
 
 
 
 
 
 
 
 

ABSTRACT 
 

Effects of the Dynamic Human Body on Electromagnetic Wave Propagation  
for On-body Wireless Communication 

 
Erik V. Forrister, M.S.B.M.E. 

 
Mentor: Brian A. Garner, Ph.D. 

 
 
 Wireless Body Area Networks (WBANs) have the potential to provide long-term 

remote health monitoring for the prevention of impending health problems through on-

body sensors that constantly relay data to health professionals.  In order for this 

technology to be realized, such on-body WBAN sensors must be reliable, unobtrusive, 

and long lasting. To design optimized sensor antennas that achieve these characteristics, 

the small scale electromagnetic fading effects due to body position and motion for daily 

activities must be well understood. In this study seven human subjects, seven activities, 

three narrowband antenna frequencies, and three antenna configurations were examined 

to understand the effects of body kinematics on on-body electromagnetic wave 

propagation. Measurements were taken to simultaneously record the human body 

movement and the on-body electromagnetic propagation characteristics. The results 

presented show a distinct relationship between the activity and the transmission signal 

characteristics, providing valuable insight into the development of highly efficient sensor 

antennas. 
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CHAPTER ONE 
 

Introduction 
 
 

1.1 Fall Risk 
 
 Part of life is growing older. As we age, our sensorimotor control and function 

starts to deteriorate [1]. We become less stable as the articular cartilage in our joints start 

to wear out and our bones start to weaken through resorption. Our gait changes and our 

balance wanes. The risk of falling increases and the ability to independently perform 

daily tasks decreases. 

 There is a problem with people falling. According to the Center for Disease 

Control (CDC), 1 out of 3 people over the age of 65 have falls [2]. These falls can be 

quite serious. 700,000 patients a year are hospitalized because of falls [2]. These falls 

also result in some expensive medical bills. It is estimated by the CDC that direct medical 

costs for falls is $34 billion a year [2].  

 In order to save lives, independent lifestyles, and money, falls must be prevented. 

Currently, healthcare professionals assess patients for multiple factors that might put 

them at risk for falls. These include: compiling a history of falls, a medication review, a 

visual acuity test, gait and balance assessment, functional assessment, physical 

examination, environmental assessment, and laboratory testing [3]. Still, there are some 

issues involving the accuracy of this assessment. The healthcare professionals cannot see 

what is happening to the patient from day to day. A patient may have had a fall and may 

not remember that they had it. A patient might also perform better in the laboratory on 
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that particular day than they do on another day at home; they could rapidly deteriorate 

right after an assessment. A wearable, wireless, health-monitoring system could help 

overcome these dilemmas and show a more complete picture of what is happening to 

these patients through every step of their day. This system would be able to constantly 

monitor the patient’s activity throughout their daily routine to notify health professionals 

when a fall is likely to happen. With this technology, falls may be prevented, money can 

be saved, and lives can be protected.  

 
1.2 A Health Monitoring System 

 
 In the developed world of today, people are living longer healthier lives, causing 

an aging population.  As indicated by the United States age pyramid shown in Figure 1.1, 

the population of 60 to 80-year-old adults seen in 2000 is expected to at least double by 

the year 2050 [4]. Aging can bring about more problems than just the occasional falls. 

According to Movassaghi et al., these increases in the elderly population will likely 

overload health care systems and negatively impact the overall quality of life [4]. 

Furthermore, there is a dramatic increase in healthcare costs; U.S. healthcare costs 

increased from 250 billion dollars in 1980 to 1.85 trillion in 2004 [4]. Therefore, there is 

a growing need for a more affordable and scalable health care system. A Wireless Body 

Area Network (WBAN) health monitoring system may address this need in the future, 

cutting down on frequency of doctor’s visits, and the length of hospital stays. A WBAN 

is a communication system of sensors and/or actuators placed in, on, and around the 

human body [5]. WBANs can be used to monitor one’s health with the sensors and then 

relay that data in real-time to healthcare professionals for continuous health monitoring.  
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Figure 1.1—United  States Age Pyramid revealing the demographic tendency towards an 
older population. Population growth every 50 years since 1900 and a projected growth for 
2050 are shown. Each bar represents an age group and the color of that bar represents the 
population for that year.[4] 
 
 
 There are devices on the market, like Life Alert, that do a great job of providing 

quick response times for elderly people who have fallen. In fact, Life Alert advertises that 

a life is saved through Life Alert every 10 minutes [6]. While devices like Life Alert do a 

great job of alerting emergency services when there is an emergency and a phone is 

beyond reach, the injured party must send out a distress signal. There may be times when 

a person is knocked unconscious during a fall and cannot alert the emergency services 

that they are in need of assistance. A WBAN health monitoring system could notify 

emergency services when a fall is detected, or even when a person is showing signs of a 

heart attack or stroke, without the press of a button. With this monitoring system 

someone would always know when there is an emergency.  

Alerting emergency services when there is an emergency is not the only thing that 

this health monitoring system would allow. The WBAN health monitoring system would 
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also be potentially capable of preventing the emergency before it gets to that stage. The 

WBAN would ideally be cable of detecting and transmitting the fall-risk behavior and the 

early warning signs of heart attacks, strokes, etc. to healthcare professionals, so the 

problem can be treated before it turns into a life-threatening situation. Most fatal diseases 

and health threats can be prevented or at least mitigated with early detection; the WBAN 

system would potentially allow for the continuous health monitoring needed to detect and 

prevent these life-threatening events before they happen.  

 
1.3 Wireless Body Area Networks 

 
WBAN technology must overcome a few challenges in order to be effective in 

achieving the health monitoring capabilities discussed in the previous section. A good, 

practical WBAN must have small unobtrusive sensors that continuously monitor patients 

remotely for long periods of time. These sensors would allow patients to go about their 

daily lives without having to worry about their health or the sensors getting in their way. 

They would not need to be recharged very often, perhaps for weeks. The sensors would 

be small and comfortable enough to continuously wear day and night. Therefore, the 

batteries must be small and long lasting. Low-power operation is essential for the 

operation of WBANs, especially for health monitoring [5].  Communication is typically 

the most energy-intensive operation that a wireless sensor component performs [7]. 

Hence, the sensors must have highly efficient antennas to help with the battery power 

efficiency and effective communication between nodes. One of the requirements of 

WBANs, according to the IEEE 802.15.6 standard, is that nodes should be capable of 

dependable communication when the user is moving [4]. Thus, the antenna must be able 

to overcome the lossy and complex environment of the human body. There are moving 
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body segments and shadowing effects on the body that dissipate the signal and diminish 

the antenna communication on the body. In order to design an efficient antenna, the 

effects of this environment on the electromagnetic transmission must be well understood.  

 
1.4 Purpose 

 
 The purpose of this study is to investigate the relationship between the 

electromagnetic transmission characteristics and a person’s body position and motion 

patterns for activities similar to those of normal daily life. To accomplish this purpose, an 

experiment database of seven subjects performing seven activities with three different 

antenna frequencies and three different antenna positions was collected and analyzed 

with respect to the motion of the subjects’ body.  
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CHAPTER TWO 
 

Background and Previous Research 
 
 

Zimmerman first proposed the idea of a Body Area Network in 1996 [8].  The 

first developments of Wireless Personal Area Networks (WPANs), which are very similar 

to WBANs, occurred in the 90s by several groups at Massachusetts Institution of 

Technology [4]. Their goal was to link information devices on the human body and use 

electric field sensing to detect body positioning, but they realized they could modify the 

electric field for data transmission throughout body-centric environments. Advancements 

in the WPANs were made over the years, but WPANs did not satisfy the medical 

communication requirements of WBANs, and WBANs have a greater need for a longer 

lasting network of sensors.  Therefore, to develop successful implantation of a Wireless 

Body Area Network, a standard model that could take on the medical and the consumer 

electronics portion of a WBAN was needed [9]. The IEEE 802 executive committee of 

the family of international standards started a task group called IEEE 802.15.6 to come 

up with the WBAN standard, and the final IEEE 802.15.6 standard became official in 

February of 2012 [4]. The standard was set for short-range, wireless communications in 

the vicinity of or inside, a human body [8]. It uses Industrial, Scientific, and Medical 

(ISM) frequency bands as well as other frequency bands approved by medical and 

communication regulatory authorities. For maximum battery life, and for minimum 

specific absorption rate (SAR) to protect the human body, the standard limits devices to 

low transmission power. It also helps with quality of service (QoS) and protection of 
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private information [10]. Because the IEEE 802.15.6 Standard is a set of guidelines for 

the development of WBAN systems, it is important to consider when investigating ways 

to meet these standards and/or improve WBANs. The following section will discuss the 

justification of the focus of this thesis within the broad range of IEEE 802.15.6 Standards 

on WBANs, especially the refinement of the type of WBAN communication investigated 

and the frequency selection. 

 
2.1 Frequency and Communication Type within the IEEE 802.15.6 Standard 

 
The IEEE 802.15.6 Standard provides guidelines for the three forms of 

communication necessary in WBANs, i.e. communication between on-body devices, 

communication between on-body devices and off-body devices, and communication 

between implants and on-body devices [10]. The primary focus of this thesis will be on 

the communication between on-body devices.  

The IEEE 802.15.6 Standard describes three different types of frequency bands 

for use in WBANs: Narrowband (NB), Ultra wideband (UWB), and Human Body 

Communication (HBC) [10]. UWB is used for data transmission between on-body 

devices as well as between on-body and off-body devices. The UWB frequencies can 

provide higher data rates and higher throughput due to its larger bandwidth. HBC 

performs communication over the surface of the body via electrodes rather than sending 

signals using an antenna, because at these frequencies the propagation loss is less along 

the human body surface than through air [8], [9]. Therefore, HBC is quite different from 

the established NB and UWB communication techniques, and it is less popular among 

researchers [5]. NB communications are arguably the best suited out of the three types of 

frequency bands because they have a larger amount of healthcare applications due to its 
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versatility in shape, and its lower frequency and smaller bandwidth than UWB which 

result in less attenuation when near the human body and a smaller likelihood of 

intersymbol interference respectively [5]. Therefore, the main focus of this study will be 

on the NB communications. 

The IEEE 802.15.6 WBAN Standard, specifies seven frequency bands for use in 

NB devices. The band between 2400 and 2483.5 MHz is perhaps the most commonly 

used and investigated NB frequency band [4], [5]. Other commonly investigated 

frequencies include frequencies between 400 and 450 MHz and between 820 and 950 

MHz [5]. This study will mainly focus on frequencies within these bands, namely 433 

MHz, 915 MHz, and 2450 MHz. The frequency bands centered at 915 MHz and 2.45 

GHz, as well as a few other NB frequencies are part of the Industrial, Scientific and 

Medical (ISM) bands. These frequency bands are capable of supporting high data rates, 

they are available worldwide, and they are commonly used in various devices. So, these 

frequency bands would be available anywhere, but there is a higher likelihood of 

interference [4]. Lower frequencies in the NB range, like 433 MHz, are limited in that 

they cannot support high data rate applications, but they may be better suited in 

applications that do not need high data rates [4].  

 
2.2 Investigations of On-body Communication Channel Properties 

 
 Numerous efforts have been made to characterize and/or model on-body 

electromagnetic (EM) communication channels in order to optimize the power efficiency 

and reliability of wireless on-body communication in the future [5], [11]–[25]. The 

behavior of EM wave propagation on a static human body is well understood and is 

described in the following section. The behavior of EM propagation on a dynamic human 
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body adds another layer of complexity and efforts to study that are described in the 

subsequent section.  

 
2.2.1 Electromagnetic Waves on the Static Human Body 
 
 Wireless communication occurs through the transmission of electromagnetic 

(EM) waves between antennas. Between the transmitting antenna and the receiving 

antenna, the EM waves are attenuated, absorbed, and scattered by obstacles like the 

human body. It is difficult to predict the behavior of electromagnetic waves on the human 

body due to its different dielectric properties, complex surface shape, and near constant 

mobility. A well accepted theory, the Uniform Theory of Diffraction, assumes that all 

waves are local plane waves, so the EM wave propagation can be simplified to a straight 

line with basic reflection and refraction interactions with obstacles [26]. If reflection were 

the only components of EM wave interactions with the human body, the effectiveness of 

the transmission for line-of-sight would be far better than non-line-of-sight transmission.  

Thankfully, there is another fascinating property of electromagnetic waves called 

diffraction. The complexity in surface shape of the body may cause the propagation of 

electromagnetic waves to deviate from the line-of-sight propagation behavior observed 

over a plane [8]. In fact, when electromagnetic waves encounter an obstacle they tend to 

bend around the object. The bending or scattering by objects is called diffraction. A kind 

of diffraction occurs when an incident wave tangential to a curved surface results in a 

wave that travels along a geodesic of the surface [26]. This resulting wave is often 

referred to as the creeping wave. Diffraction occurs when the wavelength of the 

propagating wave is close to the same order of magnitude as the dimensions of an 

obstacle [8], [26]. At higher frequencies, when the EM waves are unable to penetrate the 
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human body, diffraction may act as a propagation mechanism for on-body 

communication.  

Researchers have studied the creeping wave effects on the static human body 

[27]–[30]. Ryckaert et al. found through their simulations that creeping waves are the 

main mechanism for propagation of EM waves around the circumference of the body 

[28]. They also discovered that for each frequency used there was a unique angle at 

which the creeping wave along one side of the body begins to interfere with the creeping 

wave traveling in the opposite direction [28]. Hall and Ricci have discovered that there 

are significant changes in the path loss when there are changes in the body position [27]. 

They also discovered that even when the body is not moving there are peak-to-peak 

variations of around 3 dB. They speculate that these variations are possible effects of 

involuntary physiological movements like breathing [27]. Di Franco et al. discovered that 

physical characteristics and body type have a significant effect on the strength of the 

channel. In fact, physical characteristics have more of an effect on the magnitude of path 

loss than the different distances between antennas. They discovered that females typically 

suffer less path loss than men, and in male subjects path loss was higher for larger chest 

sizes [29]. Ryckaert et al. and Alves et al. have developed analytical models for the 

channels on a static human body [28], [30]. While all of these studies have made 

significant advancements in the knowledge of on-body channels, they provide little 

insight into channels on a dynamic human body.  

When the human body is moving, there may be times when the body position 

blocks the line-of-sight and times when the body position exposes the line-of-sight. 

Therefore, it is not reasonable or useful to characterize the dynamic channel as either 
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line-of-sight or non-line-of-sight, because the signal states will vary by more than just 

line-of-sight and non-line-of-sight [5]. The transmission signals on a dynamic human 

body are very complex, changing in relation to the dynamics. To accurately model an on-

body communication channel, the dynamic effects on the channel must be investigated. A 

few previous dynamic investigations are presented in the following section. 

 
2.2.2 Characterizing a Dynamic Communication Channel 
  

Several studies have taken on the challenge of investigating the characteristics of 

communication channels on a dynamic human body [5], [11]–[21]. Many of them study 

the fluctuations of the channel over time and perform statistical analysis over the motion 

as a whole [5], [11]–[16]. These studies calculate many valuable statistical parameters, 

including second-order statistical parameters like level crossing rate (LCR) and average 

fade duration (AFD). The LCR can be used to deduce the rate of fading and reveal 

Doppler spread [5]. The AFD can be used to establish the amount of time for which a 

packet of information may not successfully send over the communication link due to the 

fading channel. The statistical methods in these studies are applied to entire activities, 

instead of following along with the activity, in order to quantify the characteristics of the 

communication channels for activities as a whole. While these statistical parameters are 

very useful for the successful development of WBANs, this approach neglects 

instantaneous propagation behavior during the activity, and thus does not consider what 

aspects of an activity may cause fading.  Investigations into the direct relationship 

between the dynamic on-body channel characteristics and the body positions are needed.  

Taparugssanagorn et al. performs pseudo-dynamic measurements by performing 

static measurements at several particular positions that form a movement when placed 
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together, so dynamic analysis could be determined [17]. This technique enables a range 

of frequency measurements for different positions of a motion. Using the time it takes to 

perform a cycle of the motion, found in the results of actual experiments, the 

measurement frames are extended to several cycles of equally spaced measurements. An 

interpolation was also performed to improve the resolution of the measurements and 

ultimately attempt to gain a good representation of the dynamic effects on the 

communication channel. First and second-order statistical analysis was presented, as well 

as some observations on the effect of body position on the dynamic channel. However, 

the body positions analyzed were not quantified. There were also many variables in this 

study, such as interpolation between frames, that complicate interpretation of the results. 

This study is also limited in that the measurements are static; the measurements will be 

unable to detect true Doppler spread. The resolution and accuracy of this study could be 

improved by performing measurements of the EM propagation channel on a continuously 

moving human body.  

Yamamoto et al. considers the effects of arm angle to develop a dynamic channel 

characterization [18]. To achieve this, they built an arm-swinging phantom to perform 

repeatable arm swings. While this phantom may provide repeatability and comparable 

results, it is incapable of performing other activities or replicating other motion patterns. 

Daily activities in a real-world environment are much more complicated than simple arm 

swinging, requiring comprehensive studies of different motion patterns. Performing 

measurements on a phantom also neglects physiological effects, like breathing and 

heartbeat, of a live human subject on the on-body channels. So there is also a need for 
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performing experimental measurements on real human subjects to accurately characterize 

on-body channels.  

A few studies have performed motion capture along with signal strength 

measurements of the propagation channels [19]–[21]. This approach allows the recording 

of the 3-D position of the body and/or the antenna position and orientation as the body 

moves. The positions of the body can then be compared with the propagation data. 

Aoyagi et al. found that when transmitting from the navel to the right wrist the channel 

peaks when the arm is in front of the body and it fades when the arm is in the shadowed 

region behind the body [19]. Swaisaenyakorn et al discovered the same thing happens to 

the channel when the antennas were attached to the right wrist and left chest [20]. 

Swaisaenyakorn et al. also found that there was more transmission loss due to shadowing 

in the non-line-of-sight channels, but the angle between antennas due to wrist twisting is 

more of a significant factor in the line-of-sight channels [21]. The orientation of the 

antenna was found to not matter as much in the wrist-chest channel compared to the 

wrist-waist channel because the wrist-chest channel is partially obscured and depolarized 

by the torso.  

The motion capture measurements and simultaneous scattering measurements can 

also be used to generate more accurate computer simulation models. Aoyagi et al. found 

that they could match computer simulations to the measurements of the channel gain for 

walking and sit-to-stand motions fairly accurately [19]. However, the simulations had 

trouble matching the measurements in the shadowed region during the sit-to-stand 

motions. There were also large discrepancies between the simulations and measurement 

for the walking motion when the receiving antenna was on the upper arm. Therefore, 
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Aoyagi et al. were unable to accurately simulate the complete channel undergoing 

motion. Swaisaenyakorn et al. were able to match measurements of five different subjects 

to a computer-simulated model with minimal differences. They found that similar degrees 

of arm movement led to closer path loss results when compared to subjects of similar 

heights [20].  

However, the studies performed by Aoyagi et al. and Swaisaenyakorn et al. had 

some limitations. Aoyagi et al. were limited in that they only used two subjects. The use 

of more subjects and comparing the anthropometric data of these subjects could have 

provided more comprehensive results, because as discussed previously, body type does 

effect the channel gain [29]. Swaisaenyakorn et al. used multiple subjects in their studies 

(Six subjects in ref. [20] and 18 subjects in ref. [21]). The studies done by 

Swaisaenyakorn et al. performed a limited analysis of only three to five walking 

positions. A more comprehensive study with high resolution and multiple activities is 

needed to further compare individual components of the human body motion with the on-

body propagation for multiple subjects. 

Similar to the motion capture studies mentioned above, Gallo et al. performed 

signal strength measurements and used video recording to match body positions with the 

measurements, as well as match the measurements to their computer simulations [22]. 

One of the primary goals of this study was to model small changes in body posture to 

characterize on-body communication channels. The method of using a video recording to 

find the proper body positions was very time intensive, but the researchers were able to 

match their simulations with the experiments at similar positions, as well as with 
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experiments from another study [22]. Further research is needed to accomplish the goal 

of using small changes in body posture to characterize on-body communication channels.   

 Researchers have also used computer simulations to analyze dynamic on-body 

channels [23], [24]. While these simulations have been previously verified by 

measurements, the environment, variations in the motion, and subtle involuntary human 

body movements, like respiration, are not always taken into consideration. Simulations 

are also performing pseudo-dynamic measurements; they take measurements of a model 

one frame at a time until it makes up the entire motion. Although resolution of the motion 

can be increased in simulations, the effects of the channel due to the velocity, e.g. 

Doppler shifts, may not be realized and may slightly change the outcome. Performing 

measurements on actual human subjects has value when trying to accurately characterize 

dynamic on-body channels in a real-world environment.   

 
2.2.3 Summary of Background and Previous Research 
 
 There have been several different techniques used and investigations performed to 

characterize the transmission of EM waves on the human body. These studies are very 

important in realizing power-efficient data transmission along the body for a practical 

WBAN implementation. However, these studies are either lacking in the detail of their 

analysis of dynamic on-body channels, or they are lacking in the scope of their studies. 

Further research is needed to characterize the dynamic on-body channels in terms of 

instantaneous propagation behavior during the activity for multiple subjects, activities, 

frequencies, and antenna positions. 
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CHAPTER THREE 
 

Methods 
 
 
 In order to reveal the relationship between the electromagnetic transmission on 

the human body and the body position/movement pattern, a simultaneous measurement of 

the antenna transmission and the body position was performed using a Vector Network 

Analyzer (VNA) and a Motion Capture system, respectively. Results were accumulated 

into a database for different frequencies, antenna placements, activities, and subjects. 

This database allowed comparisons across those multiple factors. A post-processing 

technique was used to match and graph the transmission data with the body position data. 

Through this post-processing, plots were generated that reveal the relationship between 

transmission and body position no matter which subject, activity, antenna placement, or 

frequency. The experimental setup can be seen in Figure 3.1. 

 

 
 

Figure 3.1—Experimental setup showing the subject wearing the motion capture suit, the 
motion capture program running on the desktop, and the antennas placed on both wrists 
[31]. 
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3.1 Motion Capture 
 
 A seven-camera motion capture system was used (Phasespace, Inc., San Leandro, 

California). The cameras were set up in a circle and directed toward the subject in the 

center. This active motion capture system utilized a tight-fitting body suit with 38 active 

LEDs strategically placed according to the Phasespace guidelines, shown in Figure 3.2. 

Each of these LED markers had its own ID, so the system could easily differentiate each 

marker from adjacent markers. This allowed highly accurate tracking of the markers and 

ultimately the 3D tracking of each individual body segment. While the tight-fitting body 

suit enabled close contact between the markers and the skin, there was still separation. It 

was recognized that separation between the body and the markers might have caused 

error if the body shifted slightly underneath the suit during different movements, but 

small errors in the motion capture system would not significantly influence the results of 

this study. This motion capture system was set to capture the 3D movement of the body 

at 120 frames per second.  

 
3.2 Vector Network Analyzer 

 
An Agilent, 2-Port PNA-L Network Analyzer (N5230C) was used to measure the 

antenna transmission data. More specifically, this vector network analyzer (VNA) 

recorded the magnitude and phase of the scattering parameters of two antennas, providing 

a measure of the ratio of the transmitted signal from one antenna to the other. The VNA 

was set to perform a single sweep for several seconds at a single frequency. The number 

of points in the sweep was set such that 120 data points were recorded per second. The 

VNA was also set to record the entire sweep, starting the recording when the sweep 

started. This enabled the controlled start of the VNA sweep and recording. Two identical 
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bridge shaped monopole antennas were attached to the motion capture suit via Velcro. 

Ten-foot-long shielded, semi-flexible coax cables connected the antennas to the VNA, 

allowing the subject to move freely while performing different motions. 

 

 
 

Figure 3.2—Phasespace motion capture marker placement (adapted for clarity) [32]. 38 
LED markers were placed on the body suit in the positions shown to track the body 
movement and avoid marker occlusion.  
 
 

3.3 Synchronizing the Motion Capture and VNA Recordings 
 
 The human body movement and the scattering parameters where recorded 

simultaneously at 120 frames per second, as mentioned previously. The collection of the 

data was synchronized through a common start signal. The VNA and the motion capture 

system were connected to a dual-pole, single-throw switch. When flipped, the switch 

started the motion capture recording and the VNA sweep (which ultimately starts the 

VNA recording) at the same time. Starting the VNA and motion capture measurement 

recordings at the same time and same frame rate allows the data to be matched and 
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compared frame by frame. Figure 3.3 illustrates this measurement process and the 

necessary connections for data acquisition. 

 

 
 

Figure 3.3—Schematic of the measurement connections: The motion capture system 
(upper 2 photos) and the VNA (middle photo) start recording at the same time when 
given the signal from the switch (lower left). Two bridge monopole antennas (lower 
right) are also shown connected to the VNA.  
 
 

3.4 Human Subjects 
 
 Seven test subjects were used in this study, four male and three female. Baylor 

IRB approved this study for the use of human subjects, and subjects gave informed 

consent. The subjects’ gender, age, heights, weights, body mass indexes, torso 

circumferences, and arm lengths are shown in Table 3.1. The subjects were numbered (1-

7) to keep them anonymous but allow the comparison of the different subjects and to look 

into the effects of their anthropometric characteristics on the EM wave transmission 

strength on the body. The subjects were fairly uniform in height and weight; there were 

no outliers. This uniform data enabled minimal variations due to the body type, so other 

factors causing data variance could be explored. However, careful attention was given to 

subject 6, whose calculated body mass index (BMI) was an outlier. According to the 
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National Institutes of Health, the BMI for subject 6 fell into the overweight category, 

whereas the other subjects were in the middle or on the slightly lower end of the normal 

weight range [33].  

 
Table 3.1—Subject Specifications 

 
Subject Gender Age Height Weight (lbs) BMI Torso 

Circ. 
Arm 

Length 
1 M 23 5’6” 135 21.8 32” 26.5” 

2 F 25 5’4” 110 18.9 26.5” 28.5” 

3 M 22 5’8.5” 140 21 30.5” 26.5” 

4 F 24 5’6” 125 20.2 27” 29.5” 

5 M 26 5’6.5” 135 19.9 32” 29.5” 

6 F 21 4’11.5” 140 27.8 33” 25” 

7 M 22 5’7.5” 135 20.8 31” 26.75” 

 
 

3.5 Experiments 
 
 The experiments consisted of the seven subjects performing seven different 

activities for three different antenna frequencies and three different antenna 

configurations.  Each activity consisted of repeating a motion pattern for the entire 

sweep. The activity motion patterns were left arm swinging, both arms swinging, rowing, 

boxing, hopping, sitting, and walking. Figure 3.4 shows picture representations of all 

seven activities. These movement patterns were chosen because they are simple motions 

similar to motions one might perform on a daily basis. The left-arm-swing and both-arm-

swing motions are fundamentally simpler versions of the walking activity. The rowing 

motion may represent an elderly person using a walker, or reaching out to grab something 

in general. The boxing motion may also represent reaching out to grab something, or it 
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could represent elderly people reaching out to catch themselves before a fall. Hopping 

was performed to see how changes in the position of the lower body, and sudden changes 

in the overall body position affect the signal between two antennas on the upper body, 

when the upper body itself remains in the same position. This allows the investigation of 

the effects on the signal propagating on the upper body by lower body movements and 

the position of the body as a whole, which may provide insight into how a fall might 

affect on-body communication. Similarly, the sitting motion evaluates the effect on the 

signal when a person is sitting down or rising up from a chair.  

The three targeted antenna frequencies were 433 MHz, 915 MHz, and 2.45 GHz. 

These frequencies were chosen because they are a few of the center frequencies of the 

industrial, scientific, and medical (ISM) bands and are commonly used in WBAN studies. 

For each frequency, a different pair of bridge-shaped monopole antennas were used. 

These antennas were made of straight copper wire cut to a quarter of the wavelength. The 

VNA was calibrated to each of these frequencies before taking the measurements.  

 

Figure 3.4—Photos of the seven activities 
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The 3 different antenna configurations used were as follows:  the port 1 antenna 

on the chest and the port 2 antenna on the back, the port 1 antenna on the chest and the 

port 2 antenna on the left wrist, and the port 1 antenna on the right wrist and the port 2 

antenna on the left wrist. Since this study will primarily focus on the transmission from 

port 1 to port 2, these channels will be referred to as the chest-to-back (C2B) channel, the 

chest-to-left-wrist (C2W) channel, and the right-wrist-to-left-wrist (W2W) channel, 

respectively. These configurations were chosen to represent possible places for WBAN 

nodes. The wrist could be a potential location for a heart rate sensor, blood pressure 

sensor, or the body control unit that relays data from other body sensors to a healthcare 

professional. The back may be a good place for a respiratory sensor that senses breathing 

rate. The chest could also be a potential location for a heart rate sensor or respiratory 

sensor, as well as a potential location for an electrocardiogram. In terms of monitoring for 

fall risk, it may not be immediately apparent, but these upper body node locations could 

be used to determine the accelerations of the center of mass (CoM). The CoM 

accelerations are an essential part of determining a patient’s margin of stability and 

ultimately their risk of falling. For example, Hof et al. uses the CoM, the CoM velocity, 

leg length, and the acceleration of gravity to produce a vector quantity that enables the 

formulation of a stability condition valid for both static and dynamic situations [34]. The 

antenna configurations for most of the movement patterns allowed different amounts of 

complexity in the measurement due to the differences in the amount of antennas moving 

on the body. For example, for the boxing activity, the antennas of the C2B configuration 

are stationary, whereas the antenna on the wrist is moving in the C2W configuration, and 

both antennas move for the W2W configuration.  
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Figure 3.5—Antenna positions from the transmitting antenna to the receiving antenna. 
 
 

3.6 Post-processing 
 
 MatLab was used to plot the data taken from the VNA and the Motion Capture. 

The raw motion capture data was collected in the form of spatial coordinates for each of 

the 38 LED markers. The subjects were asked to perform the activities facing the positive 

x direction or the positive z direction and primary movements were performed in a single 

plane. This simplified the post-processing needed to plot the VNA data against the 

movement of the body. Markers of significance were identified for each activity and the 

data along the axis of motion could be plotted against the VNA data. For example, the 

marker of significance used for analysis of the rowing and boxing activities was the 

marker labeled ‘F’ on the left hand, shown in Figure 3.2. Since the motion of these 

activities is primarily in one dimension, only the range of the z position of this marker 

was used in order to represent the extent of the subjects’ reach during these activities. For 

motions that primarily sweep across two dimensions, shoulder flexion angles and other 

body angles could be found with simple two-dimensional trigonometry. Arm swinging 

activities, for example, use the markers labeled ‘A’ and ‘D’ on the left arm in Figure 3.2. 

For the arm swinging motions, the shoulder flexion angle is shown in Figure 3.6, 
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consisting of the angle between the left arm (essentially the line in the z-y plane between 

markers ‘A’ and ‘D’) and the vertical y-axis passing through marker ‘A’. Body angles 

were plotted against the VNA data to describe the relationship between the constantly 

changing position of the body and the constantly changing antenna transmission strength. 

 

 
 

Figure 3.6—Shoulder flexion angle calculated for the left-arm-swing and both-arms-
swing activities using markers ‘A’ and ‘D’ on the left arm. 

 
 

 Since these activities were performed as recurring, cyclic movements, the data 

was segregated into the different cycles based on the motion capture data. The cycles are 

then overlaid and plotted against the transmission for the comparison of the signal 

strength data to the percentages of the cyclic motion. The average across all of the cycles 

is taken and plotted to show the average trend per trial. In a similar way, averages of the 

position and body angle plots are generated. The averages for every subject are then 

plotted on the same plot to compare subjects within the same trial. These subject averages 

are also averaged together to create an average across all subjects to compare antenna 

position or antenna frequency for a certain activity. While the subjects may have 

performed different amounts of cycles of a particular motion, they were given the same 

A 

D
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weight, so that the subjects with more cycles do not influence the overall average more 

than the others. The averaging technique allows clearer plots and easier interpretation of 

the data.  

A secondary analysis was performed to look at the variance of the data. The plots 

of the data for the different cycles of motion overlaid against the transmission are 

analyzed and compared with plots of different subjects, These plots show the complete 

data set for each trial, so that the variance of the data can be revealed, as well as the 

general trend. 
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CHAPTER FOUR 
 

Results 
 
 
 In this study results are presented in terms of the S21 magnitude data (as opposed 

to phase data or other Scattering parameters). S21 is a measure of the attenuation of the 

signal from one antenna to another. More specifically, the S21 magnitude squared is the 

ratio of the transmitted power from one antenna to another. Since S21 is typically 

described in decibels, it is related to the received power ratio by  

S21(dB) 10log10

P2

P1









; 

where, P1 is the power given to the antenna at port 1, and P2 is the power received by the 

antenna at port 2 from the antenna at port 1. 

The results presented in this chapter will consist of plots of S21 against the 

percent cycle, or of S21 against position/body angle, depending on the activity. The 

results for several example activities, i.e. the left-arm-swing, both-arms-swing, and 

rowing activities, are shown in this chapter using a variety of plots. Supplementary plots 

are given in the Appendices. The results section will be organized by the activity 

performed. Within each activity section, plots comparing frequency and plots comparing 

subjects are presented for each antenna configuration.  

The average plots that show arm angles or body positions may seem to reveal 

sudden changes in S21 near the ends of the arm swings or arm positions, but in fact this 

anomaly is because not all of the arm swings or arm positions went to the higher 

extremes. Thus, not all data trials are included in the average on the ends, and those that 



27 
 

are included happen to be higher or lower than the average at slightly smaller angles or 

less extreme positions. The more extreme arm angles and arm positions were still 

included in the plots, so the full data for every cycle and every subject can be shown. It 

should therefore be noted that the most representative data of all subjects and trials lies 

near the center of these position plots or arm angle plots, and sudden changes near the 

ends are likely a cause of the different arm lengths or different extents of the arm 

motions. 

 
4.1 Left Arm Swing 

 
 The results of the left arm swing activity include plots of the S21 vs. the percent 

cycle and the S21 vs. the shoulder flexion angle. The colors of the average plots represent 

the phases of the arm swing, e.g. blue represents the portion of the arm swing where the 

arm is moving from the forwardmost position to the side of the body. The cycle starts and 

ends at the forwardmost position of the left arm. The arm position passing the side 

moving backwards, the backwardmost arm position, and the arm position at the side 

moving forwards were placed at 25%, 50%, and 75% of the cycle respectively with 

equally spaced data in between.  

 
4.1.1 Chest-to-Back Channel 
 

Figure 4.1 shows the S21 vs. percent cycle of all of the subjects averaged together 

and all 3 frequencies for when the transmitting antenna is placed on the chest and the 

receiving antenna is placed on the back. Therefore, the antennas are not moving; only the 

left arm is moving. Despite the static antennas, there are variations in the transmission 

loss. From Figure 4.1, there appears to be similar patterns in the transmission loss for 433 
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MHz and 2.45 GHz frequencies, but for the 915 MHz frequency the S21 behaves slightly 

differently. For the 433 MHz and 2.45 GHz frequencies, the weakest transmission link 

occurs when the left arm is away from the body (either all-the-way forward or all-the-

way back) and the strongest transmission link occurs when the left arm is at the side of 

the body. It appears that for 915 MHz, on average, the strongest transmission link occurs 

when the left arm is behind the body. These trends can also be clearly seen in Figure 4.2. 

Figure 4.2 shows the same S21 averages across all subjects for the C2B antenna 

configuration, but it is plotted against the shoulder flexion angle. This plot reveals that 

the transmission loss changes with the position of the left arm, and it does not matter 

which direction the arm is moving. This plot also shows a slightly different pattern for the 

915 MHz case. By plotting each subject’s average for this case, it is understood by Figure 

4.3 that there are different trends of transmission loss for the different subjects. Figure 4.3 

also reveals the length of each subject’s longest arm swing. From the plots on Figure 4.3, 

it is apparent that the subjects swung their arms to different lengths. The plots for 2.45 

GHz and 433 MHz are more uniform and are shown in Appendix A. 

 

 
 
Figure 4.1—Percent cycle averages of left-arm-swing activity with the antennas 
transmitting from the chest to the back. 
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Figure 4.2—Shoulder flexion angle averages of the left-arm-swing activity with the 
antennas transmitting from the chest to the back. The sharp changes in the averages due 
to the variation in the extent of the different subjects’ arm swings are revealed in this 
plot. 
 
 

 
 
Figure 4.3—Shoulder flexion angle averages of each subject performing the left-arm-
swing activity with 915 MHz antennas transmitting from the chest to the back. 
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4.1.2 Chest-to-Left-Wrist Channel 
 

The C2W channel shows a similar phenomenon to the C2B channel, even though 

the receiving antenna is now moving with the left arm. The least amount of attenuation in 

the arm swing cycle occurs when the arm is near the side of the body, as shown in Figure 

4.4. The transmission is also attenuated most when the left arm is away from the body. 

The S21 can be seen against the left shoulder flexion angle in Figure 4.5. This figure 

shows that the best transmission link for all three frequencies is when the left arm is 

slightly forward around 20 degrees (and perhaps more for the 2.45 GHz frequency). 

Slightly more attenuation occurs when the left arm is behind the body than when the left 

arm is in front of the body for the 2.45 GHz frequency case. Conversely, slightly more 

attenuation occurs in the 433 MHz antennas when the left arm is out in front.  

 

 
 
Figure 4.4—Percent cycle averages of left-arm-swing activity with the antennas 
transmitting from the chest to the left wrist. 



31 
 

 
 
Figure 4.5—Shoulder flexion angle averages of the left-arm-swing activity with the 
antennas transmitting from the chest to the left wrist. 
 
 
4.1.3 Right-Wrist-to-Left-Wrist Channel 
 

When the transmitting antenna is placed on the right wrist and the receiving 

antenna is on the left wrist, there seems to be a slight increase in the transmission strength 

when the left arm is swinging out in front of the body, according to Figure 4.6. Figure 4.6 

shows the average S21 against the shoulder flexion angle across all of the subjects for the 

three antenna frequencies for the W2W channel. While Figure 4.6 shows the general 

trend for all 3 frequencies in this configuration, the trend is not quite uniform across all 

subjects; there is some variation, especially for the 433 MHz frequency. Each subjects’ 

averages are shown in Appendix A.  
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Figure 4.6—Shoulder flexion angle averages of the left-arm-swing activity with the 
antennas transmitting from the right wrist to the left wrist. 
 
 

4.2 Both Arms Swing 
 
 Like the left-arm-swing results, the both-arms-swing results include plots of the 

S21 vs. the percent cycle and the S21 vs. the shoulder flexion angle. The cycles of the 

activity are taken from the position of the left arm and the shoulder flexion angle is 

calculated from the left arm, exactly like the left-arm-swing activity. It is assumed that 

the right arm is opposite of this angle and is swinging in the opposite direction of the left 

arm.  

 
4.2.1 Chest-to-Back Channel 
 
 Figure 4.7 shows a comparison of all 3 frequencies for the both-arms-swing 

activity with the antennas transmitting from the chest to the back. Higher S21 magnitudes 

were recorded for the 433 MHz case and the lowest signals were from the 2.45 GHz case. 

However, all three frequencies showed relatively higher signal transmission when the 
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arms are near the sides of the body. The 433 MHz and 915 MHz trials show the strongest 

transmission link when the left arm is slightly in front of the body, whereas the 2.45 GHz 

trial shows the strongest link when the left arm is slightly behind the body. But, the plot 

for the 2.45 GHz trial, displayed in Figure 4.8, shows that not all the subjects have the 

same trend. Subjects 3 and 6 in particular appear to have a different data trend for this 

motion than the other subjects. To investigate this trial further, all of the cycles for 

Subjects 3, 6, and 7 are shown in Figure 4.9. This reveals the variance of this trial for 

these particular subjects. Subject 3 clearly has the most variance, whereas Subject 6, 

although showing a different trend, has the least amount of variance between trials.  For 

Subject 6, it appears that the stronger links occur when the arms are away from the body, 

especially when the left arm is all the way back; this is opposite of most of the other 

subjects. The shoulder flexion angle plots in Figure 4.7 and Figure 4.8 fail to show a 

difference in the direction of the arm swing.  

 

 
 
Figure 4.7—Shoulder flexion angle averages of the both-arms-swing activity with the 
antennas transmitting from the chest to the back. 
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Figure 4.8—Shoulder flexion angle averages of each subject and average over all of the 
subjects performing the both-arms-swing activity with 2.45 GHz antennas transmitting 
from the chest to the back. 
 
 

 
 
Figure 4.9—All cycles of subjects 3, 6, and 7 performing the both-arms-swing activity 
with 2.45 GHz antennas transmitting from the chest to the back. This plot shows a sample 
of the variance of the S21 within the different cycles performed by the same subject. 
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4.2.2 Chest-to-Left-Wrist Channel 
 
 For the chest-to-left-wrist channel, the strongest transmission link occurs when 

the arms are near the side; Figure 4.10 shows that the S21 magnitude peaks when the 

arms are close to the side (0 degrees). For this channel, there is excellent agreement 

between all frequencies and all subjects. Figure 4.11 shows the average S21 magnitudes 

of each subject for every degree of shoulder flexion as well as the overall average across 

all subjects for the 2.45 GHz frequency. This plot shows a fairly good agreement of the 

positions of peaks and valleys of the transmission strength between the subjects. This 

agreement between subjects is even better for the 433 MHz and 915 MHz frequencies, 

shown in Appendix B. Although the receiving antenna is moving and there is more of a 

separation between the directional data at the same positions than the chest-to-back 

channel, there does not appear to be a significant directional difference in the data.  

 

 
 
Figure 4.10—Shoulder flexion angle averages of the both-arm-swing activity with the 
antennas transmitting from the chest to the left wrist. 
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Figure 4.11—Shoulder flexion angle averages of each subject and over all subjects 
performing the both-arms-swing activity with 2.45 GHz antennas transmitting from the 
chest to the left wrist. 
 
 
4.2.3 Right-Wrist-to-Left-Wrist Channel 
 

The W2W channel shows less adaptation of the transmission due to the shoulder 

angle than the other channels. The average S21 magnitudes of each shoulder angle for all 

3 frequencies is shown in Figure 4.12. It appears that there are slight increases in S21 

when the arms are near the sides of the body for all 3 frequencies. The 433 MHz 

frequency has a more distinctive peak around 30 degrees. Figure 4.13 shows each 

subject’s average S21 for each arm angle as well as the average S21 magnitude over all 

of the subjects, and it appears that these subjects do not all behave the same way. There is 

a significant amount of variation between subjects and the average between the subjects 

is not representative of all of them. There is even more variance between subjects when 

looking at the other frequencies, shown in Appendix B. 
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Figure 4.12—Shoulder flexion angle averages of the both-arm-swing activity with the 
antennas transmitting from the right wrist to the left wrist. 
 
 

 
 
Figure 4.13—Shoulder flexion angle averages of each subject and over all subjects 
performing the both-arms-swing activity with 433 MHz antennas transmitting from the 
right wrist to the left wrist. 
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4.3 Rowing 
 
 The rowing results include plots of the S21 vs. the percent cycle like previous 

activities, and S21 vs. the position of the left arm. The cycle is split into two equal parts: 

arm flexion and arm extension. The cycle starts and ends with the arms fully extended, so 

50 percent of the motion would represent when the arms are fully flexed, near the torso. 

The position is estimated from the center motion capture marker on the back of the left 

hand. The position is normalized to the farthest position back towards the body. The 

position away from the body, or at least the position away from the inward-most position 

of the marker, is then measured in meters. It is assumed that the right arm is moving in 

synch with the left arm in the rowing motion. The averages plots were generated by 

finding the mean across each percent in a cycle (as before) for the percent cycle plots, 

and across each centimeter reached for the position plots. 

 
4.3.1 Chest-to-Back Channel 
 
 Figure 4.14 shows the average S21 over all of the subjects plotted against the 

position of the arms of the C2B channel for all three frequencies. This figure reveals that 

the three frequencies behave very differently for this scenario. The 433 MHz frequency 

shows the strongest transmission occurs somewhere in the middle of the stroke. 

Contrarily, the 915 MHz frequency appears to have the least amount of attenuation when 

the arms are fully flexed near the body. The 2.45 GHz frequency appears flat, like it does 

not change with the rowing motion. Figure 4.15 shows that the chest-to-back channel 

strength for 433 MHz is clearly dependent on the position of the arms when doing the 

rowing motion because all of the subjects follow the same pattern. The highest path gain 

occurs when the arms are somewhere in between the body and the full extent of the reach 
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for all subjects. Figure 4.15 also shows that the subjects extended their arms to different 

lengths, most likely due to their different arm lengths. Nevertheless, the outcome of the 

signal did not appear to be affected. Figure 4.16 shows the C2B channel gain as it relates 

to the percent of the cycles of the rowing motion for the 915 MHz frequency. The plot 

reveals that the channel is affected by the subjects’ rowing motion in different ways. For 

most of the subjects the strongest transmission link occurs when the arms are flexed near 

the chest, but subjects 1 and 6 show the strongest link to occur somewhere mid-stroke. 

The 2.45 GHz frequency is shown in Appendix C. There does not appear to be agreement 

between the subjects for this frequency, or any clear trend regarding the effect of the 

rowing motion on the channel gain. 

 

 
 
Figure 4.14—Hand extension position averages of the rowing activity with the antennas 
transmitting from the chest to the back. 
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Figure 4.15—Hand extension position averages for each subject and an average over all 
of the subjects of the rowing activity with the 433 MHz antennas transmitting from the 
chest to the back. 
 
 

 
 

Figure 4.16—Percent cycle averages for each subject and an average over all of the 
subjects of rowing activity with the 915 MHz antennas transmitting from the chest to the 
back. 
 
 
4.3.2 Chest-to-Left-Wrist Channel 
 
 Figure 4.17 shows all three frequencies’ S21 averages for each centimeter reached 

across all subjects for the C2W antenna configuration.  It appears that for the 433 MHz 

and 915 MHz frequencies, the path loss increases as the arms reach further positions, 
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away from the body. However, the 915 MHz and 2.45 GHz show less variation with 

respect to the position of the arms than the 433 MHz antenna. These frequencies do not 

seem to have any particular trend across the subjects, as shown by plots of the averages 

for each subject at each position of the motion shown in Appendix C. The transmission 

signal trend for the 433 MHz frequency shown in Figure 4.18 appears to be consistent 

across all of the subjects.  

 

 
 

Figure 4.17—Hand extension position averages of the rowing activity with the antennas 
transmitting from the chest to the left wrist. 
 
 

 
 

Figure 4.18—Hand extension position averages for each subject and an average over all 
of the subjects of the rowing activity with the 433 MHz antennas transmitting from the 
chest to the left wrist. 
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4.3.3 Right-Wrist-to-Left-Wrist Channel 
 
 For the W2W channel, the weakest transmission link occurs when the arms are 

near the body. Figure 4.19 shows the S21 averages of every arm position over all of the 

subjects for each of the three frequencies. These averages show that all three frequencies 

experience the same trend: lower S21 when the arms are in and higher S21 when the arms 

are out. All of the subjects for all three frequencies agree with the average trends shown 

in Figure 4.19. Plots of the average S21 for each subject and each frequency are shown in 

Appendix C. 

 

 
 

Figure 4.19—Hand extension position averages of the rowing activity with the antennas 
transmitting from the right wrist to the left wrist. 
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CHAPTER FIVE 
 

Discussion 
 
 
 A comprehensive study of the wireless on-body communication for seven 

different subjects performing seven different activities with three different antenna 

configurations of three different antenna frequencies was achieved. The scattering 

parameters of the channel were collected simultaneously with the quantitative position of 

the body throughout an activity. This data enabled the results to be presented in terms of 

the channel gain (S21) and the motion of the body. The channel gain data was matched to 

the position of the body or the percent of the motion cycle frame by frame. Samples of 

the results were presented in the previous chapter for the left-arm-swing activity, and the 

both-arms-swing activity. A discussion of these results will be presented in this chapter, 

followed by the contributions of this study to the field of knowledge. The limitations of 

the methods used in this study will also be discussed subsequently, along with a 

discussion of possible directions for future work to continue building on the knowledge 

of this study.   

 
5.1 Experiment Analysis 

 
 Overall, one can see that there is some relationship between the human body 

movement and the on-body EM wave propagation. There appears to be clear effects on 

the signal strength due to the different frequencies used in this study, and due to the 

different arm positions in the rowing and arm-swinging motions in some cases. There 

may also be effects on the channel gain from the direction of the movement. The different 
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subjects however have often revealed variations in the results for different channels and 

motions. Conclusions are made about these different effects and possible reasons are 

given for the variability of the results in this section.  

 
5.1.1 Frequency Comparison 
 

Throughout all of the activities and antenna positions, it is apparent that the 433 

MHz frequency typically receives the best signal and the 2.45 GHz typically has the most 

transmission loss. This makes sense because the 433 MHz antennas are the largest 

antennas, and the 2.45 GHz antennas are the smallest antennas. Lower frequencies also 

tend to diffract better around objects than higher frequencies [35]. Therefore, the 433 

MHz frequency may creep around the body slightly better than the higher frequencies. 

For the most part, all three frequencies underwent similar path loss trends throughout the 

various activities and antenna configurations; the overall transmission loss was just 

higher for the higher frequencies. 

 
5.1.2 Arm Swing Analysis 
 

The left-arm-swing activity and the both-arms-swing motions are interesting 

motions to compare, because the motions are so similar. The results are very similar as 

expected. The both-arms-swing motion appears to have a slightly larger range between 

the S21 peaks and valleys, due to the effects of the right arm adding to the effects of the 

left arm when the transmitting antenna and receiving antenna are on the chest and back 

respectively. It is interesting to note that for the chest-to-back transmission channel the 

strongest link between the antennas occurs when the arm or arms are near the side of the 

body. One might expect that the signal is weakest here because the arm(s) may interfere 
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with the creeping wave around the body at this position. However, the arm(s) appear to 

help the creeping wave and less attenuation occurs when the arms swing near the side of 

the body.  

For the C2W channel, the S21 is near identical for both arm-swing activities; 

adding the swinging right arm to the motion does not appear to change the amount of 

transmitted signal for this channel. It is expected for both activities to bring about less 

attenuation when the left arm is in front of the body because the body is not blocking the 

line-of-sight of the antennas, as seen in previous studies [19], [20]. Nonetheless, there is 

some attenuation when the arm swings to higher angles; this is likely due to the position 

of the antenna on the wrist. As discussed before, Swaisaenyakorn et al. concludes that the 

rotation of the wrist causes significant changes in the channel strength when the antenna 

is in the line-of-sight region in front of the body [21].  The receiving antenna was placed 

on the wrist facing away from the body, normal to the surface of the back of the hand. 

Therefore, when the left arm swings higher in front of the body, attenuation may occur 

due to a shadowing effect of the left arm on the received signal. The previous studies 

performed by Swaisaenyakorn et al. placed the antenna on the anterior side of the wrist 

facing forward [20], [21]. This could be the reason behind the differences in the location 

of the arm when the channel receives the strongest transmission in Swaisaenyakorn’s 

results (discussed in Chapter 2) and this study. Swaisaenyakorn et al. saw the strongest 

transmission when the arm with the antenna was out in front of the body [20], [21], and 

this study showed the transmission peak when the arm with the antenna was near the side 

of the body. For the 433 MHz frequency, there is less attenuation when the left arm 

swings backward. This is possibly because the 433 MHz antennas are so large and the 
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subjects did not swing their arms as far back as they swung their arms forward, allowing 

either line-of-sight transmission or a stronger creeping wave. 

When the antennas are on both wrists, the arm-swing activities should differ more 

than the other antenna configurations because for the left-arms-swing activity only the 

receiving antenna is moving and for the both-arms-swing activity, both antennas are 

moving. It is interesting that the both-arm-swing activity had slightly less path loss (a 

higher S21 than the left-arm-swing activity). This is probably due to the increased 

distance between the antennas when the right arm is abducted in the left-arm-swing 

activity, as opposed to swinging in the both-arms-swing activity. One might expect the 

same path loss trends to occur between the left-arm-swing activity when the antennas are 

on both wrist and when the antennas are transmitting from the chest to the left wrist, with 

perhaps more attenuation when the antennas are on both wrists because of the increased 

distance. While there is more attenuation when the antennas are on both wrists, the path 

loss trends do not really resemble one another. Figure 4.6 shows a slight increase in the 

S21 when the left arm reaches higher shoulder flexion angles forward. At these positions, 

there could be an increase in the S21 due to the separation of the antenna from the body 

causing less of a shadowing effect. During the both-arms-swing activity for the W2W 

channel, the S21 appears to have little adaptation resulting from the angle of the arms 

because of the symmetry of the movement. The antennas were placed on the wrists facing 

out and during the arm swings the body is constantly between the antennas, so there 

should not be a line-of-sight propagation between the antennas. However, when the arms 

are near the sides of the body, there is less distance for the creeping wave to travel. This 

may cause the slight increase in the average S21 shown in Figure 4.12, but it does not 
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explain the peak in S21 when the left arm is around 30 degrees for the 433 MHz 

frequency. This peak could have been caused by a number of reasons like wrist rotation, 

or an optimal creeping wave pass, but Figure 4.13 showed that this peak was not seen in 

every subject.   

 
5.1.3 Rowing Analysis 
 

In order to receive signal on the back from the chest, creeping waves would likely 

be the dominating method of propagation. Creeping waves would need to travel around 

the body along the geodesic between the antennas. One could speculate that the creeping 

waves for the rowing motion from the chest to the back would most likely be attenuated 

by the fully extended arms, and by the hands and elbows when arms are fully flexed. 

Somewhere in the middle of the rowing motion, the upper arms align with the torso, 

minimizing the volume of obstacles blocking the geodesic between the two antennas. At 

this point, the creeping waves are would be able to pass around the upper arms and the 

torso as one, potentially alleviating the attenuation of the signal. This phenomenon is 

shown to be true for the 433 MHz frequency, shown in Figure 4.15, but the other 

frequencies do not appear to agree with these expectations.  

The rowing motion for the 2.45 GHz frequency does not appear to have an effect 

on the channel strength, but there may be a slight decrease in the channel gain when the 

arms are fully flexed. This is the point in the rowing motion with the highest volume of 

body parts, i.e. hands, arms, and elbows, concentrated in the vicinity of the antennas and 

around the optimal creeping wave path.  

The rowing motion for the 915 MHz frequency, shown in Figure 4.16, appears to 

have different effects on the C2B channel for different subjects. Subjects 1 and 6 appear 
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to have similar results to the 433 MHz frequency, receiving the most path loss when the 

arms are either fully extended or fully flexed. The other subjects receive the strongest 

signal when the arms are fully flexed. This could be due to the position of the antennas on 

the subjects’ chest or back in relation to the position of their arms. If the antennas are 

located above or below the arms, there may be less path loss at this position and more 

path loss at another position. Another possibility is that the 915 MHz creeping waves are 

for some reason aided by the position of the flexed arms for some subjects. This could be 

from variations in the motion. The rowing motion may vary slightly between the subjects. 

It was noticed in the experiments that the transmitted signal strength would change 

slightly based on the position of the elbows in relation to the body. When the arms were 

fully flexed, the S21 would be higher when the elbows were slightly away from the body, 

as opposed to tucked in close to the body. The subjects were instructed to tuck in their 

elbows, but subjects did so to varying degrees. Further analysis is needed to explore the 

reason behind this distinct difference between subjects for the 915 MHz frequency. 

For the C2W channel, there is a near constant line-of-sight for the antennas during 

the rowing motion. However, the antennas are oriented differently, which may cause 

polarization mismatch for these monopole antennas. The channel appears to undergo 

increased transmission loss when the arms reach out and the antennas are separated 

further.  This trend is evident for the 433 MHz frequency, but the other frequencies 

behave differently from subject to subject. Further, analysis is needed to understand the 

variation of the S21 for the 915 MHz and 2.45 GHz frequencies.  

 The W2W channel has a constant line of sight between antennas during the 

rowing motion except for when the arms become fully flexed and the body blocks the 
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line-of-sight between the antennas. Therefore, the signal is weakest when the antennas 

are brought close to the body, which can be clearly seen for all frequencies in Figure 

4.19.  

 
5.1.4 The Effects of Movement Direction 
 
 From the average body position plots, such as the shoulder angle plots, the 

differences in S21 of the different directions of the movement can easily be analyzed 

because they were plotted separately and color-coded. For the most part, the direction of 

the movement at the same positions did not appear to change the signal. Yet, there was a 

larger difference in S21 between different directions of movement at the same positions 

for the C2W channel, as shown in Figure 4.5 and Figure 4.10. The signal also always 

appears slightly higher when the wrist antenna is moving towards the body, as opposed to 

away from the body. The effects on the C2W channel could be because it is the only 

channel where one antenna is moving and the other antenna is stationary. The effect of 

the Doppler shift from the moving antenna may be stronger in this scenario, causing more 

of a velocity dependence on the signal, or at least a directional dependence. There should 

not be a Doppler shift from the stationary antennas in the C2B channel, so it makes sense 

that there little to no directional dependence on the signal for this case. However, one 

might expect a higher relative velocity effect on the signal when both antennas are 

moving, but the results show that there is little difference in the direction of the 

movement at the same arm positions in this case. Further research and statistical analysis 

are needed to determine if there is a directional effect on the S21 when the antennas are 

moving relative to one another.  
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5.1.5 Variance of the Data 
 
 Throughout the results, there were wide variations of data trends. Some subjects’ 

data trends seemed to contradict other subjects’ data trends, like in Figure 4.3. Some 

subjects had a wide range of variance within the different cycles of their motion, like 

Subject 3 in Figure 4.9. These variances may be caused by a number of things.  

First, The body type of the subject may have some influence on the signal. The 

subject’s body composition, chest size, or arm length, may all influence the signal 

transmission strength. As discussed previously, Franco et al. observed greater path loss 

for men with larger chest sizes than other men, and that women in general had less signal 

fading than men [29]. This may explain the difference in the magnitude of the S21 values 

of different subjects, but it may not provide a good explanation of the difference between 

the S21 trends.  

While physical characteristics of the subjects could be a factor in the different 

trends in the S21 when related to the motion, it is more likely that there are small 

differences in the motion of different subjects that may be unaccounted for in the post-

processing technique used in this study. This study does not consider any movement in 

the x-y plane when the subject is facing the positive z direction, because all of the 

primary movements are in the z-y plane. However, there may be secondary movements in 

the x-y plane or rotations that cause different trends in the S21 as it relates to the 

movements in the z-y plane. Each subject may be performing slightly different motions 

causing variations in the results. This study also does not account for the rotation of the 

wrists when the antenna is placed there. This may have a significant effect on the signal, 

as shown by Swaisaenyakorn et al., and may cause variation in the results for different 
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subjects with different wrist rotations [21]. The speed of the motion may have also 

affected the results slightly, causing slight differences in the Doppler shifts when there is 

a moving antenna or two. 

 
5.1.6 Comparisons to Other Studies 
 
 The results for the 2.45 GHz frequency showed similar S21 levels as Aoyagi et 

al., Swaisaenyakorn et al., and Gallo et al, but were significantly higher than the results 

shown by Smith et al. [5], [14], [21], [22]. Aoyagi et al. however had several antennas on 

the body transmitting signals to one another during a walking, sitting, and other activities. 

They show an average level of around -55 dB for the received signal on the wrist during 

walking and around -50 dB during sit-to-stand motions. Our 2.45 GHz C2W channel for 

the arm swinging activities showed magnitudes of the S21 to be around -45 dB. This 

value is fairly close to the results shown in Swaisaenvakorn et al. and Gallo et al. for 

walking, which measure around -50 dB for when the antennas are on the chest and the 

back and -45 dB for the left-belt-to-right-wrist channel respectively [21], [22]. Smith et 

al. showed significantly higher transmission loss for the 2.36 GHz, which one would 

think to have similar results to 2.45 GHz. Smith et al. presented mean path loss values for 

walking to be 72 dB and 64.9 dB for the chest-to-back channel and the chest-to-right-

wrist channel, respectively. This study measured the S21 to be around -55 dB for the C2B 

channel for the arm swinging activities. This difference could have been from differences 

in the environments of their study and this study.  
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5.2 Contributions 
 
 There are three main contributions this study makes to the field of knowledge. 

One of the main contributions of this study is simply the scope of the collected data. The 

magnitude and phase of the S21 and S11 scattering parameters were collected for seven 

different subjects performing seven different activities for three different frequencies and 

three different antenna configurations. The immense amount of permutations in this study 

allows the investigation of many different parameters. It allows exploration of different 

perspectives to characterize and ultimately optimize the on-body wireless communication 

channels. Previous studies, such as Kim and Takada, have conducted similar 

comprehensive research involving multiple parameters. Kim and Takada have collected 

data for ten different antenna positions, two activities, three frequencies, and two subjects 

[36]. As mentioned breifly in Chapter 2, Swaisaenyakorn et al. conducted a fairly 

thorough study with 18 different subjects for two different frequencies and five different 

antenna configurations, but only the walking motion was undertaken [21], Our study 

complements these studies with a well-rounded comprehensive study, with just enough 

variation between parameters to enable well-founded comparisons and conclusions.  

Furthermore, few studies have measured and presented the phase data for a 

channel. The phase data can be used assess the phase shifting and Doppler spectrum of 

the on-body channels [25]. Although the phase of a channel was discussed in a few other 

studies to be helpful to the understanding of the channel characteristics, Liu et al. was the 

only study found to present phase data for dynamic on-body channels [37]. Our study has 

measured the complete magnitude and phase data for each trial. Although discussion of 

the phase was left for another publication, analysis of this data would greatly contribute 
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to the field of knowledge by providing insight into the specific effects of the body motion 

on the phase of the on-body channel. 

Another main contribution to the field of study is the technique used in this study 

to analyze the communication channel data. This study simultaneously measured the 

scattering parameters on the body and the three-dimensional motion of the body, so that 

the characteristics of the EM wave transmission on the body could be compared to the 

body position at particular instances within a motion or during a particular phase of the 

motion. The different phases of the motion are separated and analyzed to show the effect 

of the motion on the wireless transmission channel strength on the body. This study maps 

out the relationship between signal transmission loss and kinematic parameters for the 

different activities. This mapping helps identify the body position that causes the weakest 

transmission links for a particular antenna configuration. Averaging is used to generalize 

the data across some parameters, like the different subjects, in order to compare other 

parameters, like frequency.  

These three main contributions will soon elevate the field of knowledge to a new 

level of understanding of the dynamic on-body communication channel characteristics. 

This study may even contribute to the development of a practical WBAN health 

monitoring system that prevents health problems.  

 
5.3 Limitations 

 
 Plotting the average S21 magnitude across multiple cycles and across multiple 

subjects of each body position, e.g. shoulder angle, could be misleading. It is shown in 

Figure 4.3 that some subjects swung their arms higher than other subjects. Therefore, the 

averages for the highest and lowest (most negative) degrees will most likely have less 



54 
 

subjects’ data to average, so the data here may be undersampled. Moreover, a sharp jump 

in the S21 average may occur toward the ends of the range of motion when other subjects 

reach the extent of their range of motion due to the difference in the remaining subjects’ 

average S21 compared with the S21 average with more subjects at slightly less extreme 

positions. Therefore, the average over all of the subjects and ultimately the general trend 

of the data is thrown off near either end of the range of motion.  

By finding and plotting just the mean across different cycles or body positions, 

the true amount of variance is lost. The averages therefore cannot be interpreted as 

absolute, and could be misleading in some cases. For example, Figure 4.3 shows that 

subjects 1, 2, and 3 in particular have very different S21 averages for when the 915 MHz 

antennas are on the chest and back and the subjects are swinging the left arm. This 

demonstrates that some subjects’ attenuation trends might differ from others within the 

same experimental trial. Similarly, the average of a particular subject may not fully 

represent the scope of data collected during multiple cycles of the same motion. Figure 

4.9 shows all of the cycles for 3 different subjects swinging both arms with the 2.45 GHz 

antennas on the chest and back. Subject 3 has far more variance than Subject 6. These 

large variances bring about the suspicion of the existence of a trend, or at least the notion 

that the trend of the S21 is not followed very well from cycle to cycle. In these cases, the 

mean may not represent this data very well. There may be another variable that is 

missing, such as the stability of the antenna, the effects of the cable, or the rotation of the 

wrist(s) in the case where an antenna is on a wrist. Without further statistical analysis, 

this study is limited to revealing only the main data trends.  
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 Furthermore, it should be expected that there was some variation between the 

motion of different subjects, and even some variation in the consistency of a single 

subject’s motion. It should be noted that the collection of different frequency 

measurements occurred on separate days, so the subjects could have altered their motion 

slightly for the different frequencies. More thorough instruction regarding the motions 

was given to the subjects on the first day when the 433 MHz trials were measured, so 

there may have been less variation for the 433 MHz and more variation in the motion for 

the 915 MHz and 2.45 GHz frequency measurements, which were collected during the 

next two days. By performing motion capture and through the post-processing 

techniques, the variations in the speed or magnitude of the motion can often be detected 

and their effects can often be negated. However, slight changes in the body positions, like 

the rotation of the wrists, may occur that could cause unexpected variations in the results. 

There may also be an effect of the cables on the measured data. Cables, although 

shielded and semi-flexible, typically distort measurements in some way [11], [38]. In 

fact, Munoz et al. found that using a VNA and cables had a greater path loss exponent 

and implied a path loss of around 3 dB lower than when using wireless sensor nodes [38]. 

These wireless sensor nodes were found to perform measurements closer to a real-world 

scenario, but the VNA method used in our study allowed for higher data rates. The cables 

may also have slightly affected the motion of the subject or the orientation of the antenna, 

especially when the antennas were placed on the wrists.  

 
5.4 Future Work 

 
 Further investigation into the reason behind the variation between different 

subjects and different cycles of motion is needed. As discussed in Section 5.1.5, this 
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study does not fully explain the variation between the results. There could be several 

unexplored factors that are causing the variation of the data. A three-dimensional 

calculation of the arm angles and arm positions to plot against the S21 would add another 

dimension to the results, which may have an effect on the variation. Analyzing the wrist 

rotation or the body dimensions of the subjects in this study may also provide insight into 

the reason behind the variation of the data. The factors causing the variation in the results 

may provide valuable insight into the development of sensor antennas that are highly 

effective in a variety of different situations. 

This study sets the foundation for many comprehensive studies. As mentioned in 

the previous section on limitations, this study could be enhanced by first-order and 

second-order statistical methods. This would allow a more accurate representation of the 

data as a whole, as well as allow comparisons with other studies. This analysis could be 

performed over the body position to show more quantitative picture of its relationship 

with the path loss.  

This study showed unique trends in path loss for different activities. This study 

could go further into researching the different motion patterns for different subjects and 

activities to characterize the movement pattern just by looking at the patterns in the path 

loss. Munoz et al. have studied detecting movement and other physiological parameters, 

such as heart rate and respiratory rate, from the radio-channel characteristics [25]. They 

speculate that studying the radio channel may eventually lead to noninvasive health 

monitoring based on the EM sensing from WBAN sensor nodes. 

This study could also help build up future studies to optimize antenna designs to 

mitigate the effects of the active human body. There are several different types of 
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antennas and antenna designs currently investigated by researchers [11], [13]–[15], [17], 

[19], [25], [26], [30], [39], [40]. These antennas could be used in our study to compare 

their effectiveness on the dynamic on-body transmission in relation to the effects of the 

body position. Furthermore, relays could also be investigated to find their optimal 

positions or at what point in the motion they are needed. Studies have shown that relays 

can significantly improve the on-body transmission [41]. Researchers have studied how 

to adapt the transmission to optimize the received signal and save power [42]. Our study 

could be taken a step further to characterize the optimal moments to switch to a different 

transmission path using relays or to wait to send the signal at the opportune moment, i.e. 

when the body is in the position where optimal transmission can occur.  

This study investigated the relationship between the EM wave transmission 

characteristics and a person’s body position and motion patterns for seven different 

activities similar to those of normal daily life. Through the enhancement of future work, 

this study could help provide the necessary knowledge for the development of a WBAN 

health monitoring system, in order to prevent health problems and save lives. 
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APPENDIX A 
 

Additional Left Arm Swing Plots 
 
 

 

Figure A.1—Averages for each shoulder angle of each subject for 433 MHz antennas 
transmitting from the chest to the back, and the average over all of the subjects 
performing left arm swings.  
 
 

 
Figure A.2—Averages for each shoulder angle of each subject for 2.45 GHz antennas 
transmitting from the chest to the back, and the average over all of the subjects 
performing left arm swings.  
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Figure A.3—Averages for each shoulder angle of each subject for 433 MHz antennas 
transmitting from the chest to the left wrist, and the average over all of the subjects 
performing left arm swings.  
 
 

 
 
Figure A.4—Averages for each shoulder angle of each subject for 915 MHz antennas 
transmitting from the chest to the left wrist, and the average over all of the subjects 
performing left arm swings.  
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Figure A.5—Averages for each shoulder angle of each subject for 2.45 GHz antennas 
transmitting from the chest to the left wrist, and the average over all of the subjects 
performing left arm swings. 
 
 

 
 
Figure A.6—Averages for each shoulder angle of each subject for 433 MHz antennas 
transmitting from the right wrist to the left wrist, and the average over all of the subjects 
performing left arm swings. 
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Figure A.7—Averages for each shoulder angle of each subject for 915 MHz antennas 
transmitting from the right wrist to the left wrist, and the average over all of the subjects 
performing left arm swings. 
 

 
 
Figure A.8—Averages for each shoulder angle of each subject for 2.45 GHz antennas 
transmitting from the right wrist to the left wrist, and the average over all of the subjects 
performing left arm swings. 
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APPENDIX B 
 

Additional Both Arms Swing Plots 
 
 

 

Figure B.1—Averages for each shoulder angle of each subject for 433 MHz antennas 
transmitting from the chest to the back, and the average over all of the subjects swinging 
both arms.  
 
 

 
 
Figure B.2—Averages for each shoulder angle of each subject swinging both arms for 
915 MHz antennas transmitting from the chest to the back, and the average over all of the 
subjects swinging both arms. 
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Figure B.3—Averages for each shoulder angle of each subject for 433 MHz antennas 
transmitting from the chest to the left wrist, and the average over all of the subjects 
swinging both arms.  
 
 

 
 
Figure B.4—Averages for each shoulder angle of each subject for 915 MHz antennas 
transmitting from the chest to the left wrist, and the average over all of the subjects 
swinging both arms.  
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Figure B.5—Averages for each shoulder angle of each subject for 915 MHz antennas 
transmitting from the right wrist to the left wrist, and the average over all of the subjects 
swinging both arms. 
 
 

 
 
Figure B.6—Averages for each shoulder angle of each subject for 2.45 GHz antennas 
transmitting from the right wrist to the left wrist, and the average over all of the subjects 
swinging both arms. 
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APPENDIX C 
 

Additional Rowing Plots 
 
 

 
 

Figure C.1—Hand extension position averages for each subject and an average over all of 
the subjects of the rowing activity with the 915 MHz antennas transmitting from the chest 
to the back. 
 
 

 
 

Figure C.2—Hand extension position averages for each subject and an average over all of 
the subjects of the rowing activity with the 2.45 GHz antennas transmitting from the 
chest to the back. 
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Figure C.3—Hand extension position averages for each subject and an average over all of 
the subjects of the rowing activity with the 915 MHz antennas transmitting from the chest 
to the left wrist. 
 
 

 
 
Figure C.4—Hand extension position averages for each subject and an average over all of 
the subjects of the rowing activity with the 2.45 GHz antennas transmitting from the 
chest to the left wrist. 
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Figure C.5—Hand extension position averages for each subject and an average over all of 
the subjects of the rowing activity with the 433 MHz antennas transmitting from the right 
wrist to the left wrist. 
 
 

 
 

Figure C.6—Hand extension position averages for each subject and an average over all of 
the subjects of the rowing activity with the 915 MHz antennas transmitting from the right 
wrist to the left wrist. 
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Figure C.7—Hand extension position averages for each subject and an average over all of 
the subjects of the rowing activity with the 2.45 GHz antennas transmitting from the right 
wrist to the left wrist. 
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