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   Abstract

Large  sensor  networks  of  very  small  motes,  having  sensing,  computation, 
communication and power units,  are becoming an active research topic.  The major 
problem in implementing such networks is threefold. Firstly, power consumption and 
area  which  are   limited  by  the  technology (limitation  on  minimum size  and  power 
consumption of transistors). Secondly, locating the area of event which arises due to 
requirement  of  motes  without  identity.  Thirdly,  cost  factor  as  the  number  of  motes 
required would be high. 

This thesis work was done in two parts, the first part comprising of modeling a 
power  and area efficient  smart  dust  network  using  a  novel  algorithm to  detect  the 
location of event without giving identity to the motes and also developing an interface 
for monitoring patient's health in hospitals through such a network. The second part 
consists of designing an analog front end to generate event in case of abnormalities in 
signal  from human body.  The designed  front  end  can  also  be  used for  intra  body 
communication systems (body area networks) with operating frequencies of order 10-
20 MHz.

Body area networks (BAN) is a type of personal area network (PAN), introduced 
by Zimmerman[8], using human body as a communication channel for communication 
between body based devices through capacitive coupling. The major advantage of such 
communication lies in reducing the burden on RF spectrum. If only one of the body 
based devices can communicate with the outside world using RF spectrum and all body 
based devices can communicate with each other forming a BAN, then indirectly all 
devices can communicate with the outside world with only one of them using the RF 
spectrum. Power and security are also the inherent advantages in using body as a 
channel. 
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 1 Introduction

 1.1  Smart dust

 The idea to monitor the world with tiny sensors motes was conceived by Dr. Kris Pister 
of  the University of  California at  Berkeley,  USA, in  1998.  These sensor motes would  have 
sensing,  computation,  communication  and  power  generation  in  a  single  dust-particle-sized 
package. Such well equipped tiny motes are called “smart dust”. Although the idea has not yet  
been fully realized, due to several constraints and complexities involved with reducing the size 
and improving the performance, some very small motes are commercially available. Smart dust 
technology has many applications and many more will evolve with  further reduction in size and 
cost of the motes. Few applications could be: Smart dust can monitor for fires in forest, any kind 
of leakage in critical areas of a nuclear power plant or other chemical industries, etc. The smart 
dust sensor modules can also be deployed in biologically inspired architectures (BIAs). 

The proposed method, till date, for propagation of information in a smart dust network is 
that on detection of an event by a mote, it will alert neighboring motes which would in turn notify 
other motes in the network.  In this way the information would reach the central  monitoring 
station. In implementation of smart dust, the conflict between size and power is a major one, 
among others,  as  concluded  by  Pister's  team during  their  project  funded  by  The  Defense 
Advanced  Research  Project  Agency  (DARPA)  which  aimed  to  demonstrate  that  sensing, 
communication  and  computation  can  be  integrated  into  a  package  less  than  one  cubic 
millimeter large[3].  Compact  size and large battery life  are both important  for  implementing 
smart dust, but small batteries contain less energy and thus have short life. Many solutions 
have been proposed to solve this issue such as developing a software to enable motes to sleep 
most of the time yet wake up regularly to take readings and communicate[4] or use of optical 
communication to reduce both power consumption and size[6].

 1.1.1 Project description

Figure 1 shows the outline of a smart dust module. The different blocks in Figure 1 are covered 
by different master thesis projects at the division of Electronics Systems. Since a smart dust 
mote should have auto power generation, an energy harvester is required. It could generate 
energy  from  sources  like  microwaves,  temperature,  light  (photoelectric),  vibrations 
(piezoelectric), etc. The energy should be captured and stored on availability of the source and 
supplied effectively to various parts of the module. The control block supervises the operation of 
the mote based on the available energy. For example, if enough energy is not available to take 
any action on the data, the mote would remain in sleep mode. Low-speed sensor interface 
would perform low speed operations of KHz range while the high-speed sensor would perform 
operation  in  MHz  range.  The  uP would  be  ultra-low  power  and  suitable  for  the  required 

16



application. The physical layer of communication is handled by the radio interface.

Figure 1: The smart dust module

A smart dust network is shown in  Figure 2. A processing unit could either be a smart 
dust  module  shown  in  Figure  1,  or  a  cluster  of  smart  dust  modules  depending  on  the 
application.  Organization  of  the  network,  flow  of  information  are  important  aspects  of  the 
project.  The network  has to be intelligent  and should constantly  change.  For  example,  the 
transmit power would change depending on the energy available, the devices could move with 
wind, water, etc. The motes should be sleeping or should not transmit power when not required. 
All these would require more intelligence built into the devices. The trade-offs between power 
dissipation, information throughput, cost, area, etc. are also to be considered.
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Figure 2: An example of a hierarchical network

  

 1.2  BAN (body area networks)

The human body has  been  used  for  long  as  a  communication  channel  in  medical 
applications. For example the EEG and ECG are performed by characterizing and measuring 
the electrical field variations so that the bio-electrical signals can be recorded. Using human 
body as a communication channel has attracted much attention in the last couple of years, 
more because of the interesting applications being developed by mobile phone vendors. The 
affordability of  electronic  devices  has enabled a  common man to  possess several  devices 
which when allowed to communicate with each other can offer many new and useful features. 
Using body as a channel for such kind of  communication has several advantages such as 
security,  power  and  reduced  burden  on  RF  spectrum.  The  idea  was  first  introduced  by 
Zimmerman in 1995 as a Person Area Network (PAN). But due to development of radio based 
technologies like IEEE 802.11 Wi-Fi standards and IEEE 802.15 Bluetooth standard and other 
RF technologies, the idea was set aside[9]. It is now that the idea is gaining popularity, but still 
a lot of issues like feasibility and reliability have to be analyzed. The IEEE 802.15 task group 6 
(IEEE 802.15.6) is developing a standard for wireless Body Area Networks.

 1.2.1 Project description

The BAN project at Linköping university  has received funding  from the LiU CENIIT 
board.  The  human body communication  has  been  investigated  by  researchers  at   several 
organizations like Korea advanced institute of science and technology (KAIST), Docomo-NTT, 
IBM, MIT, and more. The research is also going on in various Swedish universities including 
Linköping university.  The transceiver for the human body communication (HBC) might not be 
similar to an RF transceiver but should transmit and consume a lot lower power. Capacitive 
coupling would be used to conduct to the human body and some direct modulation scheme 
could be use. The purpose of the project is to understand the kind of interfaces and the kind of 
modulation schemes to be targeted. The transceiver concept for the BAN project is illustrated in 
Figure 3. The computer/smart phone implies the application. The data from the application is 

18

Processing
unit

Processing
unit

Processing
unit

Processing
unit

Processing
unit Cluster

Cluster



fed  to  the  FPGA,  where  the  baseband  is.  The  transceiver  is  then  connected  through 
optocouplers to isolate the ground.

Figure 3: BAN transceiver and channel

In order to adapt to the channel and transmission speed, different types of filters and 
drivers are required. The human channel and the capacitive interface will distort and attenuate 
the signal significantly. In the receiver low-noise amplifiers (LNA) are required to amplify the 
signal,  filters are required to remove more noise and to select the right band. The human body 
and the ground-less environment are serious challenges in designing the transceiver.

Key features of the project are to obtain a high data rate with low voltage and low power 
consumption. The overall cost of the transceiver should be extremely low so that disposable 
products can be targeted. 

Sub-projects : 

1) Transmitter (Tx AFE) -  Implementing the transmit path in ASIC

2) Receiver (Rx AFE) - Implementing the receiver path in ASIC

3)  Baseband  coding  and  modulation  I  (Phy  I)  -  Implementing  the  baseband,  modulation 
schemes, encoding, etc., mainly in MATLAB and FPGA (synthesized RTL). Main focus on the 
transmit path.

4) Baseband coding and modulation II (Phy II) - Implementing the baseband, modulation 
schemes, encoding, etc., mainly in MATLAB and FPGA (synthesized RTL). Main focus on the 
receiver path.             

5) Demonstrator implementation (Demo) - Implementing a hardware system and measurement 
setup. Hardware-in-the-loop approach. 

6) Baseband implementation and protocols (Base) - Study and implementation of the protocols 
and the  modulation schemes in the baseband.

7) Application layer and channel modeling (Apps) - Focus on modeling of the channel and 
application layers and their implementation.

Figure 4 shows a detailed outline of the system view of a body area network transceiver. 
The aim of the project is to develop an application layer, implemented in software, a baseband 
in FPGA/ASIC, and the AFE in ASIC. 
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Figure 4: Example of a system-view of a BAN transceiver.

The key features include: 

• Exploring possibility of duplex communication. This would have two implications: one on 
the Physical  layer  in  terms of  collisions,  resend,  etc.  The other  one  on  the analog 
interface  with  the  capacitor  where  using  large  signals  on  the  LNA input  should  be 
avoided in case of using external charge pump for the driver. 

• High speed operation (10 Mbps)

• ASIC containing the Tx, Rx and parts of the digital Physical/baseband.

• Ultra low power considerations

The integration of two technologies, smart dust and BAN, can lead to a new stream of 
research and many other applications can be derived and discovered. Some of the applications 
that can be developed by combination of wireless sensor networks and body are networks are 
listed in Table 1.

Medical Healthcare Biowares

Medical imaging Health appliances DNA chip

Digital medical data Fitness devices with 
communication

Blood test chip/device

Capsule endoscope Life recorder Molecular imaging

Tele-medicine Healthcare service Neuronal chip

Table 1: Applications using wireless sensor networks and body area networks
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 1.3 Goals of this thesis work

This thesis is the sub-project two, i.e. Rx AFE, of BAN project and sub-project, smart 
dust network of the smart dust project. The aim of this thesis is to model a smart dust network 
on FPGA , with reduced power consumption and area of the motes. Developing an algorithm for 
detecting  the  location  of  the  event  that  does  not  require  giving  identities  to  the  motes. 
Developing an application of the smart dust network for hospitals to monitor patient's health. 
Designing an AFE to interface with the smart dust network which could also be used for IBC 
systems. Investigate the response of body as a channel and the requirements on the AFE. 
Finally, verification of the AFE with the smart dust network and a body model. 

The questions that are to be answered through this work are how should the smart dust 
network be organized? When the smart dust components are sprinkled over a large area, how 
are they initiated and how do they know who they are going to communicate with? How does 
the information reaches the base station?

The AFE receiver (Rx) requires amplification through an LNA to amplify the week pulses 
that are heavily attenuated through the body. If Tx pulses are at 1 V, the Rx pulses would be in 
the lower mV region. Also, due to Manchester encoding, the frequencies on the channel will 
change quite significantly.  The frequencies can vary from that of the carrier to its half. With 
significant amplitude and phase variations in the band, data might get distorted.  A comparator 
structure (level detector) or potentially a low-resolution ADC would be employed at the end of 
the receiver chain, to restore the voltage levels.

 1.4 Outline

This thesis starts with introduction to the smart dust and BAN. In section 2, previous 
works  done  on  modeling  of  smart  dust  networks,  developing  applications  of  smart  dust, 
developing the body model and various AFE architectures proposed have been examined. In 
section  3,  the  proposed  smart  dust  network,  the  algorithm  for  information  flow  and  their 
advantages over the previously proposed ones are discussed. In section 4, the body has been 
modeled electrically to be used as a channel. Developing the AFE is described in section 5. The 
various components of the AFE and their various models have been discussed. This section 
also contains the simulation results of the AFE. Section 6 consists of the model developed to 
demonstrate an application of the smart dust network utilizing the AFE developed in section 5. 
Finally, the work done has been concluded in section 7 and the future works is discussed in 
section 8. The appendix A, B and C consists of the codes used during the project. The appendix 
consists of the code for the LNA discussed in in section 5.3. The appendix B and C consists of 
the MATLAB and assembly code, respectively, implementing the algorithm discussed in section 
3.1. The codes have been used in to implement the smart dust network for different applications 
discussed in section 3 and section 6. Appendix D consists of the paper that was prepared from 
this work and contributions from the other co-authors.

 1.5 Goals met

The smart  dust  motes were subdivided to reduce power  consumption and area per 
mote. A new algorithm was developed for the flow of information without giving identity to the 
motes. The smart dust network was modeled in MATLAB and also on Altera's DE2_70 FPGA 

21



board as  a  proof  of  concept.  The work  led  to a  paper  submission which can be found in 
appendix D.

The human body along with the capacitive coupling was modeled in cadence to reflect 
the true conditions. The requirements on the AFE were derived in terms of dynamic range, 
noise figure and signal-to-noise ratio. The AFE was designed in 65 nm CMOS technology and 
was  tested  successfully  with  the  capacitively  coupled  human  body  model  for  transferring 
Manchester encoded data at the rate of 10 Mbps.

The MATLAB model of the smart dust and the AFE in cadence were co-simulated to 
develop an application of the proposed smart dust network for monitoring patient's health in 
hospitals.

22



 2  Pre-study and review

 2.1 Motivation for smart dust

Smart  dust  has numerous applications and as size and cost of motes reduce many 
applications will  evolve,  due to which it  has pulled a lot  of  attention in last  few years.  The 
potential  applications involve surveillance and monitoring.  Some examples could be:  Forest 
services could use smart dust to monitor fire. The motes can be spread over the area and in 
event of fire, the rise in temperature would be sensed by the motes and thus huge damages 
can be prevented. In industries major accidents due to leakage of harmful gases, due to fire, 
etc. can be prevented. The chemicals transported through pipes can gradually weaken, or the 
pipes can leak due to several other factors. The smart dust motes could be used to detect 
corrosion or leakage and thus a monitoring station could be configured to receiver regular 
status from the motes.  Smart  dust  can also help business organizations to  provide better 
services and also save money. For example: if a power and lighting company has to find out the 
street lamps requiring service, it has to wait until sunset or wait for the customers to complaint. 
But  with smart  dust deployed,  they can immediately find the location of the lamps needing 
service or replacement. The repairs can be organized and complaints can be reduced. Besides, 
the obvious ones, other potential applications of smart dust are being explored like evaluating 
structural  soundness of buildings and other structures, which requires motes equipped with 
seismic accelerometer. Smart dust can also be used for saving energy by controlling switching 
of lights based on temperature, presence/absence of people, etc.[5]

 2.2 Motivation for BAN

 The major motivation to use human body as channel is due to reduction of burden of 
the RF spectrum and the inherent security and low power aspect. In modern era, a common 
man carries a lot of devices such as a mobile phone, a personal digital assistant, a laptop, etc. 
each of which uses the RF spectrum. some global telecommunication players predict that in a 
“close” future, there will  be more than 50 billion devices connected to each other. A person 
might interact with more than ten different devices during the day and we could think of soft 
communication like only sensing presence or other situations. If  all  the body-based devices 
communicate  with  each  other  via  the  body,  then  it  would  be  enough  if  just  one  of  these 
communicate with the outside world using the RF spectrum . These interconnected body-based 
devices can also share computational resources which might enhance their performance and 
use.
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This type of communication is secure because the strength of fields used have very low 
range  and  the  strength  drastically  falls  with  distance  cubed.  So  there  is  very  less  risk  of 
eavesdropping, hacking, etc. Also, the congested electromagnetic spectra is preventing from 
being polluted which adds to the advantages of BAN [8]. The high attenuation of the signal by 
the channel also prevents interference between various BAN devices, in case of a room full of 
people having devices using BAN.

 2.3 The body model for capacitive communication

 As mentioned previously, Zimmerman introduced BAN and therefore, the first attempt to 
electrically model the body can be found in his paper. He treated body as a node and the 
electrical characteristics were modeled using discrete elements as shown in Figure 5 [8]. The 
capacitance used in the model are explained in Table 2. Since he used a signal of frequency 
range KHz, this model was appropriate. Song et.al. [10] in 2007 measured characteristics of the 
human body channel for 15cm channel length across the arm. Their measurements showed 
that human body  has attenuation of approximately 6 dB for a bandwidth of about 100 MHz. In 
the same year Cho et.al. [10] developed a distributed model to analyze the signal transmission 
through the human body at higher frequencies upto 150 MHz and 1.2 m length along the body. 
A similar  model  has been adopted in  this  work.  More details  can be found in  section 4.1.  
Recently finite-element method (FEM) was utilized to investigate the electric  field intrabody 
communication (EF-IBC) channel [12] . 

Figure 5: Zimmerman’s electrical model for human body channel
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Capacitor Description

Ca Coupling capacitor between transmitter electrodes

Cb Coupling capacitor between transmitter’s outer electrode and the body
 

Cc Coupling capacitor between transmitter’s body electrode and the body 

Cd Coupling capacitor between transmitter’s outer electrode and external 
ground

Ce Coupling capacitor between body electrode and external ground

Cf Coupling capacitor between receiver’s body electrode and the body 

Cg Coupling capacitor between receiver’s outer electrode and external ground

Ch Coupling capacitor between receiver electrodes

Table 2: Capacitors in Zimmerman’s body model

 2.4 AFE architectures

  Many AFEs have been tried for the intra body communication system based on the 
applications and modulation schemes, etc. The very first AFE was introduced by Zimmerman 
[8] which had a very low data rate of 2.4 kbps which was developed to prove the concept. 
However, it had a narrow bandwidth and was susceptible to conditions of the surroundings and 
external  ground.  Zimmerman’s  transceiver  is  shown  in  Figure  6 .  Later  on,  HBC receiver 
developed by Shinagawa et.al.  [14] achieved a data rate of 10 Mbps using a special electro-
optic sensor, which has a drawback of high power consumption, making it unfit for human body 
applications.  But  the  development  confirmed  the  possibility  of  high  speed  communication 
through the human body. A lot of developments in the field have come from Korea advanced 
institute of science and technology (KAIST). Seong et.al. presented an energy-efficient wide-
band signaling receiver AFE in 0.85 μm CMOS process with data rate of 10 Mbps consuming 
4.8 mW power which exploited wideband symmetric triggering technique[15]. But  the channel 
length used was just 25 cm which reduced the attenuation offered by the channel to 6 dB in the 
10 MHz band. Cho et.al.  [16] developed a AFE taking into account the interference. The AFE 
was scalable from 60 Kbps to 10 Mbps . To overcome the interference in the AFE due to the 
body antenna effect,  a 4-channel adaptive frequency hopping scheme was introduced.  The 
BER was measured to be less than 10-5 and sensitivity of -65 dBm was achieved for a channel 
length of 1.8 m. This AFE is not suitable for transmissions consisting of multiple-channels and 

25



also is bit complex in architecture. A 2 Mbps low-power wide-band digital transceiver for data 
transmission  through  a  human  body  was  developed  by  Song  et.  al.  [17] with  a  0.25  μm 
technology. But it did not consider interference and also had  inadequate coupling conditions to 
the  body.  Another  low  power,  15  Mbps  data  rate,  wearable  transceiver  for  human  body 
communication  was  proposed  by  Jin  et.  al.  [18].  The  AFE  was  implemented  in  0.18  μm 
technology and consumed less than 5 mW power. It was tested with a channel length of 1.2 m. 
A 0.5  V  intrabody  communication  system  was  designed  by  Jin  et.  al.  [13] for  biomedical 
application. The power consumption of the system was 4.535 mW. However, the channel length 
was small and also the carrier frequency used was 200 MHz.

Figure 6: Zimmerman’s transceiver
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 3  Implementing a smart dust network

 3.1 The algorithm

Propagation of  information from a mote detecting an event  to the central  monitoring 
station  is  an  important  concern  for  smart  dust  networks.  A commonly  adopted  method  is 
transferring data to all the motes in a certain range.  For example, in the event of fire, a mote 
that notices unusual temperature in its zone would alert neighboring motes that would in turn 
notify other nearby motes. In this way the network of motes would eventually (given all motes 
are sufficiently close to each other) notify a central monitoring station of the fire and location of  
the mote that observed it. Propagation of information through this manner has several defects. 
Firstly, a mote sends information to all the motes in its range and the receiving motes further  
send it to motes in their range. This may lead to infinite loops of motes sending information to 
each other which will cause wastage of power. Secondly, the shortest path of information flow is 
not ensured. Thirdly, some kind of identification has to be given to motes, to get location of the 
event,  which  creates  a  problem if  a  mote  is   added  or  removed  (in  case  it  dies  or  gets 
dislocated) from the network. Fourthly, information may unnecessarily be spread to many motes 
and add to wastage of power. Thus, a new method for information flow has been used  which 
uses two kinds of motes.

 3.1.1  Semos and comos

In the smart dust networks proposed till date, the motes are responsible for sensing, 
computation  and  communication.  Each  of  these  responsibilities  increase  the  power 
consumption and area of a mote. It is thus proposed to divide the responsibilities among two 
different kind of motes, namely, Semos and the Comos. Semos are sensor motes, always ready 
to record an event of any kind, which will be responsible for sensing an event and broadcasting 
it. Semos are embedded with sensors and some basic processing circuitry, if desired, and a low 
range transmitter. The sensors embedded depend on the requirement, for example, a drought 
prediction  system  would  require  semos  to  sense  temperature,  wind  pressure,  humidity, 
precipitation. They will collect data from the outside world and broadcast it, to be received by 
comos,  within a certain range.  Comos are communication motes which are responsible for 
transmitting the data further. They will be activated by an incoming signal from one or more 
semos. Otherwise,  they will  be in  sleep mode. They can collect  data from the neighboring 
comos and semos scattered around them. The collected data is processed, which includes 
checking and adding temporary identity (TID) to the received data. A data from semos would 
not consist of any TID, thus that data would be transmitted further by the Como after adding an 
TID. Data from comos, on the other hand, would already have an attached TID, thus, the Como 
receiving such a data would check for the TID value and increment the TID number, if it is less 
than  a  certain  critical  value,  otherwise,  the  received  packet  is scrapped.  After  the  TID is 
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updated, the packet is again re-assembled and sent across in a broadcast fashion. Thus, the 
comos would also consists of the hardware required for comparison of the TID, updating the 
TID and also dis-assembling and re-assembling a packet received from neighboring comos. It 
would also differentiate between packets from comos and semos and suitably create a packet 
for the semos data, append a new TID and then broadcast. The comos would also have a 
buffer which stores the packets in a FIFO array. The length of the FIFO buffer can be selected 
depending on the number of semos scattered in a given region.

       

Figure 7: An example of a section of a smart dust network 

For this model to work, the number of semos deployed should be lot more than comos. 
Consider,  for  example,  a  location  divided into  six  areas as shown in  Figure  7.  A1 (area1) 
through A6 (area6)  are depicted where each area contains four semos,  Mx1 through Mx4, 
where x = 1,...,6 indicates the corresponding area,  Ax. There is one como in each area, C1 
through C6.

 3.1.2 Algorithm for information propagation
 

A network  consisting  of  semos  and  comos  could  be  a  solution  to  the  problems 
associated with information propagation methods proposed earlier. The semos, on sensing an 
event, will process it and transmit within a certain fixed (short) range. The processing includes 
adding some extra bits (say temporary identification bits, TID), all 0s, to the information bits.  
The number of extra bits depends on the maximum number of comos in longest, shortest path 
(shortest path from the farthest area) to the central monitoring station. The semos will not have 
any receivers. The comos will be activated by an incoming signal and will accept two kinds of 
signals, semo-to-como and como-to-como. When any signal reaches a como it adds a '1' to the 
TID bits and transmits further to its neighboring comos. In this way the signal finally reaches the 
base station with the original information plus the TID bits. But still the comos would be adding 
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1 and transmitting further as the comos are not aware of the message being received by the 
base station. To avoid this to continue forever, the comos would go back to sleep once all TID 
bits become 1 (in sending or receiving comos). For example, in Fig. 7, if an event occurs in 
semo M13, it will add two extra bits (00) to the information bits. Two bits are required, since 
there can be a maximum of three comos in the shortest path to the base station. Semo M13 
transmits its information plus the TID bits to como C1. C1 would be activated and changes the 
TID bits to 01 and transmits information and ID further to C2 and C3. C2 and C3 add 1 to the 
TID bits, such that they become 10, and transmits to its neighboring comos, i.e., C1, C4 and 
C5. C1 and C4, will increment the TID bits to 11 and send to C2/C3 and C2/C3/C6, respectively. 
C5 will do the same and transmit 11 to C3, C6, and base station. Now, the data has reached 
the base station, where the occurrence of an event and its location can be extracted. C2, C3, 
and C6 have received TID bits equal to 11 so they will now discard the data. The same holds 
for C1, C4, and C5, they have sent data with TID bits 11 and will also go into sleep mode. 

Fig. 7 represents just a part of a large smart dust network, which in reality will be much more 
complex and will certainly contain much more interconnects between the various comos. The 
algorithm, and flow of data after an event has been detected in the example network of Fig. 7, 
is shown in Fig. 8.

Figure 8: Flowchart depicting the information flow algorithm 
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 3.2 Implementing the network

The network  implemented on Altera's DE2_70 board as a proof of concept consists of 
four areas each having four semos and a como as shown in Figure 9. The algorithm followed is 
same as described in previous section.  

                                                                         

Figure 9: The implemented smart dust network to prove the concept

The  implementation  is  done  by  building  a  system  using  SOPC  (system  on 
programmable chip) builder on the on-chip RAM available on Altera's DE2_70 board to enable 
the inputs to be given through software. The SOPC builder comes with quartus 9.0. A code 
written  in  assembly  language  was  used  to  define  the  functionality  of  the  system.  Altera's 
monitor program, which is available in Altera's university program, was used to run the code 
and provide inputs to the board. The Altera's monitor program shows the values in various 
registers of  the FPGA board which was used to verify the functionality of  the system. The 
assembly code is given in appendix C. 

The aim of the network implemented was to detect events and predict an approximate 
location like in a drought prediction system. On locating an approximate location a rescue team 
could be sent to the area to get the exact location and take preventive measures.
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 4 Interface for medical application

Smart dust  can be deployed in hospitals, as safety requirements are crucial, to monitor 
not only events like fire, leakage, etc. but also to monitor patient's health. Signals from the body 
are  spikes  and  so  is  any  digital  signal  after  passing  through  human  body  via  capacitive 
coupling. To prove this, a body model with capacitive coupling with transmitter and receiver was 
developed realizing a real scenario.

 4.1 The body model

The human body model was developed as suggested by cho, et.al.[10] Figure 4 shows 
the top of the hierarchy of the body model with the electrodes. 

Figure 10: The symbol of the electrical model of human body with the capacitive coupling

 The resistance offered by the body and the coupling capacitance to ground increases 
with the increase in transmission length of the body channel. This implies that the loss in signal 
at the receiver increases with the channel length. In this thesis work, the modeling of the body 
channel was done using unit elements consisting of resistors and capacitors to form a T-shaped 
human subject shown in  Figure 11 whose components are described in  Table 3. The human 
body model is made by cascading several arm unit elements shown in Figure 12 and torso unit 
elements shown in Figure 13. For each unit element, its complex impedance is calculated from 
the Gabriel’s experimental results  [11] and the coupling capacitance to the external ground is 
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calculated based on the Zimmerman’s method [8]. One unit element corresponds to a distance 
of 20 cm through the body. The body model used in this work consists of 6 such unit elements 
in series to constitute an arm to arm distance of 120 cm and 7 unit elements for the torso. The 
frequency response of the body model is shown in Figure 14.

Figure 11: A section of the electrical model of the body

Figure 12: An arm unit element
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Figure 13: A torso unit element

Component  Value Description
Ct 310 pF Parallel body capacitance of the torso UL

Cct 5 pF Coupling capacitance to external ground from torso 
UL

Ra 60 Ω Parallel resistance of the  arm UL

Rt 7 Ω Parallel resistance of the  torso UL

Ca 48 pF Parallel body capacitance of the arm UL

Cca 2 pF Coupling capacitance to external ground from arm 
UL

feetCap 10 nF Coupling capacitance to external ground from feet

Tx_Rx_Cc 100 fF Coupling capacitance between Tx and Rx

Txgnd_gnd 10 fF Coupling capacitance between Tx ground and 
ground

Rxgnd_gnd 10 fF Coupling capacitance between Rx ground and 
ground

Tx_HB 10 pF Coupling capacitance between Tx and Human Body

Rx_HB 10 pF Coupling capacitance between Rx and Human Body

Tx_self 50 pF Coupling capacitance between Tx electrodes

Rx_self 50 pF Coupling capacitance between Rx electrodes

Table 3: Component values used for the human body model
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The body has band pass characteristics with an attenuation of 65-75 dB in the band of 
interest. At high frequencies the attenuation is almost constant for a bandwidth of around 100 
MHz. This frequency response is for the scenario when the body is grounded, the attenuation, 
however, varies with the length of the ground plane, the position of the body, the length of the 
channel and other environmental and physical factors.

Figure 14: Frequency response of the the human body model
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 5 Developing the AFE and verification

The  smart  dust  interface,  as  discussed  in  introduction,  consists  of  an  intra  body 
communication system. The system consists of a transceiver communication via the body as a 
channel. The model of the body channel was discussed in the previous section. The transmitter 
comes under subproject 1 of the BAN project. This section discusses the development of the 
receiver AFE, which can detect the signal sent by the transmitter through the body channel and 
reconstruct the original signal. 

Figure 15: The testbench for transceiver with the body channel and coupling capacitors

Figure 15 shows the entire system consisting of  the transmitter,  the transmitter  and 
receiver to body coupling capacitors, the body channel and the receiver. The mid-lower part in 
the figure shows the coupling between the transmitter and receiver grounds and the coupling 
between the transmitter  ground and external ground and between the receiver ground and 
external ground.

 5.1 Encoding scheme for the transmitter

Manchester encoding was chosen as the encoding scheme in the baseband because of 
its low order. It is also easier to implement in hardware and also the recovery of the clock is 
easy as there are frequent line voltage transitions proportional to the clock rate. Clock recovery 
is important for the receiver to extract the data from the recovered modulated signal.  More 
information on the encoding schemes can be found in subproject 6.
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For test purposes the manchester encoded data generated by the physical layer block in 
subproject 6 was used in the transmitter.

Figure 16: The Tx data and the Tx clock producing the Manchester encoded data in the transmitter

 5.2 AFE requirement analysis

The requirements on the receiver AFE could be analyzed from the power transmitted by 
the Tx,  behavior  of  the channel  to  the transmitted signal  (signal  propagation loss)  and the 
noise.

The output power of the Tx can be calculated as :

PTxout=
1
2

V swing
2 fC . (1)

 where Vswing is the voltage swing (~0.8 V say)

 f is the frequency of operation (10 MHz)

 C is the capacitance of the electrode (~100 pF)

Substituting values in (1)          PTxout=0.32 mW or PTxout=−5dBm  

The signal propagation loss    P L=20log(
V TXOUT

V RXIN
) (2)

Assuming PL to be 60 dB, i.e. if the amplitude of the signal being transmitted (VTXOUT) is 1 Vpeak-to-

peak then the amplitude at the input of the receiver (VRXIN) would be 1 mVpeak-to-peak .
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Power at the input of the receiver (PRxin) would be :

P Rxin=PTxout+PL . (3)

                                           thus,  P Rxin=−65 dBm  

The amount of background noise (-174 dBm/Hz) can be calculated from the bandwidth 
requirements of a digital data of 10 MHz frequency. Since a digital data would consist of several 
overtones, to transmit say two overtones would require the transmitter to transmit frequencies 
of 50-60 MHz. Taking Bandwidth as 60 MHz, the background noise would be around -96.22 
dBm. Which implies that the signal power at the input of the receiver would be around 30 dB 
larger than the background noise, making it easy for the signal to be recovered.

 As the channel behaves as a Band pass filter, a low pass filter or an integrator in the 
receiver can compensate for the attenuation caused by the channel as shown in Figure 17. 

Figure 17: Integrator nullifying the attenuation due to channel in the desired band

Although, we should a flat response in 10-60 MHz band to let the modulated data pass 
through without getting distorted, which require one zero and a response shown in . But an 
integrator is a simplistic model and also due to roll off, the difference in gain in the 10-60 MHz 
band would not heavily distort the data and also there could be ways to rebuild the signal levels 
or the shape once the integration is done.
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Figure 18: Nullifying the attenuation for the higher harmonics in the input signal with an additional zero

Figure 19 shows the waveforms at  the output  of  the transmitter,  i.e.  the transmitted 
signal  (Tx Out) and the input of the receiver (Rx In) or the signal after passing through the body 
channel. The digital data, after passing through body changes to spikes of voltage range 10-20 
mV due to the attenuation and the band pass characteristics, or high pass in the region of 
operation, of the body channel. The result of the data after passing through the body is similar  
to the behavior of  a typical  high pass filter to the digital input.

Figure 19: The input and output to the body channel and the magnified view

The spike  signals  need  to  be  converted  to  digital, there  could  be  several  ways  to 
achieve this. The architecture followed in this work is using an integrator to broaden the spikes 
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and nullify the attenuation due to the channel as in Figure 17. In order to compensate for the 
distortion due to roll off of the integrator in the 10-60 MHz band, a comparator has been used to 
obtain the desired voltage levels and the shape or to reconstruct the digital signal.

 5.3 The preliminary level AFE

The analysis of the channel and AFE requirements suggested the receiver to have a 
gain of 40-60 dB. To start with, a high level model of the TRx was developed. The high level 
model of the receiver consists of an LNA, an integrator and a comparator. The receiver line-up 
is shown in Figure 20. The LNA was implemented using a verilogA code containing description 
of its s-parameters. The code can be found in Appendix A. The integrator and the comparator 
were implemented by ideal op-amp based circuits. The OpAmp was implemented in verilogA. 
Initially, the OpAmp used was ideal having infinite gain and bandwidth. Later on parameters like 
gain, bandwidth, slew rate were added to the model. Although, the slew rate for the OpAmp to 
be used as a comparator was kept high to obtain a better digital signal.

Figure 20: Preliminary receiver line-up

 5.3.1 Results from preliminary model

As seen in Figure 19, the data transmitted changed to spikes after passing through the 
body. Due to the attenuation caused by the channel and the power requirements discussed in 
section 5.2, the spikes had to be amplified. For this purpose LNA was used as the first stage of 
the receiver. After amplification of the spikes they were integrated to broaden them and also 
attenuate the higher frequencies. The integrator broadens the spikes, depending on the values 
of resistor and capacitor, which were then converted to digital levels by the comparator. The 
gain  of  the  LNA was set  to  40 dB to compensate  for  the attenuation  in  the  channel.  The 
waveforms at the various nodes are shown in Figure 21 
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Figure 21: Waveforms at input of the receiver and outputs of integrator and comparator

 5.4 The transistor level AFE

After verification of functionality of the receiver by the preliminary model, it had to be 
implemented on the transistor level in order to go towards a TRx chip. This section deals with 
replacing the verilogA models of  all  the blocks in the preliminary model by their  respective 
schematics. The technology used is 65 nm CMOS. The Top level view of the receiver is shown 
in  Figure 22. The LNA has been removed as the gain of 40 dB was distributed among the 
integrator and the comparator. This was done as it was difficult to obtain 40 dB from a single 
amplifier, considering the supply constraint and the sizes of the transistors.

Figure 22: Receiver consisting of an integrator and two cascaded comparators
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 5.4.1 OpAmp

The OpAmp was used in the preliminary model for the integrator and comparator. The 
comparator could be realized by an ideal OpAmp due to infinite gain and speed or slew rate.  
But,  an  ideal  OpAmp  cannot  be  realized  by  transistors  or  in  the  real  scenario.  Thus, 
architecture for comparator used is different from the OpAmp used for integrator.  Figure 23 
shows a cascaded differential amplifier used as OpAmp for the integrator. Architectures like 
cascode or folded cascode were not used due to supply voltage limitation of 1.2 V with the 65 
nm technology. A single differential stage produced a gain of gm2/( gds2∗gds0)which is around 
10 dB. The unity gain frequency of the OpAmp was measured to be 360 MHz. The total gain of 
this cascaded OpAmp was  nearly 20 dB as shown in Figure 24.

Figure 23: The transistor level implementation of OpAmp

Figure 24: Frequency response of the OpAmp
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 5.4.2 Comparator

As described in  previous  section,   the  comparator  architecture  is  different  from the 
OpAmp used for integrator. The architecture used for comparator was current mirror OTA type 
(Figure 25). The architecture was adopted from Lin, et.al. [13]. They had designed a low voltage 
and low  power system on chip for Intra Body Communication. This comparator is more of a 
logic decision circuit and thus converts its input signal to rail to rail signal. From the small signal 
model the gain of this comparator can be derived to be  gm2∗(Vin−Vref )/( gds2∗gds0). The 
unity gain frequency of the comparator was measured to be 838 MHz. The frequency response 
of the comparator is shown in Figure 26.  

Figure 25: The transistor level implementation of the comparator

Figure 26: Frequency response of the comparator
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 5.4.3 Results from the transistor level model
The results obtained after simulating the schematic were not very far from the ones 

obtained from the verilogA model. Figure 27 shows the waveforms at the output of comparator, 
integrator and the transmitter. The transmitted signal was thus re-obtained after processing at 
the receiver. As can be seen the gain is divided among the two stages i.e. the integrator and the 
comparator. The integrator converts the input 10 mV signal to a voltage swing of 250 mV. The 
comparator then converts this signal to rail to rail i.e. 1.2 V and also converts the shape to 
digital.  This signal can be sent to the baseband for extraction of the data and the clock. The 
power consumption of the receiver with a 1.2 V supply was 325 uW.

Figure 27: Waveforms at the output of the comparator, integrator and transmitter with the transistor level 
models

Sensitivity is an important parameter to evaluate the performance of the receiver in intra 
body communication system. The attenuation by the body channel varies largely with factors 
like  channel length, position of the body, coupling with ground and the transceiver, length of the 
ground plane and also the environmental conditions. Thus, high sensitivity is required in order 
to  ensure  the  suitability  of  the  receiver  to  the  communication  system.  The  sensitivity  was 
measured by varying the attenuation by increasing the channel length and also by varying the 
coupling capacitance. The receiver was able to recover an input of 400  μV shown in Figure 28. 
For an input of  350  μV, the output voltage swing was 1.05 V, which reduced to 0.7 V for an 
input of  300  μV.

43



Figure 28: Depicting rail to rail output of the receiver for an input voltage of 400 μVpeak-to-peak

The high sensitivity of the receiver makes it suitable to be used for communication between 
mobile devices using human body as channel. The signal being transmitted has a peak to peak 
value of 1 V. An input of 300 μV  at the receiver implies an attenuation of 70 dB or a channel 
length of approximately 200 cm.

Corner  analysis  was  performed  on  the  schematic  over  PVT  (process,  voltage  and 
temperature) corners. Voltage was varied from 1 V to 1.4 V and temperature from -40 oC to 120 
oC. The results of corner analysis are shown in Figure 29 and Figure 30. Figure 29 shows the 
variation in ones of the transmitted signal, while Figure 30 shows the variations in ones of the 
transmitted signal  when any change in the data bit occurs. The length of the ones in case of 
changes in the data bit should be double as there would be two ones. The ones (or zeros) are 
decoded in the baseband by sampling the obtained data from the AFE. The sampling frequency 
used is eight times the clock frequency. Thus, a one can be detected if its length is more than 
0.0125 us. In nominal conditions, the length of one is 0.05 us and length of zero is 0.05 us. 

Figure 29: Corner analysis showing variations in the1's at the output of the receiver
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As seen in corner analysis,  the minimum length of a one is 0.045 us, which can be 
easily detected by the baseband. In nominal conditions, the length of a one when the data bit 
changes should be double, i.e. two ones have to be detected. Corner analysis shows that the 
minimum length of one in such case was 0.0662102 us. For the first 0.5 us the baseband would 
consider  it  as a single one.  But  for  the rest  (0.0662102 – 0.05)  us i.e.  0.0162102 us,  the 
baseband would sample once in 0.0125 us and thus another one would also be detected. So 
even for the worst case  which is 1.4 V and 120  oC, the data can be detected successfully. 
Moreover, to be on the safer side, the sampling frequency can be increased to ten times the 
clock.

Figure 30: Corner analysis showing variations in 1's at the output of the receiver when the input data 
switches

Figure 31 and Figure 32 show the results for montecarlo analysis performed  over 100 
samples to measure the statistical variations. The sections of all the transistors used were set 
to  statcrolles,  which represents the statistical  variation,  instead of  typ,  i.e.  the  typical.  The 
minimum length of a one in the signal after processing by the received is  0.041695 us, as 
shown in Figure 31, which can be easily detected by the baseband sampling at eight times the 
clock frequency.  Figure 32 shows the waveforms for the ones when a transition in the data 
takes place. Thus two ones have to be detected. The dotted line shown in Figure 32 shows the 
edge after which two ones can be detected or the acceptable signals, all the signals before it 
would result in a loss in data.
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Figure 31: Monte Carlo analysis result showing variations in 1's at the output of the receiver

Figure 32: Monte Carlo analysis showing variations in 1's at the output of the receiver when the input 
data switches
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There were some d.c. voltages used in the testbench such as the supply voltage, bias 
voltage for the OpAmp and the reference voltage for the comparator.  These sources in the 
simulator gives a constant d.c. voltage but in reality tend to deviate from this behavior and thus 
the voltage might increase or decrease. To simulate real time situation, these voltages were 
varied by 20% and the outputs of the receiver were plotted.  Figure 34 shows the variation in 
ones of the received and processed signal with the variation in d.c. voltages. As is clear, the 
signal is not much affected and the ones and zeros can be easily detected in the Baseband 
using a sampling of eight times clock frequency.

Figure 33: Variations in Rx output with the variation in d.c. voltages 
 

 5.4.4 Noise analysis

Noise  is  most  prominent  in  the  signals  that  tend  to  distort  the  signal  and  makes 
detection of data difficult. Noise can be due to interferes or due to physical factors like thermal 
noise,  1/f  noise,  etc.  Supply  noise  and transient  noise are most  common in the electronic 
circuits.  To  see  the  effect  of  these  noise  on  the  signal,  noise  analysis  was  done  on  the 
transceiver by adding supply noise and transient noise. 

A        Supply Noise

Figure 34 and  Figure 35 shows the waveforms at the receiver and transmitter output 
and the power supply after adding a supply noise of magnitude 100 uV and 1 mV respectively. 
The data could be recovered successfully with a maximum supply noise of 2 mV, after which 
the receiver was unable to recover the data. So a supply noise of amplitude greater than 2 mV 
can be harmful for the signal.
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Figure 34: Waveforms showing power supply with a noise of 100 uV, output of the Rx and output of the 
Tx

Figure 35: Waveforms showing power supply with a noise of 1 mV, output of the Rx and output of the Tx

B          Transient Noise

Transient  noise  was  added  to  the  transceiver  and  analysis  was  carried  out  over 
frequency and temperature. Figure 36 Shows the variation of transient noise at the output of the 
receiver with frequency.  As can be seen from the values of the transient  noise obtained at 
different frequencies listed in Table 4, the noise amplitude is almost equal at all the frequencies 
which is around 0.21 uV and is quiet lesser than the amplitude of the signal.
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Figure 36: Transient noise response of the Rx output (w.r.t. frequency)

Frequency ( Hz ) Transient Noise (V /√Hz )
100K 690 p

1M 211 p

10M 72 p

Table 4: Transient noise values at the receiver output at different frequencies

Figure  37 shows  the  variation  of  the  transient  noise  at  the  receiver  output  with 
temperature. The noise amplitude values at different temperatures are tabulated in Table 5. As 
is expected the transient noise increases with the increase in temperature. The noise in the 
devices  is  associated  with  the  motion  of  electrons.  The  electrons  vibrate  faster  at  high 
temperatures and thus the noise at high temperatures is high.
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Figure 37: Transient noise response of the Rx output (w.r.t. temperature)

Temperature ( Co ) Transient Noise (V /√Hz )
-40 3 p

70 22 p

120 320 p

Table 5: Transient noise values at the receiver output at different temperatures

As listed in  Table 4 and Table 5, the noise amplitudes are of the order pV /√ Hz which 
makes the noise amplitude in the band of interest to be few nV which is lot lesser than the 
minimum  signal  amplitude  required  for  the  correct  functionality  of  the  receiver.  Thus  the 
transient noise and the supply noise does not pose much problems for the receiver. 

C SNR Caluculation

The SNR is calculated for an input signal of 400 μV, which is the minimum input signal 
for which the output is rail-to-rail.

For nominal temperature, the noise amplitude is 22 pV /√ Hz
Assuming a bandwidth of 100 MHz, considering the higher harmonics, the noise voltage would 
be: 1.32 μV
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SNR=20 log ( 400
1.32

) (4)

which gives                                   SNR=49.6dB

To find the worst case scenario, the maximum noise amplitude has to be taken into 
account, which occurs at temperature of 120 oC. The noise amplitude would be 19.2 μV.

SNR=20 log( 400
19.2

) (5)

which gives                                  SNR=26.375 dB

The features of the receiver thus developed are summarized in Table 6

Supply voltage 1.2 V

Operating frequency 10 MHz

Power consumption 325 μW
Sensitivity 400 μV
SNR (nominal) 49.6 dB

SNR (worst case) 26.375 dB

Acceptable supply noise 2 mV

Table 6: Features of the receiver
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 6 Modeling the smart dust application

Communication through body has been used for a very long time in forms of EEG, ECG, 
etc.  But  development  of  WBAN (wireless  Body Area  Networks)  has  opened new areas of 
research in fields of sensor network which have a wide range of applications such as health 
monitoring, military, portable audio and video systems, etc. WBAN is a sensor network that 
autonomously connects several sensor inside or  outside a human body.  The sensor nodes 
implanted in the human body would sense information and transmit over a short distance like 
the semos described in section 3.1.1. With the miniaturization and development of very low 
power motes, in future they would be able to sense signals such as ECG and EEG also and 
send the information further. Currently, the aim is to develop wearable motes and not a mote to 
be implanted in the body. The wearable health monitoring systems would works the same way 
and would sense the signals from the body and send to the other motes which will send it to the 
central station located in the hospitals. There are numerous advantages of such technology. 
The monitoring can be done anytime and anywhere, chances of delays are minimized as each 
patient would be monitored all the time. A news article says “Picture cancer cells in the human 
body glowing like Christmas lights. The light comes from minute bits of silicon like material 
embedded  in  the  cells,  making  their  nuclei  and  other  parts  stand  out  so  they  can  be 
studied”[19].  Some of   the  network  classes  that  can  be  used  in  the  sensor  networks  are 
discussed below.

 6.1 Network classes

To simplify the description, we also assume that all the motes in the sensor network are 
deployed  in  a  two-dimensional  area  rather  than  in  a  volume.  It  is  also  assumed  that  the 
communication  is  done  mainly  in  a  kind  of  broadcasting  mode,  i.e.,  each  mote  can 
communicate with  several  different  motes,  typically via  radio.  This  offers  flexibility  for  each 
mote, but note that the network topology itself can instruct motes to only perform point-to-point 
communication.

 6.1.1 Dynamic networks
The ambition with a dynamic network topology is to dynamically assign an ID to each 

mote. A startup (or repetitive if required) cycle of ID assignments will be initiated by the base 
station.  In  this  topology  it  is  supposed  that  every  mote  has  its  position  based  on  its 
geographical  latitude  and  longitude,  here  called  y and  x,  respectively.  The  source  for 
determining the position (x , y) is the base station located at (0,0). Each mote is able to measure 
its own distance to the base station and would receive an ID based on that distance d =√ x2+y2 .
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The  dynamic  network  shows  the  best  performance  out  of  the  three  given  network 
topologies and offers the highest flexibility and reliability. A dynamic topology seems to be the 
most  efficient  approach for  setting up a network.  Highly likely this  topology has low power 
consumtion at a reasonable speed. The reason for high flexibility is that their path recognition 
for sending data is chosen dynamically.

On the other hand, implementing and deploying the dynamic network is a fairly complex and 
multidisciplinary task. 

 6.1.2 Pseudo-dynamic networks

In a pseudo-dynamic network topology, the ID assignment will not be done dynamically. 
Instead it will be assigned during the deployment. The user can physically add another mote to 
the network and for example perform an add-mote command which then will align the network 
with the new mote. The ID the mote obtains could however still be a number, based on its 
position (x , y). 

Notice that the IDs as such are not assigned dynamically, but still they are organized in the 
network  dynamically.  Therefore,  organization  and  identifying  the  hierarchy/path  among  the 
motes is done by the motes themselves and the base station during the setup time. 

 6.1.3 Static networks

In a static network all the IDs are known at the setup time together with motes' physical 
locations. From an information flow point-of-view, there is no need to specify the location (x , y) 
as such, since the communication path can be defined from the start.  For each mote, it  is 
already known which mote is higher or lower in the hierarchy since the position of every mote in 
the network is fixed.

The problem with this class of network is that it does not provide flexibility or reliability. The 
network is not designed to repair itself dynamically in case of losing a connection or mote. The 
network is not able to reroute or make new connections.

However,  this type of  networks offer  high-speed communication and are straight-forward to 
implement. In special applications, in which speed is the most important factor, these networks 
have the best performance. Static networks have the fastest set-up time in the network.

The works here aims to develop a wearable sensor mote which senses signals from a 
patient's body and compares it with the signals from a normal human body. Detection of an 
abnormality in the signal generates an event which is then transmitted to the other motes. After 
developing the smart dust network and the AFE, they were interfaced to model the application 
to be used in hospitals for monitoring patients' health. 

To begin with, the network was first tested on the DE2_70 FPGA board. The network 
consists of several semos and comos distributed in areas as discussed in section 3.1.1. The 
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algorithm used was same as in chapter 3 for the flow of information in smart dust network. The 
signals were tapped by the quartus signal analyzer to check the correct functionality of the 
network as shown in Figure 38. The signal analyzer uses the sof file generated after creating 
the project in modelsim and compiling and simulating it. The sof file is also used to burn the 
code on FPGA. While checking the signal through the signal analyzer the input i.e. the events 
are not software triggered but are triggered by pressing buttons on the FPGA

Figure 38: Quartus signal analyzer tapping the signals at the ports of the FPGA

To enable software triggered events, the NIOS II processor had to be used. The steps to enable 
software access are as follows:

• Firstly, a quartus project was created

• A system was built using the SOPC builder. The system contained a central processing 
unit, an on-chip RAM, inputs consisting of the occurrence of event and outputs on the 
seven segment and finally the JTAG UART. 

• The  system  created  was  generated  to  be  used  by  the  processor.  A ptf  file  was 
generated.

• A top level vhdl file was created to be used by the quartus

• The quartus project was then compiled after adding pin definition to the qsf file.

• An assembly code was written to specify the working of the system created.

• Altera monitor program was used to rum the system and the code.

 The system is shown in Figure 39. 
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Figure 39: The SOPC system to be used by the processor

This system was then analyzed with the debug tool, the Altera monitor program. The 
Altera monitor program displays the contents of Nios II processor registers and system memory 
and some other status which are helpful for debugging. A user can also set up breakpoints or 
single step through the program. The Altera Monitor  Program can compile and debug both 
assembly  language  and  C  programs.  The  university  program  installer  also  contains  the 
University  Program  IP  Cores  and  example  computer  systems.  To  implement  the  required 
network, an assembly code had to be written to be used by the monitor program.  Figure 40 
Shows the code running on the monitor program. 
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Figure 40: Code running on the Altera's monitor program

The events can now be triggered by filling in the values in the memory corresponding to 
the  inputs  of  the  on-chip  RAM used  in  SOPC builder.  The  values  in  the  memory  can  be 
changed  on  the  fly  and  the  corresponding  location  is  displayed  on  the  FPGA after  being 
processed by the assembly code running on the processor. Figure 41 shows the FPGA board 
displaying the area and the cell representing the location of the occurrence of event.

Figure 41: FPGA board displaying the location of the occurrence of event
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The signal from the patient's body was modeled as spikes and passed through the Rx. 
The signal was thus converted to digital and sent to the baseband. In the baseband, the signal 
was compared with a reference signal which represents the corresponding signal from a normal 
human body. In case of differences, a event has to be generated to be propagated by the smart 
dust network. To model this functionality, MATLAB cadence co-simulation was performed using 
the daisy file reader and writer.  The event  generated in cadence was sent  to the MATLAB 
where the smart dust network was modeled. The MATLAB code can be found in appendix B. 

The MATLAB code consists of functions built for semos and comos that can be called at 
random instances to simulate a real-time behavior.

The semos is basically a transmitter that collects the data from the sensor it is attached 
to  and  transmitted the data.  There  is  no processing  done  in  a  semos and  this  has  been 
modeled as an integer number that gets transmitted from the semos function in the MATLAB 
code. The comos on the other hand has some processing to be done. It collects data from 
various  semos  and  comos  and  stores  them in  a  FIFO buffer  for  processing.  The  data  is 
processed based on the idea explained above (TID) and then transmitted (broadcast). This has 
been similarly modeled in MATLAB by transmitted the data received by random semos and 
storing them in a buffer, the data is then transmitted with adding of TID information. Also while 
processing, the value of TID is cross checked so that redundant data can be eliminated from 
transmission.

The  semos  and  comos  functions  are  called  from a  main  function  which  generated 
random initiator signals for comos and semos to initiate transmission.  Figure 42 Shows the 
code running in MATLAB. The command window in figure shows the location of occurrence of 
event.

Figure 42: The smart dust network implemented in MATLAB
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Few hospitals are already equipped with facilities to monitor the patients where the data 
is  transmitted  using  the  existing  wireless  technologies.  It  might  be  a  concern  if  this  new 
technique of monitoring be better than the existing ones. But, this implementation of the smart 
dust  network  in  medical  is  just  another  functionality,  among many,  that  the  network  would 
perform in the hospitals. Thus, it does not impose any extra hardware cost and would be more 
economic  than  the  existing  technologies  as  the  cost  of  the  motes  continue  to  decrease. 
Moreover,  since  the  interface  uses  intra  body  communication,  with  the  advancement  in 
technology, the sensors can be implanted inside the body which can provide continuous data 
allowing mobility of patients. Maybe in future, mind reading would no more just be a trick, but 
people would send and receiver the signals to and from brains.

 6.2 Practical aspects
When  deploying  and  operating  these  kind  of  networks  there  are  some  practical 

concerns that need to be taken into account. First, there are trade-offs between cost ($), power 
consumption (P), information throughput (I), radius (R), integrity (I) and lifetime (T). This $PIRIT 
trade-off  is  characterized  by  the  number  of  motes  in  an  area  and  how much  power  they 
dissipate.  The  more  motes  in  an  area,  the  shorter  range  they  have,  the  less  power  they 
consume  to  broadcast  messages.  The  higher  information  throughput,  the  more  power 
consumption.  The  more  power  consumption,  the  shorter  life  time,  etc.  Some of  them are 
addressed here.

 6.2.1 Size and power
As duties have been divided, the requirement on size and power reduces for each mote. 

The semos are mainly concerned with sensing and do not need to have very good, or large,  
communication circuitry. They have to be active always in the sense that they have to be event-
triggered.  The  comos  on  the  other  hand  need  good  communication  circuitry,  and  will  be 
activated upon signal arrival. They will remain active until all TID bits have accumulated to all  
1s. In this way, we have the option to select the number of semos and comos, and an optimum 
solution in terms of size and power can be obtained.

 6.2.2 Number of comos in the shortest-path
Since the smart dust networks would consist of a large number of motes which could be 

light enough to be moved by e.g. wind or dislocated for other reasons, the maximum number of 
comos in the shortest-path to the base station is liable to vary.  Rough estimates have to be 
done given that we know the area and range of the network and each mote, respectively. The 
number of TID bits to be added by semos should be greater than the estimated value in order 
to guarantee robustness.

A rough estimate, however,  can be made, by knowing the area/range/volume where 
motes are deployed, the number of motes and the range of each mote. The number of TID bits 
to be added by semos should be greater than the estimated value.  Assume that n motes have 
been deployed symmetrically over a square area, A, with the base station in the center. There 
are  √n motes along each “side”  and if  each mote has a range of  r,  the area also equals 
A=(√2r⋅√n )2=2r2 n due to the slight overlap required to communicate in all directions. 

Then, a rough estimate of the maximum number of motes in the shortest-path can be along the 
diagonal of the square area, i.e.
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nsp=2⋅n /2=n/2 (6)

  

The number, n sp, would now define the length of the TID register that each comos needs 
to have. To guarantee robustness, we will however design for a higher number than that. 

If the motes are randomly distributed, the problem needs to be handled a bit differently. In this 
case we need to express the probability of coverage. For example, assume that the motes are 
randomly distributed over a rectangular area according to a uniform distribution. The positions 
are  given  by  two  random  variables,  x and  y,  where  each  are  uniformly  distributed  in
[−r⋅√ n/2 , r⋅√n /2 ]. We can now elaborate on the probability for e.g. 99% of the motes being within 
a certain range R=r⋅n sp. 

Px 2y2R =0.99⇒nspXX⋅n (7)

If the radius, or range, is too short due to for example insufficient power in the motes, 
and information does not reach the base station, it will die inside the network. 

 6.2.3 Multiple events
In case of multiple events, in a single semo or different semos, pipelining can be used. 

A como goes to sleep after TID bits become all 1s. Before going to sleep they will check if there 
is some data, pending to be processed, in the pipeline. If its there they will process it, otherwise 
they will  go into sleep mode. This procedure has been catered for and is also illustrated in 
Figure 8.

 6.2.4 Gossiping
A problem with sensor networks is that data/information could run around in circles. This 

is however avoided as the TID bits are accumulated and information forwarding is terminated 
once the threshold is reached. In turn this saves power.

If an event lasts for the time required for propagation of one information (which probably will be 
few microseconds), then the propagation of same information will again take place, or we can 
say there will  be several  reattempts.  There is  no acknowledgment  sent  out  from the base 
station.

 6.2.5 Number of semos and comos
The number of semos does not play any larger role on the information path. If semos 

are  added  or  removed  or  dislocated,  the  communication  will  not  be  affected  as  the 
communication depends on comos. 

The addition or removal of comos does not affect the communication as long as the number of  
Comos in the shortest path remain the same. For example, consider the example network in 
Fig. 5. If a Como is added between C1 and C3, the communication will not be affected as the 
shortest path from A1 to base station still is C1-C3-C5. 

However, if any como is removed, or “dies”, such that the shortest path is affected, it has to be 
replaced in some way. This has to be done through re-routing.
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 7 Conclusion
This work presents a Smart dust network which can be area and power efficient and can 

solve the problem associated with giving identity to the motes. The network implemented in this 
work uses an algorithm which enables transfer of information through shortest path or minimum 
power  usage and also  the location  of  occurrence of  event  can be detected without  giving 
identity to the motes. This algorithm used to propagate the information is better then those 
proposed earlier in various factors, most importantly in saving power of each mote. Firstly, the 
semos do not do much of communication and so do not need high power in transmitters. The 
comos on the other hand do not do sensing and save that power. Secondly, it  ensures the 
propagation  of  information  to  the  central  station  through  shortest  path  and  thus  saves 
unnecessary spread of information which also saves power. Thirdly, it prevents infinite loops of 
motes transmitting to each other and saves more power. So using this concept of semos and 
comos and the algorithm for information propagation, the conflict between size and power can 
be resolved.

A low power  intra body communication system has been modeled in  65 nm CMOS 
technology. Various factor affecting IBC have been studied and taken care of, while laying out 
the  requirements.  Manchester  data  encoding  has  been  used  as  suggested  by  the  AFE 
requirement analysis and previous works done. The integrator type AFE developed in this work 
is novel and can be be used over a range of 50 MHz, limited by the bandwidth of the OpAmp. 
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 8 Future work

 8.1 Smart dust

Smart dust technology has several concerns that have to be taken care of like privacy 
issues, security issues, impact on the environment, etc. These motes can be used by certain 
organizations or individuals to monitor people which would be unethical. With the reduction in 
cost and size, this risk is likely to increase. Since the motes would be programmed, they can 
also have threats of being hacked and misused. 

With the increase in applications and area covered by motes, a standard is required for 
the motes to communicate. Recently ZigBee standard was proposed by an alliance industry 
leaders.  After  agreement  by the IEEE,  the standard will  apply to  residential,  industrial  and 
building controls.  The alliance is also looking to draft  additional standards if  needed due to 
discovery of new applications [5]. 

The motes being used now contain components like Integrated circuits, battery, printed 
circuit board which are not environment friendly. When the motes become dis-functional, they 
are not easy to remove due to their large number and being spread over large area. Thus, the 
environment would be polluted by the motes. With the decrease in size of the motes, the threat 
would increase, as locating the dead mote would become more difficult. If the size reduces to a 
level that the motes would be floating in air like any other dust particle, they can enter human 
body which can cause serious problems.

 8.2 BAN

One  of  the  major  challenges  with  using  human  body  as  a  channel  is  the  varying 
impedance and thus varying attenuation offered by the body. The impedance of the body varies 
with  the posture,  grounding,  etc.  This  variation  imposes  difficulty on the driver  in  terms of 
varying transition  time requirements.  Thus we need a  adaptive  driver  for  transmitter  which 
drives the electrode capacitively coupled to the body node in such varying conditions.

There could also be some adverse effects of this technology on the human  body which 
needs to be studied in details. If there is strong electric field, the current circulating the body 
due to the fields might influence the biological functioning. Heating is one of the major effects 
due to the fields  [20]. The  Table 7 below lists some current levels mentioned in  [21], at and 
above which, the signals can cause some indirect effects.
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Threshold current (mA) at frequency

Indirect effect 50 to 60 Hz 100 KHz 1 Mhz

Touch perception 0.2 to 0.4 25 to 40 25 to 40

Pain or finger contact 0.9 to1.8 33 to 55 28 to 50

Painful shock/let-go threshold 8 to 16 112 to 224 Not determined

Severe shock/breathing difficulty 12 to 23 160 to 320 Not determined

Table 7: Threshold current values at different frequencies which can cause indirect effects on body

As can be observed from Table 7, the threshold current values at 1 MHz are way more 
than  being  used  in  the  receiver  discussed  in  section  5.  The  operating  frequency  of  the 
transceiver is 10 MHz and thus certain tests need to be conducted at 10 MHz frequency level to 
ensure an the suitability of the technology to humans.

The future work could also take into account multiple channel communication, Duplex 
communication  and  channel  estimation  which  is  essential  due  to  large  variations  in  the 
properties of the channel.
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Abbreviations

Abbreviation Spell-out Usage
AFE Analog Front End Pages 19, 20, 21, 25, 36, 39, 41, 45, 54, 58

BAN Body Area Network Pages 5, 9,18, 19, 20, 21, 22, 23, 52, 58, 61

WBAN Wireless Body Area Network Page 52

PAN Personal Area Network Pages 5, 18

HBC Human Body Communication Pages 19, 25

IBC Intra Body Communication Pages 20, 58

LNA Low Noise Amplifier Pages 19, 20, 21, 39, 40, 41

OpAmp Operational Amplifier Pages 39, 41, 42, 43, 48, 58

OTA Operational Transconductance Amplifier Page 43

RF Radio Frequency Pages 5, 18, 19, 22

Rx Receiver Pages 19, 20, 21, 38, 48, 49, 50, 51, 56 
Table 2

TRx Transceiver Pages 39, 41

Tx Transmitter Pages 39, 20, 21, 37, 38, 49, Table 2

FPGA Field Programmable Gate Array Pages 19, 20, 21, 54, 55, 56

uP Micro Processor Page 17

EEG Electroencephalography Pages 18, 52

ECG Electrocardiography Pages 18, 52

CMOS Complementary Metal Oxide 
Semiconductor

Pages 21, 25, 41, 58

BIA Biologically Inspired Architectures Page 16

USA United States of America Page 16

DARPA Defense Advanced Research Project 
Agency

Page 16

IEEE Institute of Electrical and Electronics 
Engineers

Pages 18,59

LiU Linköping University Page 18

CENIIT Centre for Industrial Information 
Technology

Page 18

KAIST Korea Advanced Institute of Science and 
Technology

Pages 18, 23

MIT Massachusetts Institute of Technology Page 18

IBM International Business Machines (Corp.) Page 18

ASIC Application Specific Integrated Circuit Pages 19,20

RTL Register Transfer Level Page 19

ADC Analog to Digital Converter Page 20
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EF-IBC Electric Field Intrabody Communication Page 23

FEM Finite Element Method Page 23

BER Bit Error Rate Page 24

TID Temporary Identity Page 26,27, 54, 57, 58

ID Identity Page 50, 51

FIFO First In First Out Page 27

SOPC System On Programmable Chip Pages 29, 52, 53, 54

RAM Pages 29, 52, 54

UE Unit Element Table 2

d.c. Direct current Page 45

w.r.t. With respect to Figure 35, Figure 37

UART Universal Asynchronous Receiver 
Transmitter

Page 52

vhdl verilog hardware desceription language Page 52

IP Internet Protocol Page 53

JTAG Joint Test Action Group Page 52
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Appendix A

VerilogA code

The following code is  for  the LNA used in the preliminary model  of  the receiver  as 
mentioned in section 5.3. The  code models the LNA via its s-parameters.

// VerilogA for bodyLinkRx, bodyLinkRxLna, veriloga

`include "constants.vams"

`include "disciplines.vams"

//definitions..................

 `define CAP(p, n, val) I(p,n) <+ val*ddt(V(p,n))

 `define CAPG(p, val) I(p) <+ val*ddt(V(p))

 `define db20_real(x) (pow(10, (x)/20))

 `define db10_real(x) (pow(10, (x)/10))

////////////main body

module bodyLinkRxLna(vOutN, vOutP, GAINCTRL, NPD, RESET, SLOPCTRL, TESTIN, TESTMODE, 
TESTOUT, vInN, vInP, vgnd, vpwr);

output vOutN;

electrical vOutN;

output vOutP;

electrical vOutP;

input [7:0] GAINCTRL;

electrical [7:0] GAINCTRL;

input NPD;

electrical NPD;

input RESET;

electrical RESET;

input [7:0] SLOPCTRL;

electrical [7:0] SLOPCTRL;

input [7:0] TESTIN;

electrical [7:0] TESTIN;

input [7:0] TESTMODE;

electrical [7:0] TESTMODE;

input [7:0] TESTOUT;

electrical [7:0] TESTOUT;

input vInN;

electrical vInN;

input vInP;
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electrical vInP;

input vgnd;

electrical vgnd;

input vpwr;

electrical vpwr;

parameter real gammaout = -150 ;

parameter real mismatch = 1 ;

parameter real gammain = -150 ;

parameter real cout = 0 ;

parameter real rout = 50 ;

parameter real cin = 0 ;

parameter real rin = 50 ;

parameter real isolation = 200 ;

parameter real gain = 20 ;

parameter real ip3 = -10 ;

parameter real nf = 2 ;

real a1,a2;

 real s11, s12, s21, s22;

 real rip3, c3; // real ip3, and c3

 real rnf; // real NF

 real noise_current;

 electrical in_int, out_int;

 analog begin

 @(initial_step("static") or initial_step("pss") or initial_step("pdisto")) begin

 // changing db to linear

 s11 = `db20_real(gammain);

 s11 = s11*mismatch;

 s22 = `db20_real(gammaout);

 s21 = -`db20_real(gain);

 s12 = `db20_real(-isolation);

 // the ip3 is in dBm!

 rip3 = `db10_real(ip3-30);

 c3 = 4.0/3.0*s21/(2*rip3*4);

 // noise current

 rnf = `db10_real(nf);
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 noise_current = 2*sqrt((rnf-1)*1.380620e-23*$temperature/rin);

 end

 // calculate the normalized incident waves: a1, a2

 a1 = V(vInP)/sqrt(rin) + I(vInP, in_int)*sqrt(rin);

 a2 = V(vOutP)/sqrt(rout) + I(vOutP, out_int)*sqrt(rout);

 // input: parallel Rin, Cin, and controlled current from a2

 // be careful about the sign of the controlled source

 `CAPG(in_int, cin*1e-9);

 I(in_int) <+ V(vInP)/rin*(1-s11)/(1+s11);

 I(in_int) <+ -a2*s12/(sqrt(rin)*(1+s11));

 // output: parallel Rout, Cout, and controlled current from a1

 `CAPG(out_int, cout*1e-9);

 I(out_int) <+ V(vOutP)/rout*(1-s22)/(1+s22);

 // limit the input power

 if(a1 > sqrt(s21/(3*c3)) )

      a1 = sqrt(s21/(3*c3));

 else if(a1 < -sqrt(s21/(3*c3)))

      a1 = -sqrt(s21/(3*c3));

 I(out_int) <+ -(a1*s21-a1*a1*a1*c3)/(sqrt(rout)*(1+s22));

 I(vInP) <+ white_noise(noise_current*noise_current, "lna");

 end

endmodule
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Appendix B

MATLAB code

The following is the code implementing the algorithm for flow of information in a smart 
dust network discussed in section 3.1. The code was used for MATLAB Cadence co-
simulation in order to model the application utilizing smart dust networks and the 
transceiver designed for intra body communication.
clc

clear all

% this section defines the comos

 function [C,R,R_events]=comos(ind,C,R,R_events)

% find the buffer position which is full,

% so that data can be processed and transmitted.

 ind_1 = find(C(ind),1,'first');

% transmit the data.

 R(ind/2) = C(ind,ind_1);

 C(ind,ind_1)=0;

 str=sprintf('Data was received in Receiver %d',ind/2);

 disp(str);

% mark the receiver bit position that data has been received.

R_events(ind/2)=1;

return;

end

% this section defines the semos

function [C,C_events] = semos(C,C_events)

m=1;

% find a position of empty buffer bit in the nearest Comos.

n = find(C(m)==0);

% if the comos buffer is empty,

% initialise the buffer bit position to one.

% since matlab returns a null vector.

if(isempty(n) == 1)
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n = 1;

end

% Mark the comos buffer bit '1', indicating data is placed in buffer.

C(m,n(1)) = 1;

% Mark the event counter for the corresponding Comos.

C_events(m) = 1;

return;

end

% the main program starts

% Initialization.

R = zeros(4,10);

C = zeros(8,5);

C_events = zeros(8,1);

R_events = zeros(4,1);

ind_tmp = 0;

runs = 1;

while (runs ~= 0)

%Call to Semos function to start transmitting.

[C,C_events] = semos(C,C_events);

ind = find(C_events,1,'first');

% In case the event in a Even Sector, data is directly sent to the receiver station.

if(mod(ind,2) == 0)

str = sprintf('Event occured in Comos %d', ind);

disp(str);

% Call to Comos function to send data to receiver station.

[C,R]=comos(ind,C,R);

% Reset the event counter after the data is received.

C_events(ind) = 0;
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% In case the event in a Odd Sector, the data undergoes a hop

% to a even sector and then transmitted to the receiver station.

else

% In Sector 1, data hops to Sector 2 and 8.

if(ind == 1)

ind_tmp = find(C(2,:)==0);

C(2,ind_tmp(1))=1;

C_events(2)=1;

ind_tmp = find(C(8,:)==0);

C(8,ind_tmp(1))=1;

C_events(8)=1;

% In Sector 3, data hops to Sector 2 and 4.

elseif(ind == 3)

ind_tmp = find(C(2,:)==0);

C(2,ind_tmp(1))=1;

C_events(2)=1;

ind_tmp = find(C(4,:)==0);

C(4,ind_tmp(1))=1;

C_events(4)=1;

% In Sector 5, data hops to Sector 4 and 6.

elseif(ind == 5)

ind_tmp = find(C(4,:)==0);

C(4,ind_tmp(1))=1;

C_events(4)=1;

ind_tmp = find(C(6,:)==0);

C(6,ind_tmp(1))=1;

C_events(6)=1;

% In Sector 7, data hops to Sector 6 and 8.

elseif(ind == 7)

ind_tmp = find(C(6,:)==0);

C(6,ind_tmp(1))=1;

C_events(6)=1;
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ind_tmp = find(C(8,:)==0);

C(8,ind_tmp(1))=1;

C_events(8)=1;

end

switch ind

case 1

%Initiate Comos 2 to transmit data received from Comos 1.

str = sprintf('Event occured in Comos %d', ind);  %printing the location of como

disp(str);

C_events(1)=0;

ind_tmp=2;

[C,R,R_events]=comos(ind_tmp,C,R,R_events);

%Initiate Comos 8 to transmit data received from Comos 1.

ind_tmp=8;

C,R,R_events]=comos(ind_tmp,C,R,R_events);

case 3

%Initiate Comos 2 to transmit data received from Comos 3.

str = sprintf('Event occured in Comos %d', ind);

disp(str);

C_events(3)=0;

ind_tmp=2;

[C,R,R_events]=comos(ind_tmp,C,R,R_events);

%Initiate Comos 4 to transmit data received from Comos 3.

ind_tmp=4;

[C,R,R_events]=comos(ind_tmp,C,R,R_events);

case 5

%Initiate Comos 4 to transmit data received from Comos 5.

str = sprintf('Event occured in Comos %d', ind);

disp(str);

C_events(5)=0;

ind_tmp=4;
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[C,R,R_events]=comos(ind_tmp,C,R,R_events);

%Initiate Comos 6 to transmit data received from Comos 5.

ind_tmp=6;

[C,R,R_events]=comos(ind_tmp,C,R,R_events);

case 7

%Initiate Comos 6 to transmit data received from Comos 6.

str = sprintf('Event occured in Comos %d', ind);

disp(str);

C_events(6)=0;

ind_tmp=6;

[C,R,R_events]=comos(ind_tmp,C,R,R_events);

%Initiate Comos 8 to transmit data received from Comos 6.

ind_tmp=8;

[C,R,R_events]=comos(ind_tmp,C,R,R_events);

end

ind_t = find(R_events==1);

str=sprintf('Since events took place in Receiver %d and %d',ind_t(1),ind_t(2));

disp(str);

str=sprintf('It can infered that Event took place in Area %d',ind); %printing the location of 
%event

disp(str);

end

% Reset the event counter for the next run.

R_events = zeros(4,1);

runs = runs-1;

end
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Appendix C

Assembly code

The smart dust network proposed in section 3 was first implemented on an FPGA board 
to prove the concept. The following assembly code was written for the Altera's monitor 
program to run the system built on the SOPC builder and verify the functionality of the 
network.

.include "nios_macros.s" #including the macros

.equ cell, 0x00001800 #assigning memory location to input ports

.equ area, 0x00001810

.equ HEX0, 0x00001820

.equ HEX1, 0x00001830 #assigning memory location to output ports

.equ HEX2, 0x00001840

.equ HEX3, 0x00001850

.global _start

_start:

movia r2, cell #moving inputs to registers

movia r3, area

movi r10, 1

movi r11, 2 #moving area numbers to registers

movi r12, 3

movi r13, 4

movia r14, HEX0

movia r15, HEX1 #assigning registers to output ports

movia r16, HEX2

movia r17, HEX3

movi r18, 121

movi r19, 36 # for the display

movi r20, 48

movi r21, 25

addi r23, r0, 70

stb r23, 0(r15) #for displaying C for cell

mov r23, r0 #clearing register

addi r23, r0, 8

stb r23, 0(r17) #for displaying A for area

mov r23, r0 #clearing register

loop: ldbio r4, 0(r2) #main loop starts
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ldbio r5, 0(r3) #shifting the inputs

beq r5, r0, loop1

beq r5, r10, loop2

beq r5, r11, loop3 #checking the input and branching if input is equal to 

beq r5, r12, loop4 #the area numbers stored in registers

br loop

loop1: mov r6, r10 #the area number of the input is also the como which receives

br loop5 #the data first. 

loop2: mov r7, r10 #r6, r7, r8, r9 registers correspond to comos of different areas

br loop5 # the data in como is incremented by one and move(sent) to next

loop3: mov r8, r10 #como

br loop5

loop4: mov r9, r10

br loop5

loop5: beq r6, r10, loop6

beq r7, r10, loop7

beq r8, r10, loop8

beq r9, r10, loop9

br loop

loop6: mov r7, r11

mov r8, r11

br loop10

loop7: mov r6, r11

mov r8, r11

mov r9, r11

br loop10

loop8: mov r6, r11

mov r7, r11

br loop10

loop9: mov r23, r13

mov r7, r11

br loop10

loop10: beq r6, r11, loop11

loop12: beq r7, r11, loop13

loop14: beq r8, r11, loop15

loop16: beq r9, r11, loop17

br loop18

loop11: mov r7, r12

mov r8, r12
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br loop12

loop13: mov r6, r12

mov r8, r12

mov r9, r12

br loop14

loop15: mov r6, r12

mov r7, r12

br loop16

loop17: mov r23, r13

mov r7, r12

br loop18

loop18: beq r6, r12, loop19

loop20: beq r7, r12, loop21

loop22: beq r8, r12, loop23

loop24: beq r9, r12, loop25

br loop26

loop19: mov r7, r13

mov r8, r13

br loop20

loop21: mov r6, r13

mov r8, r13

mov r9, r13

br loop22

loop23: mov r6, r13

mov r7, r13

br loop24

loop25: mov r23, r13

mov r7, r13

br loop26

loop26: beq r6, r13, loop27

loop28: beq r7, r13, loop29

loop30: beq r8, r13, loop31

loop32: beq r9, r13, loop33

br loop34

loop27: mov r6, r0 #if data in como becomes 4 make it 0 (data dies)

br loop28

loop29: mov r7, r0

br loop30

loop31: mov r8, r0
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br loop32

loop33: mov r23, r13 #moving the como value to register

br loop34

loop34: beq r23, r13, loop35

br loop

loop35: beq r5, r0, loop36

beq r5, r10, loop37

beq r5, r11, loop38

beq r5, r12, loop39

loop36: stbio r18, 0(r16)

br loop40

loop37: stbio r19, 0(r16) #storing area number for output

br loop40

loop38: stbio r20, 0(r16)

br loop40

loop39: stbio r21, 0(r16)

br loop40

loop40: beq r4, r0, loop41

beq r4, r10, loop42

beq r4, r11, loop43

beq r4, r12, loop44

br loop

loop41: stbio r18, 0(r14)

br loop

loop42: stbio r19, 0(r14)

br loop

loop43: stbio r20, 0(r14) #storing cell number for output

br loop

loop44: stbio r21, 0(r14)

br loop
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Appendix D
The following paper was derived from the work done in this thesis with the contribution of the 
co-authors. Some parts of the paper have already been discussed in the report.

An Information Propagation 
Algorithm for Smart Dust Networks

Prateek Sharma, Maryam Abrishami, Joakim Alvbrant and J Jacob Wikner
Department of Electrical Engineering, Linköping University

SE-581 83  Linköping, Sweden
{prash339, marab273}@student.liu.se, {Joakim.Alvbrant, Jacob.Wikner}@liu.se

Abstract— Large networks of very small motes, having 
sensing, computation, communication and power units, 
are  becoming  an  active  research  topic.  Recent 
development  in  hardware  technologies  have  led  to 
successful  implementations  of  very  compact, 
autonomous  motes  having  a  high  efficiency  and  low 
power consumption. For the information, captured and 
processed by the motes to be useful, it has to be sent to a 
central  monitoring  station.  The  propagation  of 
information  through  shortest  path  is  still  a  missing 
ingredient. 

We  propose  a  novel  technique  for  propagation  of 
information  in  Smart  Dust  networks  through  the 
shortest-path  which  also  reduces  the  power 
consumption of each mote.

Keywords;  smart  dust,  information  propagation,  
algorithms, sensor motes, sensor networks

I. Introduction

Nature  has  always  been  inspiration  for  great 
research and theories. Something as simple as 
an  apple  to  the  great  galaxies.  Dust  particles 
inspired  Dr.  Kris  Pister  of  the  University  of 
California at Berkeley, to envision the idea of a 
world monitored by dust-particle-sized devices. 
These  very  small  devices  will  have  sensing, 
communication and computation integrated in a 
single package. 

The  Defense  Advanced  Research  Projects 
Agency (DARPA) funded Pister’s project which 
aimed  to  demonstrate  that  sensing, 
communication  and  computation  can  be 
integrated into a package less than one cubic 
millimeter large [3]. These small packages were 
called  Smart  Dust.  One  of  the  issues  that 
Pister’s  team  faced  was  the  conflict  between 
size  and  power.  Small  batteries  occupy  less 
space but  also contains less energy and thus 
have shorter life time. Compact size and long 

battery life were both important requirements of 
smart dust. Also, producing power by deploying 
solar panels would require large space. A lot of 
solutions have been proposed since then. Such 
as developing a software that enables motes to 
sleep most of the time yet wake up regularly to 
take  readings  and  communicate  [4]  or  use  of 
optical  communication  to  reduce  both  power 
consumption and size [6].

Owing to advances in hardware technology and 
engineering  design,  size,  power  consumption 
and  cost  have  greatly  reduced.  Dust-sized, 
omnipresent,  low-cost  smart  dust  motes  have 
not yet been realized, however, some very small 
motes are commercially available. 

In this paper we deal with the information flow 
problem  associated  with  future  smart  dust 
networks. We propose two kinds of smart dust 
particles and a smart  algorithm controlling the 
information flow through the smart dust network 
down to the central monitoring station. 

The paper is organized as follows. In Section II, 
we give a brief overview of network classes and 
motivate our choice of network and framework. 
The  information  propagation  algorithm  is 
discussed in Section III. We explain the benefits 
of our proposal in terms of reduction in size and 
power consumption of the motes and also fast 
and efficient information flow. In Section  IV we 
elaborate on some practical concerns related to 
the information propagation algorithm. Section V 
concludes the work.

II. Network Classes

In  short,  we  target  three  different  types  of 
networks  in  our  work:  dynamic,  pseudo-
dynamic,  and  static  networks.  To  simplify  the 
description, we also assume that all the motes 
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in  the sensor  network  are deployed  in  a  two-
dimensional area rather than in a volume. It is 
also assumed that  the communication is done 
mainly in a kind of broadcasting mode, i.e., each 
mote  can  communicate  with  several  different 
motes,  typically  via  radio.  This  offers  flexibility 
for  each  mote,  but  note  that  the  network 
topology itself can instruct motes to only perform 
point-to-point communication.

A      Dynamic Networks

The ambition with a dynamic network topology 
is to dynamically assign an ID to each mote. A 
startup  (or  repetitive  if  required)  cycle  of  ID 
assignments will be initiated by the base station. 
In this topology it is supposed that every mote 
has  its  position  based  on  its  geographical 
latitude  and  longitude,  here  called  y  and 

x ,  respectively.  The source for determining 
the position x , y  is the base station located 
at  0,0 .  Each mote is able to measure its 
own  distance  to  the  base  station  and  would 
receive an ID based on that distance. 

d=x2 y2 -1

The  dynamic  network  shows  the  best 
performance  out  of  the  three  given  network 
topologies and offers  the highest flexibility and 
reliability. A dynamic topology seems to be the 
most efficient approach for setting up a network. 
Highly  likely  this  topology  has  low  power 
consumtion at a reasonable speed. The reason 
for high flexibility is that their path recognition for 
sending data is chosen dynamically.

On the other hand, implementing and deploying 
the  dynamic  network  is  a  fairly  complex  and 
multideciplinary task. 

B         Pseudo Dynamic Networks

In a pseudo-dynamic network topology,  the ID 
assignment  will  not  be  done  dynamically. 
Instead  it  will  be  assigned  during  the 
deployment.  The  user  can  physically  add 
another  mote to the network  and for  example 
perform an add-mote command which then will 
align the network with the new mote. The ID the 
mote obtains could however still  be a number, 
based on its position x , y . 

Notice that  the IDs as such are  not  assigned 
dynamically,  but  still  they are organized in the 
network  dynamically.  Therefore,  organization 
and  identifying  the  hierarchy/path  among  the 
motes is eon by the motes themselves and the 
base station during the setup time. 

C         Static Networks

In a static network all the IDs are known at the 
setup  time  together  with  motes'  physical 
locations.  From  an  information  flow  point-of-
view,  there  is  no  need to  specify  the  location 

x , y  as  such,  since  the  communication 
path  can  be  defined  from the  start.  For  each 
mote, it is already known which mote is higher 
or lower in  the hierarchy since the position of 
every mote in the network is fixed.

The problem with this class of network is that it 
does  not  provide  flexibility  or  reliability.  The 
network  is  not  designed  to  repair  itself 
dynamically  in  case  of  losing  a  connection  or 
mote.  The  network  is  not  able  to  reroute  or 
make new connections.

However, this type of networks offer high-speed 
communication  and  are  straight-forward  to 
implement.  In  special  applications,  in  which 
speed  is  the  most  important  factor,  these 
networks  have  the  best  performance.  Static 
networks  have  the  fastest  set-up  time  in  the 
network.

III.Smart Algorithm for Smart Dust Networks

In  the smart  dust  networks proposed till  date, 
the  motes  are  responsible  for  sensing, 
computation and communication. Moreover, the 
propagation of information to the base station is 
proposed to be achieved by motes transferring 
data to all the motes in a certain range. In this 
manner,  the  information  is  propagated  further. 
For example, in the event of a fire, a mote that 
notices unusual temperature in its zone would 
alert neighboring motes that would in turn notify 
other nearby motes. In this way the network of 
motes  would  eventually  (given  all  motes  are 
sufficiently close to each other) notify a central 
monitoring station of the fire and location of the 
mote  that  observed  it.  This  method  of 
information  flow has several  defects.  Firstly,  it 
does  not  ensure  the  shortest  path  for 
information flow. Secondly, an identification has 
to be given to all motes which creates a problem 
if  a  mote  is  added  to  (or  removed  from  the 
network,  in  case  it  “dies”  or  gets  dislocated). 
Thirdly,  it  may lead to  unnecessary spread  of 
information to many motes and thus wastage of 
power.

A         Semos and Comos

We propose to divide the responsibilities among 
so  called  Semos and the  Comos.  Semos are 
sensor motes, always ready to record an event 
of  any  kind,  which  will  be  responsible  for 
sensing and computation. They will collect data 
from  the  outside  world,  process  it  and,  if 
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needed, send it to the Comos in a certain range. 
Comos  are  communication  motes  which  are 
responsible  for  transmitting  the  data  further. 
They  will  be  activated  by  an  incoming  signal 
from one or more Semos. Otherwise, they will 
be in sleep mode. 

The  number  of  Semos  sprinkled  in  an  area 
would typically be a lot larger than the number 
of Comos. Consider, for example, six areas as 
shown in Figure 1. A1 (area 1) through A6 (area 
6) are depicted where each area, for example, 
contains four Semos, Mx1 through Mx4, where 

x=1,… , 6  indicates the corresponding area, 
Ax .  There  is  one  Como in  each  area,  C1 

through C6.

B        Algorithm for information flow

The Semos, on sensing an event, will process it 
and transmit within a certain fixed (short) range. 
The processing includes adding some extra bits 
(say  identification  bits,  ID),  all  0s,  to  the 
information  bits.  The  number  of  extra  bits 
depends on the maximum number of Comos in 
longest,  shortest  path  (shortest  path  from the 
farthest Area) to the central monitoring station. 
The  Semos  will  not  have  any  receivers.  The 
Comos will be activated by an incoming signal 
and will  accept two kinds of signals, Semo-to-
Como  and  Como-to-Como.  When  any  signal 
reaches a Como it adds a '1' to the ID bits and 
transmits  further  to  its  neighboring  Comos.  In 
this  way  the  signal  finally  reaches  the   base 
station with the original information plus the ID 
bits. But still the Comos would be adding 1 and 
transmitting further as the Comos are not aware 

of  the  message  being  received  by  the  base 
station.  To  avoid  this  to  continue  forever,  the 
Comos would go back to sleep once all ID bits 
become 1 (in sending or receiving Comos). 

For example, in Figure 1, if an event occurs in 
Semo M13, it will add two extra bits (00) to the 
information  bits.  Two  bits  are  required,  since 
there can be a maximum of three Comos in the 
shortest  path  to  the  base  station.  Semo M13 
transmits  its  information  plus  the  ID  bits  to 
Como C1. C1 would be activated and changes 
the ID bits to 01 and transmits information and 
ID further to C2 and C3. C2 and C3 add 1 to the 
ID bits, such that they become 10, and transmits 
to its neighboring Comos, i.e., C1, C4 and C5. 
C1 and C4, will increment the ID bits to 11 and 
send to C2/C3 and C2/C3/C6, respectively. C5 
will do the same and transmit 11 to C3, C6, and 
base  station.  Now,  the  data  has  reached  the 
base station, where the occurrence of an event 
and its location can be extracted. C2, C3, and 
C6 have received ID bits equal to 11 so they will 
now discard the data. The same holds for C1, 
C4, and C5, they have sent data with ID bits 11 
and will also go into sleep mode. 

Figure 1 represents just a part of a large smart 
dust network, which in reality will be much more 
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Figure 2: Data flow graph for the proposed 
information propagation algorithm

Semo detects event

Semo sends information 
bits to nearest Como

Como gets activated 
and receives information

Data goes to 
Como's processor

Increment ID with 1

Transmit info and ID bits 
to all neighboring Comos

Como kills data and 
goes to sleep
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Yes          

Figure 1:  An example of a smart-dust network 
configuration.



complex and will  certainly contain  much more 
interconnects between the various Comos. The 
algorithm, and flow of data after an event has 
been detected in the example network of Figure 
1, is shown in Figure 2.

IV Practical Aspects

When  deploying  and  operating  this  kind  of 
networks there are some practical concerns that 
need to be taken into account. First, there are 
trade-offs between cost ($), power consumption 
(P),  information  throughput  (I),  radius  (R), 
integrity (I) and lifetime (T). This $PIRIT trade-off 
is characterized by the number of motes in an 
area and how much power they dissipate. The 
more motes in an area, the shorter range they 
have, the less power they consume to broadcast 
messages.  The  higher  information  throughput 
the more power consumption. The more power 
consumption  the  shorter  life  time,  etc.  We 
address some of them here.

A        Size and Power

As duties have been divided, the requirement on 
size  and  power  reduces  for  each  mote.  The 
Semos are mainly concerned with sensing and 
do  not  need  to  have  very  good,  or  large, 
communication circuitry. They have to be active 
always in the sense that they have to be event-
triggered. The Comos on the other hand need 
good  communication  circuitry,  and  will  be 
activated upon signal  arrival.  They will  remain 
active until  all  ID bits have accumulated to all 
1s. In this way, we have the option to select the 
number of Semos and Comos, and an optimum 
solution  in  terms  of  size  and  power  can  be 
obtained.

B  Number of Comos in the shortest-path

Since the smart dust networks would consist of 
a large number of  motes which could be light 
enough to be moved by e.g. wind or dislocated 
for other reasons, the number of Comos in the 
shortest-path to the base station is liable to vary. 
Rough estimates have to be done given that we 
know the  area  and  range of  the  network  and 
each mote, respectively. The number of ID bits 
to be added by Semos should be greater than 
the  estimated  value  in  order  to  guarantee 
robustness 

A rough estimate,  however,  can  be  made,  by 
knowing  the  area/range/volume  where  motes 
are  deployed,  the  number  of  motes  and  the 
range of each mote. The number of ID bits to be 
added  by  Semos  should  be  greater  than  the 
estimated value.  Assume that n  motes have 
been  deployed  symmetrically  over  a  square 
area, A , with the base station in the center. 

There are n  motes along each “side” and if 
each mote has a range of  r , the area also 
equals  A=2r⋅n2=2r2n  due to the slight 
overlap  required  to  communicate  in  all 
directions. 

Then, a rough estimate of the maximum number 
of motes in the shortest-path can be along the 
diagonal of the square area, i.e.

nsp=2⋅n /2=n/2 . -6

The  number,  nsp ,  would  now  define  the 
length of the ID register that each comos needs 
to  have.  To  guarantee  robustness,  we  will 
however design for a higher number than that. 
The  nsp  will  also  determine  the  number  of 
iterations  required  to  terminate  the  message. 
Notice that the number of iterations would also 
influence the power consumption in the network. 
With  the  proposed  algorithm,  larger  networks 
would  consume  more  power,  but  only  to  the 
square root of the total number of motes. 

If  the  motes  are  randomly  distributed,  the 
problem needs to be handled a bit differently. In 
this case we need to express the probability of 
coverage. For example, assume that the motes 
are randomly distributed over a rectangular area 
according  to  a  uniform  distribution.  The 
positions  are  given  by  two  random  variables, 

x  and  y ,  where  each  are  uniformly 
distributed in [−r⋅n /2 , r⋅n/2 ] . We can now 
elaborate on the probability for e.g. 99% of the 
motes being within a certain range R=r⋅nsp . 

Px2y 2R =0.99⇒nspXX⋅n (8)

If  the radius,  or range, is  too short  due to for 
example  insufficient  power  in  the  motes,  and 
information does not reach the base station, it 
will die inside the network. 

C          Mote Range

If  the  motes  are  randomly  distributed,  the 
problem needs to be handled a bit differently. In 
this  case we can assume a square area with 
sides  of  length  a ,  the  mote  density  is 

Pm=N /a2 . The probability for one given mote 
to have a distance R0  to another mote is: 

Pr=R0=∫0

2
R0⋅Pmd  .

 In the same way the chance of having at least 
one mote within the radius R0  is:

PrR0=∫0

2

∫0

R 0

R⋅Pm dRd =N R0
2 /a2=0.99

. 
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Thus,  the  minimum  range  for  each  mote 
required  to  reach  at  least  one  other  mote  is 

rmin=a0.99/ N  . If the radius, or range, is 
too short due to for example insufficient power 
in the motes, and information does not reach the 
base station, it will die inside the network. 

D          Multiple Events

In case of multiple events, in a single Semo or 
different  Semos,  pipelining  can  be  used.   A 
Como goes to sleep after ID bits become all 1s. 
Before going to sleep they will check if there is 
some  data,  pending  to  be  processed,  in  the 
pipeline.  If  its  there  they  will  process  it, 
otherwise  they  will  go  into  sleep  mode.  This 
procedure  has  been  catered  for  and  is  also 
illustrated in Figure 2.

E             Gossiping

A  problem  with  sensor  networks  is  that 
data/information  could  run  around  in  circles. 
This  is  however  avoided  as  the  ID  bits  are 
accumulated  and  information  forwarding  is 
terminated  once  the  threshold  is  reached.  In 
turn this saves power.

If  an  event  lasts  for  the  time  required  for 
propagation of one information (which probably 
will be few microseconds), then the propagation 
of same information will again take place, or we 
can say there will be several reattempts. There 
is no acknowledgment sent out from the base 
station.

F    Total Number of Semos and Comos

The number of Semos does not play any larger 
role on the information path. If Semos are added 
or  removed  or  dislocated,  the  communication 
will  not  be  affected  as  the  communication 
depends on Comos. 

The  addition  or  removal  of  Comos  does  not 
affect the communication as long as the number 
of Comos in the shortest path remain the same. 
For example, consider the example network in 
Figure 1. If a Como is added between C1 and 
C3, the communication will  not  be affected as 
the shortest path from A1 to base station still is 
C1-C3-C5. 

However,  if  any  Como  is  removed,  or  “dies”, 
such that the shortest path is affected, it has to 
be replaced in some way. This has to be done 
through re-routing.

V. Conclusions

In  this  paper  we  have  elaborated  on  an 
information  propagation  algorithm  in  a  smart 
dust  network.  We  introduced  sensor  motes 
(Semos)  and  communication  motes  (Cemos), 

which  divide  the  work  of  sensing  and 
communication and ensure reduction in size and 
power  of  individual  motes.  The  algorithm 
enables  information  flow  to  the  base  station 
through the shortest path.

This  novel  concept  would  be  a  step  forward 
towards realization of a smart world, monitored 
by smart dust. 
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