is not practical for 

space suit body area networks, using antennas to launch EM waves is a more practical 

possibility. Therefore, Section 4.2 investigates use of commonly designed antennas that operate 

at common frequencies such as 433 MHz, 2.4 GHz, and 5.2 GHz. This includes the reflection 

coefficient, the 10 dB bandwidth and the gain of antenna. 

4.2.1 433 MHz Microstrip Patch Antenna 

A patch antenna is designed and built in EMPro EM simulator using very high permittivity 

material (K-160) with dielectric constant ‐ ρφπ. Therefore, the dimensions of the antenna are 

greatly reduced and it has dimensions of 38.6 mm 24.72 mm for the patch and 48.05 

mm 34.17mm for the substrate. The thickness of the substrate is 1.5748 mm. The simulated 

reflection coefficient for 433 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 space (approximately -20 dB 

reflection coefficient) 

 

To build such an antenna with the available commercial substrates, a high-K ceramic 

substrate with ‐ ψσ was used for the 433 MHz patch antenna in order to greatly reduce 

antenna size for body area network application (bottom, left of Figure 4.19). This 433 MHz patch 

antenna, which demonstrated somewhat suboptimal performance in terms of reflection 

coefficient, radiation efficiency, was built by grafting together nine copies of a commercial GPS 

patch antenna. The 433 MHz patch antenna shows only -3 dB of reflection coefficient due to its 

narrow bandwidth. 

4.2.2 433 MHz Helical 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 antennas. Therefore, 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. The simulated reflection coefficient for 433 MHz helical 

monopole is plotted in Figure 4.12 where the antenna has 10 dB bandwidth of 22 MHz and gain 

of 1.64 dBi. 

 

Figure  4.12 S11 for the 433 MHz monopole antenna in free space (-16 dB reflection 

coefficient) 

 

4.2.3 2.45 GHz Microstrip Patch Antenna 

A patch antenna is designed using FR-4 with dielectric constant ‐= 4.6. The dimensions of 

this antenna are 11mm13mm for the patch and 46.02mm42.53mm for the substrate (top, right 

of Figure 4.19). The thickness of the substrate is 1.5748 mm.  The simulated reflection 

coefficient for 2.45 GHz microstrip patch antenna is shown in Figure 4.13 where the antenna has 

-10 dB bandwidth of 50 MHz. The free space gain for this antenna is 4.2 dBi. 
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Figure  4.13 S11 for the 2.45 GHz Patch antenna in free space (-12 dB reflection coefficient) 

 

4.2.4 2.45 GHz Helical Monopole Antenna 

It is known that the length of the monopole is ‗τ at 2.45 GHz is 30.61 mm for ground plane 

(counterpoise). However, also due to our practical application, the ground plane size selected is 

40mm 40mm. Thus, to tune the operating frequency to the desired value, we need to extend the 

monopole to 36 mm.  The simulated reflection coefficient for 2.45 GHz monopole is plotted in 

Figure 4.14 where the antenna has -10 dB bandwidth of 180 MHz and free space gain of 2.2 dBi. 
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Figure  4.14 S11 for the 2.45 GHz Monpole Antenna in free space (-20 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 4.19 and 2.45 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 GHz helical monopole antennas have 

the configuration shown in Figure 4.15 where the outer shield of the antenna is in contact with 

the built counterpoise on a 40 mm * 40 mm FR-4 substrate. 
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Figure  4.15 Configurat ion of 2.4 GHz helical monopole [87] for intra -space suit path loss 

measurements 

 

4.2.5 5.2 GHz Microstrip Patch Antenna 

A patch antenna is designed using Rogers RO4003 with dielectric constant ‐=3.38. The 

dimensions of this antenna are 11mm13mm for the patch and 21.74 mm29.92 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 mm.  The simulated reflection coefficient for 5.1 

GHz patch antenna is presented in Figure 4.16 where the antenna has -10 dB bandwidth of 70 

MHz and free space gain of 4.2 dBi.  
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Figure  4.16 S11 for the 5.1 GHz Patch Antenna in free space (-12 dB reflection coefficient) 

 

4.2.6 5.2 GHz Monopole Antenna 

 It is known that the length of the monopole is ‗τ and for frequency of 5.25 GHz, the 

length of the monopole equals 14.28 mm for infinite ground plane. However, for practical 

reasons, the counterpoise surface used is 40mm  40mm.  We have found that the antenna 

shown in Figure 4.18 with wire length of 15.8 mm soldiered normally with a 50 Ohm microstrip 

line to minimize coupling fieldsô effects. This microstrip line is then extended to an SMA feed 

connector and found to produce the desired resonance frequency with -16 dB reflection 

coefficient. The simulated reflection coefficient, however, for this 5.2 GHz monopole antenna 

with 7.5 mm wire length is plotted in Figure 4.17 where the antenna is matched to 50 Ohm. The 

measured reflection coefficient (-16 dB) was found to agree fairly with the simulated one and the 

thus is not included. The free space antenna gain is 3 dBi.  
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Figure  4.17 S11 for the 5.25 GHz Monopole Antenna in free space (-16 dB reflection 

coefficient) 

 

 

Figure  4.18 Configuration of 5.2 GHz monopole for intra-space suit path loss 

measurements 
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The rest of antennas not illustrated previously are shown in Figure 4.19. Antenna 

dimensions are provided in Table 4.3 and theoretical performance parameters 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 antenna, (right) 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 long normal on 40 mm 40 

mm counterpoise  

5.2 GHz Helical Monopole 

(measurements) 

15.8 mm wire monopole with 40 mm40 

mm counterpoise 

2.4 GHz Patch 46.02 42.53 1.5748 mm 

2.45 GHz Monopole 

(simulation) 

36 mm wire length and 40 mm40 mm 

counterpoise 

2.4 GHz Helical Monopole 

(measurements) 

38 mm helical monopole long [87] 

433  MHz Patch 48.05 34.17 1.5748 mm 

433  MHz Helical Monopole 

(simulation) 

Helical shape with 36 threads, 2 mm radius, 

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 

coefficient 

10 dB 

bandwidth 

Free space gain  

5.2 GHz Patch -15 dB 70 MH 4.2 dBi 

5.2 GHz Monopole -16 dB 160 MHz 3 dBi 

2.4 GHz Patch -10 dB 50 MHz 4.2 dBi 

2.4 GHz Monopole -25 dB 180 MHz 2.2 dBi 

433  MHz Patch -3 dB 1.77 MHz 1.9 dBi 

433  MHz Helical Monopole -16 dB 22 MHz 1.64 dBi  

 



92 

4.3  Small-Scale Performance Evaluation
5
  

 After characterizing the antennas that will be used in path loss measurements, path loss 

evaluation was conducted for three propagation environments: antennas in free space, antennas 

on-body, and antennas on-body and inside the space suit. Applicability and feasibility of 

commercial off-the-shelf antennas for this unique propagation environment were also 

investigated. On-body antennas in WBANs play a crucial role in determining quality of service. 

Several antenna designs have been proposed for body-centric wireless communications [88]. In 

particular, polarization of launched waves is one antenna feature found to significantly affect 

path loss values. For example, Norton surface waves in on-body channels and associated vertical 

polarization result in electric fields that are more strongly received and less path loss [89]. 

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 polarization and frequency on the path loss 

performance metric are also studied. Path loss is chosen as the primary criterion because wave 

reflections inside this unique intra-spacesuit environment are minimal. 

 

4.3.1 Simulation of Loss in Free Space, On-Body, and Intra-Space Suit  

4.3.1.1 Simulation 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 

                                                 

5
 Copyright 2014 IEEE. Portions of section 4.2 are reprinted with permission from Taj-Eldin, M.; Kuhn, W.; 

Natarajan, B.; Peterson, G., "Investigation of practical antennas for astronaut body area network," Wireless for 

Space and Extreme Environments (WiSEE), 2014 IEEE International Conference on , vol., no., pp.1,7, 30-31 Oct. 

2014 
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arm within an aluminum outer layer to mimic the space suit. As shown in Figure 4.20, Tx and Rx 

antennas were mounted on the arm (with no antenna-body separation distance), and both ends 

remained open with one base cell as free space padding at each end of the aluminum tube. Free 

space padding of only one base cell is chosen to minimize the effect of impedance discontinuity 

on S-parameter 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 

  

Keysight EMProôs FDTD-based solver is used to simulate S21 parameter according to each 

frequency, 433 MHz, 2.4 GHz, and 5.2 GHz, with the exception of the S21 simulation that used 

433 MHz helical monopole antenna. Thanks 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 automatically set the timestep based on minimum cell size in the entire simulation 

domain. In most cases, the fields of interest converge sufficiently for antennas applications, using 

a threshold of -30 dB in which undesired reflections from the perfect matched layer (PML) 
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boundary conditions are excluded. Results of FDTD simulations are obtained by taking a Fourier 

Transform of transient fields excited by a pulse waveform.  

 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 profile in the far-field and avoid 

near-field effects. However, distances chosen for transmission gain simulations using 5.2 GHz 

antennas are 15, 30, 45, and 60 cm, which are sufficient for far-field region at this short 

wavelength.  

 Simulations are repeated for four 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 4.21 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 of space suit segment.   

 The path loss when the antennas are in free space is 145 dB whereas it equals to 140 dB 

when antennas on-body environment. Finally, the path loss is further reduced by 80 dB when the 

intra-space suit propagation environment is utilized.   
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Figure  4.21 S21 graph for 100 cm separation with two 433 MHz patch antennas for three 

cases: free space (green), on arm (red), and on arm with suit (blue) (145, 140, and 60 dB) 

 

Path loss within an intra-space suit arm segment is observed for varying Tx-Rx distances, 

as shown in Figure 4.22. 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 (47.5 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 arm length is 4.6 dB and average 

path loss is approximately 4.7 dB/15 cm.  
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Figure  4.22 S21 curve for two 433 MHz patch antennas for four  antenna distances: 100, 

115, 130, and 145 cm with corresponding values of 47.5, 54.5, 57, and 61.6 dB, respectively 

 

 Comparison of path loss produced using 433 MHz monopole and patch antennas reveal 

that path loss produced using monopole antenna is approximately 2.3 dB lower for 15 cm arm 

length. This observation is expected because monopole antennas produce vertical polarization, 

resulting in stronger received electric field that equals the sum of direct wave and reflected 

waves from the aluminum tube surface. However, insertion into the suit environment made the 

monopole more 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 approximately 4.5 cm (approximately 

0.5 cm greater than monopole height). Figure 4.23 demonstrates the forward transmission gain 

(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 of space suit segment.   

  

 

Figure  4.23 S21 graph for 100 cm separation with two 433 MHz helical monopoles for three 

cases: on free space (green), on arm without suit (red), and with suit (blue) (147, 109, and 

31 dB) 

 

 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 the human 
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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 on-body environment. Finally, the path loss is further reduced to 31 dB when 

the intra-space 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 the far-field between Tx-Rx path. For example, 100 

cm is adopted which is greater than ‗ς in free space medium and it can be 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 4.24. 

 

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, 37.3, and 39.3 dB, respectively 
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 However, path loss for the third 15 cm arm length is 2 dB. Mean path loss of the three 

values is approximately 2.4 dB/15 cm.   

 

2.4 GHz Microstrip Patch Antenna 

  Intra-suit propagation characteristics of 2.4 GHz radio channel using a patch antenna is 

shown in Figure 4.25. 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.  

 

Figure  4.25 S21 curve for two 2.4 GHz patch antennas for four  antenna distances: 100, 115, 

130, and 145 cm with corresponding values of 25.8, 30.5, 32.2, and 34.7 dB, respectively 
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Similarly, path loss for the second 15 cm arm length (calculated as the difference between 32.2 

dB and 30.5 dB, equaling 1.7 dB, and path loss for the third 15 cm arm length) is 2.5 dB. Mean 

path loss is approximately 3 dB/15 cm. 

5.2 GHz Microstrip Patch Antenna 

 As seen in Figure 4.26 (green curve), the path loss with patch antennas in free space for 

30 cm antenna-separation 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 is further reduced by 12 dB when antennas are on the 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 for three 

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 space suit is 

evaluated and shown in Figure 4.27. Results show that path loss for the first 15 cm (difference 










































































































































































