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ABSTRACT 
 

Human Body Communication (HBC) is a novel communication method between devices which 

use human body as a transmission medium. This idea is mostly based on the concept of wireless 

biomedical monitoring system. The on-body sensor nodes can monitor vital signs of a human 

body and use the body as a transmission medium. This technology is convenient for long 

durations of clinical monitoring with the option of more mobility and freedom for the user. 

        In this thesis, IEEE 802.15.6-2012 physical (PHY) layer for the HBC was simulated. 

Simulation model is following the standard’s requirements and processes. The human body was 

taken as a transmission medium and simulations, which follow the HBC standard, have been 

carried out. For the purpose of simulations, MATLAB is used as a platform to test and run the 

simulations.  

       The constants and variables used in the simulations are taken from the IEEE 802.15 working 

group for wireless personal area networks (WPANs). The transmitter model and the receiver 

model have been taken from the standard, with changes done in it for performing the simulations 

on the PHY layer only. The simulations were done keeping in mind the dielectric properties of 

the outer layer of a human body, i.e., the dielectric values for human skin are noted and their 

corresponding values were used in the mathematical calculations.  

       The work done here presents a transmitter and receiver architecture for the human body 

communication. The minimum data rate being 164 kbps and the transmitter being designed 

around the 21 MHz center frequency has achieved some outputs which are worth looking. The 

channel models used in this simulator are HBC channel and AWGN (additive white Gaussian 

noise) channel. It was observed that when signal was passed through AWGN channel, noise was 

added uniformly over the signal, while in the HBC channel signal strength is directly 

proportional to the transceiver ground sizes. In conclusion, the size of the ground terminals plays 

a critical role for the signal quality in the HBC simulator. 

       The results in this thesis show that pathloss has certain linearity with the distance. The 

pathloss is calculated for different parts of the body with higher loss for structure with higher 

amount of bone, and vice versa. It is observed that in the HBC channel there are four factors 

with high impact on the system. These are the distances between the transceiver in air and on 

body while the other two are the sizes of the transceiver grounds. The size of the transmitter 

ground has been deemed very significant for the HBC from the simulations results. The four 

factors show high impact on the HBC channel. The signal strength is highly effected with the 

change in these four characteristics. From the simulation results it is evident that the HBC 

channel show a 15 to 20 dB deviation when compared to AWGN channel. The 𝑬𝒃 𝑵𝟎⁄  for BER 

level at 𝟏𝟎−𝟑 for  AWGN channel is 10 to 11 dB while for HBC it is around 27 dB showing a 

significant difference in the results. 

 

Keywords: HBC, IEEE802.15.6-2002 PHY, MATLAB. 



 

TABLE OF CONTENTS 
 

ABSTRACT 

TABLE OF CONTENTS 

PREFACE 

LIST OF ABBREVIATIONS AND SYMBOLS 

1. INTRODUCTION ............................................................................................... 8 

2. WIRELESS BODY AREA COMMUNICATION .............................................. 9 

2.1. IEEE 802.15.1 – Bluetooth communication ................................................. 9 

2.2. IEEE 802.15.4-2011 LR systems communication ...................................... 11 

2.3. IEEE 802.15.6-2012 WBAN communication ............................................ 12 

2.3.1. Narrowband ....................................................................................... 14 

2.3.2. Ultra wideband .................................................................................. 15 

2.3.3. Human body communication ............................................................ 16 

2.3.4. SAR Analysis and effects in HBC .................................................... 16 

3. IEEE 802.15.6 HUMAN BODY COMMUNICATION ................................... 19 

3.1. Applications and future prospects ............................................................... 19 

3.2. Frequency spectrum and modulation .......................................................... 20 

3.3. Human body characteristics ........................................................................ 21 

3.4. PHY structure and architecture for transmitter and receiver ...................... 22 

3.4.1. Transmitter ........................................................................................ 22 

3.4.2. Receiver ............................................................................................ 23 

3.4.3. Packet Structure ................................................................................ 24 

3.5. Channel Modeling ....................................................................................... 26 

3.5.1. Path Loss Model ............................................................................... 26 

3.5.2. Impulse Response ............................................................................. 28 

4. HBC SIMULATION MODEL .......................................................................... 30 

4.1. Transmitter .................................................................................................. 32 

4.1.1. Data Generation ................................................................................ 33 

4.1.2. Bits to Symbol Mapping ................................................................... 33 

4.1.3. Frequency Selective Spreader ........................................................... 33 

4.1.4. Output and Rearranging Chip Sequence ........................................... 35 

4.2. Channel model ............................................................................................ 36 

4.2.1. Channel ............................................................................................. 37 

4.2.2. AWGN Channel ................................................................................ 37 

4.3. Receiver ...................................................................................................... 39 

4.3.1. Signal Detector .................................................................................. 39 

4.3.2. FS Despreader ................................................................................... 40 

4.3.3. Symbol to Bits Demapping ............................................................... 41 

5. SIMULATIONS ................................................................................................ 42 

5.1. Results ......................................................................................................... 42 

5.2. Discussion ................................................................................................... 54 

6. SUMMARY ....................................................................................................... 55 

7. REFERENCES .................................................................................................. 57 

8.     APPENDICES ................................................................................................... 61 
 



 

PREFACE 

 

This thesis has been carried out at the University of Oulu. The purpose of the thesis was to study 

the simulations of the HBC system. This thesis presents the HBC transceiver and studies its 

structures and behavior in an AWGN channel. Later it shows the HBC channel and its effects on 

the signal from the HBC transceiver. 

      I am thankful to Almighty God for giving me endurance and strength of mind to complete this 

thesis. I am greatly thankful to Dr. Matti Hämäläinen, my thesis supervisor, for guiding me on 

every step of the way and showing great patience towards me, truly it wouldn’t have been possible 

without his guidance. I would like to pay my gratitude to Mr. Ville Niemelä, who taught and guided 

me in the works relating the Matlab. I would give a lot of credit to Mr. Saad Saud for helping me 

in various sections of the thesis. I would also like to express my gratitude to Prof. Jari Iinatti for 

his keen observations and suggestions to help improving the thesis.   

       Furthermore, I want to show appreciation to my fellow students, staff at in the University and 

the visiting researcher Takumi Kobayashi from Yokohama National University, Japan who helped 

in clearing my vision. Finally, I like to give thanks to my father Shakeel Mufti and my mother 

Ghazala Shakeel, who have been constantly a source of hope and motivation for me throughout 

this thesis.   

 

Oulu, 16th March, 2016                                                                                       Haseeb Azeem Mufti 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

LIST OF ABBREVIATIONS AND SYMBOLS 

 

AWGN additive white Gaussian noise                                   

BAN  

BER  

body area network 

bit error rate 

BLE 

BPSK 

BT 

Bluetooth low energy 

binary phase shift keying 

Bluetooth                                     

CCA clear channel assessment                                     

CP-BFSK 

CRC8 

CS                              

continuous phase binary frequency shift keying 

cyclic redundancy check 

chirp signal 

CSMA-CA carrier sense multiple access collision avoidance 

DPSK    

DSSS 

differential phase shift keying 

direct sequence spread spectrum                               

ECG 

ED 

electrocardiogram 

energy detection                                       

EDR    enhanced data rate                                   

EEG    electroencephalogram                                    

EFC   electric field communication                                     

EMG   electromyogram                                    

eSCO       extended synchronous connections                              

FCC 

FDTD 

FFD 

FIFO 

Federal Communications Commission 

finite-difference time-domain 

full-function device 

first in first out                                        

FM-UWB 

FS 

FSC                              

frequency modulation ultra wideband  

frequency selective 

frequency shift codes 

FSDT frequency selective digital transmission                                    

GFSK   

GMSK 

Gaussian frequency shift keying  

Gaussian minimum shift keying                               

HBC human body communication                                     

HBC-AFE 

HBC-IF 

HBC-RX 

HBC-TX 

HCI 

human body communication analog front end 

human body communication interface 

human body communication receiver 

human body communication transmitter 

host controller interface    

HS 

IP 

high speed   

Internet protocol                                                                        



 

IR-UWB                               impulse radio ultra wideband  

ISM industrial, scientific, medical                                      

LR-WPAN 

LTE                           

low rate wireless personal area network 

long term evolution 

MAC 

MBAN 

MF     

media access control  

medical body area network 

matched filter                                

MICS 

MPSK 

MUX 

medical implant communications service 

multiple phase shift keying  

multiplexer                               

NB 

NFC 

NFCIP-1 

OSI 

OOK 

O-QPSK 

narrowband 

near field communication 

near field communication interface and protocol 1 

open systems interconnection 

on-off keying 

offset quadrature phase shift keying                                        

PAN personal area network                                     

PHR physical layer header                                     

PHY physical layer                                      

PLCP physical layer convergence procedure                                     

PPDU physical protocol data unit                                   

PSDU physical service data unit                                   

QoS 

RF 

quality of service  

radio frequency                                    

RFD 

RI 

reduced-function device   

rate indicator                                   

RSSI received signal strength indicator                                   

S2P serial-to-parallel                                       

SAR specific absorption rate                                      

SF 

SFD                                 

spreading factor 

start frame delimiter  

SHR  

SNR  

synchronization header  

signal-to-noise ratio                                   

SIG special interest group                                      

UART   universal asynchronous receiver/transmitter                                

UWB ultra wideband                                    

WBAN wireless body area networks 

WMTS wireless medical telemetry system                               

WPAN 

 

wireless personal area network 

 



 

                         

𝛼0, 𝛼1  losses per unit distance 

𝛼n deviation from Debye behavior 

∆𝜀n magnitude of dispersion in the dielectric spectrum of tissue 

∆𝜀 drop in permittivity in frequency 

(𝛿𝑇 𝛿𝑡⁄ ) temperature rise inside the exposed tissue 

𝜀0 permittivity of free space 

𝜀𝑟(𝜔) relative permittivity 

𝜀∞ permittivity of frequency approaching infinity 

𝜌 density of human tissue 

𝜎 conductivity of different tissues 

𝜎0 ionic conductivity for a conduction current at zero frequency 

𝜏  relaxation time constant 

ω angular frequency 

𝐴norm normalized transmitted signal 

𝐴tx transmitted signal 

𝐴v coefficient representing the fluctuation of the signal loss 

𝐶h coefficient which corresponds to the distance between the 

transmitter and receiver and the dimensions of the ground planes 

𝑑 
𝑑0 

distance between transmitter and receiver 

reference distance between transmitter and receiver 

𝑑air distance between the transmitter and receiver through air 

𝑑body distance between the transmitter and receiver along the body 

𝐸b energy of a single bit 

𝐸rms root mean square of the electric intensity of the body 

𝑒 Euler’s constant 

𝐺R area of the ground plane of receiver 

𝐺T area of the ground plane of transmitter 

ℎ(𝑡) channel impulse response 

ℎR(𝑡) reference impulse response 

𝑘 end limit of the data sequence 

𝑁0 noise power spectral density 

𝑛 
𝑃𝐿 
𝑃𝐿dB 
𝑃𝐿0 
𝑄  
S 

pathloss exponent for free space 

pathloss 

pathloss measured in dB 

pathloss at the reference distance 

Q function 

specific absorption rate 

𝑇c 
t 

specific thermal constant of the tissue 

time 

𝑉RX received voltage 

𝑉TX 
𝑉RX(dB) 

𝑉TX(dB) 

𝑋 

transmitted voltage 

received voltage measured in dB 

transmitted voltage measured in dB 

constant for system losses 



 

 
 

1. INTRODUCTION 
 

Since the introduction of small scale electronics and printed electronics, the wearable technology 

has advanced very quickly and has gone strides beyond the expectations. In this race of 

advancement of technologies one of the goals was to use the technology for the human well-being. 

This made way for the development of electronics in the medical section. The human body is a 

work of art and to understand this complicated structure and quantify the various objects and 

conditions of the human body, constant measurements and analysis is required. To get constant 

reading of different vital signs a human body needs to be connected to devices monitoring these 

functions. As the devices were very huge and needed wired connectivity, it was a big problem for 

the task to be accomplished. This need gave way to the study and implementation of devices which 

were body centric. These devices would be small in size, wireless and most importantly wearable. 

The IEEE 802.15.6, the wireless body area networks (WBAN) is one technology in the wireless 

networks which supports this concept.  It comes under the category of short range communication. 

The devices using this technology will have a small circuit footprint, permitting high mobility and 

mostly noninvasive applications on the body. The human body communication (HBC) comes 

under the umbrella of body area networks (BAN). This is a newer technology in terms of research 

compared to the other two sister technologies in IEEE 802.15.6, which are ultra wideband (UWB) 

and narrowband (NB).  

    In this thesis work, the HBC technology is studied and a software implementation and 

simulation of the HBC transmitter and receiver is performed. The HBC channel impulse response 

is generated and further studied. The HBC channel is studied for the factor having significant effect 

on the signal reception. The transceiver is checked for the noise interference and attenuation 

impacts on signal.  

    The Master’s thesis is composed of 5 main chapters with detailed content, a short description of 

the chapters is provided here. In Chapter 2, a general overview of the IEEE 802.15 family is 

provided, the different technologies it has to offer and their multiple applications in the daily life. 

In Chapter 3, a comprehensive study is done on the HBC and the different components of this 

technology, such as the dielectric values for human body, the pathloss models and channel impulse 

response are discussed. In Chapter 4, the software implementation of the transceiver is described. 

The process that transceiver follows for the data transmission and reception is also explained. The 

software platform used for the implementation was Matlab. Chapter 5 show simulation results, 

which are based on the plots and calculations done in the transceiver. The deductions support some 

of the ideas which were identified earlier. In, Chapter 6 we summarize the whole idea presented 

in the thesis and present our findings. 
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2. WIRELESS BODY AREA COMMUNICATION 
 

There are many communication techniques in the WBAN, but among those, only three major short 

range wireless communication technologies will be discussed here. These technologies are 

a) IEEE 802.15.1 (Bluetooth) [1] , 

b) IEEE 802.15.4-2011 (Low data rate systems) [2] , 

c) IEEE 802.15.6 [3]. 

 

 

2.1. IEEE 802.15.1 – Bluetooth communication 

 

The Bluetooth technology was developed by Jaap Haartsen and Sven Mattisson. On February 

1998, when five major telecommunication and computer companies Ericsson, Nokia, IBM, 

Toshiba and Intel decided to make a standard for wireless local connectivity between electronic 

devices, the Bluetooth Special Interest Group (SIG) was formed. [4] The Bluetooth (BT) belongs 

to the IEEE 802.15.1, a Wireless Personal Area Network (WPAN) [1]. A Bluetooth dongle has a 

maximum range from 6 meters to 15 meters but this range varies with respect to the surrounding 

environment. Bluetooth is aimed for the ad hoc connectivity and has a very low power level 

ranging from 1 mW to 10 mW. The connections in Bluetooth technology are based on piconets. A 

Bluetooth piconets can have 1 master device and 7 slave devices. As the technology advances, the 

Bluetooth has also been evolving and several versions starting from version 1.0 to version 4.1 have 

been developed. [5] [1] 

    Bluetooth versions 1.0 and 1.0B were the first versions of Bluetooth. If compared to the latest 

versions of Bluetooth, they had some drawbacks and limitations. One of them was the making the 

products interoperable. They needed mandatory Bluetooth hardware device address transmission 

in the connecting phase, since devices from different vendors were incompatible and during 

pairing of devices, the timing factor caused incompatibility. [6] 

    Bluetooth version 1.1 was formally approved as IEEE Standard 802.15.1-2002 [7]. The 

drawbacks faced by the v1.0B were mostly fixed. The support for non-encrypted channels was 

added in this version, including the received signal strength indicator (RSSI). The setbacks in 

Bluetooth v1.1 were slow data transmission speed and due to no resending of corrupted data, the 

voice quality was degraded and had to face the popping noises during communication. [6] 

    Bluetooth version 1.2 was approved as IEEE Standard 802.15.1-2005 [8]. This version had 

backward compatibility with v1.1 and had improvements like faster connection time and easier 

discovery. It used frequency hopping spread spectrum technique which improved the resistance to 

radio frequency interference. The data rate is approximately 721 kbps. It contained extended 

synchronous connections (eSCO), whose purpose was to improve audio links by retransmitting 

the corrupted packets. The host controller interface (HCI) has the compatibility for three-wire 

universal asynchronous receiver/transmitter (UART). [6] 
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    Bluetooth version 2.0 was released in November 2004. It has the backwards compatibility option 

for v1.1. It is also called v2.0+ EDR. The main improvement in this version is the enhanced data 

rate (EDR). The theoretical data rate is 3 Mbps whereas the attainable data rate in practice is 2.1 

Mbps. The increased throughput is achieved by using separate transmission technique for data. 

Gaussian frequency shift keying (GFSK) is used for normal transmission but EDR uses a 

combination of Gaussian frequency/phase shift keying. The EDR provides following upgrades [6]: 

i) Faster transmission speed up to 2.1 Mbps in real time. 

ii) Complexity of multiple simultaneous connections is reduced due to additional bandwidth. 

iii) The power consumption is decreased by a reduced duty cycle. 

    Bluetooth version 2.1 is fully backward compatible with v1.1 and was adopted in July 2007 by 

the Bluetooth SIG. It is named as v2.1 + EDR. It has following improvements [6]: 

i) Extended enquiry response enables to obtain more information during the inquiry 

procedure which causes better filtering of devices before they connect. The information 

contains name of device and list of services it provides, etc. 

ii) When the device is in low power mode, the sniff subrating reduces the power consumption. 

Its purpose is to let device to decide the interval of wait before sending the keep alive 

message to other devices. 

iii) The encryption pause resume allows the encryption key to be refreshed making much 

stronger encryption for connections which have to be maintained longer than 23 hours.  

    Bluetooth version 3.0 was released in April 2009. It is named as v3.0 + HS, where HS stands 

for high speed. This specification enables the use of generic alternate media access control layer 

(MAC)/physical layer (PHY), allowing Bluetooth protocols to be used by the consumer devices. 

The high speed is obtained by isolating activity from the amplifiers which enables the use of new 

radios without full system integration. The v3.0+ HS includes features like [9]: 

i) Power optimization is done by using high speed radio only when it is required, which 

causes low power consumption. 

ii) The generic alternate MAC/PHY makes the radio to find other high speed devices and 

transfer of data is done only when needed. So, it improves the security. 

iii) The enhanced power control in Bluetooth makes power control faster and less number of 

drop-outs are faced.  

    Bluetooth version 4.0, also called as Bluetooth low energy (BLE) technology, was released in 

July 2010. The devices using v4.0 will be low cost and would consume very low power. The main 

features of this version are mentioned below [10]: 

i) The v4.0 includes ultra-low peak, average and idle modes of power consumption. 

ii) It is low cost and can run for many years on coin cell batteries. 

iii) The range has been enhanced and also the option of multi-vendor interoperability has been 

included.  

    Bluetooth version 4.1 was officially released on April 2013. The Bluetooth SIG prepared the 

v4.1 to have more support for the Internet protocol (IP). It has increased support for long term 
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evolution (LTE) and data exchange. The BT SIG has created a dedicated channel which will 

support the IP traffic. Some of its advantages are [2]: 

i) The v4.1 allows the maintenance of connections with non-frequent manual intervention. 

ii) Improvements have been made in bulk data transfer among Bluetooth devices using the 

low energy feature. 

iii) A major development is the ability of device to simultaneously act as a sensor and a hub 

device.  

 

 

2.2. IEEE 802.15.4-2011 LR systems communication 

 

The IEEE 802.15.4-2011 is a standard which specifies the PHY and MAC for the low-rate wireless 

personal area networks (LR-WPAN) [11]. This standard provides two options for PHY layer 

depending on the frequency band used. The MAC layer gives superframe structure depending on 

the beacons of channel access method used. There are many amendments made to the IEEE 

802.15.4 standard. The IEEE 802.15.4a-2007 was released in 2007 [12]. It supported two 

additional PHYs, an ultra UWB having operability in three different bands and chirp signal (CS) 

PHY at 2.4 GHz.  The next version of the standard was IEEE 802.15.4c-2009 [13]. It had an 

alternative PHY which supported 780 MHz band in China. The two additional PHYs were 

included, a 780 MHz offset quadrature phase shift keying (O-QPSK) and a multiple phase shift 

keying (MPSK) modulation using the same band. The O-QPSK supports data rates around 250 

kbps. The following version was IEEE 802.15.4d-2009 [14]. It had the addition of an alternative 

PHY in order to support Japanese band at 950 MHz. The additional two PHYs are a 950 MHz 

direct sequence spread spectrum (DSSS) PHY which uses binary phase shift keying (BPSK) and 

second 950 MHz PHY working on GFSK modulation. The supported data rate is 20 kbps in this 

version [3]. This standard includes also options for PHY layer to support higher data rates, mobility 

and robustness against interference. As the IEEE 802.15.4 standard was released, soon after the 

need arose for alternative PHY layer to provide ranging capability and correspondingly adapting 

the MAC layer. The main focus of the group was to provide high-precision ranging capability with 

an ultra-low power consumption [15]. The two specifications were approved regarding two 

optional PHY layers, the first is the ultra wideband impulse radio (IR-UWB) and the second one 

is chirp spread spectrum. The following features are added in the LR-WPAN: [11] 

i) Star and peer-to-peer topology 

ii) Low power consumption 

iii) Link quality indication 

iv) Carrier sense multiple access with collision avoidance (CSMA-CA) or ALOHA 

mechanism of channel access 

v) A unique 64-bit extended address 

vi) Energy detection. 

      In an IEEE 802.15.4-2011 network, two different types of devices can work, a full-function 

device (FFD) and a reduced-function device (RFD). In a system to form a WPAN, the minimum 
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requirement would be for two or more devices to be communicating on the same PHY. An FFD 

can also work as a personal area network (PAN) coordinator. Its purpose is to relay messages. An 

RFD cannot act as a PAN coordinator, since it can perform only a limited number of tasks. As the 

media is wireless, a static coverage area cannot be defined. Secondly, the system should have at 

least one FFD out of two or more devices which is a requirement for the WPAN systems. As the 

media for propagation is wireless and non-static in WPAN, changes in the directions and positions 

of transceivers cause quite a lot of difference in the quality and strength of the received signal. 

This is because a precise coverage area is nonexistent in wireless media. The propagation results 

may vary from mobile to stationary objects [11]. The RFD is for applications which have the most 

simplest and basic functionalities, such as on/off switch. The RFD can be implemented with a 

small amount of memory capacity.  

      The standard defines two topologies for implementation, i.e., star topology and peer-to-peer 

topology [11]. In star topology, one common central controller is PAN coordinator. This device is 

the origin point or the ending point for the communication in the network. The PAN coordinator 

is usually used for initializing, terminating and routing communication in the network. All devices 

on the network have their own unique address which are called extended addresses. For a device 

to communicate in the network, there are two approaches. Either the device will directly 

communicate via extended address or it will communicate via short address which is allocated by 

the PAN coordinator when the device is added to the network. The PAN coordinator will require 

a steady power supply while the other devices attached can use a portable power source. [15] 

      Peer-to-peer topology is mostly dependent on the range. This topology is used to implement 

complicated network formations. Most of the equipment and machinery in the industries follow 

the same topology, because in this topology, a peer-to-peer network allows multiple hops to direct 

messages from one device to another. [15] 

So, it can be assumed that IEEE 802.15.4-2011 is PHY layer standard which can fulfill the 

requirements for LR-WPAN communications. Some of the requirements are precision ranging, 

extended range of communication and robustness against interference. With this standard the upper 

protocol layers and application profiles have been gained some more importance than before. [15] 

 

 

2.3. IEEE 802.15.6-2012 WBAN communication 

 

The IEEE 802.15.6 is a standard for short range wireless communication which usually takes place 

in a very limited area inside or in the surrounding of a human body. It uses the existing industrial, 

scientific and medical (ISM) bands [16], the medical implant communications service (MICS) 

[16], the wireless medical telemetry system (WMTS) [16], HBC, the medical body area network 

(MBAN) and also the other frequency spectrum which have been approved by national medical or 

regulatory authorities. Such a technology is, for example, ultra wideband. The support for quality 

of service (QoS), extremely low power and data rates as high as 10 Mbps are required by this 

standard [10]. As we further dissect, the frequency spectrum for the WBAN we can observe its 
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taxonomy. The WBAN communication can be divided into four blocks in order to get a better 

understanding, as shown in Figure 1 [16]. 

 

WBAN

RF HBC Ultrasound Molecular

Galvanic 
coupling

Capacitive 
coupling

MICS WMTS MBAN UWBISM
 

 

Figure 1. Taxonomy of WBAN. 

 

     The WBAN communication can be split into four major technologies: radio frequency (RF), 

HBC, ultrasonic waves and finally molecular communication. The RF section is at 401 MHz up to 

10.6 GHz. The MICS and WMTS bands are specifically used for body-worn and implanted 

medical applications for point-to-point communication. The MICS has frequency spectrum from 

401 - 406 MHz while WMTS has a wide spectrum at 420 - 450 MHz, 863 - 870 MHz and 1.395 - 

1.429 GHz. The ISM unlicensed bands are allocated for other than telecommunication purposes 

and they are subject to each country’s own radio regulation. For North America, Japan, Australia, 

New Zealand and Europe, band has been selected as 902 - 928 MHz and at 2.4 - 2.5 GHz 

worldwide. The MBAN is at 2.36 - 2.40 GHz. Finally, for UWB it has been given the largest band 

in the RF technologies from 3.1 - 10.6 GHz, but the regulatory authority has specified that the 

power spectral density should not exceed -41.25 dBm/MHz [17]. The second technology, which 

is HBC, uses human body as a medium of communication from a point to the next one. The 

remaining two technologies, ultrasonic waves and molecular communication, fall into the category 

of nanotechnology. The communication form in ultrasonic waves is acoustic waves at non-audible 

frequencies, while the diffusion-based molecular communication for nanomedicine is what 

majorly comprises of molecular communication. [16] 

     The standard features which are important for consideration are as follows: [18] 
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i) The nodes and hubs are organized into logical sets and they are called as body area 

networks (BANs). There can be only one hub in a BAN, so they are coordinated by their 

specific hubs for medium access and power control. 

ii) The hubs and nodes are divided into time reference base, if the medium access needs to be 

time scheduled, so the time axis is divided into beacon periods of the same length and each 

period is composed of equal length allocation slots. 

iii) All the hubs and nodes are partitioned into PHY layer and MAC layer.  

     The main purpose of the MAC is to provide functionalities like frame preparation, frame 

transmission and reception, power control and clock synchronization, making BAN by hub and 

connecting and disconnecting of the node from hub, and different channel access methods. The 

IEEE 802.15.6 has one common MAC layer which can be further subdivided into three separate 

PHY layers based on the contention based channel access or scheduling based channel access. 

These three layers are narrowband, ultra wideband and human body communication, and are 

presented in Figure 2. [18] 

802.15.6 MAC Layer

802.15.6 PHY Layer
Narrowband

802.15.6 PHY Layer
Ultra wideband

802.15.6 PHY Layer
Human Body 

Communication

 
Figure 2. Relation of MAC and PHY layers in IEEE 802.15.6. 

 

 

2.3.1. Narrowband 

 

The narrowband PHY communication is specified for wearable nodes on the body and implanted 

nodes in the body. The NB PHY performs the following three tasks: [16] 

i) Activation and deactivation of the radio transceiver. 

ii) Clear channel assessment (CCA) within the current channel. 

iii) Data transmission and reception. 

     The NB band is from 402 - 2.483 GHz. The NB standard uses differential phase shift keying 

(DPSK), except from 420 MHz - 450 MHz, where Gaussian minimum shift keying (GMSK) is 

used as a modulation scheme. The NB band is further subdivided in MICS, WMTS, ISM and 

MBAN. In the MICS band, a bit rate of 400 kbps and a communication range of 2 meters is 

possible, which is sufficient for neurostimulators, pacemakers etc. For higher bit rates, like 1 Mbps 

in applications, such as swallable camera pill, the WMTS band is more efficient. The ISM band is 

unlicensed and is specific to the radio regulations of each country. The GHz range of ISM is 
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worldwide acceptable but it has issues with other technologies existing in the same band. On May 

2012, 40 MHz of spectrum from ISM was allotted for MBAN, and is targeted for a licensed 

medical purpose spectrum. [16] 

      Table 1 explains the bands and the frequency spectrum they occupy in narrowband PHY [18]. 

 

Table 1.  Sub divided bands in narrowband PHY layer 

Subcategorized band name Frequency range 

MICS 402 – 405 MHz 

 

WMTS 

420 – 450 MHz, 

863 – 870 MHz, 

1.395 – 1.429 GHz 

ISM 902 – 928 MHz 

2.40 – 2.50 GHz 

MBAN 2.360 – 2.400 GHz 

 

 

2.3.2. Ultra wideband 

 

The ultra wideband PHY specification offers robust performance for BANs and it can be 

implemented for high performance, low complexity, robust and ultra-low power operation. The 

UWB PHY provides data interface to MAC layer by physical layer convergence protocol (PLCP). 

The three functionalities are:  [18] 

i) Activation and deactivation of the radio transceivers. 

ii) The PLCP constructs the PHY layer protocol data unit (PPDU) by concatenating the 

synchronization header (SHR), physical layer header (PHR) and physical layer service data 

unit (PSDU). The PPDU bits are converted into RF signals for transmission in the wireless 

medium. 

iii) The UWB PHY can provide clear channel assessment indication to the MAC in order to 

verify activity in the wireless medium. 

    There are two different types of UWB technologies given in the specification. The first is 

impulse radio UWB and the second is frequency modulation ultra wideband (FM-UWB). For 

communication between the device and hub, the hub shall use either IR-UWB transceiver only or 

the IR-UWB and FM-UWB transceiver together. [18] 

    There are two modes of operation in UWB; default mode and QoS mode. The default mode is 

used in medical and non-medical applications, whereas the high QoS mode is used for high-priority 

medical applications and other services. The mandatory procedure in the default mode is given in 

Table 2. [18] 
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Table 2. Difference in the default mode and high quality of service mode 

Default Mode High QoS Mode 

IR-UWB PHY FM-UWB PHY IR-UWB PHY 

(no support for FM-UWB) 

A single PPDU A single PPDU A single PPDU 

Data rate: 487.5 kbps Data rate: 250 kbps Data rate: 487.5 kbps 

Modulation: on-off keying 

(OOK) 

Modulations: Continuous 

Phase-BFSK  (CP-BFSK) and 

wideband FM 

Modulation: DPSK 

A channel in lower UWB 

band and a channel in higher 

UWB band 

A channel in higher UWB 

band 

A channel in lower UWB 

band and a channel in higher 

UWB band 

A transmit spectral mask A transmit spectral mask A transmit spectral mask  

 

 

2.3.3. Human body communication 

 

The human body communication PHY uses electric field communication (EFC) technology. The 

HBC PHY operates at the frequency band of 21 MHz and the data rate can be from 164 kbps to 

1.312 Mbps. The HBC follows mainly the frequency selective (FS) spreading as a scheme along 

with other modulation schemes. HBC can also be referred as intra body communication. The 

propagation of the signal through human body is achieved either by galvanic coupling, in which 

coupling alternate current in the body or by capacitive coupling which requires a signal and a 

ground electrode to get a return path between the transmitter and receiver electrode [19].  

       The benefit HBC brings to the WBAN communication is the intrinsic security of the signal as 

the human body is a medium of propagation so there is almost negligible interference by the 

surrounding. The calculations done for human body are mostly based on a conducting cylinder 

where Maxwell’s equations are applicable. To analyze the numerical electromagnetic properties 

of the human body, a widely renowned method called a finite-difference time-domain method 

(FDTD) is utilized. As the human body is a dielectric medium, it has certain conductivity and 

permittivity values which depend on the frequency. The HBC is considered to satisfy the specific 

absorption rate (SAR) levels and would supposedly be safe for human body, which would be 

discussed in the next section. [20]  

 

 

 

2.3.4. SAR analysis and effects in HBC 

 

SAR can be described as the rate at which a body absorbs electromagnetic energy. It is evident 

now that in HBC the communication is on the surface of the body, so SAR levels must be checked 

for it. To communicate with a certain device, an HBC device emits low levels of radio waves, also 
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called the radio frequency (RF) energy, when in operation. The governments around the world 

adopted safety guidelines by authorities like the Federal Communications Commission (FCC), and 

defined a few standard SAR limits for different electronic devices, and their respective power 

limits to a certain level. To prevent from the effects of whole body thermal stress and excess tissue 

heating between ranges from 3 kHz to 300 GHz, the SAR safety guidelines are necessary. In 

accordance to the IEEE 802.15.6 standard on the human body, or any medical purposes, a device 

should have certain restrictions and certain power levels it should comply with. The SAR is 

measured in Watts per kilogram. In the standard IEEE Std C95.1-2005 [21], we take a case when 

we have a tissue of mass 1 g and 10 g meaning a tissue of volume of 1 cm3  and 10 cm3, 

respectively. In the standard, the SAR exposure limits are defined for controlled and uncontrolled 

environment. A controlled environment would be when exposure is subjected under the 

supervision of individuals having knowledge about the health risks. The uncontrolled environment 

would be where the exposure is subjected without the supervision of any safety conditions. Their 

exposure limits are given in Table 3. [21]  

 

Table 3. SAR exposure conditions on different sample size  

SAR Conditions 

 

SAR Limit (W/kg) 

Uncontrolled 

environment 

Controlled 

environment 

SAR average of all the body 0.08 0.4 

SAR average for 1 g of tissue 1.6 8 

SAR average for 10 g of tissue 4 20 

 

The SAR value can be calculated as [22] 

                                            𝑆 =
𝜎 𝐸𝑟𝑚𝑠

2

𝜌
 = 𝑇𝑐

𝜕𝑇

𝜕𝑡
                 ,                              (1) 

 

where 𝜎  is the conductivity of different tissues in the body, 𝐸𝑟𝑚𝑠  is the root mean square of the 

electric intensity of the body,  𝜌  is the density of the human tissue, 𝑇𝑐 is the specific thermal 

constant of the tissue and (𝛿𝑇 𝛿𝑡⁄ ) the temperature rise inside the exposed tissue. [22] 

          The SAR exposure levels are checked in HBC and given a great importance. An experiment 

was performed in which the SAR level on the body were calculated for a sample of 10 g 

respectively, while using the FDTD method. A human body model which had the conductivity and 

permittivity values two thirds of normal human muscles was taken.  SAR was calculated for 1V to 

10V to get a spatial peak SAR on a 10 g sample. From the experiment it was found that if we have 

a flatter surface, like chest, the SAR levels were high compared to other parts with irregular 

surfaces The safety factor was more than 60 dB compared with the standard requirements, which 

is 2 W/kg. The results showed that for a 10 g sample and 1 V of applied voltage, the SAR level for 

chest was 0.99 µW/kg and for 10 V it was 99 µW/kg. This shows that the 10 g averaged spatial 

peak SAR value is in µW/kg level, which is far less than the standard requirement.  After taking 
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into consideration the reference experiment and its parameters and then comparing it to the 

constraints and parameters with the HBC, it can be deduced that HBC is a technology safer for use 

on the human body since the energy and heat radiations are far under the SAR thresholds levels 

which compromise the health and safety of the human body. [18] [20] [23] [24]  
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3. IEEE 802.15.6 HUMAN BODY COMMUNICATION 
 

The IEEE 802.15.6 physical layer is subdivided into three PHY layers. Each sublayer operates in 

different frequency bands, with different data rates and with different specifications. This chapter 

is focused on HBC. The term human body communication is a self-explanatory term as we use the 

human body as a signal propagation medium. HBC signal is a creeping wave. It can be assumed 

that it will travel on the body of the subject [20]. On consideration of IEEE 802.15.6, most of the 

frequency band from 18 - 36 MHz is considered for the use and experimentation of HBC and the 

devices related to it. HBC has provided some new improvements for on-body communication. 

Low multipath propagation might yield better communication performance in comparison to the 

UWB and ISM bands and because of the low power, the radiation emitted outwards the human 

body is minimal, which leads to high security. [20][25] 

 

3.1. Applications and future prospects 

 

The HBC is an emerging technology with some specific applications, a few of them are mentioned: 

a) Sports and fitness: It can be utilized, e.g., in heart rate monitoring, activity monitoring, 

pedometer and also a weight scale [26] 

b) Personal healthcare: For patient monitoring, healthcare for the young and aging population, 

glucose monitoring, other use cases may include monitoring electroencephalogram (EEG), 

electrocardiogram (ECG), electromyogram (EMG), etc. [26] 

c) Disability aid: It can be implemented to inform handicapped person of environment and 

information around them [27]. 

d) Personalized advertisement: It can be used to show advertisements to people according to 

their specific personal profile [27]. 

 

     The most important and critical use has so far been seen in the medical applications where HBC 

can be used, e.g., in implanted drug delivery, high risk pregnancy and sleep analysis, etc. [26] 

      A lot of work is still in progress in HBC. For example, using HBC wearable or implanted 

transmitters, and multiple fixed receivers in the hospital environment, it is possible to monitor 

necessary information and vital signs from the patients [26]. In a case, when in a train or a bus, the 

standees for the passengers can be embedded with HBC technology, and a personal profile could 

be obtained from the phone and profile specific advertisements can be displayed on the screen. In 

another case, a person with auditory disability can get text notification regarding the train or bus 

stops on the mobile device if a contact is made with the HBC hardware since the body will act as 

a transmission medium for connecting the devices [27]. An example could also be using a wearable 

HBC transmitter and communicating with the fixed receiver on a treadmill. [28] 

      One of the main questions which usually arise while discussing HBC is the difference between 

HBC and near field communication interface protocol 1 (NFCIP-1), or commonly called as near 

field communication (NFC). Some of the differences are presented in Table 4. [29] [30] [31] 
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Table 4. Comparisons between HBC and NFCIP-1  

Communication technology HBC NFCIP-1 

Frequency spectrum 18.37 - 23.63 MHz 

28 - 36 MHz 

11.76 – 15.36 MHz 

±1.8 MHZ from13.56 MHz  

Data rate 164 - 1312 kbps 

250 - 2000 kbps  

106 kbps 

216 kbps 

 424 kbps 

Maximum connectivity 

distance  

In contact with human body 10 cm between two NFC 

devices 

 

 

3.2. Frequency spectrum and modulation 

 

In United States, Korea and Japan, the HBC PHY operates in two reserved frequency bands with 

the first one being at 18.375 - 23.625 MHz and the channel bandwidth of 5.25 MHz, while the 

second at 28 - 36 MHz and the channel bandwidth is 8 MHz.  For operation in Europe, the first 

band is at 14 - 18 MHz, while the second band is from 25 - 29 MHz. In the Unites States, the center 

frequency for data transfer has two reserved channels at 21 MHz and at 32 MHz. The center 

frequency of HBC band, which was commonly agreed upon is 21 MHz to transmit digital signals 

over the human body, having a data rate of 164 kbps to 1.312 kbps and for the second channel 

ranging from 250 kbps to 2 Mbps. [30]  

      Apparently, there are two primal methods in HBC for transmission while using the human 

body as a transmission medium. The first method is electromagnetic or galvanic coupling. In 

galvanic coupling the alternating current is coupled in the human body. A differential signal is 

transmitted on two coupler electrodes and a differential signal is received by two detectors. The 

coupler creates a modulated electric field which is detected by the detectors. In this scenario, the 

human body may be considered as a waveguide for frequencies ranging from 0 - 40 MHz. The low 

frequency band, which in this case would refer to a frequency range below 40 MHz, is preferred. 

Because the power radiated through the body is higher than the power radiated from the transmitted 

signal in the body. If we utilize the frequency band above 40 MHz, the radiated power outwards 

will be higher than the signal transmitted through the body. However, we obtain higher signal-to-

noise ratio (SNR) when we use frequency greater than 40 MHz, but it will cause interference 

around other users due to radiation and energy leakage. [32] [33]  

      The second method is the capacitive coupling. In this scheme, the transmitter electrode and the 

receiver electrodes are in pairs. One part of the transmitter electrode is connected to the body while 

the second is floating, meaning in the air. The same setup is for the receiver section. This generates 

an electric potential at the transmitter which induces an electric field around the body. The floating 

electrodes are coupled to the ground through the air, creating a return path, while those on the skin 

create a straight path. It operates in frequency range between 1 - 100 MHz. It has higher data rates 
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than the galvanic coupling. Due to the presence of an external path in the capacitive coupling this 

scheme is more favorable for the wearable devices. [32][19]  

      As the medium of transmission is a human body, firstly we have to get understanding on the 

dielectric properties of the human body.  

 

 

3.3. Human body characteristics 

 

The human body can be disintegrated to atoms, molecules, cells, tissues and organs. As a human 

body is exposed to an electromagnetic field, generally the characteristics are treated on cell and 

tissue levels. As the cells mostly contain fluids and there is about 20% protein in the composition 

of intracellular fluid, the changes occurred in the electrical properties mostly depend on the 

composition of the intracellular fluid. To calculate the electrical characteristics for human body, 

being mostly the permittivity and conductivity at a certain frequency, we use the 4-Cole-Cole 

expression [20] 

 

                                 𝜀𝑟(𝜔) = 𝜀∞ + ∑
∆𝜀𝑛

1+(𝑗𝜔𝜏𝑛)1−𝛼𝑛
+

𝜎0

𝑗𝜔𝜀0

4
𝑛=1        ,                 (2) 

 

which is derived from the Debye expression  

 

                                                   𝜀𝑟(𝜔) =  𝜀∞ +  
∆𝜀

1+𝑗𝜔𝜏
           .                                 (3) 

 

In the above equations, 𝜀𝑟(𝜔) is the relative permittivity, 𝜀0 is the permittivity of free space 

measured in Farads per meter (F/m), ∆𝜀 is drop in permittivity in frequency, where 𝜔𝜏 >> 1,  𝜀∞  

is the permittivity of frequency approaching infinity, ω is the angular frequency, 𝜏𝑛 is the 

relaxation time constant, ∆𝜀𝑛 is the magnitude of dispersion in the dielectric spectrum of tissue, 

𝛼𝑛 is the deviation from Debye behavior and 𝜎0 is ionic conductivity for a conduction current at 

zero frequency, measured in Siemens per meter (S/m). The communication in HBC is done on the 

epidermal layer of the human body, being a body surface to body surface communication medium. 

Considering this, we only need to know the permittivity and conductivity values of the skin. The 

dielectric properties of skin have been collected from the FCC database at a frequency of 21 MHz 

and are shown in Table 5. [20] [34] [35] [36] 

 

Table 5. Dielectric properties of wet and dry skin at 21 MHz 

Tissue Permittivity (𝜺𝟎)(F/m) Conductivity (𝝈𝟎)(S/m) 

Skin (Dry) 201.304199 0.295914 

Skin (Wet) 132.847214 0.411278 
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      As we are dealing with the HBC, in order to make a proper anatomical structure of human 

body and to replicate other values, we would need further information about the dielectric 

properties and nature of external and internal organs of the human body. In order to do so, we can 

use the conductivity and permittivity values of the organs of the human body mentioned in the 

Table 6 for future references. More values are in Table provided in the Appendix I. [20] [34] 

 

Table 6. Average dielectric properties of major tissues and organs at 21 MHz  

Tissue Permittivity (F/m) Conductivity (S/m) 

Average Brain 158.736328 0.293575 

Average Skull 35.757538 0.093087 

Average Muscle 104.762123 0.671290 

 

 

3.4. PHY structure and architecture for transmitter and receiver 

 

The HBC transceiver can be split into four major blocks, each with a specific functionality: 

      HBC interface block (HBC-IF) is basically the bridge between the microcontroller and the 

HBC modem. This block contains the register files to store control information for all the sub 

blocks in a HBC modem. Furthermore it also contains a buffer which stores the traffic data to be 

transmitted or received and finally an interrupt controller and a serial interface block. [37] 

      HBC transmitter (HBC-TX) is the structural block having a scrambler, serial-to-parallel block 

and a frequency selective (FS) spreader. The output is provided to the signal electrode. [37] 

      HBC analog front end (HBC-AFE) is a block containing noise reduction filter, amplifier, clock 

recovery and a retiming block. [37] 

      HBC receiver (HBC-RX) is a block consisting of a synchronization block whose function is to 

locate the start of the frame, a frequency selective de-spreader, a parallel to serial block and finally 

a descrambler. [37] 

       

 

3.4.1. Transmitter 

 

As data is passed along the microcontroller to the HBC-IF to obtain the control information, data 

is passed from the transmitter register to the preamble generator, the start frame delimiter (SFD) 

generator and the header generator and all their outputs are led to a multiplexer (MUX). From the 

transmitter, the signal is sent to the first-in-first-out (FIFO) register. Here the signal is temporarily 

stored in the register and the order is defined in which the signal has to be forwarded. The signal 

is forwarded to the signal scrambler. The scrambler is used to widen the information signal. It 

transposes the signal, the signal is encoded and then it proceeds to the serial-to-parallel (S2P) block 

which converts the serial signal to parallel form. The signal then reaches the FS spreader, where a 

group of 16-Walsh codes and frequency shift codes (FSC) are used [11], and the information is 
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spread to selected frequency without the use of a continuous frequency modulation. The outputs 

from FS spreader and the generators of the pilot, preamble, header and SFD are forwarded to the 

multiplexer. Then these signals are forwarded for transmission in a predefined sequence to another 

multiplexer. The final output is then passed through the transmit filter and as presented, forwarded 

to the electrode. The transmitter architecture is presented in Figure 3. [18] 
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Figure 3. HBC Transmitter block diagram. 

 

      The preamble is used to obtain packet synchronization at the receiver, whereas the SFD is used 

to search for the start of the packet by detecting the preamble. The RI (rate indicator) is used in the 

burst mode scenario and the physical header is only used in that scenario. The S2P converts the 

signal to parallel state. PSDU and the pilot are used to prevent losing synchronization because of 

the clock drift. The transmit filter is used to obtain the required spectral mask. [18] 

 

 

3.4.2. Receiver 

 

The signal received from the electrode is passed to the HBC-AFE. The AFE contains a filter for 

noise reduction to remove noise from the signal when passed through the channel. Then the signal 

is amplified by increasing gain and synchronized by the clock recovery. Basically, the AFE has its 

design based on the measured signal received from the human body. The AFE is used in the case 

of hardware implementation. Since we are performing simulations, therefore the synchronization 

is just assumed here on the software, meaning AFE will not be utilized here and no filtering will 

be assumed. 

      After going through the AFE block, the signal enters the HBC receiver, where it is led to the 

de-multiplexer, from where it is forwarded for demodulation in the FS de-spreader block. The 

signal is converted back to serial form in the parallel-to-serial converter and reconsidering and 
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reconfirming the frame synchronization. The header is removed in the next step and the signal is 

decoded in the de-scrambler. Next the signal is forwarded to temporary FIFO register and from 

there, it is led to the signal destination, i.e., to the microcontroller. Figure 4 represents a HBC 

receiver with an HBC-AFE attached to the front. [37] 
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Figure 4. HBC Receiver block diagram. 

 

 

 

3.4.3. Packet Structure 

 

The HBC packet structure is made up of PLCP preamble, SFD, PLCP header and PHY payload 

PSDU. The PHY payload is composed of MAC header, MAC frame body, and frame check 

sequence. The HBC transmitter, which is described in Section 3.4.1, follows the frequency 

selective digital transmission (FSDT) scheme for data transmission. The FSDT procedure 

constitutes of spreading the data in the frequency domain, where the frequency selective spreading 

codes are applied before transmission. Special and specific FS spreading codes are used to obtain 

the center frequency for transmission. Start frame delimiter or rate indicator purpose to act as a 

marker for detection of the starting point of the frame in the packet. This indicates the Ethernet 

frame. The cyclic redundancy check (CRC8) for a polynomial of length of 8 bits is used in the 

HBC. Its purpose is to find changes occurred in the raw data. It initializes register to 1s, next it 

takes 1s compliment of the output, until finally remainder register becomes the CRC8 field. The 

FSDT section in the HBC transmitter is composed of the following components [18]: 

 Preamble generator 

 SFD/RI generator 

 Header generator 

 Serial-to-parallel converter  
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 Frequency selective spreader  

 Pilot generator 

 Multiplexer. 

      The inputs from the transmission register go to the preamble, SFD/RI and header generator. At 

the same time the pilot generator sends signals to the MUX. The signals are forwarded in a 

sequence using the MUX and towards the electrode. The transmit filter, which is located just before 

the electrode is used for achieving specified spectral mask which is provided in the IEEE 802.15.6-

2012 standard. A preamble sequence is transmitted four times to achieve packet synchronization 

by the receiver. A generic overview of the HBC packet structure is shown in Figure 5. [18] 

 

MAC HEADER
MAC FRAME BODY 

VARIABLE LENGTH 0-255 BYTES
FCS

PLCP PREAMBLE SFD/RI PLCP HEADER PSDU

PPDU
 

Figure 5(a). HBC packet structure. 
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Figure 5(b). The PLCP header.  
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3.5. Channel Modeling 

 

In the HBC we are considering two different channel scenarios which can be considered to cause 

distortion in the signal and other transmission related issues. The first one would be pathloss and 

the second would be multipath propagation. These are discussed in details below. 

 

 

3.5.1. Path Loss Model 

 

Pathloss can be defined as the attenuation in power of an electromagnetic wave when it travels 

through a specific medium. There are many causes of loss during a signal propagation. It may be 

effected by refraction, coupling loss, free-space loss and absorption, etc. When the signals are 

propagated from the source they also face certain losses while reaching the destination. The 

propagation loss 𝑃𝐿 can be calculated by the expression [39] 

                                                      𝑃𝐿 = 20log10 (
𝑉𝑅𝑋

𝑉𝑇𝑋
)            ,                                 (4) 

where 𝑉𝑅𝑋 is the received voltage and 𝑉𝑇𝑋 is the transmitted voltage. If these variables are in dB, 

the propagation loss can be calculated as 

                                                   𝑃𝐿𝑑𝐵 =  𝑉𝑅𝑋(𝑑𝐵) − 𝑉𝑇𝑋(𝑑𝐵)        .                            (5) 

       In wireless communication, to calculate pathloss in decibels the following expression can be 

used as [20]  

 

                                                   𝑃𝐿𝑑𝐵 = 10𝑛 log10 (𝑑) + 𝑋                                     (6) 

where 𝑃𝐿𝑑𝐵 is pathloss in decibels, 𝑛 is a pathloss exponent, 𝑑 is a distance between transmitter 

and receiver and 𝑋 is a constant for system losses. The value of 𝑛 for free space is 2, while in the 

case of human body it is around 5 to 7.4 [38].  

       A human body is a highly complicated and human tissues are dielectric materials whose 

permittivity and conductivity depend on the frequency.  

       The HBC comes under the wing of onbody communication, which is usually consisted of 

wearable sensors. In Figure 6, two devices, which are placed on the body, communicate. If device 

A is the receiver and device B is the transmitter, the HBC communication path between them will 

pass along the human body. When the signal travels from B to A, it undergoes some losses, which 

are due to the dielectric properties of body, the curvature and distance, etc. In HBC, we have a 

specific pathloss model, which is explained further below.  

       The pathloss is calculated for different parts of the body as [20] 

 

                                                𝑃𝐿(𝑑) = 𝑃𝐿0 + 10𝑛𝑙𝑜𝑔10(𝑑
𝑑0

⁄ )    .                             (7) 
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where  𝑃𝐿0 is the pathloss at the reference distance. The distances for different parts of the body 

were taken as skull, throat, belly, chest, arms and legs etc. 

  

 

Figure 6. Two devices communicate over the body. 

      For human body pathloss calculation, we need to modify (4) to make it more desirable. The 

transmission of signal from human body, the human acts as a conducting medium and we can 

model electromagnetic coupling between the body and the transceivers with the help of capacitors. 

In terms of an equivalent circuit, after application of a small amount of current on the body while 

wearing the transmitter and receiver on the body, a current loop is formed around transmitter, 

body, receiver and a capacitive return through external ground [40]. For propagation we need to 

understand the pathloss characteristics of the human body. Depending on the distance from the 

excitation source, a pathloss expression is mentioned below. In the case of propagation, we would 

consider two kinds of distances between the transmitter and the receiver electrode. The first would 

be the straight line distance, which is the shortest possible path between the electrodes. The second 

would be the surface distance along the body. The surface distance should be used to find the 

pathloss for HBC channel. As the propagation is in near-field region and it is very close to origin, 

a log-distance pathloss model cannot be applicable. The following expression is used to calculate 

pathloss [41] 

 

     𝑃𝐿𝑑𝐵 =  {
𝛼0𝑑                                         𝑑 ≤ 0.1m

𝑃𝐿0,𝑑𝐵 + 𝛼1(𝑑 − 0.1)        𝑑 > 0.1m
                      ,                             (8)       
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where 𝛼0 and 𝛼1 are the losses per unit distance measured in dB/m, 𝑑 is the distance between the 

transmitter and the receiver, while 𝑃𝐿0,𝑑𝐵 is the pathloss at the boundary, which in the above case 

is 0.1 m. The value of parameter 𝛼0  is constant whereas in the case of calculating value for 𝛼1 , a 

substitution is done by introducing 𝑑0 in its place, 𝛼1 can be derived from the product 

of 20𝛼𝐻𝑙𝑜𝑔10𝑒. The 𝑑0 is the reference distance, 𝑒 is the Euler’s constant. The further explanation 

of  𝛼0 and 𝛼1 and their respective calculations can be observed from the expressions mentioned in 

reference article in [40].  [41] [40] 

 

 

3.5.2. Impulse Response 

 

The HBC channel impulse response can be expressed as [42] 

 

                                                      ℎ(𝑡) = ℎ𝑅(𝑡)𝐶ℎ                  ,                                    (9) 

 

where ℎ𝑅(𝑡) is the reference impulse response and 𝐶ℎ is the coefficient which depends on the 

distance between the transmitter and receiver and the dimensions of the ground planes. The 

minimum sampling rate is set to 250 MHz, whereas the length of the impulse response must be 

between 0 to 0.058 seconds to remain valid. [42] 

      In order to obtain the above channel impulse response, we need to calculate the values of ℎ𝑅(𝑡) 

and 𝐶ℎ. Equations (10), (11) and (12) are used to find the above mentioned values. Reference 

impulse response is calculated as [42] 

 

                                    ℎ𝑅 (𝑡) = 𝐴𝑣𝐴 exp (−
(𝑡−𝑡𝑟)

𝑡0
) sin (

𝜋(𝑡−𝑡𝑟−𝑥𝑐)

𝑤
)               ,                    (10) 

 

where 𝐴𝑣 is the coefficient which represents the fluctuation of the signal loss. It has a Gaussian 

distribution as [42] 

 

                                           𝐴𝑣~ 𝑁(1, 0.162)       .                                                     (11) 

 

      The variables 𝐴,𝑡𝑟 , 𝑡0, 𝑥𝑐 and 𝑤 are system constants and t is time. The corresponding values 

are presented in Table 7 [42]. 

 

Table 7. Constant values for ℎ𝑅 (𝑡) with respect to time  

Time (μs) 𝑨 𝒕𝒓 𝒕𝟎 𝒙𝒄 𝒘 

0 ≤ t ≤ 0.025 0.00032 0.00000 0.00621 -0.00097 0.00735 

0.025 ≤ t < 0.058 0.00003 0.02500 0.01684 -0.01225 0.00944 

t ≥ 0.058 0.00002 0.05800 0.05610 0.00100 0.01109 

 

Now to obtain the value of 𝐶ℎ , we use [41]  

   𝐶ℎ = (0.0422𝐺𝑇 − 0.184)(0.0078𝐺𝑅 + 0.782) (
120.49

𝑑𝑏𝑜𝑑𝑦+𝑑𝑏𝑜𝑑𝑦.(𝑑𝑎𝑖𝑟 𝑑𝑏𝑜𝑑𝑦⁄ )5)
2

      ,     (12) 
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where 𝐺𝑇 and 𝐺𝑅 are the areas of ground planes for the transmitter and the receiver, and they are 

measured in square centimeter. The distance between the transceiver and the body is called as 

distance in air and represented by  𝑑𝑎𝑖𝑟 while the distance between transmitter and receiver on the 

body will be represented by 𝑑𝑏𝑜𝑑𝑦 and will be known as distance on the body. The values of the 

above four parameters are limited for the validity of the channel model, which are given as [42] 

 

                                               10 cm2 ≤ 𝐺T, 𝐺𝑅 ≤ 270 cm2                                           (13) 

                                                  10 cm ≤ 𝑑𝑎𝑖𝑟 , 𝑑𝑏𝑜𝑑𝑦 ≤ 200 cm       . 

 

      Finally by calculating the values of the variables from (10) and (11) and inserting them in (9), 

we obtain the HBC channel impulse response. An example is given in the Figure 7.  

 

 
Figure 7. HBC channel impulse response 
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4. HBC SIMULATION MODEL 
 

 

For viewing how HBC works with different modulation schemes through different channel 

models, we make a simulation model based on the standard IEEE 802.15.6 [18]. To further 

simplify the explanation of the process, we introduce the initial channel impulse response of the 

HBC. Now we move towards the modulation scheme which will be implemented. Next we define 

the channel model with other parameters and finally the receiver output. 

      As we are working on the PHY layer, the lowest layer in open systems interconnection (OSI) 

model, the electric pulses are taken as 0’s and 1’s. Each pulse with a certain amplitude, which 

would be defined in the simulation, will be represented by 1 and the absence of pulse or pulse with 

a very small amplitude due to system noise, will be represented by 0. Before the transceiver is 

discussed further, there are some words and quantities which need some explanation and 

clarification. These are as: 

 Bit: The data sequence from the source, or generator, will be in bits represented in binary 

form. 

 Symbol: The combination of four bits will be considered as one symbol. 

 Chip: A symbol will be mapped to 16 chips code.  

 FSC bits: The FSC bits is a sequence of bits of a standard length. It has different length for 

different data rates. It is basically coming from the clock frequency. 

 Samples: The samples are the spread sequence of the signal, the chips are changed to 

samples by setting a resolution for the samples. If a signal with energy 1 is sampled with a 

resolution of three, we would get three samples of energy one third of the previous.  

      The HBC transmitter has four different corresponding data rates, and the center frequency is 

taken to be 21 MHz. These data rates have their own sequences of spreading in the transmitter and 

their own specific FSC bit sequence length. These are described in Table 8 [18]. 

 

Table 8. Data rates and their spreading sequences 

Data rate 

(kbps) 

S2P length 

(kSps) 

FS Spreader Output 

length 

(Mcps) 
16 Walsh 

Mod (Mcps) 

FSC  length 

(bits) 

Symbol 

length(chips) 

164 kbps 41 kSps 0.656 Mcps 64 1024 41.984 Mcps 

328 kbps 82 kSps 1.313 Mcps 32 512 41.984 Mcps 

656 kbps 164 kSps 2.624 Mcps 16 256 41.984 Mcps 

1312 kbps 328 kSps 525 Mcps 8 128 41.984 Mcps 

 

      In order to summarize the HBC simulator implementation in Matlab, a block diagram is shown 

in Figure 8. It shows the process we followed in the simulations of the HBC transceiver.   
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Data Generation and FSC size determination Block

Symbol mapping

16-Walsh orthogonal code mapping

FSC Spreading

Sampling data and Normalizing

HBC channel with addition of AWGN
       from range 1 – 70 dB

Sample detection and conversion

FSC Despreading

16-Walsh orthogonal code demapping

Symbol Demapping

BER calculation

The process 
will loop for

MATLAB Implementation of HBC Simulator

       from range 

   from

1 – 70 dB

 
 

Figure 8.  Block diagram of HBC Simulator implementation in Matlab 
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4.1. Transmitter 

 

In order to work on the transmitter simulation, we need a transmitter model to be the basis of our 

assumptions and calculations. The model we follow here would be the one presented in [18]. Since 

we are currently working on the physical layer, some parts of the transmitter model are not 

considered. Figure 9, which is the lower part of Figure 3, shows the data path of the transmitter 

block.  
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Figure 9. The HBC block diagram highlighting the Physical Layer. 

 

      In order to further simplify the transmitter block presented in the Figure 9, it can be broken 

down into four sections. Each section shows what happens to the input data, which is represented 

in binary format, when it enters different blocks of the transmitter and how it is modified for 

transmission purpose. In this case when the spreading factor (SF) is set to 4, Figure 10 shows the 

transmitter block simulation representation which is used in this thesis. 

Data Generator
(164 kbps / 1312 

kbps)

Serial to Parallel
SF = 4

(41 ksps / 328 ksps)

16-Walsh Mod
(656 kcps / 525 Mcps)

FSC
(64 bits / 8 bits)

XOR 42 Mcps

FS Spreader   

 

Figure 10. The HBC transmitter block diagram according to simulation. 
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4.1.1. Data Generation  

 

The data generator block is the input source for the transmitter. Two different data rates are used 

in the simulations. The minimum being 164 kbps and the maximum being 1312 kbps. These will 

be generated in serial form, i.e., linearly, the data is represented in binary form of 1’s and 0’s. As 

the data generator block is considered to be the input source, we can expect any sequence to be 

generated. The serial data generated will be taken as a random sequence of input data. It would 

vary for each simulation.  

 

 

4.1.2. Bits to Symbol Mapping 

 

Before proceeding to the S2P block in the transmitter, we come across the scrambler, which can 

be seen in Figure 9. The scrambler is used for the purpose of encryption of data that is being 

transmitted. Scrambler needs the input in the frame format which is obtained from the MAC layer 

of the transmitter. The next block in the process is the bits to symbol mapping. As the bit stream 

enters this block, the spreading factor (SF), which in this scenario is 4, will be applied. The bits 

are then converted to symbols, and each symbol is made up of 4 bits. In case of data rate being 164 

kbps, after the bits to symbol mapping, we get 41 kSps of symbol sequence. For the case data rate 

being 1312 kbps, the sampling rate will be 328 kSps. Figure 11 shows the conversion and selection 

of bits to symbols. [18]  

4 bits  symbol 4 bits = 1 symbol

164 k/ 1312 k

Bit to Symbol mapping
164 kbps = 41 kSps

1312 kbps = 328 kSps

DATA GENERATOR

  0001 0110 1010 1001 1000 1111

 

Figure 11. The bits to symbol mapping in HBC transmitter. 

 

4.1.3. Frequency Selective Spreader 

 

Now parallel bit stream coming from the S2P converter enters the FS spreader. The FS spreader 

block contains three steps to perform on the incoming sequence before sending it for the 

transmission. The first is the 16-Walsh modulation section, the next is the FSC section and finally 

the multiplication of the previous two to send it to the output section. These three section and the 

process they follow are explained below [11]. 
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a) 16-Walsh Modulation: Each symbol is converted into a unique sequence of 16 chips. The 

orthogonal codeword table provides all the sixteen different possible combinations of the 

symbols and then gives the corresponding 16 chips orthogonal code. For 164 k length of data 

it would make 656 k chips whereas, for 1312 k length, the resultant number of chips will be 

525 M chips. Table 9 shows the orthogonal mapping table used for the mapping. [18] 

 

Table 9. The orthogonal code mapping sequence 

S2P output or symbol Orthogonal code 

0000 1111 1111 1111 1111 

0001 1010 1010 1010 1010 

0010 1100 1100 1100 1100 

0011 1001 1001 1001 1001 

0100 1111 0000 1111 0000 

0101 1010 0101 1010 0101 

0110 1100 0011 1100 0011 

0111 1001 0110 1001 0110 

1000 1111 1111 0000 0000 

1001 1010 1010 0101 0101 

1010 1100 1100 0011 0011 

1011 1001 1001 0110 0110 

1100 1111 0000 0000 1111 

1101 1010 0101 0101 1010 

1110 1100 0011 0011 1100 

1111 1001 0110 0110 1001 

 

  

b) FSC section: The purpose of FSC is to adjust the number of chips for different data rates by 

adjusting the length of the FSC sequence. The FSC represents the clock cycles which, in this 

case when the center frequency is 21 MHz, will be 42 MHz. In the simulation for 164k bit 

length, a vector of length 64 containing 32 sequences of [0 1] for 1 and [1 0] for 0 is used. For 

1312k bit length, a sequence of length of 8 bits is created which is then sent forward for 

multiplication. This makes the sequence unique, as to return the chips to their previous form 

of Walsh sequence. Furthermore, the length of FSC bits must be known because if we lack 

the particular information, we might use the wrong FSC length, the data obtained at the end 

would not be the same as that which was sent originally.  

c) Multiplication function: The chip stream coming from the 16-Walsh section is compared with 

the chips coming from the FSC section and depending on the data rate, the multiplication is 

applied on them. The 16 chips are then multiplied with the 64 bit sequence chip by chip, 

making 64 combinations of 16 chips. So, for 164k, the 64 bits sequence would create a 

sequence of 1024 chips for a single symbol and finally making the output sequence of length 

41984 k chips.  In the case of 1312 k length, the 16 chips are multiplied with 8 bits sequence 

generated in the FSC. Then we would have 8 combinations of 16 chips. So, now we would 
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have 128 chips sequence for a single symbol. The process can be further explained in Figure 

12. [18] 

 

16 chips xor chip by bit with the sequence of  generated FSC
16 chips xor 64 bits = 164 k
16 chips xor 8 bits = 1312 k 
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Figure 12. The FSC and XOR function application and effects on bit stream 

 

 

4.1.4. Output and Rearranging Chip Sequence 

 

Since for different data rates, we have different bit sequences for the purpose to obtain the same 

number of chips at the output, irrespective of their data rate. The base used for simulating 

transmitter is the FSDT scheme. The data is sent in the burst mode. The chips generated in the FS 

spreader are assembled or recognized in the form a matrix, with each row containing the spread 

sequence for each symbol. In this section we convert the matrix of (i x j) size to vectors of (r x j) 

size. The chip rate of 41984k chips, which is almost 42 M chips, as presented in [18], is then 

transmitted from the HBC transmitter. So, in a way, rearranging of data stream is done before 

transmission. 

       In Figure 13, we can observe the shape and amplitude of the sequences, and the time duration 

for a single symbol, same for the single 16-Walsh sequence and finally for the FS spreaded signal 

for a single sequence. The third plot in the figure shows an enlarged section of the 16-Walsh 

sequence.  
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Figure 13. The outputs of different blocks of HBC transmitter. 

 

 

 

4.2. Channel model 

 

Before the transmitted signal is sent to the channel we normalize the signal in order to confirm that 

the energy of the bit during the transmission. The normalization can be done by using 

                                                   𝐴𝑛𝑜𝑟𝑚 =
𝐴𝑡𝑥

√∑ (𝐴𝑡𝑥,𝑙
2)𝑘

𝑙= 1

               ,                          (15) 

where 𝐴𝑡𝑥,𝑙 is the transmitted signal and 𝐴𝑛𝑜𝑟𝑚 is the normalized transmitted signal and 𝑘 is the 

length of the bit sequence which is representing one. The energy of the bit normalized to 1. The 

energy can be calculated as 

                                                      𝐸𝑏 =  ∑ (𝐴𝑛𝑜𝑟𝑚,𝑘
2)𝑘 = 1                  ,                              (16) 

      In this thesis, we will be discussing two different channels for the HBC. The signal is 

transmitted via an electrode, and due to the creeping nature of the signal it moves on the surface 

of the body, it will not be radiated in the air. Meaning that we won’t be getting any reflection from 
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the surrounding environment. Our focus will be on two kinds of channels for the HBC transceiver 

simulation.  

1) Human Body Communication Channel  

2) Additive White Gaussian Noise (AWGN) Channel. 

 

 

 4.2.1. Channel  

 

In order to obtain the impulse response and perform simulations in the channel the variables 

effecting the impulse response as well as time duration is required. The impulse response for the 

transmitted signal is provided by the standard. The other conditions which are required and already 

predefined are presented in Table 10. [42]   

Table 10. Variables taken constant for HBC channel simulation 

Variable Value 

Sampling frequency 252 MHz 

Data rate  164 kbps 

Centre frequency 21 MHz 

Length of random data bits 1024 

Time duration 0 to 1 μs 

Modulation scheme FSC 

Distance through air 10 cm 

Distance through body 200 cm 

Transmitter ground size 10 cm2 

Receiver ground size 270 cm2 

 

 

4.2.2. AWGN Channel 

 

The AWGN is the simplest noise and the most common in the electrical devices, no matter what 

they are used for and where they are used. In our case, we take the AWGN, which is later added 

in the transmitted signal. To add the noise in the signal we need to know the energy of the bit (𝐸𝑏) 

and noise power spectral density (𝑁0), by which we can calculate the signal-to-noise ratio (SNR). 

Since the energy of the signal is normalized to 1. In order to determine the noise level for the 

generated signal we define 

                                                             𝑁0 =  

1

10
(

𝐸𝑏/𝑁0
10⁄ )

2
⁄                .                                    (17) 

 

       After getting certain noise variance, we apply it all over our generated noise samples to 

observe it effects, by adding noise to the signal.  Before we add the generated noise to the signal 

we have to normalize the noise by the same normalizing factor we normalized the signal, so the 

noise can be evenly added to the signal with respect to the sampling. 
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      The 𝐸𝑏 𝑁0⁄  in our scenario varies from 1 dB to 20 dB. As we gradually increase the 𝐸𝑏 𝑁0⁄  

value, the signal quality increases as well. From Figures 14 and 15, we can see that the smaller the 

value of 𝐸𝑏 𝑁0⁄  is, the more difficult it is to differentiate between the different pulses of the signal. 

 
Figure 14. The noisy signal when 𝐸𝑏 𝑁0⁄  is 1 dB. 

 

 

Figure 15. The noisy signal when 𝐸𝑏 𝑁0⁄  is 20 dB. 
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      Here a single 1 pulse is represented by three samples and 0 is also represented by three 

samples.The 0 and 1 pulses can be easily identified regardless of the resolution for the bit energy. 

It can be concluded from the example that when the 𝐸𝑏 𝑁0⁄  = 1 dB, the signal was pretty much 

distorted and unreadable. 

 

 

4.3. Receiver 

 

The HBC receiver section will be divided in different blocks for receiving of the signal, the steps 

are as follows. 

 

 

4.3.1. Signal Detector 

 

The detection for the incoming signal in the HBC simulator follows two different schemes. Based 

on the incoming signal, the signal is detected and processed either by the matched filter scheme or 

the energy detection scheme. The two of them are further explained as: 

a) Matched filter scheme (MF): In this scheme, the incoming signal has a comparison with 

the template which is already provided to the receiver. The transmitted signal has a certain 

pattern which it follows. By having the information about the chip resolution and the size, 

certain chunk of the signal is compared with the template, the size of the template and the 

chunk of the signal are same. The decision either it is 0 or 1 is based on the greater similarity 

of the chunk of signal to the 1’s template or the 0’s template. The one with the greater 

similarity to the specific template is considered the resultant decision. This method has 

better performance compared to the energy detection method, and it skips a process step 

so it is faster to work on. 

b) Energy detection scheme (ED): In this scheme to process the signal, the information about 

the resolution of a single chip at the transmitter will be provided. Meaning that if we would 

have information about the length of the each chip, we can apply the detection process. For 

simplicity, we will take an example where the signal has been sampled with the resolution 

3. As the signal has been sampled, now each bit will be represented by three samples. The 

detector will first take 3 samples from the signal, which would be evident from the 

information provided about the resolution. The three chips will be summed together and 

then squared. Same will be applied for the next 3 sequence of samples. Here the hard 

decision will be applied and the sequence with the smaller sum squared value will be 

considered as 0, whereas the sequence with greater sum squared value will be taken as 1. 

The similar pattern can be seen in Figure 15. The detector can be further explained for 

clarity in Figure 16. 
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Figure 16. Processing and decision at the receiver detector. 

 

 

4.3.2. FS Despreader 

This section like in the transmitter contains two sections. The FSC despreader and the 16-Walsh 

Demodulation.  

a) FSC Despreader: The sequence obtained after detection will be in a format which was at 

the FSC in transmitter. This huge amount of chips must be compressed and despreaded to 

its former form. Here we would check the signal for sum of reoccurring 0’s and 1’s. This 
will be the basis for detecting the sequence for 0 or 1. The 0 is represented by a 64 chips 

long sequence of [1 0] and 1 is represented by a 64 chip sequence of [0 1]. In order to check 

what we are getting at the despreader we apply the following algorithm in the simulation. 

The counter will check the odd indices first and sum them, the next step would be the 

counter will check all the even indices and sum them. If the sum of odd indices is greater 

it means this is referring to [1 0] sequence and the 64 chip sequence will be replaced by 0. 

In the other case if the sum of even indices is greater than odd indices it will represent [0 

1] and the 64 chip sequence will be replaced by 1. By doing this we reduce the length of 

the chips from 42 M chips to 656 k chips. The despreader can be further explained in Figure 

17. 
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Figure 17. Conditions and decision for 64 chip sequence. 

b) 16 Walsh Demodulation: In this part of the receiver, the incoming sequence from the FSC 

despreader would have reduced in length. The process which follows here is very much 

similar to the one at the transmitter 16-Walsh modulation. Here we add some small checks 

in order to avoid error and make a better decision. The incoming sequence will be read as 

16 chips at a time. The 16 chip sequence will now be looked up and compared to the 

orthogonal mapping table which was also used in the transmitter. The sequence will be 

looked up in the table and if the sequence matches with that in the mapping table, it will be 

replaced by its corresponding 4 bits sequence. In case, when signal is noisy and has some 

errors in it, the incoming signal of 16 chips will be looked up in the mapping table, and if 

the 12 out of 16 chips match with sequence, it will be replaced by that particular 4 bits 

sequence. In order to increase the efficiency of the system 12 correct bits out of 16 was set 

as a threshold, which was an assumption on our own. Anything lower than this value would 

cause erroneous communication. The table can be seen for further reference provided in 

Section 4.3.1. Table 9 [18]. 

4.3.3. Symbol to Bits Demapping 

 

This is one of the final stages of the receiver block. In the incoming sequences of the symbols are 

demapped to original bit form. At this stage of the simulations we are receiving bits. Now we get 

a demapped data of length 164 k bits. Since the 41 k symbols are now opened up into a data 

sequence of length which is same or approximately similar as the original message data 

transmitted. In the end, we have to compare the output data with the original data in order to check 

the bit error rate (BER) at the HBC receiver.   
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5. SIMULATIONS  
 

 

In this chapter we will discuss our results and findings we obtained by simulating the HBC 

transceiver, for the HBC channel and for the AWGN channel. Then we will make a conclusion 

based on those results. 

 

 

5.1. Results 

 

First we will discuss the characteristics of the elements which have an impact on the HBC channel. 

In the HBC channel we would get the impulse response for one varying factor while the other three 

being constant. But for a single instance of time with one of the four variables changing we obtain 

the following results. These are given in Figures 18 to 21. 

 

Figure 18.  Channel impulse response, air distance between Tx and Rx varies. 

      In Figure 18, HBC impulse response is created with the   𝑑𝑎𝑖𝑟 changing from 10 to 200 cm. 

The other characteristics such as 𝑑𝑏𝑜𝑑𝑦 = 14 cm, 𝐺𝑅 = 260 cm2 and 𝐺𝑇 = 260 cm2. The plot shows 
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a trend of non-linearity. As the distance is being increased, the signal attenuation is increasing as 

well. We can observe this as the drop in amplitude occurs over greater values of distance. Since 

the transceiver cannot radiate signal outside of a defined region because of low power.      

 

 

Figure 19.  Channel impulse response, distance on body between Tx and Rx varies. 

      Figure 19 presents the distance between the transmitter and receiver on the body 𝑑𝑏𝑜𝑑𝑦 varying 

from 10 to 200 cm. The other variables are  𝑑𝑎𝑖𝑟 = 14 cm, 𝐺𝑅 = 260 cm2 and 𝐺𝑇 = 260 cm2. As it 

can be observed that with the increase in distance, the signal amplitude is getting worse, which is 

evident from the plot that distance and the attenuation are inversely proportional. The curve here 

shows that the increase in distance between transmitter and receiver on the body has an adverse 

effect on the signal strength. This effect might be due to the different dielectric characteristics of 

the different organs and shape of the human body. 
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Figure 20.  Channel impulse response, size of the transmitter ground varies. 

      From the Figure 20 we can observe a few different trends in the plot when compared to the 

previous two plots. Here the object whose value will be varying is going to be different from the 

previous cases. Earlier, the discussion and variation was done of the distance, but in this case we 

will be varying the area of the electrodes. For the scenario of figure 20, we observe that by 

increasing the area of the transmitter ground 𝐺𝑇 from 10 to 260 cm2 the signal attenuation is 

decreasing. While 𝐺𝑇 is varying, the other variables are set to constant values such as  𝑑𝑎𝑖𝑟 = 14 

cm, 𝑑𝑏𝑜𝑑𝑦 = 14 cm and  𝐺𝑅 = 260 cm2. From the analysis of the plot a linearity in the behavior of 

signal to the size of ground can be observed. This suggests that the bigger area of the ground of 

the transmitter, the better it is for the signal to flow. Since the amplitude is still increasing with the 

respective transmitter ground.   
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Figure 21.  Channel impulse response, size of the receiver ground varies. 

      Figure 21 refers to the same linear behavior for the receiver as exhibited by the transmitter. 

The receiver ground 𝐺𝑅 varies from 10 to 260 cm2 and the other variables are set constant to values 

as  𝑑𝑎𝑖𝑟 = 14 cm,  𝑑𝑏𝑜𝑑𝑦 = 14 cm and  𝐺𝑇 = 260 cm2. The only slight difference in this figure when 

compared to Figure 20 is that after a certain size of the ground of the receiver is reached, the rapid 

decrease in signal attenuation is slowed down and thereafter the amplitude of the signal slowly 

increases.   

      From Figures 18 to 21, it can be seen that the 𝐺𝑇 transmitter ground area is the most sensitive 

of all. It shows quite a lot variation when it is changing. The other variables would also matter, but 

the best results can be achieved from the HBC channel when the distance between the transceiver 

is minimum and the electrode grounds have a larger area. 
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 Figure 22. The pathloss at different parts of the body. 

      Figure 22 describes pathloss for different parts of the human body. The different pathloss 

values are calculated and plotted with respect to the generic distance provided in the channel model 

for the HBC. As it can be observed, the parts with more angular dimensions and elasticity have 

higher pathloss, compared to the parts of the body which are mostly stationary. Another factor is 

that the different organs have different dielectric properties, so the skull with more bone structure 

compared to the belly would have higher pathloss values. Here the values calculated are for the 

size of the skull, arm, leg, chest, throat and belly. The pathloss was calculated using (7) introduced 

in Section 3.5.1, 

      The distances for different parts of the body were taken as skull = 25 cm, throat = 22 cm, belly 

= 36 cm, chest = 38 cm, arm = 40 cm and leg = 75 cm. 

       In the next section, a few results are shown and discussed after the simulations for the analysis 

on the performance of the HBC simulator and the HBC channel. The plots will show the BER 

curves for different conditions and different detection schemes. The signals here are considered 

using the non-coherent OOK modulation scheme, in order to check that the AWGN BER curves 

are compared to the theoretical BER curves of the coherent and non-coherent on-off keying 

scheme. These curves were plotted using the equations [44]       
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)         ,                            (19) 

 

where 𝑄 represents the Q function, this is used to calculate the theoretical BER when a signal is 

using coherent OOK and non-coherent OOK. 

 

 

 

Figure 23. BER as a function of 𝐸𝑏 𝑁0⁄  (dB) when 𝐺𝑅 varies and 𝐺𝑇 max 
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Figure 24. BER as a function of 𝐸𝐸𝑏𝑏 𝑁𝑁0⁄  (dB) when 𝐺𝐺𝑅𝑅 varies and 𝐺𝐺𝑇𝑇 min 

 

From Figures 23 and 24, we can observe some of the final results obtained by the HBC simulator. 

The BER curves are shown in the figures, with each having a different constraint than the other. 

Before we go any deeper in the analysis of the plots on the figures mentioned above and their 

respective BER trends, we first need to understand the workings and the calculation method used 

to determine the BER in this HBC Simulator. The basic calculations done in the HBC Simulator 

is the calculation of the BER of the HBC system with two different detection schemes at the 

receiver end. The condition would be when the signal is introduced to the AWGN noise. So the 

received signal will not be pure, like when it was at the transmitter, but it would be influenced by 

the AWGN noise. The next step would be to receive the noisy signal at the receiver with the MF 

and the ED detection schemes. The second condition is when the signal now affected by the 

AWGN noise is passed through the HBC channel. Now the second condition has two further sub-

states similar to the previous condition. The primary sub-state would be when the incoming signal 

is received at the receiver with the MF detection method. The secondary sub-state is when the 

incoming signal is received with the ED detection method at the receiver. So if we summarize the 

above explanation, in the first glance at the figure we can observe eight different curves for the 

BER. The first two curves represent the BER curves of the system when the signal has only AWGN 

noise to it. The first curve is obtained with the MF detection, while the second with the ED 

detection. Moving on to the next three curves, they show the signal affected by the AWGN noise 

is passed through the HBC channel. This causes further distortion to the signal. So to have a precise 

understanding, three different samples are taken of the BER curve, which are obtained by the MF 
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detection scheme. The final three curves are also following the same path as that of the previous 

three curves but with the ED detection scheme. The HBC system here has a peculiar method of 

calculating the BER. Since it can be observed that BER curves are very smooth, they closely 

resemble to theoretical curves, this has been achieved over a process of averaging. In this system, 

the BER is calculated at every iteration, for a set number of bits. The iterations are also defined in 

the simulator. At every iteration, the 𝐸𝐸𝑏𝑏 𝑁𝑁0⁄  from 1 - 70 dB is calculated against a specific value. 

A table is made and for every iteration the BER value is stored. In the end they are averaged and 

a mean value is obtained. If we plot all the BER values, we would get a variation in their positions 

which can be seen in figure 23. For the purpose of ease we will be observing the value of 𝐸𝐸𝑏𝑏 𝑁𝑁0⁄  

for BER at 10−3. This value of BER will be taken as a reference for further results as well. 

The Figure 23 shows comparison of MF and ED detection when we have the case of low data 

rate and the FSC has bigger size, i.e. 64, in order to reduce the errors. In this case the size of 𝐺𝐺𝑇𝑇 is 

fixed to maximum, while the size of 𝐺𝐺𝑅𝑅varies. As it can be observed that with the increase in the 

size of the 𝐺𝐺𝑅𝑅 there is almost 6 dB of performance improvement in AWGN. For both ED and MF 

the case of HBC with similar constraints, the comparison of MF and ED shows the improvement 

of 8 dB in the results when we increase the 𝐺𝐺𝑅𝑅 size.  

The Figure 24 shows results when the constraints are similar with that for the earlier figure 

except one. The 𝐺𝐺𝑇𝑇 in this scenario has been set to the minimum size. If the results of these two 

are compared, there is almost a drop of 30 dB in performance. All the other constraints are the 

same.  A similar pattern is observed here, as the size of the 𝐺𝐺𝑅𝑅 is increased there is an increase of 

5 dB improvement in the performance. That being aside it can be suggested from the plots that by 

changing the size of the 𝐺𝐺𝑇𝑇, there is a huge change in the performance of the HBC system.  

 
Figure 25. BER as a function of 𝐸𝐸𝑏𝑏 𝑁𝑁0⁄  (dB) when 𝐺𝐺𝑇𝑇 varies and 𝐺𝐺𝑅𝑅 max 
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Figure 26. BER as a function of 𝐸𝐸𝑏𝑏 𝑁𝑁0⁄  (dB) when 𝐺𝐺𝑇𝑇 varies and 𝐺𝐺𝑅𝑅 min 

 

In this section of the results we would be comparing not only the Figures 25 and 26 but also a 

two their earlier two counterparts. In this way we can have a thorough analysis of the HBC system 

with the overall swapping and of the constraints and also their individual effects on the results.  

In Figure 25, we can observe that we have the BER curve for the case of simple AWGN noise 

similar to the other cases before, the MF scheme has much better response than that of the ED 

scheme. It can be observed that whatever the conditions there may be the BER curves are mostly 

similar. Moving onwards to the BER curve for the HBC channel, it has a trend similar to the 

previous results. The MF scheme has better performance than that of the ED scheme. In this 

scenario, a few constraints have been reversed than the earlier ones. Here the 𝐺𝐺𝑅𝑅 is given a fixed 

value whereas the 𝐺𝐺𝑇𝑇 values are varying. Other than the 𝐺𝐺𝑅𝑅 and 𝐺𝐺𝑇𝑇 constraints, all other constraints 

are the same to that of the earlier results. As it can be observed, as the size of the 𝐺𝐺𝑇𝑇 is increased, 

the performance of the system is improved. The lowest to highest variation of 𝐺𝐺𝑇𝑇 values have 

consequently almost 5 to 6 dB of improvement in the results. It suggests that the increase in size 

of 𝐺𝐺𝑇𝑇 will result in better performance.  

In Figure 26, there are a lot similarities with the results in of the previous figure. The AWGN 

and the HBC BER curves follow the same trend in BER as those before it. However, the only 

difference in the constraint here is that the size of 𝐺𝐺𝑅𝑅 is set to minimum, which causes a decrease 

in the performance compared to when the 𝐺𝐺𝑅𝑅 was of greater size. If the results from these two 

figures are compared, it can be observed that with the decrease in size 𝐺𝐺𝑅𝑅 to minimum, there is 
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almost a drop of 12 dB in the HBC performance. It means that even with reducing the size of 𝐺𝐺𝑅𝑅 , a 

significant change in the performance can be observed. 

After a thorough analysis of Figures from 23 to 26, it can be suggested that by decreasing the 

size of the ground of the transmitter or the receiver, there is a loss in the performance of the HBC 

system. However, when the size of 𝐺𝐺𝑇𝑇 and 𝐺𝐺𝑅𝑅 are compared, it can be seen that HBC is more 

responsive or rather more sensitive to the change in size of 𝐺𝐺𝑇𝑇 than 𝐺𝐺𝑅𝑅. Evidently, it can be 

suggested that, for the HBC system in the scenario of low data rate, the case when 𝐺𝐺𝑇𝑇 was set to 

minimum in Figure 24, a loss of almost 30 dB was observed compared to when 𝐺𝐺𝑇𝑇 was maximum 

in Figure 23. Whereas when 𝐺𝐺𝑅𝑅was set to minimum in Figure 26, a loss of approximately 12 dB 

was observed in comparison to results of 𝐺𝐺𝑅𝑅 in Figure 25. The values of 𝐸𝐸𝑏𝑏 𝑁𝑁0⁄  in the above four 

figures were taken in reference to a common point at the y-axis, for BER =10−3. 

 

 

 

Figure 27. BER as a function of 𝐸𝐸𝑏𝑏 𝑁𝑁0⁄  (dB) when 𝐺𝐺𝑅𝑅 varies and 𝐺𝐺𝑇𝑇 max 
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Figure 28. BER as a function of 𝐸𝐸𝑏𝑏 𝑁𝑁0⁄  (dB) when 𝐺𝐺𝑅𝑅 varies and  𝐺𝐺𝑇𝑇 min 

 

In the Figure 27, a few constraints are changed. First of all, the HBC simulator has now been 

set for high data rate and smaller size of the FSC, i.e. 8. The data rate is twice that was used in the 

previous four plots. However, when there is an increase in the data rate, there is a reduction in the 

size of the FSC to adjust the transmitter chip rate. In the case above, the same as that in Figure 23, 

𝐺𝐺𝑅𝑅 is varying while the 𝐺𝐺𝑇𝑇 is set to a maximum value. The figure also shows the clusters of BER 

curves plotted, showing the irregularity for BER values against the different values of  𝐸𝐸𝑏𝑏 𝑁𝑁0⁄ . The 

smooth curve is once again obtained by taking the average of the BER. It can be seen that this 

scenario also follows the similar trend as the previous cases. The MF has better results compared 

to the ED. However, there is a small difference that can be observed here compared to the case 

earlier when the FSC size was 64. It had better resilience to the distortion compared to when the 

FSC size is 8. So, it can be seen here, that we have an approximately 2 dB of the performance drop 

when the FSC size is decreased compared to when FSC size was higher. Other than that, there is 

slightly less gap between the MF and ED curves, showing that ED improves the performance but 

not much compared to MF. 

In Figure 28, the constraints are almost the same as they were in the previous figure. The only 

change here is the 𝐺𝐺𝑇𝑇 size is reduced to the minimum. By doing so, even if the data rate has been 

increased, there is almost a 30 dB difference in the results. The performance has been significantly 

affected. Once again, it can be suggested that the system is sensitive to change of the size of  𝐺𝐺𝑇𝑇, 

bigger the size of 𝐺𝐺𝑇𝑇 ,better the performance and smaller the size, more loss in the performance of 

the system.   
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Figure 29. BER as a function of 𝐸𝐸𝑏𝑏 𝑁𝑁0⁄  (dB) when 𝐺𝐺𝑇𝑇 varies and 𝐺𝐺𝑅𝑅 max 

 

 
Figure 30. BER as a function of 𝐸𝐸𝑏𝑏 𝑁𝑁0⁄  (dB) when 𝐺𝐺𝑇𝑇 varies and 𝐺𝐺𝑅𝑅 min 
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      In Figure 29, the constraints are similar to the above two scenarios but now only the 𝐺𝑇 and 

𝐺𝑅 have been flipped. As it can be seen that 𝐺𝑇 is now varying from a smaller to bigger size while 

the 𝐺𝑅 has a fixed size, which is set to the maximum. The BER curve follows the similar trend 

again. The only thing to notice is that there is not much gap between the MF and ED schemes BER 

curves. They are now pretty close. Other than that, is can be deduced that when the size of 𝐺𝑇 is 

increased, the performance of the system improves. 

      In Figure 30, the size of 𝐺𝑅 is set to minimum and the size of 𝐺𝑇 is varying. As it can be seen 

with all the same constraints, only a single constraint can change the performance of the system to 

a large extent. There is a drop of 10 to 11 dB in the results when the 𝐺𝑅 is reduced to minimum 

size.  

      After closely observing, all the different scenarios for the simulations and the HBC signal, it 

can be suggested that the size of 𝐺𝑇 has a significant impact on the performance of the system if 

compared to the 𝐺𝑅. The system exhibits better results when the FSC size is higher compared to 

smaller FSC size. The MF detection scheme when compared to the ED scheme has better results 

for the HBC system. It reduces certain steps in the receiver section of the simulator, meaning less 

processing and less time to get outputs. Secondly, as the results from the simulations show that it 

has lesser errors for the signal detection ultimately improving the results.  

 

     

5.2. Discussion 

 

The goal of the thesis was to get insight of the HBC performance. In order to study that, we 

implemented an HBC transceiver simulation model and the IEEE 802.15.6 standard was the basis 

for the architecture of the system. The HBC transceiver was analyzed in the AWGN channel and 

in the HBC channel. From [40] the constraints and mathematical formulas for the HBC impulse 

response were taken. After obtaining the plots, it can now be suggested that the factors impacting 

the quality of transmission in the HBC channel are the sizes of the transceiver grounds and the 

distance between transceivers on body and air. The impacts of the 𝐺𝑅 and 𝐺𝑇 were also observed 

on the impulse response. They follow a similar trend showing that with the increase in the sizes of 

𝐺𝑅 and 𝐺𝑇  the HBC channel performance could be improved. Same situation can be seen again in 

the case of the BER curve, by increasing the size of the ground, the HBC system performance is 

improving. Since the HBC channel is something which represents the human body, the different 

parts of human body have different behavior towards the signal. Some parts have higher dielectric 

constant values than the others and a different pathloss for every different part. To give a final 

verdict it can be proposed after observing the plots that the size of the transmitter ground has a 

very great impact on the performance of the HBC system, compared to the size of the receiver 

ground. The HBC technology has a lot of potential, and it can be used as one of the secure and 

personalized transmission medium. It needs more focus on research to obtain optimal performance 

and productivity.  
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6. SUMMARY 
 

 

In this thesis, the main focus gravitated towards the IEEE 802.15.6 wireless standard. The IEEE 

802.15 can be classified into three major sub divisions. The IEEE 802.15.1 is the Bluetooth 

technology. The Bluetooth technology has been one of the pioneers in the WPAN standard. Today 

there are available multiple versions of the Bluetooth standards, which are constantly being 

improved. The next is IEEE 802.15.4, the ZigBee. This standard is somewhat similar to Bluetooth 

standard. It is a lower tier, terrestrial and ad hoc wireless standard. It is mostly used for the systems 

with longer life and low data rate requirements. The IEEE 802.15.6 contains a sub-section called 

the WBAN, which is the newest in the category. The WBAN technology is used for the devices 

with shorter range compared to the previous two. This standard has currently been dealing with 

the device to body communication with its specific conditions relevant to it. 

        The IEEE 802.15.6-2012 WBAN is categorized in three PHY sub groups which share a 

common MAC. The first one is narrowband PHY, which operates on the frequency range from 

402 – 2.48 GHz. It mostly uses DPSK and in some frequency ranges GMSK modulation scheme. 

The second one is ultra wideband PHY, which operates in 3.1 – 10.6 GHz. The modulation 

schemes used in this are the OOK, CP-BFSK and DPSK. The final one among these is the human 

body communication PHY, which operates between 18 – 36 MHz. It is used for very small range 

communication and here it has used the non-coherent OOK modulation scheme. 

         When we have a deeper look into the HBC, it can be realized from the name that the 

communication medium in this technology is human body. The HBC is a short range 

communication technology. The transmitter and the receiver need to be in contact with the body 

for better communication. Currently, the HBC is being used for collecting data on vital signs of 

the body, but it has much more potential which still needs more work on it. The center frequency 

used in the simulator is 21 MHz, defined by the standard. The data rate ranges from 164 kbps – 

1.312 Mbps. The HBC is a creeping wave which travels on the surface of the body. For this 

purpose, many constraints must be known about the body in order to optimize the transceiver for 

better performance. Among these, the dieletric properties of the body must be taken into account. 

The signal travelling on the body has different variations in its strength depending on which part 

of the body it is travelling and what is the nature or structure of the organ. The pathloss is calculated 

for this purpose and the areas with more bone density have higher signal loss compared to area 

with less bone density. The transceiver is modeled following the IEEE 802.15.6 standard and the 

HBC channel impulse response is generated and analyzed. Some important characteristics are 

observed in the HBC channel and their importance. 

        After obtaining all the information regarding the HBC channel and the HBC transceiver, 

simulations were done. The HBC transceiver was designed considering the HBC transceiver 

provided by the standard. The transceiver was set for low data rate and high data rate.  Each of the 

data rate had a specific set of requirements which needed to be changed in the transmitter. The 

signal was then sampled and then sent to the channel. The signal was generated and AWGN noise 

was added into it to simulate a simplest channel. The secondary level was to pass the now noisy 

signal through the HBC channel which further deteriorated the signal. At the receiver, the signal 

was detected and converted back to its original form. The receiver was set for two different 
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detection schemes. The ED scheme and the MF detection scheme. At the end of all the 

communication process, the BER calculation was made in order to check the performance. The 

simulator for HBC transceiver was mostly based on the standard provided in [18]. 

        In the end, the results were observed from the simulations from the HBC simulator. In order 

to make any kind of speculation, the four significant constraints responsible for the variations in 

the HBC channel were identified. These factors have high impact on the signal strength and the 

performance of the HBC transceiver. The first simulations were of the HBC channel impulse 

response when one of the four factor was varying and the remaining three were constant. It was 

suggested from the results that if the transceiver is in contact with the body or very close to the 

body it has much better results compared to when they are not. The latter results after careful 

review were suggesting that the MF detection scheme had better results and the remaining two 

factors, which were the sizes of the transceiver ground, are also very impactful on the 

communication system. It is deduced that, if the size of the transmitter ground is increased the 

performance of the HBC system also improves. As the figures show almost 30 dB of improvement 

in the results, when the size of the transmitter ground was set from the smallest to the largest.  

        In the conclusion of the thesis, it is suggested that the area of the transmitter ground must be 

kept bigger and there should be a minimum distance between transmitter and receiver and body to 

obtain the best possible results. Furthermore, in the HBC section we have only uncovered just the 

tip of the iceberg. This technology can have a great potential if further research is done on it, which 

in result would help improve leaps and bounds the medical and other observation of vital signs of 

the human body.      
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8. APPENDICES 
 

Appendix I. Dielectric properties of some tissues and organs at 21 MHz 

Tissue Permittivity (𝜺𝟎)(F/m) Conductivity (𝝈𝟎)(S/m) 

Bladder 34.841400 0.273396 

Blood 149.344894 1.143603 

Bone Cancellous 47.166553 0.136834 

Bone Cortical 24.348524 0.049340 

Bone Marrow Infiltrated 31.429977 0.138219 

Bone Marrow Not Infiltrated 12.173970 0.015710 

Breast Fat 6.518215 0.028647 

Cartilage 104.482262 0.402018 

Cerebellum 269.754578 0.519704 

Cerebro Spinal Fluid 107.288116 2.009558 

Colon (Large Intestine) 162.826035 0.546071 

Cornea 149.655045 0.921553 

Dura 141.252335 0.604258 

Eye Tissue (Sclera) 120.461143 0.832457 

Fat 9.486814 0.032038 

Fat (Mean) 20.214920 0.059032 

Gall Bladder 97.411156 0.909885 

Gall Bladder Bile 117.879547 1.411860 

Grey Matter 194.959152 0.381312 

Heart 182.909424 0.564276 

Kidney 220.660385 0.593140 

Lens Cortex 97.579994 0.550256 

Lens Nucleus 75.548157 0.243818 

Liver 138.145294 0.364295 

Lung (Inflated) 68.384163 0.250898 

Lung (Deflated) 116.796082 0.471917 

Muscle (Parallel Fiber) 101.627045 0.698081 

Muscle (Transverse Fiber) 107.897202 0.644498 

Nerve (Spinal chord) 94.805473 0.255892 

Ovary 196.776855 0.536839 

Small Intestine 247.120560 1.443024 

Spleen 229.379135 0.605673 

Stomach Esop Duodenum 138.172272 0.825347 

Tendon 85.061699 0.429647 

Testis Prostate 139.384628 0.824647 
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Thyroid Thymus 104.571815 0.742867 

Tongue 120.461151 0.601923 

Trachea 91.408920 0.486286 

Uterus 172.955658 0.826765 

Vitreous Humour 69.417694 1.502254 

White Matter 122.513504 0.205838 

 

 


