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Abstract
The main concept of Body-Coupled Communication (BCC) is to transmit the electrical information 
through the human body as a communication medium by means of capacitive coupling. Nowadays 
the current research of wireless body  area network are expanding  more with the new ideas and 
topologies for better result in respect to the low power and area, security, reliability and sensitivity 
since it is first introduced by the Zimmerman in 1995. In contrast with the other existing wireless 
communication technology such as WiFi, Bluetooth and Zigbee, the BCC is going to increase the 
number of applications as well as solves the problem with the cell based communication system 
depending  upon  the  frequency  allocation.  In  addition,  this  promising  technology  has  been 
standardized by a task group named IEEE 802.15.6 addressing a reliable and feasible system for 
low  power  in-body  and  on-body  nodes  that  serves  a  variety  of  medical  and  non  medical 
applications. 

The entire BAN project is divided into three major parts consisting of application layer, digital  
baseband and analog front end (AFE) transceiver. In the thesis work a strong driver circuit for BCC 
is implemented as an analog front end transmitter (Tx). The primary purpose of the study is to  
transmit a strong signal as the signal is attenuated by the body around  60 dB. The Driver circuit is 
cascaded of two single-stage inverter and an identical inverter with drain resistor. The entire driver 
circuit  is  designed  with  ST65  nm  CMOS  technology  with  1.2 V supply  operated  at  10 MHz 
frequency, has a driving capability of 6 mA which is the basic requirement. The performance of the 
transmitter is compared with the other architecture by integrating  different analysis such as corner 
analysis, noise analysis and eye diagram. The cycle to cycle jitter is 0.87% which is well below to 
the  maximum point  and the  power  supply rejection  ratio  (PSRR) is  65 dB indicates  the  good 
emission of supply noise. In addition, the transmitter does not  require a filter to emit the noise  
because the body acts like a low pass filter. 

In  conclusion  the findings  of  the thesis  work is  quite  healthy compared to  the previous  work. 
Finally, there is some point to improve for the driver circuit in respect to the power consumption,  
propagation delay and leakage power in the future.    
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1
 A Driver Circuit for Body-Coupled Communication

Chapter 1

 1 Introduction

 1.1 Background

The  fast  growth  of   low power  integrated  circuit,  wireless  communication  such  as  Bluetooth, 
ZigBee, Wi-Fi and  wireless sensor network has created a new generation of wireless body area 
network (WBAN). The human body is modeled as an electrical channel for communication  by 
using the concept of capacitive coupling or  AC coupling which allows only AC signal while blocks 
the DC signal. The concept of near field communication is first introduced by Zimmerman [1] in 
1995 since then it turns to be an important pathway in the area of personal area networks (PANs). 
The demand of reaching  more advance, cost effective, low power  technologies, the electronics 
devices  are getting more connected with the near field communication specially with the body 
based communication like body area network. The mobile phone vendors are more interested to 
build such a body based communication which  doses not need a fixed radio channel  to transmit the 
signal  rather  using  the  human  body  the  information  can  be  passed  resulting  low  power 
consumption,  security,  less  interference  and moreover  less  burden on the  RF spectrum.  In  the 
medical science the body based communication is very common from very past to measure the 
heartbeat, body temperature or recording an extended electrocardiogram (ECG), EEG and so on. 
Nowadays the WBAN has got more attention  in the field of  medical and ICT (Information and 
Communication Technology)  but the specific  nature of the system due to the fixed wireless system 
the number of application are limited in this particular field. Every system has an IEEE standard 
and the WBAN is also standardized by the IEEE 802 which has made a task group called IEEE 
802.15.6. The goal of the task group is to maintain such a standard which provide the reliable and 
feasible system for low power in-body and on-body nodes and the group serves a variety of medical 
and non medical applications.  The main feature of this standard is to define the Medium Access 
Control  (MAC)  layer  by  supporting  the  various  Physical  (PHY)  layers.  Specially  the  more 
important thing is to select the PHYs (frequency band) for the medical and non medical applications 
because  of  the  available  frequency  bands   are  specified  by  the  communication  authorities  in 
different  countries.  The  IEEE  802.15.6  task  group  has  introduced  three  physical  layers  i.e., 
Narroband (NB), Ultra Wide Band (UWB) and Human Body Communications (HBC) layers [2]. 
Currently the standard is working on the developing of the security issues, protection levels and 
frame formats of WBAN. 
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 1.2 Motivation

The  strongest  motivation  of  using  human  body as  a  communication  channel  is  its  speed,  less 
interference,  low power consumption and inherent  security system  compared with the existing 
wireless communication systems like Bluetooth, Zigbee and  WiFi.  The low power transceivers for 
Body Area Network (BAN) is mainly focused on developing an architecture of transceivers using 
human body as a communication channel that is capable of  higher data rate (10 Mbs) operating at 
10 MHz frequency range.  This application of near field communication (NFC) with Body Area 
Network  (BAN) is going to increase the number of application as well as solves the problem with 
cell  based  communication  system  depending  upon  the  frequency  allocation.  The  cell  based 
communication systems which make  the basic of the today's mobile or wireless communications, 
are quite unable to meet the requirements of huge number of information load  from all over the 
world because of the fixed number of frequency allocation table. So it is time to look for such a 
communication system, which is capable of solving the issue with limited number of frequency 
careers  as well as the speed and low power consumption. Actually the big companies like Apple, 
Google, Ericsson and Telenor  are also looking forward to find a way of solution that does not  
require  the frequency spectrum.  So the inductive  or  capacitive  coupling  technique  by using a 
human  body  as  a  communication  channel  could  be  a  solution  for  the  wireless  or  mobile 
communication. Moreover, a low power transceiver for BAN would be given in favor of capacitive 
coupling as viable means of next generation touch-and-go communication.

Apart from, this type of body based communication is more secure compared with the existing 
wireless systems because the electrostatic fields are used  with low range and the strength of the 
fields falls  extensively with the distance cube. So this kind of body based device is less risk of 
hacking,  eavesdropping,  interference and so on.  The BAN devices could be suffered less  from 
interference because the high attenuation by human body, which is a big concern for any wireless 
and wired communication system. 

 1.3 Body area network (BAN)

The main goal of the  BAN project is to design and implement a transceiver architecture that must 
permit low power operation and it should also be possible  to integrate to the smart phones and 
preferably the system on chips found in the terminals.  The body is attenuating the signal quite 
heavily the transfer characteristic is also dependent on the movements, position and body condition. 
Typically the transmitted signal is in mV range that implies a sensitive receiver. The hardware must 
also able to characteristic the channel in order to  adjust for power levels to further lower the power 
consumption and increase the data rate. The project description, specifications and applications are 
discussed as follows. 
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 1.3.1 Project description

This section is described the outline of the BAN project in system level or top level. The project is 
focused on the top down methodology. The idea of using human body as a communication channel 
is quite new and many research are going on all around the  world to improve the communication 
speed,  quality,  power  consumption  and  accuracy.  Nowadays  several  organizations  like  MIT, 
Ericsson,  Korea  advanced  institute  of  science  and  technology  (KAIST)  are  trying  to  make  a 
convenient   chip  that can serve without using any RF frequency spectrum regarding high speed, 
well  enough  security   and  low  power  consumption.  The  concept  of  not  using  any  allocated 
frequency spectrum is AC coupling, inductor coupling or Galvaning coupling by using human body 
as a communication channel. In different papers the body channel communication (BCC) has been 
described in such a way that  the data can be transferred through human body using electrostatic 
coupling or electromagnetic waves with some limitation of data rate, bandwidth and return path. On 
the other hand, by using ac coupling the goal of the BAN project is to minimize those limitations  
and makes a convenient transceiver that can have some new features. In Figure 1, the overall idea 
behind the BAN project is illustrated.  It is a half duplex communication system that the digital data 
is delivered by the digital transceiver (TxRx) Baseband and first Analog Front End (AFE) TxRx 
receives the data. The data are transmitted by the first TxRx and it is passed through the human 
body with high attenuation due to  high impedance provided by the human body. The attenuated 
signal is amplified as well as provides the digital data by the second TxRx  and finally it goes back 
to the Digital TxRx Baseband. The human body acts as communication channel and it provides 
almost 60 dB attenuation.  

Figure 1: System description of the BAN project. 
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The suggested BAN transceiver is quite different from the conventional  RF transceiver in such a 
way that it conducts through human body using capacitive coupling and some direct  modulation 
scheme could be used.  The target of the entire BAN project is to understand the  interfaces that 
support the whole transceiver chain and kind of modulation schemes that make the system simple. 
Figure 2 describes the whole transceiver chain  and the channel outline of the BAN project. The 
application data are processed from the application layer like a computer or smart phone and the 
data are injected to the FPGA board where the baseband is located. The ground can be isolated from 
the main transceiver circuitry by using optocouplers as well as it is connected to the baseband at the  
same time.  The digital to analog converter (DAC) is needed to interface with the baseband and the 
transceiver circuit. The unwanted signal is eliminated by the filters and a strong driver circuit is 
needed to drive a big capacitor. The amount of current should be high enough to drive a big load 
capacitor.  The  signal  is  highly  attenuated  when  it  goes  through  the  human  channel  and  the 
amplitude of the distorted signal becomes very small which can be in milivolt or micro volt range. 

The second transceiver circuit acts like a receiver and receives the weak signal. To amplify the 
distorted signal a low noise amplifier (LNA) is needed in the receiver chain. Due to non linear 
behavior of the amplifier the higher order harmonics can be eliminated by the filter. The analog 
signal is converted to digital signal by the analog to digital converter (DAC) which is an interface 
between the transceiver and the baseband. In time the digital data return  to the physical layers as 
well as to the application layers through optocouplers. 

The groundless environment and modeling of human body with RC network are a big challenge of 
designing the transceiver. The fundamental properties of the project is to design a transceiver  that  
are able to maintain a high data rate with low power consumption. The cost minimization is another 
target point of this project so that a spendable product can be made. 

Figure 2: The whole transceiver chain and channel outline of the BAN project.
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The outline of the BAN project is shown in figure 3. The system is divided into three parts such as 
application  layer,  baseband  (BB)  and  Analog  Front  End  (AFE).  The  three  blocks  will  be 
implemented in software, FPGA and ASIC respectively. The application layer consists of streaming 
video, streaming audio, payment, handshake, monitoring, ID exchange and key lock which can be 
implemented in software. On the other hand,  the baseband (BB) is fixed to a modulation scheme 
named Manchester coding that is chosen because of the simplicity. The forward error correction or 
channel coding is also needed along with the bit error rate for further improvement of the re-sending 
data. In addition, it is necessary to consider some auxiliary circuits which can handle the low data 
rate for some application where the career frequency is at 10 MHz. 

The transmitter of the analog front end (AFE) is mainly focused on the output driver which provides 
ones and zeros to one side of the capacitor. The slew rate of the output driver can also be maintained 
through a digital charge pump like interface by  controlling the rise time and fall time of the signal.  
It is important to maintain the shape of the signal on the other side of the capacitor by controlling 
the rising and falling edge of the signal. However, the attenuation factor due to high impedance 
provided by the human channel, the filter is not mandatory as the amplitude of the signal is very 
low and very minor chance to get mixed with noise. 

The next most important and complex part of the transceiver is analog front end receiver (Rx). The 
signal becomes very weak after being passed through body due to high resistance of the body. The 
signal  needs  to  be  amplified  so  that  the  information  does  not  lose.  In  general  it  requires  an 
amplifier which can provide the amplification as well as minimize the noise. A low noise amplifier 
(LNA) might be the best choice in terms of the non linearity issues. The gain of the system need to  
be controlled in someway so that the desired output can be found. The programmable gain amplifier 
(PGA) circuit is required to keep a healthy gain through the whole system and to adjust to the 
channel a tuned filter is also required to the Rx path. In addition, the frequencies  on the channel 
vary quite significantly in the Manchester coding. The properties of Manchester coding implies that 
the highest frequency component lies on the carrier frequency, the smallest frequency at half of the 
career frequency. So there is a possibility to occur any of the frequencies on the range. However, for 
this time being it is not a big issue, but the variation of the phase and amplitude in the band might  
affect the distortion of the desired data. Finally, an analog to digital converter  (ADC) or comparator 
or schmitt trigger is exploited to the system in order to get back the wanted digital data. 

Figure 3: The preliminary concept of the whole project (BAN).  
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 1.3.2 Overview of the subprojects

The low power transceiver for BAN is composed of group of sub projects and the list of  functions 
of different part are described as follows. 

• Transmitter (AFETx)

• Receiver (AFERx)

• Bseband coding and Modulation I (PHY I)

• Baseband coding and Modulation II (PHY II)

• Baseband implementation and  protocols (Base)

• Application layer and channel modeling (Apps)

The function of the different subprojects for the BCC transceiver are described in details in the 
following section. The entire work is divided into three basic part such as analog front end (Tx and 
Rx), baseband and application layer.

 1.3.2.1  Transmitter (AFETx) 

The main focus of designing the AFE Tx is to transmit a signal that can generate pulses. It can be 
considered  a digital part that provides ones and zeros. The primary  capacitor plate connected to the 
human body receives the voltage pulses from the  output driver circuit. The driver circuit need to be 
designed very significant way such that the signal does not attenuate beyond the expected level due 
to high impedance of the human body. The received voltage levels on the secondary plate of the  
capacitor is distorted significantly and sometimes it goes under mV level. Specially after the human 
body the signal is much more attenuated and becomes very weak that might come out with µV 
range. So the technique is to increase the transmitted voltage level to get a moderate signal and 
avoid the hidden noise. However, it will increase the power consumption that is not desired. The 
pulse shaping is an important issue for designing the output driver in order to maintain the power 
consumption. The driver circuit needs to be strong enough to drive the big load cap as well as  
supply high driving current. The filter is not required in this case as the signal is highly attenuated 
by the human body that provides nice pulse shape with low amplitude. So the noise does not affect  
to the transmitted signal. In general, the application data should come from the application layer and 
after the buffering and encoding, it employs to the transmitter.  Subproject 1 contains a significant 
amount of simulation, different performance analysis , model verification and IC implementation. 
This master thesis or subproject 1 is the illustration of the designing and implementation of the 
output driver circuit for BAN. 

 1.3.2.2 Receiver (AFERx) 

The focus of  subproject 2 is to do detailed analysis, modeling, implementing the  analog front end 
(AFE) Receiver. The receiver is very sensitive due to high  attenuation of the body channel. The 
highly attenuated signal after the body  channel is injected to the  primary  capacitor plate on the  
receiver side and more weaker signal is disappeared  on the secondary plate of the receiver. So the  
pre-amplifier or LNA need to have high gain to increase the voltage level of the weaker signal. It is  
also important to take care about the noise with the signal and a tuned filter can be used to reduce 
the  in-band noise  to  shape  the  received signal.  Finally,  the  signal  need to  be  recovered  at  the 
analog/digital interface end by using a low resolution ADC or comparator or schmitt trigger. This 
subproject 2 is composed of simulation, analysis, designing, implementation of the AFE receiver. 
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 1.3.2.3  Bseband coding and modulation I (PHY I)

The Manchester coding is chosen  in this case because of the simplicity as well as gives the quickest 
result.  Although  it  might  be  necessary  to  consider  the  channel  coding  such  as  forward  error 
correction,  interleaving  and  resending  data.  This  section  is  implemented  in  the  MATLAB and 
FPGA. The main focus of this project is on the transmit path. 

 1.3.2.4  Bseband coding and modulation I (PHY I)

The approach is similar to the previous subproject but it focus on the receiver path. The baseband 
implementation, modulation schemes, decoding are designed mainly in MATLAB and FPGA. 

 1.3.2.5  Baseband implementation and  protocols (Base)

The  main  concept  of  this  subproject  is  to  set  the  modulation  scheme  for  the  baseband 
implementation and  study the different protocols for the Baseband. 

 1.3.2.6  Application layer and channel modeling (Apps)

Subproject describes the modeling of body channel and different application such as handshaking, 
lock door, payment, ID exchange and so on.  

 1.3.3 Project specifications

The some features has been changed from the last work for the BAN project. The some important  
and major target points are listed below. 

• Half duplex communication is introduced instead of the simplex communication system;

• Higher data rate is another requirement and it is set to  10 Mbps;  

• The low power consumption is another target point as it is named low power transceiver for 
BAN.

Table 1 illustrates the primary target points for the entire BAN project. The  specifications for the 
project are valid for all corner conditions. 

Table 1: Specifications showing the basic requirements for the entire BAN project.

Item Variable Min Type Max Unit Comment

Process node L 65 nm The initial target is to use 65 nm 
RF kit 

Supply voltage VDD 0.9 1 1.1 V The design kit specification offers 
1.2 but it should use 1 V or lower 
than that and high voltage driver 

might require more than 1.2 V

Reference data 
frequency 

FREE 0.05 10 12 MHz The data frequency is selected by 
targeting some application
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Ouput AFE 
power

POUT 5 mW 1 V pulse at career frequency 

Input AFE 
sensitivity

SIN 2 mW The sensitivity is measured in mV 
and that should be detected in the 

receiver path

Jitter1 Tj 1 % Cycle to cycle jitter2 with respect 
to the data clock 

Long-term 
Jitter3

TLj 20 % Measured over a number of clock 
periods and this  must be 

correlated with cycle to cycle 
jitter , receiver structure and 

clock frequency

Power 
Consumption

PDIS 1 mW In reality the output driver 
consumes more power 

Temperature 
Range

TR -40 125 deg The range is chosen by targeting 
reuse point of view  

Total chip Area A 1 spmm The application layer and some 
of FPGA computer I/F circuits  is 

omitted 

Jitter1 is the oscillation signal with respect to the ideal signal.

Cycle to cycle jitter2  is the difference between adjacent clock cycle over 1,000 clock cycles.

Long-term Jitter3 is the difference between the output clock from the ideal clock position over 
several consecutive cycles.  

 1.3.4    Applications 

The application layer  is  defined in  software  and the promising applications  for  the low power 
transceiver for BAN are also described. The main objective of the body based communication is  
that one can carry such a technology that offers fully connected consumer experience to the user.  
Apart from the above some other applications are listed below which are also attractive.

• Low  power  Escalators  –  The  modern  Escalators  can  be  turned  on  inductively  or 
capacitively when the user approach towards its close vicinity;

• Door lock or unlock – The inductive or capacitive based transceiver within the body   can 
be used to lock or unlock  by touching the door; 

• Peripheral devices  –  The photocopier machine, fax and printers can be more user-friendly 
and easy to use  by introducing BAN transceiver;

• Electronic  money transfer  is  another  example  of  using  inductive  or  capacitive  coupled 
transceiver; 

• IP-based smart dust motes – To transfer the information or data for IP-based smart dust  
motes by using inductive or capacitive coupling; 

• Personal  fitness  monitoring –  It  is  important   to  focus in  collecting and displaying the 
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necessary data relevant to the exercise in  fitness monitoring application.  The heart  rate 
sensors is old and widely used in this kind of application. The demand of modern world 
introduce some extra features added to the fitness monitoring application. The additional 
sensors can be used to complete the meaningful exercise which gives the information about 
body temperature, oxygen level, dehydration, location, blood pressure and other relevant 
accumulation. Finally, all the sensors can be integrated in one chip with independent BAN 
interfaces; 

• Video Communications – Multimedia data transfer for standard definition (SDTV) and high 
definition (HDTV) video communications can be implemented in a transceiver by using 
capacitive or inductive coupling;

• Mobile  Communication  devices  –  A new features   of  a  mobile  communication  device 
provides the possibility to communicate between devices within the body and the outside 
world. The gateway between the local body and outside world can be implemented in the 
mobile  device,  cellular,  wireless  LAN and  other  wireless  technologies.  An  example  of 
Mobile communication devices.

Finally, the body-coupled communication is going to increase the wide range of application fields 
in future. The different applications can be successfully integrated by BCC which is fast, reliable 
and secure than any other wireless communication. 

 1.4 Goal of the thesis work 

The goal of this thesis is to focus on the Analog front end (AFE) transmitter which is  subproject 1. 
The target points for  subproject 1 is to define the human body channel  as well as modeling of the 
body with respect to resistors and capacitors. More impotently how the analog front end (AFE) Tx 
can be used to verify the body model. Apart from  the transmitted signal can be high in amplitude,  
but after the first electrode the amplitude is decayed on the other side of the capacitor plate. The 
signal is more attenuated after the human body and the signal strength can be found in mV or µV 
range. So it is important to design a strong output driver that provides high amplitude, capable of 
driving high capacitor at load, high current obviously that costs more power consumption that is not  
desired. However, the challenge is to design the driver that meets the basic requirements at the same 
time it is important to maintain the power consumption, Power supply rejection ratio (PSRR), jitter, 
area of the chip and so on. Moreover, the Tx needs to me more generalize that should work for the 
whole system including with the receiver, baseband in system level as well as the transistor level. 
Actually the purpose of this subproject 1 is to find out more features and improvement compared to 
the previous work. 

 1.5 Outline

In chapter 1, the introduction of the BAN project is described . In chapter 2, the different literature 
papers  are  summarized   related to  subproject  1.  The human body is  used as  a  communication 
channel and the modeling of that is described elaborately  in chapter 3. The review and performance 
matrix   for  analog  front  end  (AFE)  transmitter   is  illustrated  in  chapter  4.  In  chapter  5,  the 
description of the different steps of the driver  is illustrated and the figures are also included with 
description.  The  different  analysis  and  the  simulation  results  are  analyzed  in  chapter  6.  The 
outcomes of the thesis work is also compared with the previous work. Finally, the conclusion of the 
entire project is shown in   chapter 7 and the future work is also mentioned in this section. 
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Chapter 2 

 2  Summary of literature review 

 2.1  Introduction

The main focus of this chapter is to study  the different research works on the Body Area Network 
(BAN). The different approaches are followed by the researchers of designing the transceiver and 
the purpose of  thesis  work is  to  find out  the best  output  driver  for  the  low power transceiver 
compared to the previous work. 

 2.2  Zimmerman, 1995

The path of Body channel  communication in  the field of  the near  field communication is  first 
presented in 1955 by Zimmerman [1]. The thesis overview of Zimmerman is to illustrate the PAN in 
such a way that covers the system  physical layer, physical design issues,  physical constraints of the 
system, spread spectrum, development of hardware and software issues in order to identify a PAN 
prototype. In the paper, it is examined that  the human body acts like a perfect conductor with small  
resistance value of 251 ohms [1] compared to the electrodes having impedances in  MΩ or GΩ. The 
whole transceiver is  designed in such a way that the transmitter  is  capacitively  coupled  with 
receiver through human body and return path is set by the air and earth or universal ground. The 
earth  ground  is  modeled  as  dielectric  and  conductor  because  of  the  close  proximity  and  it  is 
important as the electric field falls off with distance cube [1]. 

In the thesis work the human body is modeled as lumped circuit electrical model and the body is 
assumed to be perfect conducting node.  In figure 4, the entire electrical model of PAN system is 
described where C0,  C1,  C2,  C3,  C4,  C5, C6 and C7 are  the coupling capacitors.  Transmitter  and 
receiver are denoted by Tx and Rx respectively. The summary of the lumped electrical model is that 
the feet of the human body is the ideal location where body and environment electrodes are the 
weakest link and strongly coupled with the body and environment for PAN devices.  The body 
capacitance and electrode capacitance are measured in two different way which implies that the 
body to environment  capacitance depends on the  shape  and size of the human body while the 
electrode depends on the size of the electrodes and insulating materials in between them. The most 
important issues like power consumption, size and cost  of any chip design are well described in the 
paper for PAN design. 
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On the other hand, there are two modulation techniques have been described in the paper for PAN 
devices where the simple linear  method of encoding, on off keying (OOK) and the non linear 
method  of  spread  spectrum.  The  OOK  is  chosen  for  this  thesis  work  because  it  has  several 
advantages over the direct sequence spread spectrum. The implementation is simpler compare to the 
direct spectrum. The OOK modulation technique is used for representing one as carrier on and zero 
as carrier  off.  On the other  hand,  the spread spectrum coding is  represented by generating the 
Pseudo-random Noise (PN) sequence in the transmitter where logic  one and zero sequences are 
received to large positive and negative correlation, respectively. Although  spread spectrum has the 
largest  received signal where OOK provides a strong received signal for the tank resonator, but still 
it is only 60% effective compare to spread spectrum. The signal to noise ratio (SNR) is large or 
received signal is more clear  for OOK because the phase of PN sequence is difficult  to track in the  
presence of light on the receiver side for spread spectrum modulation. The study results a carrier 
frequency of 333 kHz and baud rate of 2439 [1]. At the end, author said that  the PAN device  can 
still be improved in future by considering the cost, area, power and operating range.

 2.3 Hachisuka et al., 2003-2005

In  paper [4] and [5], the authors focus on the intra-body communication through the human body as 
a transmission  channel in the field of personal area network where the application is very feasible 
for  the  health  care,  bio  medical  monitoring  system  and  music  distribution.  The  intra-body 
transmission method is divided into three types- the simple circuit, electrostatic coupling and wave 
guide [4]. The wave guide method has been used in this publication as it does not require any cable  
as well as supports the high frequency carrier wave. The sine wave  is injected  with the frequencies 
between 1 to 40 MHz to characterized the human body  as a wave guide. The experiment proved 
that  the signal propagation through the human body is superior than through air at frequencies up to 
30 MHz  and  the  maximum  gain  is  around  -26 dB  at   10 MHz  frequency  for  the  intra-body 
communication. 

The writers have created a human phantom  similar to human body which provides almost the same 
gain around  10 MHz frequency. Another important findings of the experiment is that the stable 

Figure 4: Electrical model for PAN transmitter.
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communication  can  be  achieved  independent  of  the  electrode  metal.  In  case  of  analog  data 
transmission, a FM transmitter and Receiver is used for the carrier frequency of 10.7 MHz. The 
transmitted signal is received successfully even with the noise source like mobile phone, cathode 
ray tube (CRT) monitor and microwave. Thus the intra-body communication is also tolerant to the 
surroundings noise. Finally, they have transmitted the digital data using FSK modulation technique 
through the human body as well as through the air. The experiment results a data rate of  9.6  kbps 
with less power consumption using intra-body communication compared to the air. 

In the next paper [5], the variation of gain is investigated for the two types of electrode model. The 
first one is  four electrode model having six impedances in between two transmitter electrodes and 
two receiver electrodes placed on the surface of the  arm of the human body and another one is two 
electrode  model  having  same  number  of  electrodes  among  one  transmitter  electrode  and  one 
receiver electrode placed on the skin connected by electrostatic coupling. In the gain measurement 
experiment, they have observed that the gain is lower than -30 dB for the four electrode model 
where it is steady at  -10 dB for the two electrode model with respect to the frequency and the 
distance. The reason of stable gain for two electrode model is the  less fluctuation of the horizontal 
impedance  element as it is obscured by the high input impedance of the oscilloscope. In addition, 
the measured and calculated values of gain  are almost the same for the two electrode model, but 
there is a significant variations of the gain resulting  from signal  leakage into  the arm from the 
electrodes.

Finally, it is also noticeable that the gain is poor when the arm position is down compare to the arm 
up  and  horizontal  due  to  the  inversion  of  the  transmission  direction  at  the  shoulder  and  the 
surroundings  noise.  They have  concluded  that  the  two electrode  model  is  superior  to  the  four 
electrode model  in respect to the gain, power savings and so on. 

 2.4  Wegmueller et al., 2005-2007

In  paper [6] and  [7], the galvanic coupling, transmitting signal current galvanically into the human 
body, is  studied as a promising technique for wireless intra-body communication in biomedical 
monitoring system. In the experiment, they showed that a 1 mA peak current is injected into the 
human body in the frequency range of 10 kHz to 1 MHz which creates a potential distribution in the 
human body that can be described by finite element (FE)  models. As it is very sophisticated to pass  
the  current  through  the  human  body galvanically,  the  measurement  is  carefully  formulated  to 
investigate the influences of the signal attenuation from the size of the TxRx electrode, joints and 
different  electrode  positions.  The  investigation  of  FE  simulation  results  an  increase  in  signal 
attenuation  by 6  to  9 dB when  the  distance  is  increased  by 5 cm between  the  transmitter  and 
receiver.  However,  the  attenuation  factor  suffers  significantly  with  the  larger  joints,  but  larger 
transmitter electrode provides lower attenuation. Moreover the tissue properties is also measured 
where a decrease of muscle resistance increases the attenuation. In contrast,  the decrease of fat  
resistance results lower attenuation as the signal stacked on the fat layer. They have concluded that 
the thorax have the SNR about 20 dB where the extremities and joints show the poor quality of 
transmission over distance. 

In the thesis work [8], both the capacitive and galvanic coupling is discussed but due to the ground 
path issue the galvanic coupling is proposed with lower data rate in contrast with the capacitive 
coupling for the biomedical application. The intra-body communication is proposed in such a way 
that there is link between the sensors and central link sensor placed on the human body which can  
be monitored from the medical monitoring infrastructure through the  external wireless link. As the 
alternating current pass through the human body  so the analysis is done on the tissue and skin 
properties.  They  have  concluded  in  some  points  such  as  the  muscle  tissue  have  the  higher 
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conductivity than skin almost 10 to 1000 times at 10 MHz frequency, again the wet skin is almost 
100 times more conductive than the dry skin. In addition, the muscle tissue have the 1000 times 
higher relative permittivity  than the dry skin up to 100 kHz. The conductivity and permittivity are 
almost constant for both the muscle and skin between 100 kHz and 10 MHz. The QPSK modulation 
technique is used with a carrier frequency of 256 kHz and maximum data rate of 64 kbit/s. The 
power consumption for the transceiver is near about 31 mW but the digital units consumes less than 
1 mW. Finally, they have concluded that by introducing time division multiplexing as an additional 
transmission links reduce the data  rate  at  same time at  higher Carrier above 1 MHz the power 
consumption increases significantly.

 2.5  Philips research  

In  the  article  [9],  the  body channel  communication  is  discussed  in  terms  of  basic  principles, 
transmission channel, protocol characteristics and new field of applications. The basic principle of 
BCC is defined in such a way that the electrical signal is propagate through the human body by 
introducing a field between devices which are close proximity or in direct contact with it. In the 
paper, two types of approach is mentioned for BCC where transmission line approach is nothing but 
the galvanic coupling and another one is capacitive approach. They have compared two approaches 
in the technical point of view. The second approach is considered because of the fact that it does not 
need  any direct contact to the human body which enables a simple transmission without effecting 
the human body. The frequency band is selected in such a way that is suitable for almost all kind 
application in the field of BAN that is between 100 kHz to 100 MHz. They have connected the 
transmitter and receiver by an optical cable where a digital  synthesizer is used as transmitter with 
12 dBm output power and a power detector as receiver with dynamic range of 95 dB. The five 
couplers is placed on the different positions of the bode, namely, three on the right arm, one on the 
chest and one on the bottom part of the right leg. The propagation loss of the transmitted signal is 
near about 80 dB. The separation of 1 cm between  two parallel electrodes forming a coupler is 
considered an ideal trade off between the less propagation and bigger size of the electrodes. Due to 
the  low power  consumption  and less  interference,  the  FSK modulation  technique  is  used.  The 
identification, security and control (ISC) and body based data exchange (BBDE) are discussed in 
the paper and 4 kb/s data rate is achieved by using ISC application. The medium access control  
(MAC) layer is designed in such a way that it supports both the ISC and BBDE application. It is  
very clear from the literature that there is trade off between the throughput and latency for the 
highly reliable system. They have concluded that the BCC based communication enables a safe, 
reliable and private communication with low power consumption and faster data transfer. 

 2.6 Song et al., 2007 

In the paper [10], it is introduced a physiological (PHY) transceiver which is capable of enabling 
the packet based data communications between the sensor nodes and the human body. The direct 
sequence  spread  spectrum  (DSSS)  is  used  as  a  modulation  technique  to  adopt  the  fast  code 
acquisition and rejection of the interference for narrow band in order to achieve the orthogonality 
and scalability properties. The analog front end (AFE) is developed with wideband amplification, 
digital conversion and 3-level pulse shaping for the pulse position modulation (PPM) scheme. On 
the  other  hand,  the  digital  baseband  (DBB) is  functioned  as  pulse  detection,  pulse  positioning 
synchronization, modulation or demodulation  and data recovery (CRD). The suitable frequency 
band of 10 to 70 MHz is chosen for the 3-level PPM and DSSS. The structure of the packet consists 
of  a  synchronization  (SYNC)  header,  a  PHY header,  a  variable  length  payload  and  a  cyclic 
redundancy check (CRC).  To reduce  ADC power  two technique  is  introduced that  are  a  pulse 
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detector and cross delayed sampling (CDS). Finally, the power consumption is decreased by 40% 
by using those two techniques. The entire PHY transceiver is fabricated in 0.18 μm CMOS process 
occupying an area of 2 mm2 with a maximum data rate of 10 Mb/s.   

The author came up with another paper in the same year representing  a low power wideband 
signaling (WBS) digital transceiver  for data transmission using human body as a communication 
channel of bandwidth between 10 kHz to 100 MHz [11]. The electrical model of the human body is 
shown in figure 5.  In the paper, the direct coupled interface technique (DCI) is used to connect the 
silicon chip with  human body by using a  single electrode  50 Ω impedance.  The HBC channel 
investigation for the WBS transceiver is done in time and frequency domain. The experiment is 
shown  that  the  human  body  acts  as  a  bandpass  filter  with  a  bandwith  above  100 MHz  and 
attenuation approximately 6 dB. Based on the HBC channel investigation, the maximum electric 
field  intensity  and  the  displacement  current  are  estimated  near  about  20 V/m  and  45 mA 
respectively because  the human body impedance shows the range between 300 Ω to 500 Ω.  The 
modulation technique is chosen as non return to zero (NRZ) as it enables clock recovery with no 
additional timing reference at receiver. The WBS transceiver consists of a direct digital transmitter 
and  an  all  digital  clock  and  data  recovery  (CDR)  based  receiver.  The  digital  transmitter  is 
constructed with a clock synthesizer, a pseudo-random binary sequence (PRBS) generator, a 2-to-1 
multiplexer and a driver. The PRBS section generates 27 -1 PRBS data where it passes through the 
driver circuit to the human body for on chip link testing. On the other hand, the receiver is formed 
with an analog front end (AFE), a CDR circuit and a bit error rate detector. The binary data is  
transmitted through the human body and the received signal is amplified sufficiently. The triggering 
is done with  positive and negative states by using two threshold level where the operation provides 
a duty cycle of 50%. It is also examined that the bit error rate (BER) should be less than 10 -5 for the 
embedded  clocking.  The  tree  voltage  mood  driver  is  used  to  increase  the  transmitting  power. 
Actually  in  the  paper  the  receiver  is  constructed  based  on  the  four  main  function  such  as 
amplifying, triggering, inverting and shifting. The AFE section of the receiver consumes 4.8 mW 
power with a data rate of 10 Mb/s. The quadratic sampling is used in the CDR circuit  to reduce the 
power consumption and complexity. Finally, the chip is fabricated in  0.25 μm CMOS process with 
a data rate of 2 Mb/s where power consumption is roughly 0.2 mW with a supply voltage of 1 V. 
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Note: Adapted from  "A 0.2-mW 2-Mb/s Digital Transceiver Based on Wideband Signaling for 
Human Body Communications" wirtten by  Seong-Jun Song, 2007, p.2024.

 2.7  Summary

The literature review for the body area network (BAN) provides a many information about the 
designing of a transceiver in respect to the power consumption, data rate, speed, reliability and 
security. It is clear from the articles that the study on the wireless body area network is a promising 
technology over the all existing wireless communication because of inter dependency over the RF 
frequency  band.  The  publications  are  based  on  the  theoretical  aspect  of  the  BAN  as  well 
comparison  of the calculated value and  measurement value. Most of the papers discuss about the  
advantages of using the human body as a communication channel for different kind of applications. 
According to the publications, the two most common technique have been used  to illustrate the 
coupling method that are galvanic coupling and capacitive coupling. Apart from this the different 
modulation technique is used in  papers. Most of the authors emphasis on the signal strength by 
using a strong transmitter as the signal is highly attenuated by the body. In addition, the receiver 
need to be sensitive enough to recover the original signal. 

However,  the  literature  survey  provides  a  clear  concept  to  implement  the  analog  front  end 
transmitter for this thesis work for the BAN. In the thesis work, it is very important to know  the  
power consumption of the analog front end for transmitting the strong signal as the increasing size 
of the CMOS process. On the basis of the last article the transmitter  architecture  is chosen to 
improve the performance of the transmitter in respect to all aspects. In conclusion,  this chapter 
illustrates some design techniques of a strong driver circuit for the BCC. 

Figure 5: Electrical circuit model for the Wide Band Signaling (WBS) HBC system  [11].
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Chapter 3

 3 Modeling and simulation of the human body for BAN

 3.1  Introduction

The  modern  communication  is  based  on  different  kind  of  technology  such  as  WiFi,  Zigbee, 
Bluetooth  and   3G  or  4G  where  air  is  the  common  channel  for  all  kinds  of  communication 
depending  on  the  different  frequency  allocation.  Nowadays  due  to  extra  burden  on  the   RF 
spectrum,  the  BCC  is  getting  more  attention  in  terms  of  data  rate,  network  security,  power 
consumption, size and so on. The idea of using human body as a communication channel is one of 
the most promising concepts as it does not require any specific frequency spectrum. There are lot of 
different research currently running based on the BCC to make it successful and  meaningful  by 
means of strong alternative option compare to other existence technology. The BAN project is based 
on the same kind of communication where the main  goal is to find the best  result for a half duplex 
communication system. This chapter mainly focus on the different types of body model and the 
details of the choosing the  capacitive coupling for the BAN.

 3.2 Classification of the body models

The most important part is to model the human body as it is described in  different ways in different 
papers. The main idea is to transmit the signal by creating an electric field around the human body 
between the devices that are in direct contact  or in proximity with the human body. There are two 
different approaches to define the human body as communication channel. The capacitive coupling 
and galvanic coupling are two approaches where this two concepts are defined in many literature 
paper by different electrical model. 

 3.2.1  Galvanic coupling

The Galvanic coupling was first introduced by Oberle [3] and analyzed by Hachisuka et al. [4], [5]. 
The  basic concept of galvanic coupling is to establish a signal current through the human body 
galvanically between transmitter  and receiver.  A differential  signal  is  applied  to  the  transmitter 
electrodes  and  received  the  signal  in  the  same  way  by  the  receiver  electrodes.  A modulated 
electrical field is established by the transmitter and later the receiver sense the signal as shown in 
figure 6. A huge amount of current of 1 mA is applied that introduces a potential difference in the 
human body [4]. So the human body is considered as a transmission line in the case of galvanic 
coupling. Sometimes the galvanic coupling is also called the transmission line approach as  the 
electrical signal pass through the human body. 



17
 A Driver Circuit for Body-Coupled Communication

  

Note: Adapted from  "An Attempt to Model the Human Body as a Communication Channel,"            
written by Wegmueller et al., 2007, p.1851.

The signal is attenuated when it is passed through the human body due to the influences from the 
electrode size,  skin,  joints,  tissues,  arm,  electrode position and so on.  The attenuation factor is 
measured by ratio of the received signal and transmitted signal in log scale.  In equation 1,  the 
attenuation factor is denoted by A, where Urx  and Utx  represent the received and transmitted signal 
respectively. 

A=20 log10(
U rx

U tx

)  (1)

The  different  arm  position  provides  a  significant  change  in  attenuation  and  characteristics  of 
transmitted signal. A strong  low pass filter is characterized by the lower arm compared to upper 
arm. On the other hand, the increasing distance between transmitter and receiver provides larger 
attenuation. The attenuation is increased by almost 6 to 9 dB due to increase of 5 cm in distance 
between  transmitter  and  receiver  [6].  The electrode  size  is  another  important  issue  for  weaker 
signal.  The  receiver  electrode  does  not  any  influence  on  the  attenuation,  but  it  is  inversely 
proportional to the transmitter electrode size. In addition, the joints of the human body has a great 
impact on the attenuation.  The larger joints  are proportional to  the attenuation  factor where it 
provides  additional  8 dB in  comparison with  the  model  without  a  joint.  Finally,  a  decrease  in 
resistivity  of every tissue layer  increases the attenuation, but the changing the resistivity of the 
bone and the skin layer do not have any impact on the body attenuation. Actually, the muscle tissue 
short circuits the current due to an increase of attenuation  in such a way that it flows in between the 
two transmitter electrodes. Hence, the potential difference are more in transmitter side compared to 
the receiver. The fat layer provides less attenuation because the current is kept in the fat layer and 
does not pass through the muscle layer. In short, the galvanic coupling is a good approach for intra-
body communication where the required frequency range from 10 kHz to 1 MHz [4].   

Figure 6: Concept of Galvanic coupling [8].

Source MonitorTransmitter Receiver
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 3.2.2  Capacitive coupling

The capacitive coupling is another coupling approach where environment  surrounded by the human 
body  is treated as a reference to transmit or receive  a variation of the potential of the human body. 
For this case, a differential pair  of electrodes is required both for transmitter and receiver but they 
are not direct contact with human body. The electrodes are made from two parallel plates placed 
above each other where the top or positive plate is coupled with human body and bottom plate is  
coupled with the environment. The signal is applied to the transmitter end that provides a variable 
electric field around the close proximity of the human body. In case of low frequency, the human 
body acts like a floating conductor and its electric potential difference changes with the transmitted 
signal. In the same way the receiver end detect the transmitted signal differentially with respect to 
the environment. The location of the electrodes is very important part of transferring the signal from 
transmitted  to  body  and  from  body  to  receiver.  Moreover,  one  electrode  should  have  higher 
capacitive coupling  so that electrical potential could be passed from the body to device or vice 
versa. In a word, the electrostatic or capacitive coupling is a concept where human body treated as a 
perfect conductor that forms a channel between the transceiver where it is capacitively coupled to it. 
We will look more about the capacitive coupling in following sections.

 3.2.3 Comparison of capacitive and galvanic coupling 

There is a significant difference in between capacitive coupling and the Galvanic coupling from the 
technical and application point of view. The major difference  between two approaches  is that the 
electrical signal transmission is strongly influenced by the environment surrounded by the human 
body where the communication is much more physical structure oriented. On the other hand, both 
approach are sensitive to the position and orientation of the human body where the transceiver is 
located. In comparison to the capacitive coupling, galvanic coupling does not require any ground 
for reference. From the application point of view the difference between this two approaches is 
quite significant the capacitive approach does not require a direct contact to the body where it is 
preferred for the galvanic approach. In other words, for any kind of application the transceiver need 
to be  directly connected to the body with electrodes, where the capacitive transceiver can only be in 
the proximity or loosely coupled with the human body. After being all consideration, we focus on 
the capacitive approach where the human body model will be described on the next sections.

 3.3  Body model for BAN 

In BAN project, the capacitive approach is considered a communication technique where the human 
body is used as a communication channel and the electrical model of the body is described. The RC 
model of the human body for different region is also shown in the next sections. The capacitive 
interface alter the transmitted signal and later it more attenuated by the human body. For this case 
the attenuation factor is considered 60 dB. Due to this high attenuation factor we need a strong 
receiver to recover the original signal. 
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 3.4  Model of capacitive coupling for BAN   

The capacitive coupling approach is chosen for BAN because of the some physical and application 
advantages. Nowadays the communication demands more flexibility, security, high data rate, low 
power  consumption,   small  chip area and so on.  The capacitive coupling  approach is  the  new 
generation  touch  and  go  communication  system where  the  modeling  of  the  human  body is  a 
challenge to characterize the channel. In figure 7, it  shows the top view of the capacitively coupled 
human body with two electrodes. 

  
The top view of the body model for BAN clearly shows there is no need of direct contact between  
the electrodes and the person. On the other hand, it is important to consider the distance as the 
movement of  the body affects the signal on the receiver side. As the body distance is considered  2  
meter or less than that so the transmitted signal should be strong enough to recover when it detects  
from the receiver electrodes. The receiver needs to be very sensitive to detect the transmitted signal  
as the signal is attenuated by human body.  The transmission behavior of the human channel is fully 
depend upon the body resistance and coupling capacitor. The transmission channel is designed with 
unit elements consisting of resistors and capacitors.  

 3.5  Electrical  model of the body 

The electrical model of the human body is nothing but the RC model. The Capacitors and resistors  
value is important to have a good communication channel. The human body is divided into two 
basic unit elements arm unit element and torso unit element. The ground mesh is treated as the 
reference  for  the  whole  body  model.  The  coupling  capacitors  values  are  calculated  from  the 
Zimmerman's method [1].  Figure 8 shows the electrical model of the human body for BAN with 

Figure 7: Body model with capacitive coupling.
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the unit elements. 

 3.5.1 Arm unit element 

There arm model consisting of both left and right unit element. The RC structure is same for both 
unit element. In figure 9, the RC model  of a arm unit element is shown. It is clear from the figure 
that the parallel of resistor Ra  and capacitor Ca along with a series capacitor Cg   make the arm unit 
element.  The two nodes vIn and vOut is responsible for signal transmitting and receiving.  The 
resistor and capacitor value are mentioned in table 2. 

 3.5.2 Torso unit element

The torso is the middle part of the human body. The RC model of the torso unit element is shown in  
figure  10.  The RC model  consists  of  four  capacitors  and a  single  resistor.  The signal  is  more 
decayed  at  the  detection  side  because  of  the  attenuation.  The  signal  strength  is  optimized  by 
changing the capacitor and resistor values. The approximate values are given in table 2.

Figure 8: Electrical model of the human body for  BAN.
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Figure 10: Torso unit element for BAN.

Figure 9: Arm unit element for BAN.
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 3.5.3  Electrode unit element

The electrode does not need to be direct contact with the human body for the capacitive coupling 
approach.  So the  RC model  of  the  electrodes  is  quite  significant  for  signal  transmission.  The 
electrodes unit element is shown in figure 11.

 3.5.4  Ground Mesh

The ground mesh is very important for the capacitive coupling because a fixed reference ground is 
required for this kind of approach. The whole human body model  is grounded by the ground mesh. 
The RC structure of the ground mesh is shown in figure 12.

Figure 11: Electrodes unit element  for BAN.

Figure 12: Ground Mesh for BAN.
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 3.6 List of capacitors and resistors values 

The component values for the body model is set according with the best transient response. In table 
2, the resistor and capacitor values are listed for the body model. The size of the arm resistance is  
60 Ω which is the largest value among all the resistors. The parallel body capacitance of the torso  
unit element is 310 pF which is the largest  capacitor value. 

Table 2: Different component values for body model of the BAN project.

Component Value Description

Ra/armRes 60 Ω Parallel resistance of the arm UE

Ct/torsoCap 310 pF Parallel body capacitance of the torso UE

Cc/torsoCapGnd 5 pF Coupling capacitor to  external ground from torso UE

Ct_txgnd 10 fF Coupling capacitance between Tx ground and ground

Ct_rxgnd 10 fF Coupling capacitance between Rx ground and ground

Ca/armCap 48 pF Parallel body capacitance of the arm UE

Cc/armCapGnd 2 pF Coupling capacitance to the external ground from arm 
UE 

FeetCap 10 nF Coupling capacitance to external ground from feet

PlateCap 10 pF Coupling capacitance between Tx/Rx and human body

PlateGnd 50 pF Coupling capacitance between Tx/Rx electrodes

Ra/torsoRes 7 Ω Parallel resistance of the torso UE

crossCap1 100 fF Coupling capacitance between vgnd_trx1 to vgnd_trx2

crossCap2 100 fF Coupling capacitor between vgnd_trx2 to vgnd_trx1

groundCap1 10 fF Coupling capacitor between vgnd_trx1 to universal 
gnd!

groundCap2 10 fF Coupling capacitor between vgnd_trx2 to universal

 3.7 Transient response of the body model

The  transient  response  of  the  different  parts  of  the  body model  are  shown in  figure  13.  The 
transmitted signal is attenuated when it passes through the electrode in the transmitting side. The 
amplitude of the signal is reduced to 500 mV from 1.2 V.  Due to different RC model of the human 
body the signal is getting more weaker after passing through Arm UE, Torso UE and Rx electrode 
respectively.  The receiver  input  amplitude  drops  down to  20 mV,  which  is  very small  and the 
receiver needs to be strong enough to recover the original signal. 
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In figure 15, the attenuation of the different nodes of the human body are shown where  the signal is  
more weak in the last stage receiver electrode. In the opposite extreme the spikes are noise and 
interference free because the low pass characteristics of the body channel.   

Figure 13: The signal attenuation from Tx electrode, Arm UE, Torso UE and Rx electrode.
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Chapter 4

 4  Classification of the driver circuits

 4.1  Introduction

A driver circuit is needed for any kind transmission in the transmitter side. For this thesis the driver 
circuit  need  to  be  strong  enough  to  transmit  the  signal  through  the  human  body as  signal  is 
attenuated  enormously by body.  A good driver  circuit  is  characterized  by an  optimized  output 
impedance,  a controlled falling and rising edges of the signal in order to shape the pulses and of 
course the offset error free clean signal levels. A driver is an important building block for designing 
a transceiver for any kind of application. In BAN project, it is important to maintain the power 
consumption of the entire chip but due to signal attenuation a large amount of power could be 
consumed by the driver circuit. Basically a driver circuit draw a huge amount of current through the 
communication channel. In the thesis work the most important part is to maintain the signal levels 
such a way that it could be detected by the receiver at receiving end. Moreover, the interference 
from the outside world could be added to the information during the transmission process through 
the human body. As we are not concentrating on the filter block in the transmitter  side so the driver  
architecture need to be well designed that can eliminate the noise from the original signal. Basically 
the driver circuit is the last stage of the transmitter part so it is essential to maintain the signal 
quality before transmitting to the channel. The signal quality depends on the pulse distortion, skew 
and systematic jitter. Apart from the power supply rejection ratio is an important measurement for  
noise analysis of th transmitted signal where the driver circuit should be carefully designed so that 
the signal property is maintained. 

 4.2  Transmitter topologies 

Depending on transmission modes the driver circuit divided into two basic types such as voltage 
mode driver and current mode driver. The resistive termination is always important issue for any 
kind of  driver  to  avoid  the  unwanted  reflection  and   hence  the  inter-symbol  interference.  The 
voltage mode driver have a very low output impedance  that allows a resistive region by using 
CMOS technology. On the other hand, the current mode driver have a very high output impedance 
that allows a saturation region. The self series terminated transmitter, combination of both of that 
two types, have an output impedance matched to the transmission line and it can be operated at 
resistive region. The variation in process, supply voltage and temperature need to be compensated 
for the most of the transmitter design. In case of current mode driver, the compensation of process is 
required  to  maintain  the  output  signal  levels  constant  across  process  corners.  In  addition, 
multiplexing  transmitter,  multiplexing  the  various  low  speed  data  channel,  can  operate  at 
frequencies above the gain bandwidth which is a big advantage for any kind of data communication. 
Finally, the details of the different types of driver circuits is discussed to the following sections. 
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 4.3  Voltage mode driver

Basically, the function of a voltage mode driver is nothing but the switch where in practice the 
MOSFET acts like a switch. The principle of the switching activity is to control a constant voltage  
through a termination resistor. An effective per-driver circuit can maintain the impedance of the 
switch.  Voltage  mood  driver  is  very essential  to  employ an  energy efficient  serial  burst  mode 
transmitter. However, there are four types of voltage mode driver circuits.

• Break-before-make-action

• Pulse-generating driver

• Open-drain outputs

• Tri-state driver

Moreover, due to low common mode and low swing requirements the voltage mode the low power 
supply can be used for this mode [14]. Another important point in voltage mood driver is the real  
power consumption that greatly depends on the output impedance control or per-driver power. The 
main disadvantages of scaling the voltage mode drivers are huge delay, high power consumption 
and large size of the MOSFET. The different voltage driver circuit are described below. 

 4.3.1  Break-before-make-action

During switching activity the driver need to be done  break-before-make-action because of the low 
impedance at the output. In figure 14, it is clear that the NMOS need to be turned off before the 
NMOS turns  on otherwise  it  might  lead  to  large  overlap  current,  power  supply noise or  most 
possible  chance  to  failure  of  supply  lines.  In  figure  15,  the  characteristics  of  the  predriver  is 
illustrated by the high and low transition of the input, output and intermediate nodes. The PMOS 
turns off when the input goes high leading a breaking the circuit by switching the output line to  
middle of ground and VDD. After two gate delay, the PMOS turns on resulting a full swing to VDD 

with a make state of the circuit. On the other hand,  when the input swings to low, the opposite  
process is repeated with PMOS switching two gate delays before the NMOS turns on and the output  
line goes low with a make-sate. 

However the driver have two main disadvantages such as noise susceptibility and delay [14]. In 
case of edge triggered circuit the spacing between the make and break point the line stands for a 
threshold voltage VT  which may cause a problem in triggering. Moreover, a spurious transition to 
the receiver may occur during this period. Finally, the delay of the entire driver is increased by the 
make and break transitions followed by gate delay. 
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Figure 15: Waveform characteristic of the predriver.
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Figure 14: Break-before-make-action of voltage mode driver.



28
 A Driver Circuit for Body-Coupled Communication

 4.3.2  Pulse-generating driver 

The pulse generating driver add the pulses to the output line to avoid the current overlap and the 
delay of the break-before-make-action. It also reduces the power dissipation by drawing a certain 
amount of current between the transitions. The main disadvantage of this circuit is the output line 
states a valid value for only the width of the pulse in case of DC parallel terminated lines. At the 
opposite extreme, the AC terminated lines does not suffer from this kind of problem. 

In general, a delay line of this driver creates a delay signal which is the complementary input of the  
two gates after a pulse width delay tpw. In figure 16, the NAND and NOR gates generate a drive 
pulses that are asserted for a period tpw followed by the each transition of the input. The output line 
is steady state rather than pulse if the capacitive load is added to the termination end of the driver. In 
addition,  the  pulse  generating  drivers  usually  are  connected  in  parallel  with  a  small,  higher 
impedance, conventional driver so the output line remains driven after the pulse [14].

 4.3.3 Open-drain outputs

The multiple modules can be accessed on the output line by the simple driver named open drain  
output  driver.  Depending on the  size  of  the  MOSFET and gate  bias  ,  the  GTL circuit  can  be 
constructed  by  the  voltage-mode,  current-mode  or  series-terminated  approach.  Basically,  the 
voltage-mode driver circuit is suitable for large device such that an NMOS of 112 µm width with an 
on resistance of  5 Ω [14].

Almost all the drivers circuit work based on the push pull configuration, but the pull-only open 
drain circuit has the several advantages over the conventional driver circuit. The advantages are 
smaller in size, single device circuit, low power consumption and no overlap current. There is some 
disadvantages as well with inter symbol interference that creates because of the data dependent 
reflection coefficient. Another important point is that the output impedance depends on the state of 
the signal. The impedance becomes infinite when the signal is high and the impedance tends to zero 
or low when the signal is low. So the conclusion is that the reflected signal depends on the state of 
the output.  A second disadvantage of the circuit is that the current need to be doubled for the same 

Figure 16: Pulse-generating driver of voltage mode driver.

In Line
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signal  swing and the  line  impedance because the  open-drain  must  be terminated to  the supply 
voltage where the push-pull driver can be terminated midrail of the termination voltage.

 4.3.4  Tri-state driver

The logic behind the tristate driver is that it has three output states such as logic high (1), logic low 
(0)  and  high  impedance  (Z).  Before  introducing  different  kind  of  tri-state  driver  the  simple 
functional  logic  ofthe  tri-state  buffer  can  be  discussed  which  will  give  a  clear  idea  about  the 
principle of this circuit. 

In figure 17, the tri-state buffer has two inputs (a) a data input, x and (b) control input and one 
output, z. The control input is a kind of valve for the circuit such that when the control input is 
active the output is the input. The characteristic of the circuit is just like a buffer.  At opposite  
extreme, when the control signal is inactive the output shows a high impedance value that there is  
no current flow through the circuit. The data input value does not have any effect on the output in  
this case. The following  truth tables give a logical statement of the tri-state buffer.

Table 3: Truth table describing the active high tri-state buffer.

        C            X        Z

0 0 Z

0 1 Z

1 0 0

1 1 1

Table 4: Truth table describing the  output status depending on the control signal.

C Z

0 Z

1 X

              

In table 3, when the output is high Impedance state Z that means neither 1 nor 0 hence no current 
flow [13]. In short from table 2, it is clear that when c = 1, the control input is active or valve is 

Figure 17: Tri-state buffer with active (a) 
high and  (b) low control.

X Z

C

X Z

C

(a) (b)



30
 A Driver Circuit for Body-Coupled Communication

open and hence z= X. However, when c = 0 the valve is closed and z = Z. The active low control 
input acts in opposite functionality with same principle. Table 4 shows the dependency of the output 
on the control signal. 

Basically the tri-state driver is used  when it is necessary to pick some of the signals from common 
bus or when the point to point signal is driven in both directions or when measuring the leakage 
power consumption of the circuit. A tri-state driver can be constructed by using a PFET and a NFET 
in push pull fashion similar to the  pulse mode drive as illustrated in figure 16. The functionality of 
this circuit is more or less similar as described earlier. When the enable signal is high and not enable 
is low, the gate drive signals pdriv and ndriv are enabled and hence the output line follows the input. 
On the other hand, when the enable signals are asserted, en = 0, not_en = 1, the gate drive signals  
both are disabled  and hence output line remains as high impedance sate [14]. 

The NAND and NOR gate in figure 18 can be translated into a six transistor circuit as illustrated in 
figure 19. The advantage of reducing the transistor count, this configuration of the tri-state buffer 
acts like a break-before-make action. In figure 20, the folded tri-state behaves like an inverter with a 
resistive transmission gate between its two outputs. The RC delay is measured by the transmission 
gate and the gate capacitance of the PFET. Moreover, there is a trade of between the transmission 
gate size and the overlap current. 

Figure 19: Folded tri-state driver circuit.Figure 18: Tri-state driver circuit.
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 4.4   Current mode drivers

The basic principle of the current mode driver is to generate an output differential voltage over a  
termination resistor by switching a constant current course of different  mA. To reduce the large 
amount  of  current  requires  a  complicated  hardware,  switching  mechanism circuit  and   hence 
increased  power consumption. However, there are four types of current mode driver circuit. 

• Saturated FET driver

• Current-mirror driver 

• Differential current-steering driver

• Bipolar current mode drivers

Moreover, an important point about the current mode driver is that it can operate data in several  
meters of cable length by using AC coupling and matched channel. Apart from this, the technique of 
impedance matching is very easy for the  current mode driver approach. The different current mode 
driver circuits are discussed in below. 

 4.4.1  Saturated FET driver

In figure 21, a simple current mode driver is shown that it is constructed by single FET operating in 
saturation region.  When the input is high state the FET is on and gate threshold voltage becomes  
VGT =    VDD -  Vtn . The FET is in saturation region as long as the output line voltage is above the VGT 

and the device behaves like a current source wherer the output impedance can be measured by thr 
channel length modulation coefficient,  λ. The Device is turned off when the input signal is low 
hence no current flow, and high  impedance is appeared at the output. So the FET behaves like a  
unipolar mode driver by drawing current at the load. 

Figure 20: Tri-state driver circuit when enable 
high.
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The device performance can be degraded  as a current source because of process variation, voltage 
and temperature variation. The variation of the FET can be compensated by varying the width of the 
device such a way that FET resistors are compensated. A solution to the problem is to split the  
current source into segments where the segments control the desired current by turning on and off. 
The segments are then distributed to the other drivers on the same chip with a desired  current flow.

 4.4.2 Current-mirror driver

The current mirror driver can be used to compensate the output  driver for process variation, voltage 
and temperature  variation  as  illustrated  in   figure  22  and figure  23.  In  both  configuration  the 
reference current Iref is applied to the diode connected FET of size x to generate a bias voltage , Vbias 

[14]. To realize a k times current with the reference current, the width of the second inverter should 
be kx. The  Vbias is applied to the gate of the FET and the series connected FET draws the kIref current 
from the line when the input is high. Again there is no current flow when the input is low. 

Figure 21: Saturated segmented FET of current 
mode driver.

Figure 22: Switched current mirror 
driver.

Vbias

Not_in
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The series connection of two resistive devices require big size as well as more voltage drop. To 
avoid the series connection a clever configuration can be applied such that by gating the Vbias  to the 
current source instead of switching the current at the output as illustrated in figure 23. An inverter 
circuit is introduced in between the reference and current-source device with a bias voltage which 
drives the current-source device by generating gate voltage Vg. When the input is low the FET is 
turned on by the gate voltage Vg  and draws a kIref  current from the line. At the opposite extreme, the 
gate voltage is zero when the input is high and hence there is no current flow from the line. 

However, the transient response of the gated Current-Mirror configuration is much slower than the 
switched driver because gate voltage can be crossed the voltage level of the Vbias exponentially with 
a RC time constant set by the predriver and the current source gate voltage. On the other hand, the 
switched driver works on  the saturation region as soon as the gate voltage reach to the level of bias  
voltage.  It  is  considered  that  the  switched driver  is  used  in  the  integrated  circuit  where  sharp 
transient response is needed.  

 4.4.3  Differential current-steering driver

The differential approach is used to steer the current from as current source into one of two legs as  
shown in  figure 24. At first, it shows a very sharp transient response depending on the size of the 
device and draws a current 0 to kIref. The second point is that the driver reduces the AC component 
of the power supply noise  by maintaining the constant current from the supply. Finally, the source 
node is stable compared to the switched current-source configuration.

Figure 23: Gated current mirror driver.
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The limited-swing driver can be used to reduce the RC delay of the circuit as illustrated in figure 
25. To control the gate signal g and not_g, the predriver converts the full swing differential signal in  
and not _in. The differential outputs are switched fully depending on the swing of the gate drive 
signals  which  is  limited  by  the  predrivers  setting  the  suitable  load  at  its  output.  This  results  
minimum output delay as well as dead band at the beginning or ending of the signal swing [14]. 

 4.4.4  Bipolar current mode drivers

The current mode drivers are discussed in the previous section drawing current in one  direction 
which indicates a unipolar device. The disadvantages of this configuration is to fix the reference 
current as it varies with the full-scale drive current and the noise source provides a poor signal at the 
transmitter. A bipolar current mode could be a solution for this kind of problem as it sources and 
sinks  the current  from the output  line.  In  this  case,  there is  no need of  reference current  as  it  
identifies the two levels of the current following in opposite direction represented by two logic 
levels with comparing the received current zero. A bipolar current mode driver can be implemented 
by cascading the two complementary unipolar drivers together as shown in  figure 26. The driver  
sources  and sinks the current to kIref  depending on the low and high state of the input respectively. 
The termination is happeneded in a voltage range of VT  to VDD/2 which develops a voltage  of  ± 
kIrefZ0  across the impedance Z0. The received voltage VR is compared with the termination voltage, 
VT  and hence there is no need of reference voltage or current [14].

Figure 24: Differential current-steering driver 
of current mode driver.

Figure 25: Driver with level-shifting predriver.

line

not_line
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In figure 27,  the  real  example of  the  switched current  mirror  driver  where  the complementary 
current sources are switched by the pair of the complementary switch devices. When the input is 
high the the NFET is turned on the current source sinks a current  kIref  into the line. In opposite state 
the PFET is turned on and the current source sources a current  kIref  from the line. The bias voltages 
Vnbias  and Vpbias  are generated from a pair of current mirrors to maintain the complementary current 
sources [14].

Figure 26: General bipolar current mode driver.

Figure 27:  Bipolar switched current-mirror 
driver.
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4.5 Conclusion
In  conclusion,  both  the  voltage  mode  driver  and  current  mode  have  some  advantages  and 
disadvantages depending on the termination, area, power consumption, inter symbol interference 
(ISI) and jitter.  In the thesis  the trisate voltage mode driver  is  chosen because of lower power  
consumption and less jitter effect on the transmitted signal. As we are using low power supply for  
the entire project the voltage mode driver is suitable for this kind of application drawing a less 
amount of current to the output line. The voltage mode driver is also less immune to the noise as 
compared to the current mode driver depending on the reflection coefficient. 
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Chapter 5

 5 Analog front end transmitter and verification 

 5.1  Introduction

The analog front end transmitter is an important part of the Body-Coupled Communication (BCC) 
as it needs to be strong enough to draw a significant current due to high attenuation of the body at  
the same time low capacitance (small plates) at the transmitter side. On the other hand, the receiver  
might  not  detect  the  signal  because  of  low amplitude  so  that  the  transmitter  need  to  produce 
increased voltage level of the transmitted signal. It might be a cause of high power consumption. In 
this project the driver circuit is used to drive the large capacitance through body model. The body 
channel  provides  a  large  attenuation  almost  60 dB  and  the  attenuation  is  identified  by  the 
characteristic of the model and also the return paths of the body. The source of attenuation is mainly 
the poor contact at the electrode, the inner attenuation of the body, some 6 dB per 20 cm length, the 
parasitic capacitors and the return path. 

However, the frequency range is comparatively low where the wavelength is high. The operating 
frequency is assumed to 10 MHz to 12 MHz for this project which means we can not consider the 
capacitive plates as antenna. In this case, this scenario rather affects the capacitive field around and 
through the human body.  In  chapter 5, the properties of the driver circuit, the requirements of the 
AFE transmitter, the design approach are discussed. 

 5.2 Manchester encoding for the transmitter

In the Body-Coupled Communication project , the Manchester coded signals is chosen as it is a 
promising and simple  modulation technique.  Basically it  is form of line coding which directly 
inserted on the channel.  In general,  the Manchester encoding is applied to a simple transmitter 
consisting of only driver (inverter) driving a capacitive plate connected to the human body. Another 
advantage of Manchester encoding is that it is easier to integrate in a hardware. 

The encoding is done by the logic called XOR (multiplied) of the data and the clock to produce the 
outputs. Basically it is a kind of phase-shift keying (PSK) or even amplitude-shift keying which 
typically similar  to  the  on-off  keying.  In  this  project  the  entire  system  might  depend on the 
asynchronous clock hence the Manchester code proposes a way of recover the signal. This encoding 
provides an easier technique to recover the clock as swing of line voltage is proportional to the 
clock rate. Another important point to be noticed that recovery of the clock is essential due to the  
fact  of  extracting  the  data  from  the  recovered  modulated  signal.  The  simple  mathematical 
expression of the Manchester coding is given below. 

v (t )=Σak⋅p(t−kT )+(1−ak )⋅q (t−kT )  (2)

where  ak   is the sequence of 0's or 1's and T is the sample period,  p  and  q  are the modulation 
waveform and expressed by 

p (t ) , q (t)=0 for  t<0 and t>T

p (t)=1 for 0≤t<T/2 and p (t )=−1 for T/2≤t≤T
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q (t)=−1 for  0≤t<T/2 and  q (t )=11 for  T/2≤t≤T

So it is clear from the above that  p (t )=−q( t ) for all t. 

The main disadvantage of Manchester encoding is that it has a strong harmonics that need to be 
filtered out before transmitting. The generation of the outputs from the input data and the clock 
signal are shown in figure 28.

 

 5.3 Properties of a basic driver (inverter) circuit

The driver circuit is terminated with a resistive terminated inverter in this project. So it is essential 
to understand the basic  properties  of the COMS inverter.  The  static CMOS inverter  has some 
important design matrix such as cost in respect to the area, integrity and robustness on the basis of  
static  behavior,  performance analysis  with help of  dynamic behavior  and the  energy efficiency 
measured by the energy and power consumption [15]. Depending on the switch model of the CMOS 
inverter, the some important points can be noticed. The voltage swing of the transistor leads to a 
high noise margin. The inverter usually less immune to noise and disturbances due to low output 
impedance. As the input resistance of the CMOS inverter is extremely high, so there is no input gate 
current at the steady state condition.  There is no leakage current drawing from the inverter at steady 

Figure 28: Manchester encoded data for BCC.
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state condition hence no static power consumption by the gate. The switching capability of a CMOS 
transistor depends on the smaller value of the output capacitance or by decreasing value of the on-
rsistance in the dynamic behavior of static CMOS device. Another important point of designing a 
CMOS  inverter  is  to  maintain  the  proper  PMOS-to-NMOS  ratio  to  keep  the  noise  margin 
maximum. Basically the PMOS width is much bigger than the NMOS to get a good driving strength 
from the driver circuit. The robust behavior of the inverter says that  a good device has a smaller  
oxide thickness of 3 nm, a smaller length of 25 nm, a higher width of 30 nm and smaller threshold 
of 60 mV [15].

The scaling of the supply voltage has some advantages and disadvantages.  Scaling down the supply 
voltage to lower voltage provides a positive impact on the energy dissipation but at the same time it  
increases the gate delay. The internal noise is reduced by reducing the supply voltage but it is more 
sensitive to external noise sources. The high performance CMOS inverter depends on the smaller 
load capacitance. In figure 29, the cascaded inverter is shown with the capacitors influencing the 
transient response of the  node Vout where load capacitor breaks into those capacitors. The gate drain 
capacitors Cgd12   are the overlap capacitance for the M0  and M1. The miller effect of the gate drain 
capacitance will be double in value when it moves in opposite direction as such in figure 30. The 
diffusion capacitances Cdb1  and Cdb2  are quite non linear and varies with the applied voltage. The 
wiring cpacitance Cw  depends on the length and width of the interconnecting wire and number of 
fan-out gates. It is assumed that the fan-out capacitance are equal to the gate capacitances C g3 and 
Cg4 those are connected in between to the ground and supply voltage.

Figure 29: Parasitic capacitances of the cascaded inverter pair.

Vout Vout2
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The propagation delay of the inverter can be calculated from the average value of the high to low, 
tpHL and tpLH  low to high transition time where both transition times are proportional to the resistor 
and load capacitor value. The following equations 3 and 4 express the propagation delay.

t pHL=t pLH =0.69RCL  (3)

t p=
t pHL+t pLH

2
 (4)

Finally, the dynamic power consumption of the inverter is proportional to the load capacitance, CL 

and supply voltage, VDD.

Pdyn=C L V DD
2 f 0→1  (5)

where f0→1 is the switching activity of energy consuming transitions of static CMOS. 

 5.4  Basic requirements for AFE Tx 

The analog front end transmitter requires a high supply voltage to produce a significant amount of 
current. The driving capability of the driver need to be strong enough to drive a huge capacitor of  
100 pF.  The carrier  frequency for  the BCC is  selected in  a  range of  10 MHz to 12 MHz.  The 
average current and the peak current  of the driver circuit  can be expressed by the  following 
equations. 

I avg=
PTxout

V DD

=
α⋅V swing

2 ⋅ f⋅C

V DD

 (6)

I peak=C⋅
dv
dt

 (7)

where,
Ptxout, the output transmitter power 

Figure 30: Miller Effect showing the change of gate-drain capacitance 
by varying the input voltage.
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VDD ,  Supply voltage = 1.2 V (Assumed)

 f ,      operating frequency = 10 MHz

 C,      load capacitor or electrode capacitor = 100 pF (Assumed)

 α,      Switching activity = 0.5 (Manchester encoding)

 Vswing , Voltage swing = VDD/2 = 0.6 V

dv/dt = 0.6 V/ (10 ns = 6 x107

By putting the the values we can get, Iavg  = 0.15 mA

and the driver current of the Tx, Ipeak =  6 mA.  

So the  minimum required  current  is  6 mA for  the  driver  to  drive  the  load   capacitor.  Another 
important issue regarding the propagation delay of the signal is that the delay must be minimized to 
avoid the long term jitter. The propagation delay depends on the termination resistor and the load 
capacitor value. 

The transmitting power is enormously deteriorated  by the human body. The propagation loss due 
body channel  and surroundings  noise  is  assumed to  be  60 dB.  The transmitting  power  can  be 
calculated from the specifications of the BCC. 

PTxout=α⋅V swing
2

⋅ f ⋅C  (8)

After substituting the values to the above equation, Ptxout =180 µW or -7.4473 dBm

The propagation loss can be expressed as PL = 20log (Vtxout/VRxin)

The loss can be assumed to 60 dB for this project if the the transmitter voltage is 1.2 Vp-p  and the 
receiver voltage is 1.2 mVp-p. 

Finally,  the receiver  input   power can  be  calculated by adding the transmitting  power and the 
attenuation loss.

PRxin=PTxout+P L  (9)

where, PL is the attenuation loss.

PRxin= -7.4473 dBm + (-60 dB)

        =  -67.44 dB

The background noise can be expressed by the following equation 

Pn=10log(kTB)  (10)

where,
Pn , Noise power

k, Boltzmann constant 

T, temperature

B, frequency bandwidth 
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Pn = 10 log(kTB)/1mW  dBm
    = 10 log(1.38 x10-23 x 300 x1) dBm/Hz (where B = 1 Hz )

    = -174 dBm/Hz

Table 5: Background noise with corresponding frequencies.

Frequency Background Noise

10 MHz -104 dBm

20 MHz -101 dBm

40 MHz -98 dBm

50 MHz -96.84 dBm

60 MHz -96.5 dBm

80 MHz -95 dBm

Table 5 provides the background noise at different frequencies. However, it is very common that a 
transmitter with several tones can be transmitted in the digital data transmission system. A wide 
frequency range can be chosen depending upon the sensitivity of the receiver input. The background 
noise in between 50-60 MHz can be chosen as it is almost 29 dBm less than the receiver input 
power. Finally, it is possible to detect the information with frequency band.

 5.5  Design of transmitter output driver                        

The design  method  of  an  output  driver  is  chosen from the  background study where  the  basic 
requirements are met. In figure 31, the top level of the  transmitter chain is shown where the last 
block is only the concern of this thesis work as the preceding stages are done in baseband. In the 
next sections the basic architecture of the driver block, testbench and the driver chain are discussed.

Figure 31: Top level of the transmitter for BCC .
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 5.5.1 Basic architecture of the output driver

The basic  architecture of  the  output  driver  is  chosen as  tri-state  voltage  mode driver  from the 
0.2 mW paper of reference number [11]. In figure 32, the tri-state voltage mode is shown where it 
requires the less power  for the BCC transmitter because it does not need any modulation block 
having only one inverter type driver. Due to impedance mismatch it is very difficult to maximize the 
transmitting power with single inverter driver . A double inverter topology can be used to increase 
the transmitting power  with a constant output impedance.  The output driver can be prompt in 
double  stage   by combining  a  single  inverter  and   an  identical  inverter  with  drain  resistor  or 
termination resistor.  The  second stage consists of two buffer circuit connected to the gate of the 
two puss-pull transistor having same delay with the single inverter. The circuit draws a sufficient 
amount  of  current  at  termination end of the transmitter   which is  transferred to  the body as a 
function voltage. From the paper it is clear that the output impedance is near about 400 Ω while the 
transmitting power is almost double compared with the conventional approach. We will analyze this 
in the next sections.

 5.5.2  Testbench of the driver block

The performance of the output driver is verified from the testbench. The important issue of driver is 
to maintain the output voltage swing as signal is attenuated by the human body. The supply voltage 
is set to 1.2 V rather than 1 V. The electrode capacitor or the load capacitor is not fixed so the 
performance is also observed by changing the  capacitor values. The driver need to have the tri-state 
performance to observe the leakage the power when the transistors are off. So a source is added 
which serve as tri-state functioning in the driver chain. The supply power adds noise to the signal as  
well so a noise block is added to the supply power as shown in figure 33. The performance of the  
driver in system level and transistor level  will be  discussed in chapter 6.

Figure 32: Basic architecture of the tri-sate voltage mode driver .
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The effect of load capacitance to the signal is significant both in system level as well as transistor 
level. The pulse shaping can be done with varying the electrode capacitor. In figure 34, the rising 
and falling edges are observed with the corresponding capacitance. 

Figure 34 is plotted for the capacitor value of 1 pF, 25 pF, 65 pF, 85 pF, 100 pF from the left to 
right. So  depending upon the increasing  capacitance value of the I/O pads the rise time and fall  
time are also increased which indicates the effect of jitter is also deteriorated.

Figure 34: Transmitter pulses with different capacitances.

Figure 33: Testbench of the driver block.



45
 A Driver Circuit for Body-Coupled Communication

 5.5.3 Output driver chain  

In figure 37, the block diagram of the driver chain is shown. The input signal is injected to the  
cascaded inverter blocks and after some buffer delay the signal is propagated to the pull-up and 
pull-  down network.  At  the  same time,  the  signal  is  also  propagated  through  the  single-stage 
inverter and the output signal is passes through a switch which acts as a half duplex communication 
depending  upon  the  tri-state  signal.  The  final  transmitted  signal  is  found  after  the  electrode 
capacitor. The capacitive value has a  huge impact on the pulse shaping. The propagation delay is 
increased with the capacitor value as well as the termination resistor. In this case, the resistor value 
is set to 220 Ω for matching. The performance of the driver depends on the signal strength which 
can be recovered at the input of the receiver after the body channel. Actually, the human body acts 
as a low pass filter so that the transmitter does not need any extra filter block. The transmitted signal 
can be suffered from the supply noise, jitter, surrounding noise and so on. 

The system level and transistor level performances are also  shown in figure 36 and figure 37. The 
rising  and falling  time are  increases  in  case  of  transistor  level  due to  process  variation  of  the 
transistor.  The propagation  delay of  the  signal  is  also  increased  due  to  the  large  width  of  the  
transistor. 

Figure 35: Output driver chain of the BCC.
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Figure 37: Transistor level performance of the driver chain (Input Vs Output).

Figure 36: System level performance of the driver chain(Input Vs Output). 
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 5.6  Driver circuit analysis 

The driver circuit is constructed with an ideal inverter, a buffer circuit, a single-stage inverter and an 
identical inverter. The system level and transistor level architecture  as well as the transient behavior 
are also presented in the upcoming sections. 

 5.6.1 Single-stage inverter

The single-stage inverter is one of the major parts of designing the driver circuit. The main function 
of the driver is to invert the input signal. In the thesis the inverter is cascaded with an identical 
inverter with drain resistor which drives a load capacitance from the Tx pad. The design techniques 
of inverter are very simple but it is important to maintain some design rules which are essential in  
case of area, size, power consumption, noise and so on. The following points can be very crucial of 
designing the inverter. 

• The  propagation  delay  can  be  reduced  by  decreasing  the  load  capacitance.  The  three 
important issues affect the load capacitance: the internal diffusion capacitance of the gate, 
the inter connect capacitance and the fan out [15]. However, the drain diffusion needs to be 
as small as possible to avoid the large capacitance value at the load;

• The W/L ratio should be high enough to get a good driving current but at the same time it 
increases the diffusion capacitance and hence CL. So there is a trade of between the driving 
capability and the propagation by increasing the size of the transistor that is called self  
loading. The effect of self loading increases the gate capacitance of the transistor which 
affects the fan-out factor of the driving gate and hence its speed as well;

• The propagation delay  can be reduced by increasing the supply voltage but it rises the 
power supply noise as well. 

In figure 38,  the transistor level  architecture is shown. The width of the inverter is selected in such 
way that can provide a strong drain current.  There are two cascaded inverter before the incidental 
inverter with drain resistor. The width of first stage NMOS is set to 119 µm where the width of the 
PMOS is three times of the NMOS and the width of the NMOS inverter is double the width of the 
preceding stage inverter. So the final stage inverter width of PMOS is 1428 µm. The sizing of the 
inverter will be discussed details in chapter 6.

Figure 38: Single-stage inverter in transistor level.
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The performance of the inverter in system level is quite desirable as illustrated in figure 39. The 
propagation delay is in ps range. In figure 40, the graph shows the performance of the inverter after 
introducing the CMOS inverter. The propagation delay of the inverter is increased which reduces 
the speed of the signal.

Figure 39: System level performance of the inverter.

Figure 40: Transistor level performance of the single-stage inverter.
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 5.6.2 Buffer circuit

The buffer circuit is very simple here because it just passes the signal with unity gain. Figure 41 
shows the buffer circuit which could be implemented in digital  approach in future project.  The 
straight forward transient response is also showed in figure 42.

 

Figure 41: Buffer circuit with unity gain.

Figure 42: Transient response of the buffer circuit.
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 5.6.3 The pull-up and pull-down network

The final stage of the driver is an identical inverter with drain resistor where it can be devided into 
two parts: pull-up network and pull-down network. The pull up network charges the load capacitor 
and the pull down discharges the capacitor to ground. In system level, the switch is used to draw a 
current to the load. In pull down  network, it works in opposite way. The PMOS with 6480 µm 
width is used to  draw at least 6 mA current  which is the basic requirements of the driver circuit in 
this paricular project.  On the other hand, a NMOS of 2160 µm width is used to discharge the load 
capacitor. In figure 43 and 44, the system level and transistor level schematic is shown of the pull-
up network .

Figure 43: Pull-up network of the driver circuit in system level.

Figure 44: Pull-up network of the driver circuit in transistor level.
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In figure 45 and 46 , the system level and transistor level schematic is shown for the pull-down 
network.  In system level of the pull  up network,  the on state of the switch draws a current of 
approximately  6mA  through the  200 Ω resistor driving a 100 pF electrode capacitor where the 
control  signal turns off  the pull-down switch.  On the other hand, the load capacitor discharges 
through the pull-down switch to ground where the pull-up switch is off. The low to high transition 
should require 13.82 ns and the high to low transition requires 14.12 ns. In transistor level,  the 
capacitor  charges  through the   220 Ω resistor  when the  control  signal  is  high  and  at  opposite 
extreme the capacitor discharges through the 220 Ω  resistor when the NMOS turns on. The rising 
and falling time in transistor level are 15.18 ns and 15.53 ns respectively.  However,  Depending 
uopn the  no power down, NPD signal the driver have three state as we discussed earlier.  When the 
NPD signal  is  low there  is  no  current  flow through  the  resistor  and  the  output  of  the  driver  
experiences a high impedance. In this case, the leakage power could be measured which is essential 
measurement for any integrated circuit. The transmitter analysis and  performance will be discussed 
in chapter 6. 

Figure 45: Pull-down network of the driver circuit in system level.

Figure 46: Pull-down network of the driver circuit in transistor level.
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Figure 47: Input-output characteristic of the identical inverter with drain resistor in 
system level.

Figure 48: Input-output characteristic of the identical inverter with drain resistor in 
transistor level.
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In figure 47 and figure 48, the performance of an identical inverter with drain resistor is shown. 
Depending upon the  output  signal  of  the  buffer  the  pull-up  and pull-down circuit  charges  and 
discharges the load capacitor. In both  figure 49  and 50, the amplitude of the input of the inverters  
is 0.8 V where the output shows a voltage of almost 1.2 V and it is  important to have a high voltage 
swing of the transmitted signal as the body attenuation is very high. In addition, the propagation 
delay is also increased in the transistor level. 

 5.7  Summary  

In conclusion, the design technique  of  the driver circuit is briefly discussed in this chapter.  As the
driver draws a significant amount of current the power consumption of the circuit goes high which 
is not required. So there is a trade of between the driving capability and the power consumption. 
Depending upon the transistor width the performance of the driver circuit can be changed. So it is 
very important to size the transistor  properly. The propagation delay is another concern regarding 
driver performance. 
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Chapter 6

 6 Transmitter analysis and result

 6.1  Introduction 

The transmitter or the driver circuit is cascaded of three stages: two single-stage inverter and an 
identical inverter with drain resistor. The transient response, DC analysis, Noise analysis, Corner 
analysis  and  eye  diagram  are  discussed  throughout  this  chapter.  The  measurement  of  power 
consumption,  leakage power,  impedance matching at the output of the driver, propagation delay, 
power  supply rejection  ratio,  jitter  are  also  analyzed for  the  Tx  where  those  analysis  are  new 
additions in this BCC system. 

 6.2  Overview of transceiver chain for BCC

The analog front end  transceiver is one of the key parts of designing the BCC after the digital 
baseband (DBB).  The manchester  encoded data  from DBB is  transmitted  through  the  Tx and 
detected by the Rx. The overall system of the transceiver  is shown in figure 49.

In figure 49, the entire analog frond end  chain is shown  consisting of two identical data generation 
blocks for the transceivers, two identical transceiver blocks, two identical I/O pads or capacitor 
plates and two power control units along with the body model in both sides. The BCC is based on  
the half duplex communication system where the data are transmitted from  TxRx1 on the left  
sidethrough the  body and received by the TxRx2 on the right side and vise versa. The supply power 
is generated from the power control block for the BCC. The return path is an important issue for the 
capacitive  coupling.  In   figure  51,  it  is  shown that  the  coupling  between  Tx  and  Rx ground,  
coupling between the Tx ground with the external ground and finally the coupling between the Rx 
ground with  the  external  ground are   three  major  ground connections.  The ground scenario  is 

Figure 49: Transceiver architecture for BCC showing the body model and coupling capacitors.
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designed in such a way that the interference and noise can be reduced from the system. 

 6.3  System level performance of the Tx

At the system level the transmitter chain is designed by the simple verilogA which can be found  in  
Appendix A. The analog front end Tx or driver chain is shown in figure 50. The driver chain is 
formed by cascading two single-stage inverter followed by an identical inverter with drain resistor. 
The last stage is divided into pull-up and pull-down network to charge the load capacitor. In system 
level both the single-stage inverter keep in verilogA and the last stage is formed by a simple switch 
from the analogLib in both  pull-up and pull-down network. The other blocks in the Tx chain and 
the Rx chain just pass the input signal to output when the entire system run for 100 ns. The data 
come from the data generation block and injects to the txrx1 where it works as a transmitter for this 
time being. The transmitted signal is attenuated by the body attenuation when it passes through the 
human body. The weak signal at the input of the receiver passes through txrx2 as it works as a 
receiver by controlling the switch. The switch is located at the last stage of both the transceiver 
chain which is controlled by the tri-state signal. So the system is developed based on the half duplex 
communication. In system level all the elements of the entire project are in ideal condition so the 
real performance could  be found in the transistor level.

Figure 50: Transmitter or driver chain for BCC.
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In figure 51,  the transient  response of the whole system is  shown where it  is  representing the 
characteristics of different nodes. At first, the XOR of the  data and the clock signal is propagated to 
the txrx1 block for transmitting where the second result is the final transmitted signal after passing 
through the driver block in system level. The amplitude of the transmitted signal is raised  near 
about 1.2 V because the signal will be weak when passes through the human body. The third and the 
fourth signal represent the output of the left  I/O pad and the input of the second I/O pad. The 
amplitude of the signals drop down to mV range. The second last spike is dropped down to almost 
13 mV that is very weak due to body attenuation and  power loss of the body. The final result shows 
the receiver output which is recovered quite good.   

 6.4  Transistor level performance 

The basic requirement of the driver is to drive a huge load capacitor hence it needs to draw  at least 
6 mA current. The transistor width need to high enough to draw that amount of current at the same 
time it increases the power consumption of the circuit. So the sizing of the transistors is very crucial 
in respect to the  driving capability and the power consumption. Usually 1 µm length draws 1 mA 
current. Actually the driver is formed by cascading of two inverter stage and an identical inverter 
with push-pull  mechanism.  In table 6, the sizing of the transistors are shown for the BCC. 

Figure 51: System level performance (Data,TXout,vLeft.vRight,RxIn,Rxout).
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Table 6: Sizing technique of the transistors in the driver chain.

Inverter Stage Width (NMOS) Value (µm) Width (PMOS) Value(µm)

Stage 1 WnStage1 119 3*WnStage1 357

Stage 2 2*WnStage1 238 3*2*WnStage1 714

Stage 3 2*2*WnStage1 476 3*2*2*WnStage1 1428

In table 6, it  is shown that the width of the PMOS is three times with the NMOS of the same 
inverter. On the other hand, the width of the NMOS is two times with the preceding stage NMOS. 
Finally, the sizing technique improves the driving capability of the Driver circuit. The length of the 
transistor  is  set   to  195 nm which  provides  proper  pulses  at  the  transmitter.  The  DC analysis 
provides 6 mA current through the load capacitor with the above sizing technique.

In figure 52, the transistor level behavior is shown in the the different nodes of the BCC system. 
Actually the entire system is run for 1µs only keeping the driver circuit in transistor level to observe 
the overall performance of the BCC. In figure 4, the results are input data, transmitter output, left 
and right i/o pads, input of the receiver and final receiver output respectively. The transistor level 
behavior  is  pretty  similar  to  the  system  level  performance.  Finally,  the  receiver  detects  the 
transmitted signal properly. The propagation delay of the transmitted signal is increased   due to the 
large width of the transistors which adds  more parasitic capacitance and resistance to the load. The 

Figure 52: Transistor level performance at different nodes of the BCC.
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propagation delay is measured 6.14 ns at 100 pF load which is increased by 0.26 ns compared to the 
calculated value. The power is consumed by the transmitter is 7.398 mW where the calculated value 
is 7.2 mW.  So the power consumption is quite high where the project target is 1 mW for the whole 
chip.

 6.5  Noise analysis

Noise  is  an  important  consideration  of  designing  any integrated  circuit  because  it  distorts  the 
original signal so that the detection is hampered at the receiver. As the body attenuation is more than 
60 dB, it is important to consider  all possible noise sources. In the transmitter side there is no need 
of filter because the body acts as a low pass filter but the possible noise sources should be consider 
which can affect the original signal. Noise is a random behavior which is not possible to detect 
instantaneously.  The source  of  noise  either  from surroundings  or  devices  itself.  The  1/f  noise, 
thermal noise, power supply noise and  transient noise are different kind of noise. The effect of 
supply noise on the transmitter is discussed in the  following section.  

The noise from supply is a concern to observe how the behavios changes of the output after adding 
noise. The testbench of supply noise noise is shown in figure 35 in chapter 5.  A verilog noise block 
is added to the 1.2 V DC supply in such a way that provides a supply voltage with noise. 

Figure 53: The behavior of input data and Txout after adding 500 µV noise.
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Figure 54: The waveform of the input data and the transmitter output by adding 3 mV 
noise.

Figure 55: The waveform of  the input data and the transmitter output by adding 10 mV 
noise.
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The  effect  of  noise  is  significant  to  the  output  by  adding  the  different  level  of  noise  to  the 
transmitter. In figure 53, 54 and 55, the waveform of the input data and the transmitter output after 
adding different level of noise such as 500 µV, 3 mV and 10 mV to the supply. In figure 55, there is 
not that much effect of the  noise to the waveform as it is very small value. It is clear from figure 54 
and 55 that  the propagation delay is increased due to noise to the supply and the pulses  need to be  
shaped. In addition, the signal can not be recovered if  noise more than 10 mV. So noise sensitivity 
of the trnsmittter is 10 mV.

 6.6  Eye diagram 

The eye diagram is a spontaneous graphical representation of the electrical signal for the high-speed 
digital data communication. The eye is constructed by the superimposing of the waveforms with 
continuous  repetition  of  the  samples.  The  result  of  folding  provides  an  eye  shape  with  some 
statistical information. The signal quality can be measured from the eye diagram. Finally, the eye 
diagram provides the information about noise, jitter, rise time, fall time and the amount of inter 
symbol interference (ISI). In the next section the details will be discussed along with the diagrams 
and measurement results.

The horizontal  and vertical  eye opening are the important characteristics of the eye diagram to 
quantify the signal quality. The vertical eye opening is the eye height  which can be expressed as a 
percentage. The horizontal eye opening is the  eye width which is measured at the slice level or the 
difference of the two crossing points. In addition, the horizontal eye closure and the vertical eye 
closure are also used as a complementary terms. The eye closure and the eye opening fill up  to 
100% of the total eye height or width. Basically the vertical eye closure is the result of inter symbol 
interference and the horizontal eye closure is caused by deterministic jitter [16].  

Figure 56: Eye diagram at 10 mV supply noise for 7.5 ns Period.
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In figure 56, the eye diagram for transmitted signal  is presented where the simulation run for 7.5 ns 
with 10 mV supply noise. The important statistical data are given in table 7 observing the the eye 
diagram in figure 58.

Table 7: The results showing the performance of eye diagram. 

Parameters values

Vertical eye opening 1.1 V

Horizontal eye opening 2.5 ns

Noise margin 0.25 V

Timing variation at zero crossing 0.55 ns

Eye level zero 5 mV

Eye level one 10 mV

Rise time 1.2 ns

Fall time 1.5 ns

Jitter 0.87%

In  table  7,  the  different  parameters  are  evaluated  from  the  eye  diagram.  The  two  basic 
characteristics of the eye diagram are horizontal eye opening and vertical eye opening. In this case 
the horizontal eye opening is 2.5 ns and the vertical eye opening is 1.1 V. The timing variation at 
zero crossing indicates the amount of noise where the zero crossing occur. The timing  variation at 
zero crossing is  measured as 0.55 ns.  The noise margin is  another important  parameter for eye 
diagram and it gives 0.25 V. The rise time and the falll time are 1.2 ns and 1.5 ns respectively. The 
cycle to to cycle jitter with respect to the data clock is 0.87% in this case.

Figure 57: Eye diagram at 10 mV supply noise for 15 ns period.



62
 A Driver Circuit for Body-Coupled Communication

In figure 57 and 58, the eye diagram for two different periods are plotted and as the period increases 
the height  and length of  the eye are also increased.  Apart  from, the jitter  is  another  important 
measurement in terms of signal quality. Basically, the jitter is  the time deviation of a set of signal 
edges from the ideal conditions. Noise and other interference is the main cause of jitters in clock 
signal. The disturbances may come from thermal noise, power supply noise, loading conditions, 
device noise and interference coupled from nearby circuits [17].  In other word jitter is the phase 
shift of the signals caused by noise. The slope of the eye determines the sensitivity of the signal 
with respect to timing error. In addition, there are many ways to measure the jitter which are as 
follows:

• Period jitter

• Cycle to cycle jitter

• Long term jitter

• phase jitter

• time interval error

The cycle to cycle jitter and the long term jitter are main specifications for the BCC  project. The 
cycle to cycle jitter is defined as the variation of the  cycle time of a signal amonmg the adjacent 
cycles over a random sample of adjacent cycle pairs [17].  Basically, the the maximum deviation of 
the two rising edges of the two adjacent clocks are defined by the cycle to cycle jitter. In this case,  
the cycle to cycle is measured as 0.87% which meets the specification. 

Figure 58:  Eye diagram at 10 mV supply noise for 30 ns Period. 
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 6.7 Corner analysis   

Corner analysis is a measurement of  circuit performance while simulating a circuit with   sets of 
parameter values  which can be represented in the worst case variations in manufacturing process. 
In other words, the corner analysis is an analysis where the worst case scenario  is presented by 
varying the  process, voltage and temperature. Corner analysis is very essential in order to verify the 
robustness of an integrated circuit design. Basically, the changing of logical states of the transistors 
in the integrated circuits indicates the speed of the circuit. The performance of the circuit may vary 
with the varying of the  circuit parameters.

 6.7.1  Types of corners

There are three types of  naming convention for process corners by using two-letter designation. 
The first letter represents the n-channel (NMOS) corner  and the second letter represents the p-
channel (PMOS) corner. In this  naming convention the types of corners are typical, fast and  slow. 
Therefore,  nine possible  combination is  possible  that  means nine process  corner  can be run to 
determine the performance of the circuit. The different types of the corners are described in table 8. 

Table 8: Types of corners depending on the speed of the transistors.

Type Symbol

Typical-Typical TT

Fast-Fast FF

Slow-Slow SS

Fast-Slow FS

Fast-Typical FT

Slow-Fast SF

Slow-Typical ST

Typical-Fast TF

Typical-Slow TS

The first three corners are called the even corners because both the transistors are affected evenly.  
The resulting devices can  behave fast or slow depending on the clock frequencies.  The rest of the 
corners are called skewed corners because one type of MOSFET will switch more faster than the 
other and hence the output of one edge  is less slew than other due to imbalanced switching. 
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 6.7.2 Performance of the corner analysis

In the thesis work, the corner analysis is run over the variation of supply voltage, temperature and 
process. The supply voltage is varied from 1 V to 1.4 V  and temperature from -40 °C and 120 °C. 
The simulation is run for 9 process corners. So the corner analysis is run for in total 9*3*3=81 
points where 3 for supply voltage variation and another 3 for temperature  variation. 

Figure 59: Corner analysis showing the  performance of  driver circuit for 81 corners.

Figure 60:  Corner analysis showing a single pulse of the transmitter.
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In  figure  59  and 60,  it  is  clear  that  the  circuit  works  for  all  81  corners.  In  a  corner  analysis 
perspective   the  transmitter  is  performed  properly.  The  digital  signal  can  be  decoded  by  the 
baseband after getting sampled in AFE. Basically the sampling frequency  is eight times with the 
clock frequency. The clock frequency is 100 ns and thus a one can be detected very easily if its 
length is more than 12.5 ns. In general, the length of one  and length of zero should be 50 ns. As it is 
clear from figure  60 that the length of one is approximately 49 ns which can be easily detected by 
the baseband. The transmitted signal can be detected in receiver even for the worst case at 1.4 V and 
120 °C. In addition, the sampling frequency  may be 10 times to the clock frequency for better 
reorganization.

 6.8  Summary  

There are lots of new findings of the transmitter which is discussed in chapter 6. The findings of the 
transmitter circuit is shown in  table 9. 

Table 9: The performance of the driver circuit.

Parameters Value

Technology ST65 nm CMOS process

Supply Voltage 1.2 V

Operating Frequency 10 MHz

Power Consumption 7.398 mW

Propagation delay 6.14 ns

Jitter 0.87%

PSRR 65 dB

Acceptable supply noise 10 mV

Leakage power 1.954 uW or -27 dBm

The overall performance of the driver circuit is quite reasonable in respect to the specifications. Due 
to  attenuation factor  of  the  body the signal  strength has  been increased  as  well  as  the  driving 
capability. So overall power consumption of the transmitter is quite high. The propagation delay is 
6.14 ns which is quite a good number in respect to the parasitic effect to the load. The cycle to cycle 
jitter is lower than 1% which is requirements.   The power supply rejection ratio is very standard in 
this case which indicates the  good noise performance. When the driver is on high impedance state  
it consumes almost 1.94 µW power which is comparatively small number.
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Chapter 7

 7 Conclusion, challenges and future work

 7.1 Conclusion

The concept   of  data  transmission  through the  human body is  applied  in  many fields  such as 
medical,  electronic  money transfer,  multimedia  transfer,  capacitive  or  inductive  coupling  based 
transceiver for intelligent gaming and so on. Based on this concept there are many works has been 
done in this field. The BCCis a continuation project in this field. Due to high body attenuation the 
receiver sensitivity need to be considered and different architectures are proposed in the previous 
work. On the other hand, transmitted signal also need to be strong enough  to detect by  the receiver 
as the signal is attenuated by body. In the previous work the transmitter part is done by the baseban. 
In this project a driver circuit is proposed as an analog front end transmitter. 

A driver circuit for body channel communication is proposed according to the paper Song et al. 
[13]. In this project the proposed driver circuit is modeled in ST65 nm CMOS technology. The 
entire  model  is  modeled  in  cadence  using  generic  libraries.  Due  to  simplicity  the  Manchester 
encoding is used as  a modulation technique in baseband. According to the literature review and 
other works the tri-state  driver circuit is chosen because it is important to determine the leakage 
power when the driver is in high impedance mood.  The driver chain is cascaded with two identical  
inverter  and an inverter  with drain resistor.  The driver  circuit  is  performed using 1.2 V supply 
operated  at  10 MHz  frequency  driving  approximately  100 pF  capacitive  load.  The  change  of 
propagation delay and power consumption  due to change  of capacitive load is observed in this 
work. The driving current is maintained around  6 mA throughout the  simulation. In addition the 
the sizing of the transistors is maintained in such a way that it can draw the huge capacitive load. 
The size of the NMOS is two times with the preceding stage and width of the PMOS is three  times 
of the same inverter. There is a trade of   between the driving capability and the power consumption. 
The entire driver circuit consumes 7.398 mW power, which is quite high in respect to the power 
consumption requirement of the transceiver. 

The propagation delay  is proportional  to the width of the transistor. As the width of the transistor is  
increased in this case the propagation delay is also increased. The propagation delay for the driver is 
measured 6.14 ns. However the transmitter does not require a filter because the human body acts as 
low pass filter. Based on AFE requirements the noise band width is chosen 50 to 60 MHz. The back 
ground noise is almost 29 dBm less than the receiver input noise in that frequency band. The power 
supply rejection ratio is measured 65 dB after introducing the power supply noise.  The eye diagram 
is also  performed to observe the noise effect of the signal. The cycle to cycle jitter is measured 
0.87%. The leakage power is also a concern for any kind of integrated circuit which is measured 
1.954 µW. Finally, the performance of the driver circuit is acceptable in all corner cases. 
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 7.2 Challenges and future Work 

The  power consumption of the driver circuit is one of the  main challenges in the thesis work.  The 
high driving current requires high power consumption as the the increasing size of the transistor. 
The parasitic are  added to the load capacitor which is the main reason of the increased power 
consumption. The reduced power buffer, RPB can be introduced to reduce the power consumption 
in such  a way that it introduces a storage capacitance CS  to recycle some of the charge normally 
discharged during each logic transition by load capacitor CL. The power savings  is related tot he 
storage  capacitor  and  the  load  capacitor  and  represented  by  Power  savings  (%)  =  CS/(CL  + 
2CS)*100%. In table 10, the power savings is represented according to the ratio of storage capacitor 
and the load capacitor [18]. Thus the power consumption is reduced significantly for application 
dominated by switching of large capacitive load independent of the supply voltage.

Table 10: Power savings of the Reduced Power Buffer (RPB).

CS/CL Power Savings (%)

0.25 16.70%

1 33.30%

4 44.40%

∞ 50.00%

In modern communication the wireless body area network is very promising in many applications in 
respect to the low power, security, reliability and so on. There is many researches and works are 
going on to get better transmission result. In this project work there is many points to improve the 
performance of the analog front end transceiver. The following issues can be considered as future 
work of the entire thesis work.

• A full duplex communication can be introduced for the  AFE;

• Due to variation of the impedance of the body the attenuation is also varied and hence the 
channel estimation should be considered;

• Power down (PD) concept can be implemented to realize the effect on the AFE transceiver  
when the circuit is off state; 

• Implement a single switch operation to maintain all tests from outside world;

• A current mode drivers can be implemented instead of the voltage mode driver in order to 
have a constant current source with several mA, a wide range of communication more than 2 
meters  and a better impedance matching technique;

• The RC delay and power loss can be reduced by eliminating the drain resistor from the 
driver circuit;

• Pseudo random binary sequence can be introduced to the Tx for testing purpose; 

• A variable gain  buffer circuit can be implemented in the future.
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Apart  from this,  the  leakage  power  can  be  improved by changing the  sizing  technique  of  the 
transmitter.  A differential  approach can be introduced in the Tx to have a good common mode 
rejection ratio.  Finally,  the operating frequency range in BCC can be wider to access the more 
additional applications.      
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 8 Abbreviations

A

Abbreviation Spell-out Explanation Reference

AFE Analog Front End Consists of transmitter and 
receiver

3,5,6,7,8,10,11,
16,39,71,73,74

ADC Analog to Digital 
Converter

Conversion of analog 
signal to digital signal

5,7,16

B

BAN Body Area Network Communication within, on 
and close proximity of the 
human body  

2,3,4,6,7,8,9,10,
12,17

BCC Body Channel

Communication

The data transmission 
through the human body.

3,15,17,18,39,
43,46,59,61,68

BB Base Band Integrated in FPGA board 5

BBDE Body Based Data 
Exchange 

It provides a system that 
exchanges the data through 
the body.

15

BER Bit Error Rate Measurement of the 
number of bits that does 
not carry the original 
information

16

C

CRT Cathode ray tube 14

CRC Cyclic Redundancy Check Error detecting code used 
in Digital system

16

CDR Clock and Data Recovery Data recovery system to 
retrieve the original data

16

CMOS Complementary Metal 
Oxide Semiconductor

Unit element of the 
integrated circuit 

16,17,28,41,52,
71,73
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D

DAC Digital to Analog 
Converter

Converts digital signal to 
analog signal

4

DSSS Direct Sequence Spread 
Spectrum 

A modulation technique 
where transmitted signal 
takes more bandwidth than 
information signal

16

DBB Digital Baseband Kind of data transmission 
to send the digital data

16

DCI Direct Couple Interface Interface among the 
successive stages   

16

E

ECG Electrocardiogram Heart Measurement 
machine 

1

EEG Electroencephalography Electrical

measurement along

with the human body.

1

F

FPGA Field Programmable Gate 
Array

It is specified by hardware 
description language

4,5,7,8

FSK Frequency Shift Keying Modulation scheme where 
digital data is transmitted 
through discrete frequency 
changes

14,15

FM Frequency Modulation The frequency is varied in 
respect to time 

14

FE Finite element Specific part of the human 
body model

14
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H

HBC Human Body Communication Communication through 
Human body.

1,16,17

HDTV High Definition TV  10

I

IEEE Institute of Electrical And 
Electronics engineers 

Authorized and 
independent decision 
making Organization for 
Electrical  Standard 

1

ICT Information and 
Communication Technology 

1

ISC Identification, Security and 
Control

It defines a reliable system 15

ISI Inter Symbol Interference Kind of disturbances from 
internal signal

65

K

KAIST Korea Advanced Institute of 
Science

and Technology

University 4

L

LNA Low Noise Amplifier Amplifier with low noise 4,5,7

LAN Local Area Network Small range connectivity 10

M

MAC Medium Access Control Data commincation 
protocol which is sublayer 
of the data link layer.

1,15
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MOSFET Metal Oxide Semiconductor 
Field Effect Transistor

A transistor used for 
amplifying or switching 
electronic signals 

69,29,31

MHz Mega Hertz Unit(Frequency) 2,5,8,13,14,15,
16,19,39,43,44,
45

Mbps Mega bits per second Unit(Data Speed) 7

N

NB Narrow Band Small frequency range 1

NFC Near Field Communication To establish Radio

Communication with

two devices.

2

NPD No Power Down Kind of switch indicates 
the on-off state of the 
cicuit

56

O

OOK On Off Keying Modulation technique 2,13,20

P

PAN Personal Area Network Establish a computer

network around

human body.

1,12,13

PN Sequence Pseudo-random Noise 
Sequence

Sequence 13

PHY Physiological 1,6,7,16

PPM Pulse Position Modulation Modulation technique 16

PRBS Pseudo Random Binary 
Sequence

16

Q

QPSK Quadrature Phase Shift 
Keying

It is a form of PSK in 
which two bits are 

15
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modulated at once, 
selecting one of four 
possible carriers phase 
shift

R

Rx Receiver Receives the signal after 
transmitting

26,27,60

S

SNR Signal to noise ratio It defines the signal quality 13,14

SYNC Synchronization Technically run the one 
more system at a time

16

T

TxRx Transceiver Both the transmitter and 
receiver circuit in one 
single chip

59,60,61,3,14

Tx Transmitter Transmits the signal 
through a communication 
link

42,51,59,74,60,
75

U

UWB Ultra Wide Band Wide Band Signaling 1

W

WBAN Wireless Body Area Network Wireless transmission 
through the body channel

1
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Appendix

 10 Appendix A
In system level design, the verilogA code has been used for the ideal inverter because the verilogA 
code is an industry define modeling language for analog circuit. The verilogA code for inverter  is 
given in the  next  section 10.1.

 10.1 VerilogA code for inverter

The verilogA code for ideal inverter is stated for the system level performance  in driver chain.

//The sample SpectreHDL library is unsupported and subject to change

//without notice. Future versions of SpectreHDL may not be compatible

//with this library.

// not_gate

// vin:   [V,A]

// vout: [V,A]

// INSTANCE parameters

// vlogic_high = output voltage for high [V]

// vlogic_low = output voltage for high [V]

// vtrans  = voltages above this at input are considered high [V]

// tdel, trise, tfall = {usual} [s]

`include "discipline.h"

`include "constants.h"

module not_gate(vin, vout);

input vin;

output vout;

electrical vin, vout;

parameter real vlogic_high = 5;

parameter real vlogic_low = 0;
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parameter real vtrans = 1.4;

parameter real tdel = 2u from [0:inf);

parameter real trise = 1u from (0:inf);

parameter real tfall = 1u from (0:inf);

real vout_val;

 integer logic_in;

analog begin

@ ( initial_step ) begin

if (vlogic_high < vlogic_low) begin

$display("Range specification error. vlogic_high = (%E) less than vlogic_low = (%E).\n",  

vlogic_high, vlogic_low );

 $finish;

end

 if (vtrans > vlogic_high || vtrans < vlogic_low) begin

$display("Inconsistent $threshold specification w/logic family.\n");

end

end

logic_in = V(vin) > vtrans;

 @ (cross(V(vin) - vtrans, 1)) logic_in = 1;

 @ (cross(V(vin) - vtrans, -1)) logic_in = 0;

 // define the logic function.

 vout_val = !(logic_in) ? vlogic_high : vlogic_low;

V(vout) <+ transition( vout_val, tdel, trise, tfall);

end

endmodule
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 11 Appendix B
Appendix  B  defines  the  characteristics  of  ST65 nm  technology.  There  are  different  types  of 
transistor and resistor models available in the ST65 nm standard. Designing the overall transmitter, 
we use  LVT_LP transistor  model  and P+ Poly resistor  model  in  the  thesis  work.  Section  12.1 
describes some important information about transistor model and resistor model. It also defines 
simulation conditions and output parameter definition for the transistor model.

 11.1  Characteristics of CMOS065 nm technology

 11.1.1 Transistor models

In the CMOS065 technology, different transistors are used for different purpose. In the paper, the 
main  focus  on  LVT_LP transistors  models  for  low  voltage  and  low  power.  There  are  some 
important information for this kind of models stated below:

• Supply voltage (Vdd) is 1.2 V;

• Drawn gate length varies from 60 nm to 10 µm;

• Drawn transistor width varies from 0.12 µm to 10 µm;

• Devices temperature varies from -40 °C to 150 °C;

• Vgs, Vds, Vbs vary from 0 to 1.32 V (i.e. Vdd +10%).

 11.1.2 Conditions of simulation

Simulations  were  done  with  bench  v3.3.1dev  using  Eldo  simulator  v6.8_3.1.  If  not  explicitly 
mentioned elsewhere, temperature is set to 25 °C and Vbs to 0 V. Extra global parameters are used 
as follows. 

• lvtlp_dev = 0

• mismatch_crolles = 0

• gflag__rgateswitch__all__cmos065 = 0

• gflag_rgateswitch_all_cmos065 = 0

• gflag__noisedev__all__cmos065 = 0

• agesimulation = 0

 11.1.3 Output parameter definition

The output parameters are described as follows.

• Vt_lin: Threshold voltage defined as Vgs value for which drain current is 40e-9 
A/sq*M*W/L at Vds = 0.05 V;

• Vt_sat: Threshold voltage defined as Vgs value for which drain current is 40e-9 
A/sq*M*W/L at Vds = 1.2 V;

• llin: Drain current at Vgs = 1.2 V, Vds = 0.05 V;

• Isat: Drain current at Vgs = 1.2 V, Vds = 1.2 V;
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• Ioffsat: Drain current at Vgs = 0 V, Vds = 1.2 V;

• Ig_on: Gate current at Vds = 0 V and Vgs = 1.2 V;

• Ig_off: Gate current at Vds = 1.2 V and Vgs = 0 V;

• Cgg_inv: Total gate capacitance at Vgs = 1.2 V, Vds = 0 V, f = 100 kHz;

• Cggmean: Average total gate capacitance for Vgs values between 0 V and 1.2 V, Vds =

0 V, f = 100 kHz;

• Cgd_0 V: Gate-to-Drain capacitance at Vgs = 0 V, Vds = 0 V, f = 100 kHz;

• Cbd_off: Bulk-to-Drain capacitance at Vgs = 0 V, Vds = 0 V, f = 100 kHz;

• Gm_c: Drain transconductance at Vgs = Vt_lin + 0.2 V, Vds = 0.6 V, f = 100 kHz;

• Gd_c: Drain conductance at Vgs = Vt_lin + 0.2 V, Vds = 0.6 V, f = 100 kHz;

• Gain_c: Voltage gain defined as Gm_c/Gd_c.

 11.1.4 Resistor models

In the CMOS065 standard, resistors are modeled with the concern of different functionalists like 
intrinsic resistor value, bias/temperatures dependencies, noise, parasitic capacitances, matching etc. 
So, by the concern of these functionalists different models are presented which are stated below:

• Unsilicided P+ Active Resistor (RPODRPO)

• Unsilicided P+ Poly Resistor (RPPORPO)

• Unsilicided N+ Poly Resistor (RNPORPO)

• Silicided N+ Poly Resistor (RNPO)

• Unsilicided High Value Poly Resistor (RHIPORPO)

In the paper, Unisilicided P+ Poly Resistor (RPPORPO) is used for the simulation.
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