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Abstract 

WirelessHART is one of the latest communication standards that have enhanced 
functionality and robustness. The standard is ideal for applications in control and 
automation industry. In this work we present an implementation the TDMA state 
machine of the WirelessHART communication protocol on TinyOS operating 
system using the nesC language for the Telobs motes. The development was 
carried out using software reuse principle and involved comparing the state 
diagram description of the TDMA presented in WirelessHART with that of the 
time synchronized frequency hopping implementation that was already available 
for reuse. The work highlights the differences between the TSCH code and the 
WirelessHART specifications and builds upon the TSCH code to arrive at the 
WirelessHART TDMA state machine implementation.  
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1 Introduction 

 

WirelessHART is one of the latest and most promising wireless communication 
protocols built to function on top of the IEEE 802.15.4 standard. According to 
the manufacturers, the protocol proved to be highly robust and applicable within 
an industrial environment. To further improve the performance of this new 
standard there was a need to implement the specifications in a simple and widely 
used language like nesC. This work is part of the cooperation between JTH and 
the industry to provide an accessible implementation of the WirelessHART 
standard. In particular, this work deals with the implementation of the TDMA 
state machine that is specified in the WirelessHART standard.  

 

1.1 Background 

 

In a world of increasing mobility, there is a growing need for people to 
communicate with each other and have timely access to information regardless of 
the location of the individuals or the information. A phone call placed from a 
commuter train may close a business deal, remote access to medical records by a 
paramedic may save a life, or a request for reconnaissance updates by a soldier 
with a handheld device may affect the outcome of a battle. Each of these instances 
of mobile communications poses an engineering challenge that can be met only 
with an efficient, reliable, wireless communication network. The demand for 
wireless communication systems of increasing sophistication and ubiquity has led 
to the need for a better understanding of fundamental issues in communication 
theory and electromagnetics and their implications for the design of highly-
capable wireless systems. 
 
WirelessHART technology is one of the recently introduced standards. It provides 
a robust wireless protocol for the full range of process measurement, control, and 
asset management applications. Based on the proven and familiar HART 
Communication Protocol, WirelessHART enables users to quickly and easily gain 
the benefits of wireless technology while maintaining compatibility with existing 
devices, tools, and systems. The HART Communication Foundation, its member 
companies and the industry leaders developed WirelessHART technology to meet 
the unique requirements of wireless networks operating in process plants. The 
standard claims to provide reliability even in the presence of interference by using 
technologies such as mesh networking, channel hopping, and time-synchronized 
messaging. The use of such technologies assures that WirelessHART coexist with 
other wireless networks. 
 
Security and privacy for network communications is provided through proper 
encryption, verification, authentication, key management, and other open 
industry-standard best practices. While effective power management is achieved 
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through Smart Data Publishing and other techniques that make batteries, solar 
and other low-power options practical for wireless devices. 

 

1.2 Purpose  

 

As previously mentioned this thesis is part of collaborative efforts for the 
establishment of an implementation of the WirelessHART standard in nesC for 
use with the TinyOS operating system. However, this thesis work in particular 
deals with the implementation of the TDMA state machine as per the 
specifications given in the WirelessHART standard. The work will highlight the 
implementation process as per software engineering best practices and will also 
cover some theoretical background of the MAC layer implementation as per the 
wireless HART and energy consumption considerations.  The work is motived by 
the fact that there exists no open source implementation of the standard. The 
unavailability of such an implementation is greatly restricting the ability of 
researchers and enthusiasts to test troubleshoot and improve the protocol. And 
this work is an attempt to tackle that problem as part of the cooperation between 
JTH and the industry. 

 

1.3 Delimitations 

 

It is important to note that the practical contribution of this thesis will be the 
implementation of the WirelessHART TDMA state machine for the MAC layer. 
The complete implementation of the MAC layer is not fully covered as it is 
fragmented and implemented as parts of sub projects running in parallel within 
this master’s course. The thesis work will not try to modify the existing standard.   

 

1.4 Outline 

 

This chapter introduced the work being done in this thesis. Chapter 2 is reserved 
to provide a comprehensive theoretical background for wireless communication 
standards and will address the theoretical issues mentioned in the aims sections of 
this chapter. Following chapter 2, chapter 3 will introduce WirelessHART in a 
more detailed manner. That will be followed by introducing the software 
engineering implementation methodology in chapter 4.  In Chapter 5 we will 
discuss the first step of the implementation methodology. Following that in 
chapter 6 we present the implementation of the TDMA state machine. Chapter 7 
will discuss our results and finally, we will conclude this work and provide 
recommendations for future work and studies in chapter 8.  
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2 Theoretical background 

 

Industrial communications is currently a fundamental and central subject for 
automation. In this chapter we attempt to introduce the basics of network theory 
that should be appreciated in order to create a background for understanding the 
rest of the work. We start by first introducing the Open system interconnection 
model. Following that we describe the Medium access control layer. Following 
that we move to introduce the IEEE 802 standard along with the systems that 
uses it which are quite fundamental when dealing with communication in the free 
ISM band. 

 

2.1 Open System Interconnection model (OSI) 

 

The OSI model [1] was introduced in 1984 as an abstract standard framework for 
network communications by the international standards organization (ISO). The 
model is regarded today as the primary architectural model for network 
communications with the majority of the current networking protocols being built 
using its base structure.   

 

The OSI model divides the network structure into seven functional layers (figure 
1). There is direct communication between each layer and the layers above and 
below it. This is terms “requesting and providing services” respectively. The 
functions of the layers defined in OSI will be briefly described in the following [2] 

 

2.1.1 Application Layer 

This layer deals with application management tasks. Examples of such activities 
include file transfer, distributed database operation and remote control. The layer 
is responsible for providing network services to the end-user. The layer also 
defines an interface to user processes for communication and data transfer in the 
network. 

 

2.1.2 Presentation Layer 

Data encoding and conversion are carried out at this layer level. Here, User local 
representation of data is converted to its canonical form and vice versa. 
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2.1.3 Session Layer 

The format of the data to be sent over the network is defined in this layer. The 
lower layer is enhanced by the addition of services to support full session 
communication between different communicating nodes. Login to a remote 
computer is one example. 

 

2.1.4 Transport  Layer 

The main function of this layer is to provide end to end communication control. it 
is the interface between the application software that request data communication 
and the physical network embodied in the remaining lower three layers. The layer 
is responsible to verify that the data is transmitted and received correctly between 
the two different communicating entities on the network and that the data is ready 
for the application programs. 

 

2.1.5 Network Layer 

Setting up of the communication path and checking that messages reach the 
destination node is the main function of this layer. Many problems exist when 
transmitting packets over between different networks and those are related to 
routing the packet to its correct destination.  It is the responsibility of the network 
layer to solve such routing issues and allow for internetwork and intra-network 
communication to function correctly. 

 

2.1.6 Data Link Layer 

Bit level communication verification between the communication entities is 
conducted at this level. In case of errors, the retransmission of a corrupted bit 
sequence may be request at the data link layer. The data link layer presents an 
error free data link between different nodes to its higher neighbors. 

2.1.7 Physcial layer 

This layer provides the required interface between the network hardware and the 
communication medium that can be electrical, optical or wireless. All details 
regarding the signal levels within the medium and frequencies are handled here at 
this level. It is the actual connection between communication entities. 
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Figure 1: The OSI Model 

 

High level layers pass parameters, commands and data to lower layers. The requesting 

layer will then wait for an answer from the lower layer. However, according to [2] the 

OSI rules specify that only peers are allowed to communicate between each other. 

Peers are Modules that are located at the same layer and at different points in the 

communication network (i.e. on different nodes). Peer to peer communication is 

carried out via protocols that define message formats and data exchange rules.  Peers 

are connected via a virtual link that appears, to the peers, like a real communication 

channel.  

 

While the virtual and the physical connections are the same only at the Physical layer. 

Peers exchange data according to the protocol defined for their respective level. No 

direct link exists in real or in virtual form, between modules of the same node, at a 

distance of more than one layer from each other. Each layer has its own 

communication protocol and is thus responsible for adding the necessary related data 

onto the original message. This results in an increase in the amount of data of the 

message and is termed as data overhead. Data overhead is visualized in figure 2.  
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Figure 2: The amount of data added by each layer of the OSI model 

 

 

2.2 Medium Access Control 

 

The Medium Access Control (MAC) is a protocol embedded in a sub-layer of the 
Data Link layer that is specified in the OSI model. The protocol offers addressing 
and, most importantly, channel access control mechanism. Channel access control 
is very important because in any broadcast channel, the key issue is determining 
medium access when in the presence of competition (i.e. attempts to access the 
channel at the same time). Many MAC protocols were introduced to solve this 
problem. They normally follow different multiple access techniques. Some of the 
most common MAC multiple access protocols that are used in wireless 
communication are: 

 

 ALOHA 

 Carrier Sense Multiple Access Protocols (CSMA) 

 Time Division Multiple Access (TDMA) 
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2.2.1 ALOHA 

The ALOHA protocol [1] was introduced in the 1970’s. It is considered to be one 
of the oldest and simplest protocols designed for multiple wireless access and was 
originally used to establish wireless links between the universities and research 
institutions that are spread around the Hawaiian Islands.  

 

The protocol itself is quite simple. If data is ready for transmission then it will be 
transmitted. However, in case of collusions, the data packets will be corrupted and 
once this is detected by the receiver, a retransmission will be carried out after a 
random waiting interval. By using this simple mechanism, it is possible to have a 
decentralized network with good performance under low loads.  

 

A new method that aimed to increase the capacity of the ALOHA protocol was 
proposed in 1972. The concept involves dividing time into discrete time slots with 
each slot corresponding to a single frame. This approach however, added the extra 
synchronization requirements. One proposed method of achieving 
synchronization was to use a dedicated station transmitting a beep at the start of 
every new interval. This improved ALOHA was later called slotted ALOHA.   

 

2.2.2 Carrier Sence Multiple Access (CSMA) 

Carrier Sense Multiple Access Protocols (CSMA) [3] is a probabilistic MAC 
protocol in which a node verifies the absence of other traffic before transmitting 
on a shared physical medium. The transmitting entity will first listen on the link to 
verify that no other transmissions are taking place, if the entity detects that the 
channel is busy, it will back off for a random amount of delay time before it 
repeats the channel test again and attempt to transmit the data. If the channel is in 
use, the devices wait a random amount of time before retrying. 

 

Multiple Access (MA); enables all devices to connect to and share the same 
medium.  All devices have equal rights to use the network in its idle state. Even 
though devices attempt to sense whether the network is in use, there is a good 
chance that two nodes will attempt to access it at the same time. In this case a 
collision occurs. There are two main protocols that differ in the way the collisions 
are treated: 

 

 CSMA/CD - ( i.e. Ethernet) 

 CSMA/CA - ( i.e. Wireless LAN) 
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Carrier Sense Multiple Access Protocols with collision detection defines what 
happens when two devices sense the channel to be idle and begin transmitting 
simultaneously. A collision occurs, and both devices stop transmission, wait for a 
random amount of time (back-off time), then retransmit. Collisions can be 
detected by looking at the power or pulse width of the received signal and 
comparing it to the transmitted signal. 

 

In the collision avoidance (CA) [1] technique when a node has to transmit, it first 
checks the medium to ensure no other node is transmitting. If the channel is idle, 
it then transmits the packet. Otherwise, it chooses a random "back-off factor" 
which determines the amount of time the node must wait until it is allowed to 
transmit its packet. During periods in which the channel is idle, the transmitting 
node decrements its back-off counter (when the channel is busy it does not 
decrement its back-off counter). When the back-off counter reaches zero, the 
node transmits the packet. There is no possibility to detect a collision but if a 
message is not acknowledged, the transmitting node assumes a collision has 
occurred and retransmits. The collision avoidance reduces the probability of 
collisions, however, unlike in the collusion detection type, it is not possible to 
detect when collusions happens. 

 

It is important to note that collision detection cannot be used for the radio 
frequency transmissions since when a node is transmitting the node is incapable of 
hearing other transmissions simultaneously. 

 

2.2.3 Time Division Multiple Access (TDMA) 

Time division multiple access (TDMA) [1] is digital transmission technology that 
allows a number of users to access a single shared medium (usually radio channel) 
by dividing the transmission time into different small time slots that can be 
utilized by different transmitting entities. Different transmitters are assigned 
different time slots and the transmission entities will attempt to transmit only in 
their respective time slots. This allows multiple nodes to share the same 
transmission medium (e.g. radio frequency channel) almost at its full potential. 

 

As can be seen in figure 3, the time slots are usually rearranged into frames. In 
typical situations, two devices are assigned to a given slot. One is designated as the 
source and the other the destination. Synchronization of clocks between devices 
in the network is very critical for ensuring successful and efficient TDMA 
communications. At the same time, time keeping and time synchronization 
mechanisms should be tolerant enough to ensure network-wide device clock 
synchronization. It is very vital that all communication entities within the network 
are made aware of the start of a time slot. 
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Figure 3: TDMA Structure 

 

2.3 Common Wireless Communication Standards  

 

There are mainly three main key IEEE standards that share the 2.4GHz ISM band 
namely the IEEE 802.11, IEEE 802.15.1 and the IEEE 802.15.4. A brief 
introduction to each is given below followed by a general discussion about their 
properties: 

 

2.3.1.1 IEEE 802.11 - WLAN/Wi-Fi 

Wireless LAN (WLAN, also known as Wi-Fi) is a set of network technologies for 
wireless data communication. The WLAN standard operates on the 2.4 GHz and 
5 GHz Industrial, Science and Medical (ISM) frequency bands. It is specified by 

the IEEE 802.11 standard [1] and it comes in many different variations like IEEE 
802.11a/b/g/n. 
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2.3.1.2 IEEE 802.15.1 – Bluetooth  

The IEEE 802.15.1 standard [2] provides the base for the Bluetooth wireless 
communication technology. It is a wireless standard for short range 
communication designed for small and low cost devices with low power 

consumption. There are three different device classes specified in the standard: 
Class 1, class 2 and class 3 the range of which is specified at about 100 meters, 10 
meters and 1 meter respectively. 

 

2.3.1.3 IEEE 802.15.4 – ZigBee 

ZigBee is another wireless standard that is, in some ways, similar to Bluetooth. 
The IEEE 802.15.4 standard [4] is very much associated with ZigBee, however, 
ZigBee has some extra added on features such as operating in the 868 MHz, 915 
MHz and 2.4 GHz ISM bands. 

 

2.3.2 Modes Of Opreation 

In general, there are two modes of operation for wireless devices [5], namely the 
Ad hoc mode and infrastructured mode. In the Infrastructure mode, wireless 
networks will have a base station that acts as a central node and acts as a gateway 
for other wireless devices in the network. The base station is usually designed to 
enable access to the Internet, an intranet or other wireless networks. It usually has 
a fixed location, however, that is not a necessity and a mobile base station can also 
exist. Note that the base station is a central point of failure. If it stops working 
none of the wireless terminals can communicate with each other. This is the main 
disadvantage over the Add-hoc network mode.  

 

Ad hoc networks are created and organized without using a base station. Self-
organization is the key to forming an ad hoc network because initially there is no 
central node to talk to. In ad hoc networks the wireless terminals may 
communicate directly with each other while terminals in infrastructure networks 

have to use the base station to communicate among each other. Different 

standards have different capabilities when it comes to these two modes of 
operation. Table 1 contains an overview of which standards support which modes. 

 

Table 1: Modes of Operation of different standards 

 

STANDARD Ad-Hoc Infrastructured 

IEEE 802.11 YES YES 

IEEE 802.15.1 YES YES 

IEEE 802.15.4 YES NO 
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2.3.3 Medium Access 

In order to conduct two-way wireless communication a protocol detailing how the 
wireless terminals are to access this medium must be established. Both The 802.11 
and 802,15,4 standards utilize the Carrier Sense Multiple Access with Collision 
Avoidance (CSMA/CA). When CSMA/CA is used a part of the potential data rate 
is lost to the overhead of this protocol. If the communication was one-way only 
the communication channels could be better utilized because the source terminal 
would not have to take into consideration transmissions being sent from other 
terminals. Unlike the former two protocols, the IEEE 802.15.1 utilizes frequency 
hopping spread spectrum technique for multiple accesses. 

 

2.3.4 Data Rate and Frequency 

Different wireless standards use different frequencies. This affects their data rate 
and range capabilities. Different characteristics of different standards are 
summarized in table 2.  

  

As the standards here share the 2.4 GHz ISM band they can suffer severely from 
interference issues, those issues are reduced by utilizing different signalling 
methods. This is however not enough as Common household appliances like 
microwave ovens and certain wireless phones which might pollute the 2.4 GHz 
frequency spectrum are potential sources of interference as well. Thus, special care 
is required during the installation of such devices to achieve optimum 
performance. 

 

Table 2: Data and Frequency for different standards 

 

STANDARD FREQUENCY DATA 

RATE 

RANGE TYPE 

802.11a 5GHz 54 Mbps 120m LAN 

802.11b 2.4GHz 11 Mbps 140m LAN 

802.11g 2.4GHz 54 Mbps 140m LAN 

802.11n 2.4/5GHz 248 Mbps* 250m LAN 

802.15.1 2.4GHz 3Mbps** 100m*** PAN 

802.15.4 2.4GHz 40 Kbps 75m PAN 

 

*Two antenna devices (four antennas) 

**Bluetooth version 2.0 

***range of class 1 devices 
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2.3.5 Modulation and Signal Coding  

The modulation technique for a standard is usually decided based on the design 
goals of the standard and the target environment where it will be deployed. Each 

technique has different characteristics when it comes to 

 

 Noise resistance (multi path, fading, etc.) 

 Power consumption 

 Spectral efficiency (efficient frequency use) 

 Hardware complexity 

 

Table 3 lists each standard along with which modulation and coding schemes it 
can use. Note that not all the schemes are mandatory for each standard. Some of 
them may be required for interoperability while others are entirely optional 
depending on which revision of the standard is used. 

 

Table 3: Modulation in different standards 

Technique  802.11a 802.11b 802.11g 802.11n 802.15.1 802.15.4 

PSK X X X  X X 

FSK     X  

ASK      X 

QAM X  X X   

CCK  X     

STBC    X   

OFMD X  X X   

SS  X   X X 

 

Table 4: Abbreviation guide for Table 3 

Abbreviation Name 

PSK Phase shift keying 

FSK Frequency shift keying 

ASK Amplitude shift keying 

QAM Quadrature amplitude modulation 

CCK Complementary code keying 

STBC Alamouti Space-Time Block Coding 

OFMD Orthogonal Frequency-Division 

Multiplexing 

SS Spread spectrum 
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2.4 WirelessHART 

 

WirelessHART was developed as part of an effort to establish a wireless 
communication standard for automation applications [5]. It is an extension of the 
wired HART protocol, enhancing it by allowing new applications while still 
preserving backwards compatibility. The standard supports applications with cycle 
times in the order of seconds and other applications where the cycle can extend to 
days.  It is designed to be a secure, time-synchronized ultra-low-power standard. 

 

Similar to the other standards discussed earlier, The WirelessHART standard is 
based on the OSI layers described in the first section of this chapter, however, in 
this case a Physical, Medium access, Transport, and a Network layer are specified. 
The specified Application layer is the same for both wired and WirelessHART.  

 

WirelessHART is the focus of this thesis, so we will be discussing it in more 
details in the following chapter.  As a continuation of the above discussion 
however, a list of the characteristic of this standard are listed below: 

 

1. The physical layer is the same as the IEEE 802.15.4 2.4GHz PHY layer 

2. The MAC layer is a modified version of the IEEE 802.15.4 MAC layer 
with support for channel hopping. 

3. The Transport and Network layers are based on TSMP (Time 
Synchronized Mesh Protocol), which has been developed by DUST 
Networks. 

 

Table 5: Characteristics of WirelessHART 

 

Throughput MAC 

protocol type 

Frequency 

hopping 

Effective 

range 

Frequency 

20-250Kbps TDMA + 

CSMA/CA 

Enabled 1-100 m 2.4GHz 
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3 WirelessHART 

 

In this chapter we present more details about the WirelessHART protocol [6] 
which was introduced briefly in the previous chapter. As already discussed, 
WirelessHART is a new standard specifically designed to target problems and 
provide solutions for wireless process automation and control applications. The 
standard is designed around the OSI standard model discussed in chapter 2. The 
physical layer adopts that specified for the IEEE 802.15.4-2006.  A special time-
synchronized MAC layer is however specified specially for this standard.  

 

Some notable features of WirelessHART MAC include strict 10ms time slot, 
network wide time synchronization, channel hopping, channel blacklisting, and 
industry standard AES-128 ciphers and keys.[5] Self-organizing and self-healing 
mesh networking techniques are all supported by the WirelessHART network 
layer. By using this technique, all messages can be routed despite the presence of 
interferences, obstacles and multipath fading. WirelessHART also distinguishes 
itself from other public standards by maintaining a central network manager. [5] 
The designated network manager is in charge of routing tables’ maintenance along 
with network communication scheduling. In short, it is responsible for network 
performance guarantee. 

 

 

Figure 4: Structure of WirelessHART Network [2] 
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Time Division Multiple Access (TDMA) is the primary method for 
communication scheduling among different members of the network. A time slot 
of 10 ms defines the time limit for all communications. Combining a number of 
those timeslots will form a superframe. Frequency agility is also enabled in 
WirelessHART as the primary method for avoiding interference and multipath 
fading. A time slot may be used by multiple devices as per the communication 
schedule maintained.   

 

OSI Function WirelessHART 

Application 

Layer  

Provides the user with Network 

capable applications  

Command oriented with 

predefined data types and 

application procedures  

Presentation 

Layer  

Conversts application data between 

network and local machine formats  

 

Session 

Layer  

Connection management services for 

application  

 

Transport 

Layer  

Network independent transparent 

Message transfer  

Auto segement transfer of 

large data sets, reliable data 

transfer and negotiated 

segment size.  

Network 

Layer  

End to end routing of packets and 

network address resolution  

Power optimized, 

Redundant path  with self 

healing mech topolog  

Data Link  Data packet structure and medium 

access control  

Secure and reliable time 

synchornized TDMA with 

CSMA/CA and frequency 

hopping  

Physical 

Layer  

Mechanical / electrical connection with 

the medium  

2.4GHz wireless 

IEEE802.15.4 based radio  

 

Figure 5: HART OSI 7-layer Model [2] 

 

Time Division Multiple Access (TDMA) is the primary method for 
communication scheduling among different members of the network. A time slot 
of 10 ms defines the time limit for all communications. Combining a number of 
those timeslots will form a superframe. Frequency agility is also enabled in 
WirelessHART as the primary method for avoiding interference and multipath 
fading. A time slot may be used by multiple devices as per the communication 
schedule maintained.   
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As already mentioned in the previous chapter, all communications of the 
WirelessHART Network pass through the gateway. As a result, the gateway is 
responsible for routing the packets on to their specified destination (network 
Device, host application, or network manager).  

 

Standard HART commands that are specified in the standard are used to 
communicate with host applications and network devices. The resulting wireless 
automation network could be a TCP-based network, a remote IO system, or a bus 
such as PROFIBUS DP.  An initial superframe is first created by the network 
manager which also configures the Gateway. A more thorough explanation of this 
process is found in the WirelessHART standard specifications. 

 

 

3.1 Medium Access Control 

 

The MAC rules ensure that transmissions by devices occur in an orderly fashion. 
In other words, the protocol specifies when a device is allowed to transmit a 
message. In broad terms, the tasks of the MAC layer can be summarized as 
follows [2]:  
 

 Slot synchronization; 

 Identification of devices that need to access the medium; 

 Propagation of messages received from the Network Layer;  

 To listen for packets being propagated from neighbors 

 

The Medium Access Control (MAC) sub-layer is accountable for sending Data-
Link packets across a link. To facilitate those functions, it is specified in [2] that 
this layer includes: 
 

 Tables of neighbors, super-frames, links, and graphs that configure the 

communication between the device and its neighbors. These tables are 

normally populated by the Network Manager. In addition the neighbors 

table is populated as neighbors are discovered. 

 A link scheduler that evaluates the device tables and chooses the next slot 

to be serviced by listening for a packet or by sending a packet. 

 State machines that control the propagation of packets through the MAC 

sub-layer. MAC Operation consists of schedule maintenance and service 

slots. MAC operation is fundamentally event driven and responds to 

service primitive invocations and the start of slots needing servicing. 
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In the following sections we will try to explain the TDMA operation of the 
WirelessHART MAC layer and will also shed some light on the communication 
tables and their functions.  
 
 

3.2 Timer  

 

It can be seen from the discussion above that time keeping is very important in 
WirelessHART to ensure proper synchronization and to adapt the all 
communication in 10ms rule. Thus it can be said that timer is a primary and 
important component in the implementation of WirelessHART. More on the 
implementation issues of the timer will be discussed in later chapters of this thesis.  
 
 

3.3 State Machine 

 

The state machine in the WirelessHART MAC layer is divided into three main 
components: 
 

 TDMA state machine,  

 The XMIT engine  

 The RECV engines.  

The TDMA state machine is responsible for executing the transaction in a slot 
and adjusting the timer clock. [5] while the XMIT and RECV engine deal with the 
hardware directly, which send and receive a packet over the transceiver, 
respectively. The implementation of the TDMA state machine is our primary 
focus so we will be discussing this in more detail in the implementation chapters. 
 
 

3.4 Time Division Multiple Access  

 

It had already been mentioned that WirelessHART employs Time Division 
Multiple Access (TDMA) and channel that provides collision free, deterministic 
communications. Time slots are used to enable communications between devices 
to happen in a timely fashion. A TDMA super-frame is formed using a series of 
time slots.  
 
All devices must support multiple superframes. Slot sizes and the superframe 
length (in number of slots) are fixed and form a network cycle with a fixed 
repetition rate. Super-frames are repeated continuously. For successful and 
efficient TDMA communications, synchronization of clocks between devices in 
the network is critical [2]. Consequently, tolerances on time keeping and time 
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synchronization mechanisms are specified to ensure network-wide device clock 
synchronization. 

 

Figure 6: Superframe Structure of WirelessHART 

 
 
It is imperative that devices know when the start of a slot occurs. Within the slot, 
transmission of the source message starts at a specified time after the beginning of 
a slot. This short time delay allows the source and destination to set their 
frequency channel and allows the receiver to begin listening on the specified 
channel. Since there is a tolerance on clocks, the receiver must start to listen 
before the ideal transmission start time and continue listening after that ideal time. 
Once the transmission is complete, the communication direction is reversed and 
the destination device indicates, by transmitting an ACK, whether it received the 
source device DLPDU successfully or with a specific class of detected errors. 
 
 

3.5 Channel hopping and blacklisting  

 
To enhance reliability, channel hopping is combined with TDMA. Channel 
hopping provides frequency diversity, which can avoid interferers and reduce 
multi-path fading effects. To fine-tune the channel usage, WirelessHART 
introduces the idea of channel blacklisting. Channels affected by consistent 
interferences could be put in the black list. In this way, the network administrator 
can disable the use of those channels in the black list totally. To support channel 
hopping, each device maintains an active channel table. Due to channel 
blacklisting, the table may have less than 16 entries. For a given slot and channel 
offset, the actual channel is determined from the formula: 
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The actual channel number is used as an index into the active channel table to get 
the physical channel number. Since the ASN is increasing constantly, the same 
channel offset may be mapped to different physical channels in different slots. 
Thus we provide channel diversity and enhance the communication reliability. [5] 
 
 

 

Figure 7: Channel Hopping 

 
Communicating devices are assigned to a super-frame, slot, and channel offset. 
This forms a communications link between communicating devices. 
 
 

3.6 Communication Tables 

 
Communication tables are defined within each of the communicating devices and 
are used primarily to maintain control over the communication of the device with 
its surrounding. The tables that are maintained include the following [2]:  
 

 Superframe and Link tables. Multiple superframes may be configured by 

the network manager. Multiple links within a superframe are configured to 

specify communication with a specific neighbor or broadcast 

communications to all listening to the link. 

 The Neighbor table. Contain a list of all devices that the device may be 

able to communicate with. 

 Graph table. Used to route messages from their source to their destination. 



WirelessHART  

20 

 

The communication tables and the relationships between them are shown in 
figure 8. For more details on WirelessHART refer to [6]. 

 

Figure 8: Communication Tables[6] 

  
 
 

3.7 Link Scheduler 

 
The link scheduler is designed to determine the next serviceable slot based on the 
communication schedule that is constructed in the superframe and link tables. 
Transaction priorities, link changes and superframe enable/disable status all 
contribute to the complication of this scheduling process. On the occurrence of 
any changes or an event that can affect the link schedule, the schedule will 
automatically be re-assessed.
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4 Methodology 

 

As already stated in the introduction chapter, the aim of this thesis is to 
implement the TDMA state machine as per the specifications of WirelessHART 
using nesC on top of TinyOS. To achieve this purpose, we will follow a software 
reuse methodology by utilizing the code developed as part of the TSCH project 
and modify that code to achieve the specifications described in the WirelessHART 
standard. The development process is described in more details as follows and is 
shown in figure 9 below:  
 
 

 

Figure 9: Implementation Methodology 
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4.1 Stage 1: State Diagram Comparison 

 
In this state, the TSCH state machine code will be studied and a proper state 
diagram derived to explain its operation. The derived state diagram will be 
compared against that defined in the WirelessHART standard.  This stage will 
define the amount of coding that needs to be done and will involve the design of 
the TDMA state machine in nesC.  
 

4.2 Stage 2: Implementation 

 
In this stage, we will modify the TSCH to include all missing functions offered by 
WirelessHART and will modify the state machine so that it reflects what is 
described in WirelessHART standard. Software reuse principle is clearly applied 
here by reusing the implementation of the TSCH.  We identified reusable 
components in stage 1 of this development process and here we simply reuse 
those components and introduce all other necessary ones.  
 

4.3 Stage 3: Software Testing 

 
In this stage the developed software is verified by using code skimming, 
debugging and limited functional testing. In case of bugs, the process will fall back 
to stage 2 to solve all coding problems and will later continue with the testing 
phase, this phase include test setup and experiment design. The results of this 
section are the main results of this thesis. 
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5 State Diagram Comparison 

 

In this chapter we will describe the first phase of the development as per the 
methodology framework that was highlighted in the previous chapter. Like already 
described in the previous chapter, we will be following a software reuse approach 
that we believe is quite handy when it comes to the implementation of such a big 
standard as the WirelessHART [6]. As we are dealing with the implementation of 
the TDMA state machine, it is wise to try to reuse any possible components that 
implement the other parts of the standard or a similar standard. Such an 
implementation will definitely have some sort of a state machine implemented for 
the TDMA and it is wise to use that as a starting point for our work.  
 

 

5.1 The TCSH implementation 

 
Time synchronized channel hopping implementation [7] was selected to be the 
starting point of this project and other projects at JTH that deal with the 
implementation of the WirelessHART standard. Among the reasons being that 
TSCH is coded in nesC and uses TinyOS which is the same operating system used 
in this work. Apart from that, the TSCH communication procedure closely 
resembles that of the WirelessHART as it is time synchronized frequency hopping 
as well. In this section we will introduce the relevant parts of the TSCH 
implementation, namely the TSCH TDMA state machine implementation and 
highlight the communication procedure followed by two nodes running this 
implementation.  

 

5.1.1 TSCH Communication  

 

As implied by the name, Time synchronized frequency hopping is a 
communication protocol that is quite dependent on time, two nodes running the 
TSCH and communicating with each other are required to keep strict yet 
somehow flexible time keeping constraints. The time keeping and synchronization 
become more important in case channel hopping is enabled.  Generally speaking, 
two nodes running TSCH are required to keep the following time schedule as 
shown in figure 10 below:  



State Diagram Comparision 

24 

 

 

Figure 10: TSCH Timing Diagram 

 

5.1.2 TSCH-TDMA State Machine  

 

To effectively maintain the communication timing requirements as per those 
shown in figure 10, a state machine was implemented as part of the TSCH code 
that is responsible for the maintenance of this timing requirement. The state 
machine can be found in the TDMA folder of the TSCH [7], in the 
CC2420TdmaSlotP.nc file particularly and it follows the following state diagram to 
transit between the different states described in figure 11.  
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Figure 11: TSCH state diagram 

 

 

5.2 WirelessHART Specifications 

 

 

We have introduced the WirelessHART standard in chapter three of this work. In 
this section we will go a bit deeper, however, as already mentioned we are mainly 
concerned with the implementation of the WirelessHART TDMA state machine. 
Thus we will limit this discussion to the requirements specifications related to the 
State machine that can be found in [6].  
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5.2.1 WirelessHART communications 

 
As in the case of the TSCH the WirelessHART standard requires strict 
communication timing constraints. Those are described in figure 12 below [6]:  
 

 

Figure 12: WirelessHART timing Diagram 

 

A clear difference between the above figure and that relating to the TSCH is 
visible. Just like the case of the TSCH, the above diagram is used to construct the 
state machine of the WirelessHART. This will be discussed in the following 
section.  
 

5.2.2 WirelessHART-TDMA State Machine  

 

A similar approach to that used in the TSCH to construct the state machine form 
the timing diagram can be used for WirelessHART and in this case the resulting 
TDMA state machine will reflect the following figure 13:  
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Figure 13: WirelessHART TDMA state machine [6] 

 

The timing constraints for the above State machine are given in table below. They 
reflect the values shown in figure 12.  
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Table 6: Timing Values for WirelessHART [6] 

 

Symbol Description Value 

 Data Rate 250Kbit/s 

 Symbol rate 62.5Ksym/s 

±40ppm 

TsTxOffset Time between beginning of slot and start 

of packet transmission 

2120µs ±100µs 

TsRxOffset Start of the slot to when receiver must be 

listening 

1120µs ±100µs 

TsRXWait  Time to wait for start of message  2200µs ±100µs 

TsMaxPacket Max Packet Length (Incl. PhL, Header 

and DLPDU = 133 byes) 

4256µs 

TsTxAckDelay End of message to start of ACK 1000µs ±100µs 

TsRxAckDelay End of message when Transceiver must 

listen for ACK 

900µs ±100µs 

TsAckWait The minimum time to wait for star of 

ACK 

400µs ±100µs 

TsAck ACK (26 bytes) 832µs  

TsCCAOffset The time between start of slot and 

beginning CCA opreation 

1800µs ±100µs 

TsCCA CCA detection time (8 symbols) 128µs 

TsRxTx TxRx Turnaround (12 symbols) 192µs 

 

 
It had been mentioned earlier in this work that there are two distinct engines 
working with the TDMA state machine namely: 
 

 The XMIT engine  

 The RECV engines.  

 

The operation of both of the above engines can be best described in the form of 
block diagrams. Both diagrams are shown in figure 14 and figure 15 respectively as 
given in [6]  
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Figure 14: XIMT engine block diagram [6] 

 

 

 

Figure 15: XIMT with CSMA/CA [6] 
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Figure 16: REC engine [6] 

 

5.3 Differences 

 

There are some state differences between the TSCH implementation and the 
states described in the WirelessHART TDMA state machine. Particularly there are 
some missing states that account for some timing considerations that are missing 
from the TSCH implementation. The WirelessHART specification provides more 
control over the time period by introducing additional timer based states that 
account for different operations that are performed during that time period such 
as the time constraints over the CCA operation. This time division was explored 
and presented in figure 12.The TSCH on the other hand combines some of those 
states into a single state according to the timing diagram that was presented in 
figure 10. Thus, in short we can say that the TSCH is rather a simplified version of 
the WirelessHART standard and it is a perfect starting point for this work.  
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6 Implementation  

 

A number of the differences between the TSCH implementation and the 
specifications of the WirelessHART protocol [6] were highlighted earlier in the 
previous chapter. In this chapter we will present the modifications added to the 
TSCH code in order to arrive at a WirelessHART implementation.  

We will start by presenting the modified state diagram of the TSCH with the 
missing states added as per the WirelessHART specifications then we will present 
the modifications to the TSCH code [7]. Our study of the code concluded that the 
TSCH implementation is rather a simplified version of the WirelessHART 
specifications in which a number of control states have been combined together 
for ease of implementation.  

The modifications introduced to the code aimed to fragment such combinations 
and to establish a new state diagram that reflects the WirelessHART specifications 
by providing more control and more timing constraints over the performance of 
each of the hardware operations.  

 

6.1 Modified TSCH 

 

As explained in the differences between TSCH original code and the 
WirelessHART state diagram section of the previous chapter. A number of states 
must be added to the TSCH in order to establish the correct timing as given by 
the specification requirements.  

In order to modify the TSCH code so that it reflect the WirelessHART 
specifications the additional states were to two different files that are related to the 
TDMA state machine implementation namely the CC2420TdmaSlotP.nc file 
found in the TDMA slot of the TSCH folder and CC2420TransmitP.nc file that is 
part of the TDMA implementation found in the TSCH [7]. The final state diagram 
is presented in the following figure. 
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Figure 17: Modified TSCH state diagram 

 

The added modifications are summarized as follows: 

 In "CC2420TdmaSlotP.nc"[7]. This is the main implementation of the 
TDMA state machine. As shown in figure 17 the main state diagram is 
implemented in this file. The addition of a new state requires starts with 
the addition of the new state name to the state type declaration, following 
that, one of the states will be modifications to make transition into the 
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newly defined state as shown in figure 17. The details of the new state 
should be added to any part of the code where it is necessary. The 
modifications in this file are summarized as follows: 

1. L37: Added state to states enum called "S_RX_OFFSET". 

2. L262: Transition to state "S_RX_OFFSET". 

3. L270: Added details of state "S_RX_OFFSET". 

 In "TSCH.h"[7], the timers are declared. As we are introducing a new timer 
for the S_RX_OFFSET state that is positioned as shown in figure 18. We 
need to declare that in this files thus: 

1. L26: Introduce timer "RX_OFFSET_TIME"  

 

 
Figure 18: Modifications to CC4240TransmitP file 

 

 In "CC2420TransmitP.nc" [7] modifications are necessary because some 
part of the TDMA state machine is implemented in this file. Thus in a 
similar manner to what we described earlier we first introduced the new 
state in the state type declaration, and modify the initial state so that the 



Implementation 

34 

 

transition will take the system into the first new first state as shown in 
figure 18 and make any other necessary declaration and state transition 
modifications. Thus the modifications are as follows:  

1. L85: Added to type enum called "S_CCA_OFFSET". 

2. L190: Added state "S_CCA_OFFSET" to the list of cases. 

3. L464: Changes "S_SAMPLE_CCA" to "S_CCA_OFFSET". 

4. L489: Added "S_CCA_OFFSET" state description. 

5. L581: Changes "S_SAMPLE_CCA" to "S_CCA_OFFSET". 

6. L634: Changes "S_SAMPLE_CCA" to "S_CCA_OFFSET". 

 In "CC2420.h" [7], and similar to the case of the TSCH.h file, we need to 
add a new timer for the CCA_OFFSET state. As this timer must be 
declared here then: 

1. L136: Introduce timer "CCA_OFFSET". 
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7 Testing Result 

 

The code was developed to run on the Telobs mote so the testing strategy 
involved debugging the code for the specified platform. Procedures were carried 
out in order achieve software verification and functional testing. Those are 
described as follows:  
  

7.1 Software verification  

 
Static software verification was carried out with collaboration with the supervisor 
of this thesis; the aim is to check if we have built the right software and it involved 
code skimming the code was found to reflect the specification requirements and 
the compiler reported no compilation errors.  
 

7.2 Functional testing  

 
The functional testing process involved running the nodes with the code one as a 
transmitter and the other as the receiver. The first phase involved running the 
code on each node individually to check if the state transition happens as specified 
in the WirelessHART specification requirements. The test set up is described in 
figure 19 below: 
 

 

Figure 19: Test phase 1 Setup 
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The results of this testing phase revealed no problem with initial state transition 
on individual basis and the results are summarized in table 7. It was not possible 
to test all states especially in the receiver case as there was no transmission to be 
received.   
 

Table 7: Test Phase 1 results 

 

State Transmitter Node Receiver Node 

S_SLEEP YES YES 

S_STARTING  YES YES 

S-STARTED YES YES 

S_SETTING_CHANNEL YES YES 

S_SET_CHANNEL YES YES 

S_RX_OFFSET N/A YES 

S_RX_DATA N/A YES 

S_TX_ACK N/A NO (Nothing received) 

S_CCA_OFFSET YES N/A 

S_SAMPLE_CCA YES N/A 

S_ BEGIN_TX YES N/A 

S_ACK_WAIT FAIL (NO ACK 

RECEIVED) 

N/A 

 
 

The second phase involved running two nodes one in transmitter mode and one 

in receiver node to verify the timing constraints defined in the standard. The 

test setup is described in figure 20. This test was not completed fully due to the 

extensive amount of experimentation required to arrive at the proper timing 

values and for the fact that it should work concurrently with other parts of the 

code that were developed separately by other groups involved in the project. 

Thus, recommended as a future work extension to this thesis. For the purpose 

of this work, the timing constraints were selected based on the values that were 

selected for the TSCH implementation. This test’s results are summarized in 

Table 8. 
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Figure 20: Test phase 2 Setup 

 
Our test results showed that the ACK packet is not being received by the 
transmitter node revealing a synchronization problem that requires extensive 
testing for different timer values in order to achieve proper synchronization.   

 

Table 8: Test phase 2 results 

 

State Transmitter Node Receiver Node 

S_SLEEP YES YES 

S_STARTING  YES YES 

S-STARTED YES YES 

S_SETTING_CHANNEL YES YES 

S_SET_CHANNEL YES YES 

S_RX_OFFSET N/A YES 

S_RX_DATA N/A YES 

S_TX_ACK N/A YES 

S_CCA_OFFSET YES N/A 

S_SAMPLE_CCA YES N/A 

S_ BEGIN_TX YES N/A 

S_ACK_WAIT FAIL (NO ACK RECEIVED) N/A 
 
Synchronization is the most likely cause of the above revealed lose of 
acknowledgment because there is no synchronization between the two 
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communication transceivers’ while they are switching between transmitter and 
receiver states. At the beginning of the transmission the receiver has nothing to 
send so it switches to receiver state and waits for the reception of some frames 
within a specific period of time. The transmitter on the other hand switches to the 
transmitter mode, waits for a bit then sends out the packet. The problem happens 
later when both the transmitter and receiver have to switch to the opposite states.  
Here we found that the Acknowledgment transmitter confirms the transmission 
of the acknowledgment frame however, however, at the beginning of this 
transmission, the receiver is still waiting for the offset time to complete before 
going into the receiver state.  This is because the S_CCA_OFFSET and 
S_RX_OFFSET  timers are set to equal values, the values should be different and 
will depend on the experimentation results that we suggest in future work.  
 
 
 

 
 

Figure 21: Synchronization problem zone 
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8 Conclusion and Future Work 

 

Based on the work done as part of this project the following conclusions can be 
made. The first relates to software engineering principles. As our work has shown 
that Software reuse was an excellent choice as it extremely simplified the work and 
reduced the time of completion. Following our study of the TSCH code we have 
found that the TSCH implementation is rather a simplified version of 
WirelessHART with Time Synchronized frequency hopping being the common 
ground concept. The Use of state diagrams further simplified the development 
process and helped establish a clear picture about where the modification should 
be introduced. This is an important conclusion especially for those involved in 
high level software analysis and design. Some of our technical observation include 
the fact that the timing constraints are platform and hardware dependent and 
require extensive experimentation for each platform. This point should always be 
kept in mind when implementing Time synchronized systems.  
 
 

8.1 Future work 

 

Some more code testing is required following the completion of the rest of the 
work that is scheduled by the other groups involved in the overall project. It is 
important to conduct the timing experimentation in order to establish the correct 
timing constraint for the time synchronization to work as intended. Due to time 
constraints and other coordination issues this will have to be done in the future.  
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Appendix 1: Modified TSCH file TSCH.h  

 

 

xz #ifndef TSCH_H 

#define TSCH_H 

#include "printf.h" 

 

//main parameters 

enum { 

   LENGTHCELLFRAME = 101, 

   QUEUELENGTH = 5, 

   TXRETRIES = 5, 

   MAXNUMNEIGHBORS = 10, 

   NUMONGOINGRES = 3, 

   MAXRESRETRIES = 3, 

   ADVSLOTOFFSET=0, 

   ADVRESCHANNELOFFSET=0, 

   DELAY_REMOVE_FROZEN_RESERVATIONS=30000//in ms 

}; 

 

//Slot Properties 

enum { 

   STARTUP_TIME = 132, //4ms (initial 3ms) 

   CHAN_SET_TIME = 66, //2ms (initial 1ms) 

   DATA_TIME = 264,    //8ms (initial 8ms) 

   ACK_TIME = 99,      //3ms (initial 3ms) 

   //GUARD_TIME = 66,    //2ms (initial 2ms) REPLACED BY 

RX_ACK_DELAY AND TX_ACK_DELAY  

   IS_TIME = 99,       //3ms (initial 2ms) 

   SLOT_TIME = (CHAN_SET_TIME + 2*GUARD_TIME + DATA_TIME + 

2*GUARD_TIME + ACK_TIME + IS_TIME),  // not modified now 

   // modified by Ali Kannah & Ghasaq Bahiya  2010-12-06 

   // added TX_OFFSET, RX_OFFSET AND REPLACED GUARD TIME BY 

   // RX_ACK_DELAY AND TX_ACK_DELAY 

   // AS PER WIRELESSHART SPECEFICATIONS REQUIRMENTS 

   // 2010-12-06 

   TX_OFFSET= 66,  //VALUE MUST BE MODIFIED 

   RX_OFFSET=66,  //VALUE MUST BE MODIFIED  

   TX_ACK_DELAY = 66, //VALUE MUST BE MODIFIED  

   RX_ACK_DELAY= 66  //VALUE MUST BE MODIFIED  

}; 

 

//Frame Properties 

enum { 

   NUM_CHAN = 16, 

   HOPPING_ENABLED = 1 

}; 
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//cell types 

enum { 

   CELLTYPE_OFF, 

   CELLTYPE_RXDATA, 

   CELLTYPE_TXDATA, 

   CELLTYPE_RXRES, 

   CELLTYPE_TXRES, 

   CELLTYPE_ADV, 

   CELLTYPE_RESERVED 

//this is used as a temporary state during the reservation process 

}; 

 

//RES commands 

enum { 

   RES_REQ_CELL, 

   RES_FREE_CELL, 

   RES_SUCCESS, 

   RES_FAIL 

}; 

 

//packet types 

enum { 

   AM_TSCH_ADV  = 8, 

   AM_TSCH_RES  = 9, 

   AM_TSCH_DATA = 10, 

   AM_TSCH_ACK  = 11 

}; 

 

//packet formats 

typedef nx_struct data_format_t { 

   nxle_uint32_t value; 

   //then follows the sequence of traversed nodes 

} data_format_t; 

 

typedef nx_struct adv_format_t { 

   nxle_uint8_t height; 

   nxle_uint16_t slotOffset; 

   nxle_uint8_t channelOffset; 

   nxle_uint32_t asn; 

} adv_format_t; 

 

typedef nx_struct res_format_t { 

   nxle_uint8_t request; 

   nxle_uint16_t slotOffset; 

   nxle_uint8_t channelOffset; 

} res_format_t; 

 

typedef uint8_t cellType_t; 

typedef uint16_t slotOffset_t; 

typedef uint8_t channelOffset_t; 
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typedef struct slotChannel_t { 

   bool exists; 

   slotOffset_t slotOffset; 

   channelOffset_t channelOffset; 

} slotChannel_t; 

 

typedef struct stats_t { 

   uint16_t neighbor; 

   uint32_t first_received; 

   uint32_t last_received; 

   uint32_t num_received; 

} stats_t; 

 

typedef struct heightNeighbor_t { 

   bool exists; 

   uint8_t height; 

   uint16_t neighbor; 

} heightNeighbor_t; 

 

#endif
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Appendix 2: Modified TSCH file 

CC2420TdmaSlotP.nc  

 

#include "CC2420.h" 

#include "TSCH.h" 

 

module CC2420TdmaSlotP @safe() { 

   provides interface StdControl; 

   provides interface Receive; 

   provides interface DebugPrint; 

 

   uses interface CellStats; 

   uses interface SplitControl as SubControl; 

   uses interface Send as SubSend; 

   uses interface Receive as SubReceive; 

   uses interface GlobalTime; 

   uses interface GlobalSynch; 

   uses interface Timer<T32khz>; 

 

   uses interface CC2420PacketBody; 

   uses interface CC2420Config; 

 

   uses interface CellUsageGet; 

   uses interface DeQueue; 

 

   uses interface ActiveMessageAddress; 

   uses interface Leds; 

   uses interface HplMsp430GeneralIO as Port34; 

} 

implementation{ 

 

   //States 

   enum { 

      S_OFF, 

      S_SLEEP, 

      S_STARTING, 

      S_STARTED, 

      S_SETTING_CHAN, 

      S_SET_CHAN, 

      S_RXDATA, 

      S_TXDATA, 

      S_RXACK, 

      S_TXACK, 

 // modified by Ali Kannah & Ghasaq Bahiya  

 // added S_TX_OFFSET, S_RX_OFFSET AND 

 // S_TX_ACK_DELAY_STOP, S_RX_ACK_DELAY_STOP, 

S_TX_ACK_DELAY_START, S_RX_ACK_DELAY_START 

 // AS PER WIRELESSHART SPECEFICATIONS REQUIRMENTS 
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 // 2010-12-06 

   S_TX_OFFSET, 

   S_RX_OFFSET, 

   S_TX_ACK_DELAY_STOP, 

   S_RX_ACK_DELAY_STOP, 

   S_TX_ACK_DELAY_START, 

   S_RX_ACK_DELAY_START 

   }; 

 

   uint8_t state = S_OFF; 

 

   uint32_t asn; 

   message_t ack; 

   message_t* curmsg; 

 

   //Vars for swapping buf 

   bool bufready = TRUE; 

   message_t swapmsg; 

   message_t* bufptr = &swapmsg; 

 

   message_t* msgptr; 

   void* payloadptr; 

   uint8_t lenval; 

 

   task void printDebug(){ 

      signal DebugPrint.done(); 

   } 

 

   //Store constant values in stack 

   void initack() { 

      cc2420_header_t* hdr = call CC2420PacketBody.getHeader(&ack); 

 

      //Store Header fields 

      hdr->type = AM_TSCH_ACK; 

      hdr->destpan = call ActiveMessageAddress.amGroup(); 

      hdr->src = call ActiveMessageAddress.amAddress(); 

 

      //ACK Packets have no payload 

      hdr->length = 0; 

   } 

 

   //Check to see if slot is busy 

   //Warning: modifies globals asn and curmsg 

   bool isBusy() { 

      asn = call GlobalTime.getASN(); 

 

      curmsg = call DeQueue.inQueue(call 

CellUsageGet.GetType(asn%LENGTHCELLFRAME),call 

CellUsageGet.GetNeighbor(asn%LENGTHCELLFRAME)); 

      if(curmsg != NULL) { 
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         return TRUE; 

      } 

 

      switch(call CellUsageGet.GetType(asn%LENGTHCELLFRAME)) { 

         case CELLTYPE_ADV: 

            call Port34.toggle(); 

         case CELLTYPE_RXDATA:     

         case CELLTYPE_RXRES: 

            return TRUE; 

         default: 

            return FALSE; 

      } 

   } 

 

   //Updates state and timers at the end of each slot 

   task void cleanup() { 

      uint32_t nextstime; 

      uint32_t curtime; 

 

      call Leds.led1Off(); 

      //Loop until catch up 

      do { 

         curtime = call GlobalTime.getLocalTime(); 

         call GlobalTime.setASN( call GlobalTime.getASN() + 1); 

         nextstime = call GlobalTime.convertGlobalTime((call 

GlobalTime.getASN())*SLOT_TIME); 

      } while((nextstime - curtime) > 0x80000000); 

 

      nextstime -= curtime; 

 

      //If radio is off 

      if(state == S_SLEEP) { 

         call Timer.startOneShotAt(curtime, nextstime - (uint32_t)STARTUP_TIME); 

      } 

 

      else { 

         //If radio is on 

         if(isBusy()) { 

            //Keep radio on 

            state = S_STARTED; 

            call Timer.startOneShotAt(curtime, nextstime); 

         } 

 

         else { 

            //Turn radio off 

            state = S_SLEEP; 

            if (call SubControl.stop()!=SUCCESS){ 

               //not error, happens the very first time 

            } 

            //Skip next slot 
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            call GlobalTime.setASN( call GlobalTime.getASN() + 1); 

            call Timer.startOneShotAt(curtime, (uint32_t)(SLOT_TIME - 

STARTUP_TIME) + nextstime); 

         } 

      } 

   } 

 

   task void receiveTask() { 

      bufptr = signal Receive.receive(msgptr,payloadptr,lenval); 

      if (((cc2420_header_t*)msgptr->header)->type!=AM_TSCH_ACK){ 

         call CellStats.update(asn%LENGTHCELLFRAME,FALSE); 

      } 

      bufready = TRUE; 

   } 

 

 

   /*************** SplitControl Commands *****************/ 

   command error_t StdControl.start() { 

      uint32_t lcurtime; 

      uint32_t gcurtime; 

      uint32_t nextstime; 

 

      if(state != S_OFF) { 

         return EALREADY; 

      } 

 

      //Intialize curmsg 

      curmsg = NULL; 

 

      //Initialize constant value of ACK 

      initack(); 

 

      //Calculate next slot time 

      lcurtime = call GlobalTime.getLocalTime(); 

      gcurtime = call GlobalTime.convertLocalTime(lcurtime); 

      call GlobalTime.setASN((gcurtime/SLOT_TIME) + 2); 

      nextstime = call GlobalTime.convertGlobalTime((call 

GlobalTime.getASN())*SLOT_TIME); 

      nextstime -= lcurtime; 

 

      call Timer.startOneShotAt(lcurtime,nextstime - (uint32_t)STARTUP_TIME); 

 

      return SUCCESS; 

   } 

 

   command error_t StdControl.stop() { 

      state = S_OFF; 

 

      call SubControl.stop(); 

      call Timer.stop(); 
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      return SUCCESS; 

   } 

 

   /*************** Timer *********************/ 

   event void Timer.fired() { 

      cc2420_header_t* hdr; 

      cc2420_metadata_t* meta; 

 

      uint32_t firedTime = call GlobalTime.getLocalTime(); 

 

      switch(state) { 

 

         case S_OFF: 

 

         case S_SLEEP: 

            //If slot is busy 

            if(isBusy()) { 

               state = S_STARTING; 

               call Timer.startOneShotAt(firedTime, STARTUP_TIME); 

               if (call SubControl.start()!=SUCCESS) { 

                  state = S_STARTED; 

                  call Leds.led0Toggle(); 

                  //not an error, could already be started after previous slot 

               } 

            } 

            else { 

               post cleanup(); 

            } 

            break; 

 

         case S_STARTING: 

            //Not able to startup radio in time 

            if(curmsg != NULL) { 

               call DeQueue.done(curmsg,FAIL); 

               curmsg = NULL; 

            } 

            post cleanup(); 

            printf("DEBUG: Not able to start radio on time\n");printfflush(); 

            break; 

 

         case S_STARTED: 

            //Set channel 

            state = S_SETTING_CHAN; 

            if (call GlobalSynch.isSynch()==TRUE) { 

               if(HOPPING_ENABLED) { 

                  call CC2420Config.setChannel(((asn + call 

CellUsageGet.GetChannel(asn%LENGTHCELLFRAME))%NUM_CHAN) + 11); 

               } 

               else { 
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                  call CC2420Config.setChannel((call 

CellUsageGet.GetChannel(asn%LENGTHCELLFRAME))+11); 

               } 

            } else { 

               call CC2420Config.setChannel((call 

CellUsageGet.GetChannel(asn%LENGTHCELLFRAME))+11); 

            } 

            call CC2420Config.sync(); 

 

            call Timer.startOneShotAt(firedTime,CHAN_SET_TIME); 

            break; 

 

         case S_SETTING_CHAN: 

            //Not able to set channel in time 

            if(curmsg != NULL) { 

               call DeQueue.done(curmsg,FAIL); 

               curmsg = NULL; 

            } 

            post cleanup(); 

            call Leds.led0Toggle(); 

            printf("CC2420TdmaSlotP.nc: DEBUG no time to set 

channel\n");printfflush(); 

            break; 

 

         case S_SET_CHAN: 

            //If Sending Data 

            if(curmsg != NULL) { 

    call Leds.led1On(); 

    // MODIFIED BY Ali Kannah 

& Ghasaq Bahiya  2010-12-06 

    state = S_TX_OFFSET; 

    hdr = call 

CC2420PacketBody.getHeader(curmsg); 

    call 

Timer.startOneShotAt(firedTime,TX_OFFSET); 

            } 

 

            //If Receiving data 

            else { 

     

    call Leds.led1On(); 

    state = S_RX_OFFSET; 

    call 

Timer.startOneShotAt(firedTime,RX_OFFSET); // MODIFIED BY Ali Kannah & 

Ghasaq Bahiya  2010-12-06 

            } 

            break; 

    

 // modified by Ali Kannah & Ghasaq Bahiya   

 // added S_TX_OFFSET, S_RX_OFFSET AND 
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 // S_RX_ACK_DELAY AND S_TX_ACK_DELAY 

 // AS PER WIRELESSHART SPECEFICATIONS REQUIRMENTS 

 // 6-12-2010 

   

  case S_TX_OFFSET:  

 //ADDED BY Ali Kannah & Ghasaq Bahiya  2010-12-06 

         

   state = S_TXDATA; 

   call SubSend.send(curmsg, hdr->length); 

   //Timeout for ACK 

   call 

Timer.startOneShotAt(firedTime,DATA_TIME); //2*GUARD_TIME removed 

until further analysis 

  break; 

   

   

  case S_RX_OFFSET:  

 //ADDED BY Ali Kannah & Ghasaq Bahiya  2010-12-06 

  //ADDED BY ALI RASHEED 2010-12-06 

   

  state = S_RXDATA; 

  call Timer.startOneShotAt(firedTime,DATA_TIME); 

 //GUARD_TIME removed until further analysis 

   

  break; 

 

         case S_RXDATA: 

            //No Packet Received 

            post cleanup(); 

            break; 

 

         case S_TXACK: 

            //Could not send ACK 

            post receiveTask(); 

            post cleanup(); 

            call Leds.led0Toggle(); 

            printf("CC2420TdmaSlotP.nc: DEBUG no time to send 

ACK\n");printfflush(); 

            break; 

 

         case S_TXDATA: 

            //Could not send Data 

            call DeQueue.done(curmsg,FAIL); 

            curmsg = NULL; 

            post cleanup(); 

            call Leds.led0Toggle(); 

            printf("CC2420TdmaSlotP.nc: DEBUG no time to send 

DATA\n");printfflush(); 

            break; 
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         case S_RXACK: 

            //Did not receive ACK 

            meta = call CC2420PacketBody.getMetadata(curmsg); 

            meta->ack = FALSE; 

            call CellStats.update(asn%LENGTHCELLFRAME,meta->ack);//poipoi 

            call DeQueue.done(curmsg,SUCCESS); 

            curmsg = NULL; 

            post cleanup(); 

            break; 

   

  case S_TX_ACK_DELAY_START:  

  // WAIT FOR SOME TIME BEFORE SENDING THE 

ACK  

  //ADDED BY Ali Kannah & Ghasaq Bahiya  2010-12-06 

  state = S_TX_ACK_DELAY_STOP; 

  call Timer.startOneShotAt(firedTime,TX_ACK_DELAY); 

  break; 

   

   

  case S_TX_ACK_DELAY_STOP: 

 

  // PLEASE CHECK THIS AS WE MIGHT HAVE MADE 

AN ERROR HERE. 

  // WAIT FOR SOME TIME BEFORE SENDING THE 

ACK  

  //ADDED BY Ali Kannah & Ghasaq Bahiya  2010-12-06 

  state = S_TXACK; 

  call Timer.startOneShotAt(firedTime,ACK_TIME); 

  ackhdr = call CC2420PacketBody.getHeader(&ack); 

        ackhdr->dest = msghdr->src; 

        ackhdr->dsn = msghdr->dsn; 

        //ACK contains no payload 

        call SubSend.send(&ack,0); 

        call Timer.startOneShot(ACK_TIME); 

        //Swap buffer 

        bufready = FALSE; 

        msgptr = msg; 

        payloadptr = payload; 

        lenval = len; 

        //Do not inform upper layer until 

        //ACK is sent 

        return bufptr; 

  break; 

   

  case S_RX_ACK_DELAY_START: 

  // WAIT FOR SOME TIME BEFORE ATTEMPTING TO 

RECEIVE THE ACK  

  //ADDED BY Ali Kannah & Ghasaq Bahiya  2010-12-06 

  state = S_RX_ACK_DELAY_STOP; 

  call Timer.startOneShotAt(firedTime,RX_ACK_DELAY); 
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  break; 

   

  case S_RX_ACK_DELAY_STOP: 

  // WAIT FOR SOME TIME BEFORE ATTEMPTING TO 

RECEIVE THE ACK  

  //ADDED BY Ali Kannah & Ghasaq Bahiya  2010-12-06 

  state = S_RXACK; 

  call Timer.startOneShotAt(firedTime,ACK_TIME); 

  break; 

   

         default: 

            //Should not get here! 

            printf("CC2420TdmaSlotP.cc: ERROR wrong state\n");printfflush(); 

            post cleanup(); 

      } 

   } 

 

 

   /************** SubControl ******************/ 

   event void SubControl.startDone(error_t error) { 

      if(state == S_STARTING) { 

         state = S_STARTED; 

      } 

   } 

 

   event void SubControl.stopDone(error_t error) { 

      state = S_SLEEP;  

   } 

 

   /************ CC2420Config ******************/ 

   event void CC2420Config.syncDone(error_t error){ 

      if(state == S_SETTING_CHAN) { 

         state = S_SET_CHAN; 

      } 

   } 

 

   /*************** SubSend ********************/ 

   event void SubSend.sendDone(message_t *msg, error_t error) { 

      //If DATA, Wait for ACK 

      if(state == S_TXDATA) { 

         state = S_RX_ACK_DELAY_START; 

      } 

 

      //If ACK, cleanup 

      if(state == S_TXACK) { 

         post receiveTask(); 

         post cleanup(); 

      } 

   } 
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   /************* SubReceive *******************/ 

   event message_t *SubReceive.receive(message_t* msg, void* payload, uint8_t len) 

{ 

      cc2420_header_t* msghdr; 

      cc2420_header_t* ackhdr; 

      cc2420_metadata_t* msgmeta; 

 

      if(!bufready) { 

         return msg; 

      } 

 

      //Receiving Data 

      if(state == S_RXDATA) { 

         call Timer.stop(); 

         msghdr = call CC2420PacketBody.getHeader(msg); 

         //Action depends on destination 

         if(msghdr->dest == (call ActiveMessageAddress.amAddress())) { 

            //Unicast Packet: Prepare and send ack 

            state = S_TX_ACK_DELAY_START; 

   //         ackhdr = call CC2420PacketBody.getHeader(&ack); 

   //         ackhdr->dest = msghdr->src; 

   //         ackhdr->dsn = msghdr->dsn; 

   //  ACK contains no payload 

   //         call SubSend.send(&ack,0); 

   //         call Timer.startOneShot(ACK_TIME); 

   //         //Swap buffer 

   //         bufready = FALSE; 

   //         msgptr = msg; 

   //         payloadptr = payload; 

   //         lenval = len; 

   //         //Do not inform upper layer until 

   //         //ACK is sent 

   //         return bufptr; 

         } else if (msghdr->dest == TOS_BCAST_ADDR) { 

            //BroadCast Packet - do not send ack 

            //Swap buffer 

            bufready = FALSE; 

            msgptr = msg; 

            payloadptr = payload; 

            lenval = len; 

            post receiveTask(); 

            post cleanup(); 

            return bufptr;  

         } else { 

            //Was not for us - Ignore 

            post cleanup(); 

            return msg; 

         } 

      } else if(state == S_RXACK) {//Receiving ACK 
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         call Timer.stop(); 

 

         msghdr = call CC2420PacketBody.getHeader(curmsg); 

         ackhdr = call CC2420PacketBody.getHeader(msg); 

         msgmeta = call CC2420PacketBody.getMetadata(curmsg); 

 

         //If ack for us 

         if((msghdr->dsn == ackhdr->dsn)&& 

               (msghdr->src == ackhdr->dest)&& 

               (msghdr->dest == ackhdr->src)) { 

            msgmeta->ack = TRUE; 

         } else { 

            msgmeta->ack = FALSE; 

         } 

 

         call CellStats.update(asn%LENGTHCELLFRAME,msgmeta->ack);//poipoi 

         call DeQueue.done(curmsg, SUCCESS); 

         curmsg = NULL; 

 

         bufready = FALSE; 

         msgptr = msg; 

         payloadptr = payload; 

         lenval = len; 

         post receiveTask(); 

         post cleanup(); 

         return bufptr; 

      } else { 

         bufready = FALSE; 

         msgptr = msg; 

         payloadptr = payload; 

         lenval = len; 

         post receiveTask(); 

         return bufptr; 

      } 

   } 

 

   //DebugPrint 

   command void DebugPrint.print() { 

      post printDebug(); 

   } 

 

   //ActiveMessageAddress 

   async event void ActiveMessageAddress.changed(){ 

   } 

 

   //GlobalSynch 

   event void GlobalSynch.loosingSynch(){ 

   } 

   event void GlobalSynch.lostSynch(){ 

   } } 


