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Abstract 

To facilitate the understanding of a complex wireless sensor network system and to 

discover various parameters governing the system performance is the main 

motivation of this thesis, by presenting a bottom-up design modeling approach for 

wireless sensor networks, which encompasses the transceiver, MAC and application 

layers.  

 

Our first aim is to be able to determine the energy consumption of the sensor nodes 

with respect to the transceiver, one of the most power consuming components of the 

sensor node. Traditional energy consumption based on estimation is very 

challenging to apply to the real operating sensor node. We therefore pursue energy 

measurements performed on the real hardware, which is a good start to build an 

accurate transceiver model. From the raw measurement results that are analyzed, a 

well-defined relationship for the energy disseminated by the sensor platform with 

respect to the communication mechanism is constructed. From the detailed 

empirical measurements that have been performed interesting findings are revealed. 

We capture the energy consumption behavior in the form of a mathematical model, 

to facilitate energy prediction for unmeasured configurations.  

 

In addition to the energy aspect, which existing research focuses on, the difficulty is 

in setting appropriate values for the MAC configurable parameters for attaining 

better packet reliability. This challenging problem inspires the next activity in the 

thesis, which is to find global optimal values of each configurable parameter for the 

un-slotted IEEE 802.15.4 MAC through exhaustive characterization. We demonstrate 

a vital aspect in understanding the proper setting of IEEE 802.15.4 MAC parameters, 

which are required to determine the effect on packet reliability performance. 

 

Furthermore, we quantify the dynamic computation cost of an application, which 

depends on the application parameters and its reaction to the monitored 

phenomenon. At last, we apply the created model to a case; the result validates our 

concepts and modeling accuracy.  

 

In short, the achievement and contribution of this thesis are to present a way for the 

design of measurement experiments, to exhibit the sensor network performance 

evaluated for a range of different properties and configurations, and a detailed 

analysis that reveals new insights. In addition, this work provides a realistic model 

and detects which parts of the sensor nodes can be improved to increase efficiency.  
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Chapter 1  

Motivation and Objectives 

The advances in telecommunication and computer science have enabled a new class 

of networks; the Wireless Sensor Network appeared in the recent past decades 

[CHONG and KUMAR 2003]. A wireless sensor network is a wireless network that 

consists of distributed autonomous devices using sensors to monitor physical or 

environment conditions, such as temperature, light, vibration, and motion. The 

development of wireless sensor networks was initially motivated by military 

applications; however, wireless sensor networks are now growing into many 

application areas, such as healthcare, home automation and habit monitoring 

[RÖ MER and MATTERN 2004]. Each node in a sensor network is equipped with a 

radio transceiver, microcontroller and energy source, and constraints on size and 

cost of node hardware results in corresponding constraints on resources such as 

energy, memory, computational speed and communication bandwidth [RÖ MER and 

MATTERN 2004]. The wide range of application usage and demands on the system 

requirements would be better served with an efficient hardware and software system.  

1.1 Motivation 

The complexity in designing an efficient hardware and software system for sensor 

networks is increased by the need to fulfill various application domain and 

requirement demands [RÖ MER and MATTERN 2004]. The idea of constructing a 

sensor network model is from the desire to enable various varieties of analysis 

scenarios and problem investigations that would be more costly and time consuming 

to conduct with actual systems. 

1.2 Project Objective 

This master thesis was carried out under the Flexnod Project within Philips Research, 

the Netherlands. The project has been actively involved in various research areas 

such as in 6lowpan network and transport layer, middleware, Medium Access 

Control (MAC) design as well as operating system design. This master thesis, as part 

of the research effort, involves creating a mathematical model based on an 

implementation in the actual wireless sensor hardware platforms. The wireless 

sensor hardware platform used for this master study is the Phillips SAND sensor 

node, which was developed by Phillips Research in Eindhoven, the Netherlands.  
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The goals for the thesis were: 

 

1. To perform experiments for the physical layer and the MAC protocol 

implemented in the Philips SAND sensor nodes [MARTIN OUWERKERK 2006]. 

Measurements were to be carried out to evaluate the end to end reliability 

and the energy usage of the platform. 

 

2. To build a model for the SAND sensor nodes in the Sunflower simulator 

[Sunflower Simulator] to facilitate characterization of application properties. 

Measurements were to be performed to evaluate the computation cost based 

on an implemented application in the Sunflower simulator. 

 

3. To construct a predictive mathematical model from the measurement results 

by performing regression. 

1.3 Thesis Organization 

The thesis, which aims to achieve above goals by demonstrated experimental results 

and modeling work, is organized as follows.  

 

In the first step, we elaborate what a model is, and the usefulness of the modeling 

approach. In addition, we perform a detailed investigation on related work and 

present it in Chapter 2.  

 

In the second step, the platforms, which enable investigations and experiments, are 

studied and briefly presented in Chapter 3.  

 

Chapter 4 presents the unique hardware setup designed for measuring the sensor 

energy consumption. Other measurement tools applied in the empirical 

measurements are presented as well. 

 

Experiments on the physical layer have shown that changes on the configurable 

transceiver parameters impact on the communication cost for the sensor platform. 

Mathematical modeling which captures the sensor platform’s average energy 

consumption characteristics is given in Chapter 5.  

 

To evaluate the MAC layer in terms of the packet reliability, proper environment 

setups are proposed and explained. We then demonstrate the experiment scenarios 

and results by varying the MAC parameters and related application parameters in 
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Chapter 6. Furthermore, in Chapter 6, when applying the random backoff algorithm 

of the MAC protocol, non-deterministic components of the energy consumption in 

the sensor platform arise, so we show the analysis and present the average energy 

consumption calculation derived from a probability distribution. 

 

The SAND platform is modeled in a simulator to enable application layer study. The 

computation cost for an application could be dynamic depending on the monitored 

environment that triggers the application. By changing the sensing period and 

acceptable signal sensing threshold in an application, the influence imposed on the 

average computation consumption for the sensor node differs, and results are 

provided in Chapter 7. 

 

A small case study is performed to validate the model accuracy. Predictions are 

verified with real measurements, as explained in Chapter 8. The results confirm the 

model accuracy.  

 

Lastly, the summary and conclusions obtained in this project are provided as well as 

some ideas for future work are given in Chapter 9. 
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Chapter 2  

Models 

The purpose of this chapter is to explain the importance of the use modeling 

methodology in wireless sensor networks and to discuss related research. Further, 

we explain more specifically the novelty in this thesis as part of the effort 

contributed to current research.  

2.1 Models 

A model is a specified representation or description that is used to show the 

structure or workings of an object or a system [Mod]. Modeling in the scientific 

disciplines can be viewed as a physical, mathematical, or logical representation of a 

system entity, phenomenon, or process. To deal with complicated systems such as 

wireless sensor networks, modeling work offers a significant assistance outlined in 

the following: 

 

 One of the important uses of modeling is to enable understanding the 

underlying dynamics of a complex system.  

 

 A second significant usage is to apply quantitative reasoning to the 

observations about a system or an entity and the possibility to discover 

aspects of the reality that may have escaped the notice of others.  

 

 Through a formal interpretation of a system by performing experiments, 

observation, analysis and reasoning, a model can provide insights on 

assessing  and predicting the system characteristics and performance. 

 

However, a model abstracts the observed behavior by ignoring certain details; such 

idealized assumptions are justified as they simplify the model while allowing an 

acceptably accurate solution [Tea08].  

2.2 Wireless Sensor Networks 

The sensor network protocol stack can be described as having five layers: The 

physical layer, data link layer, network layer, transport layer and application layer 
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[Protocol]. Each layer is a collection of related functionality which provides services 

to the above layer and receives services from the layer below it.  

 

At the lowest layer of the protocol stack is the physical layer, whose main 

functionality is to provide transmission and reception of the radio frequency signals 

as well as to perform modulation. The next layer, the data link layer plays the 

important role of providing a means to transfer data between directly connected 

network entities and to detect and correct possible errors that may occur in the 

physical layer. The medium access control protocol as part of the data link layer 

provides flow control for multiple devices that access a shared communication 

medium.  

 

The third layer is the network layer which takes care of the routing of the data 

within one or more networks, and tries to maintain the required quality of service 

(QoS). Above the network layer is the transport layer. It is needed for example in 

enabling a system to be accessed through the Internet or other external networks, or 

facilitating communication within a unique network. The transport layer provides 

transparent and reliable data transfer services to the upper layers. The last layer is 

the application layer; it is defined depending on the sensing tasks and monitoring 

events.  

 

Each layer works together with other layers in the protocol stack in order to achieve 

a workable system. Cross-layer models, such as those presented in this thesis, 

capture the interactions between layers in the protocol stack organization of the 

sensor networks. This thesis presents cross-layer models encompassing the node 

hardware/physical layer, medium access control (MAC), and application layers. 

2.3 Related Research 

The potential of wireless sensor networks is to expand into a broader perspective 

and various application scenarios. However, the current technology is not up to 

meeting the challenges to fulfil application needs. Much ongoing research is carried 

out to look for better solutions, improvements, or optimisations. Challenges for the 

physical, MAC and application layers and related literature for these layers are 

discussed in the following.  

2.3.1 Transceiver and node hardware 

In the physical layer, the most important constraint for wireless sensor networks is 

energy, and this affects the design of the transceiver and the modulation schemes 

[KARL and WILLIG 2005].  Energy efficiency is an important concern in the design of 
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the wireless sensor network. In [DOHERTY, et al. 2001] and [POTTIE and KAISER 

2000], it is pointed out that one of the most significant sources of power 

consumption is the transceiver subsystem. A similar concept to [BOUGARD, et al. 

2005] appears in  [SUHONEN, et al. 2007], where both papers first use the measured 

power consumption for an off-the-shelf transceiver and later on use the first 

principle calculation to estimate the energy consumption. However, there are aspects 

which demand to be improved. One of the main drawbacks is that pure energy 

consumption estimation may not exhibit appropriate energy usage indication or 

prediction for the sensor node. For instance, it assumes a symmetric transition in the 

transient power and that the listening power has the same value as the receive power 

[BOUGARD, et al. 2005]. In all [ANASTASI, et al. 2004] [BOUGARD, et al. 2005] 

[SUHONEN, et al. 2007], we found that only power is being measured; fine grained 

energy consumption approximation seems to be only an attractive choice.  The 

problem is that, due to the complex behavior of transceiver that can be dynamically 

adjusted from the software, we may easily be trapped into a wrong perception. 

Furthermore, the behavior of the transceiver can be changing within µs granularity, 

therefore to enable useful data collection without detriorating the original sensor 

node energy consumption is difficult to obtain. The search and refinement, aiming  

at quantifying the transceiver characteristics, leads to attractive methodology. 

Through the real hardware measurement experiments, we revealed aspects that were 

not predicted and we collected valuable energy consumption data for the sensor 

nodes. In addition, further analysis enables us to construct a transceiver model, well-

define the connectivity for vast variety of configurable parameters built from the 

hardware measurements with respect to the energy consumption. Eventually, the 

mathematical model representation, which simplifies and links all configurable 

parameters together and enables promising transceiver characteristics assessment 

and prediction.  

 

In wireless channels, electromagnetic waves which propagate between a transmitter 

and a receiver depend very much on the frequency allocation and the antenna 

efficiency. Radio Frequency (RF) based ranging performance measurements can be 

found in [PETROVA, et al. 2006] [ANASTASI, et al. 2004] [MATS S.T H. 2006]. We 

refined the experiment environment setup for the sensor nodes, taking the RF 

ranging irregularity into account, and proposed an environment setup to minimize 

the RF ranging influence and enable measuring intended characterization.  

2.3.2 Data link layer 

The data link layer consists of two sub layers: The medium access control (MAC) 

protocols and the logical link control (LLC) layer. The MAC layer is the first protocol 
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layer that sits on top of the physical layer, where the logical link control layer forms 

the upper sub layer in the data link layer. The logical link control layer is responsible 

for error control and flow control functionality. In the wireless sensor networks 

context, it is less important compared to the MAC sub layer, since the same or 

correlated information about a physical event is present in multiple nodes.  

 

The operation of MAC protocols involves a tradeoff between achieved reliability of 

packet delivery, and the energy used in doing so. There are sources of energy waste 

in MAC protocols which related to the protocol overhead and packet collisions. The 

MAC protocol overhead includes the MAC header and trailer which are appended to 

the data to assist the functionality of the MAC protocol and the channel assessments. 

Collisions occur when frames are colliding during transmission, resulting in inability 

of a receiver node to decode a packet correctly.  

 

One of the MAC protocols, the IEEE 802.15.4 protocol uses various mechanisms, 

including a channel assessment algorithm and frame acknowledgments, to provide 

reliable data transmission. The performance of the IEEE 802.15.4 has drawn a lot of 

research attention and has been intensively studied in literature [TIMMONS and 

SCANLON 2004] [SUN, et al. 2006] [CHEN and DRESSLER 2007] [LATRÉ, et al. 2006]. 

Different settings of the configurable parameters of above mentioned research 

provided great insights for protocol assessment. Adjusting the configurable 

parameters to an appropriate value to obtain packet reliability improvement seems a 

very straight forward and captivating approach.   

 

Proper settings for configurable parameters for MAC protocols are challenging 

considering that a large amount of existing options. Even in the presence of a lot of 

research attention, however, there is still a lack of a comprehensive evaluation. 

Furthermore, different configurable parameters, selected  and addressed in different 

papers. The result cannot be combined since the results are not comparable due to 

different measurement techniques and environment assumptions.  

 

Due to the randomness present in the IEEE 802.15.4 algorithm, we therefore could 

not easily find the relation between different parameter configurations with respect 

to the packet reliability. To create and capture a global behavior model for the MAC 

protocol, we would like to comprehensively explore different parameters and 

exhaustively characterize packet reliability for the beaconless mode of IEEE 802.15.4 

from a standard measurement and environment settings. The goal is to find 

important packet reliability characteristics could be possibly found. However, the 

large options of various configurable parameters thus increase the empirical 
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measurement complexity. Through constant refinement, a proper setup has been 

created. Comprehensive evaluations enable worthy analysis and uncover different 

aspects that we did not expect that and provide a fresh perspective looking from a 

more global angle.  

2.3.3 Application layer 

Research related to the application layer for sensor nodes or study on the 

application performance is quite limited when compared to the physical or MAC 

layer. However, according to the survey papers presented by [KARL and WILLIG 2003] 

[AKYILDIZ, et al. 2002], the primary research direction for application layers in 

wireless sensor networks can be categorized as database abstractions, in-network 

processing, sensor management, task assignment and data advertisement protocols. 

 

Database abstractions view the sensor network as a database, and provide users with 

a user interface to the data gathered in the network. In-network processing modifies 

data as it flows through the network for example by performing aspects such as 

compression. Sensor management is about performing administrative tasks such as 

time synchronization of the nodes in a sensor network. Task assignment and data 

advertisement protocols allow users to subscribe their interest to phenomena 

measured by a sensor node or a larger set of the sensor nodes. Another approach to 

task assignment and data advertisement is advertising available data in sensor nodes 

to the user, where the user decides which data they are interested in.  

 

Data aggregation is an application that falls under the categories of sensor 

management and in-network processing. Data aggregation applications introduce 

rules related to data aggregation and clustering to the sensor nodes. Data flows from 

sources to one or more sinks along a routing tree; the intermediate nodes apply 

some form of aggregation to the data collected in all their children. The aggregated 

value is forwarded in the network.  

 

In applications requiring long term or robust sensing, one important challenge is to 

design a sensor network that is able to sustain these requirements. Performance 

evaluation for the application layer of a wireless sensor network is vital, influencing 

the accuracy of phenomena detection and battery lifetime; however, related work 

that characterizes the dynamic computational cost of an application reacting to the 

sensing phenomena has not been found.  

 

In this thesis, we look into the Distributed Aggregate Management protocols 

application according to [FANG, ZHAO and GUIBAS 2003]. We propose to investigate 
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the computational cost of events by exploring the relationship between the signal 

properties such as speed, and the number of signal sources, with the application 

parameters, for example, signal threshold and sampling periods.  

2.4 The process of generating models 

The process of generating cross-layer modeling of wireless sensor networks is 

illustrated in Figure 1. The modeling process is categorized into three stages, which 

includes the design of experiments, performing experiments and measurements, and 

generating mathematical models. In the design of experiments stage, we investigate 

and analyze on how to characterize a system. In the next stage, experiments and 

measurements were performed; we quantify and reason on the measurement results 

and observations. Finally, to provide a representation of various aspects of a system, 

empirical results were interpreted and described with the use of the mathematical 

language.  

 

System 

Wireless Sensor 

Network

(Physical Layer, 

MAC Layer, Application 

Layer)

Mathematical models

Control Parameters

Uncontrolled 

Parameters 

Metrics 

Measurements and 

experiments

Design of experiments

Real Hardware

Simulator

Regression

First Principles

 

Figure 1. The process of creating models. 

 

2.4.1 Design of experiments 

Experiment design involves deciding the system parameters that are to be 

investigated. Parameters are the measurement factors that are varied in an 

experiment and determine the characteristic of a system [Parameter]. From a set of 

defined parameters, we consider the metrics that we would like to measure for the 

experiments. Metrics are used to assess system parameters that are to be measured 

quantitatively [Metrics]. In general, parameters can be viewed as the input to the 
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system that may change the system behavior; the output is system behavior, that is 

measured and quantified in a metrics form [STANLEY-MARBELL, et al. 2008].  

 

The design of experiments consists of identifying control parameters and metrics of 

the experiments in the layer of the stack. In the physical layer, the parameters that 

can be changed are the transmitter power, operation modes, switching mode and 

packet size. The energy metrics for these parameters are collected. The following 

layer is the MAC layer. The parameters involved in this context include the data 

payload, number of backoff retries, initial value for the backoff exponent (BE), the 

use of acknowledgements and the application delay between transmits. For various 

MAC parameters, delay and number of packets that are altered, reliability, which is 

defined as the fraction of delivered packets, are measured experimentally. In the 

application layer, the parameters of interest are the signal threshold, the sampling 

period. The goal is to collect the event computational cost.  

 

The impact of uncontrollable parameters such as temperature and signal noise is 

difficult to notice in the experiments. However, the uncontrollable parameters 

caused significant bias on the collected metrics. Uncontrollable parameters were 

investigated and the environment setup was redesigned (as shown in Section 6.7) to 

reduce the influence from the uncontrollable parameters.  

2.4.2 Measurement and experiments  

The chosen approach is to first exploit measurement and perform data collection for 

the transceiver and MAC layer from a real hardware platform. We then use an 

instruction level simulator to characterize the application layer characteristics.  

 

The application for the sensor network is to monitor external events or phenomena 

with the use of sensors. However, the investigation using the real hardware platform 

would be more difficult for controlling and assuring consistency in creating the 

required phenomenon. Therefore, the phenomenon can be simulated with the use of 

a simulator, and the real hardware platform is as well emulated in the simulator 

environment, to assist on the application modeling.  

2.4.3 Mathematical models 

The output from the measurement and experiments is presented with the use of 

mathematical modeling. It is a form of conceptual constructs that represents a 

system, with a set of parameters and a set of logical relationships between them that 

can be expressed from the measurement metrics [Modeling]. The regression analysis 

and first principles techniques are applied in the modeling and analysis. Regression 
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analysis is used to determine the relationships among the data, in order to predict 

other behavior or results [Regression] while first principles in general can view as a 

form of logic that deduced from other assumption [First_principles]. 

2.5 Summary 

This chapter illustrates the definition of models and the importance of creating a 

model to gain insight into the complex wireless sensor networks behaviours. Related 

studies have been reviewed and were summarized and presented. The purposes and 

contributions of the research subject related to the thesis are briefly discussed. A 

systematic process of generating models for wireless sensor networks is described, 

the meaning of the metrics and parameters which are important for a better 

understanding and are widely used in the following chapters are explained as well.  
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Chapter 3  

The SAND Platform 

3.1 Overview 

Wireless sensor networks are proposed in various applications such as 

environmental monitoring, tracking or health care. Each sensor node, which is part 

of a sensor network, has its own processing facilities and sensors, and is able to 

communicate with other nodes via a wireless communication interface. In general, 

the most stringent factors for the requirements of a sensor node are energy 

consumption, cost and size. Computation and memory resources and 

communication facilities are typically the next important requirements.  

 

The Small Autonomous Network Device (SAND) platform of Phillips Research was 

motivated by a future where many micro-electronic devices seamlessly integrate into 

our environment. Such devices may support humans in carrying out their activities 

in a natural way through the use of information that is available in the network 

connecting these devices; this is the Philips ambient intelligence vision [Vision].The 

hardware architecture as well as the software implementation on the SAND platform, 

which is the chosen sensor node platform for this thesis, is described in this chapter. 

3.2 Hardware architecture 

3.2.1 Architecture design  

A sensor node consists of several elements, including a microcontroller (with 

integrated or off-chip memory), communication interface, power source and sensors. 

The architecture of a SAND platform, containing the above elements, is illustrated in 

Figure 2. These SAND nodes are comprised of two printed circuit boards (PCB)s, 

which separate the basic components from the components that are application 

specific. In Figure 2 (left), the PCB contains components including the CoolFlux DSP, 

CC2420 transceiver, and flash memory [State of the Art]. A separate PCB, shown in 

Figure 2 (right), contains the sensor circuits and a battery holder. Both PCBs are 

connected via a 20-pin connector. The hardware design of the SAND platform 

employs a modular approach; this flexibility allows for different types of 

applications with other sensing requirements to be built by reusing the first PCB, 
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along with additional PCBs stacked together to accommodate the need(s) of the 

application.  

Flash Memory 

serial flash M25P16 

STmicroelectronics

Transceiver

 Chipcon CC2420

Microcontroller

CoolfluxDSP

Sensor

Accelerometer 

KXP74

Expansion Connector
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Magnetometer 

HMC6052

Analog Digital 

Converter

16-Bit, 8-Channel  
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Magnetometer 

HMC6052
Expansion Connector
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Figure 2. The first Printed Circuit Board (left) and the second Printed Circuit Board (right). 

 

 

Figure 3. Components located at back (left) and at front (middle) of the first PCB. 

Components are located on the top surface of the second PCB (right), and the battery is 

attached to the bottom of the PCB. 

 

Figure 3 shows the actual hardware components of this SAND node. Each of the 

components on the sensor devices has to fulfill its functionality with as little energy 

consumption as possible. A general rule to achieve low energy usage is to turn off a 

component when it is not in use. Furthermore, when a component is turned off 

during an idle period, it should be ensured that the energy saved during this idle 

period is larger than the energy cost of switching the device on and off.  

 

In the following, the description for each component is given in the order listed 

below. 

 Microcontroller  

 Memory 

 Transceiver and antenna 

 Battery and voltage regulator 

 Sensors and analogy digital converter (ADC) 

 Expansion connector  
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3.2.2 Microcontroller 

The microcontroller is the central component of sensor nodes. It is responsible for 

sensor data gathering, initiating wireless communications, and performing data 

processing if necessary. SAND is equipped with the CoolFlux DSP, made by Philips 

PSDL in Leuven and now owned by NXP. It is a dual Harvard architecture, 24-bit 

processor with a clock frequency of 20 MHz. The CoolFlux DSP uses 0.9 μm CMOS 

technology and is a C-programmable DSP. The digital core is supplied with 1 V for 

running at 20 MHz, and voltage scaling is possible to 0.6 V yielding a frequency of 7.5 

MHz [APPERMANS, et al.]. The CoolFlux DSP contains a large RAM of 448 KB, 

consisting of 256 KB program memory of 32-bit words, and a data memory of 24-bit 

words which is split into 144 KB X-memory and 48 KB Y-memory [DSP 2006].  

 

3.2.3 Flash memory 

Flash memory is important as a non-volatile storage resource. Besides, flash memory 

enables data to be erased or written in blocks. In the SAND platform, off-chip flash 

memory is implemented via a 2 MB M25P16 serial flash from ST Microelectronics. 

Flash memory holds the program to run inside the CoolFlux DSP program memory. It 

was used during the start-up of the node in our experiments. Besides, flash memory 

can be used to store data from the sensors. The power consumption for serial flash 

is rather expensive compared to RAM. However, if it is for offline data retrieving, the 

power usage may be unimportant. The power consumption for data read operations 

26.4 mW, sector erase power consumption is 49.5 mW, and the deep power down 

mode dissipates 0.033 mW [STMicroelectronics 2004]. All the power consumption 

numbers assume that the supply voltage used is 3.3 V.  

3.2.4 Transceiver 

The Chipcon CC2420 running in the 2.4 GHz band is used; it is discussed in further 

detail in Chapter 5.  

3.2.5 Antenna 

The antenna is an essential part of a wireless communication system; its 

performance greatly influences the signal propagation characteristic of a wireless 

device. A small miniature dipole antenna with an arm length of 21 mm dipole is 

etched on the edge of the circular PCB, and provides a total efficiency of 70 % 

[ALOMAINY, HAO and PASVEER 2007].  
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3.2.6 Battery power 

The role of the battery is vital because it supplies power to the whole platform, 

especially without the presence of secondary power sources. Battery components 

tend to be the heaviest and largest component of a node. In the SAND platform, a 

Lithium ion button cell, a type LIR2030 coin cell with a nominal capacity of 55 mAh 

at 3.7 V, is used. It is small in size, with a circular shape of a 24 mm diameter and a 

height of 3mm. It is also light in weight weighing only 3.7 g. 

3.2.7 Voltage regulator 

The battery terminal voltage during discharge, which degrades from 4.2 V to 3 V 

during discharge, is not suitable as a direct power source for a sensor node. 

Therefore, a DC-DC converter (voltage regulator) is used to ensure a constant voltage 

of 3.3 V with a power efficiency of 85 % to 95 %. Due to the inherent inefficiency of 

the voltage regulation process, a DC-DC converter will speed up battery death but 

provides the device an effective operation performance. Different operating voltages 

are needed in the sensor node, where 3.3 V is required for the sensors, 1.0V for the 

CoolFlux Core and 1.8 V for the transceiver. A second linear regulator is used which 

converts the 3.3 V output from the DC-DC converter to the respective voltage 

demands.  

3.2.8 Sensors  

Sensors play an important role as an actual interface to the physical world and are 

provided to enable measurement of physical parameters of the environment. Two 

types of sensors are provided in the SAND sensor platform via add-on boards—an 

3D-accelerometer and two magnetometers. An accelerometer is used for measuring 

the acceleration while a magnetometer is used to measure the strength or direction 

of a magnetic field. The accelerometer, a KXP74 from Kionix, has its own onboard 

analog to digital converter (ADC), which can directly output its digital signal to the 

microcontroller. The magnetometer, a Honeywell HMC6052, has a rather high 

operating power, but it can be placed by the microcontroller into sleep mode until 

there is a required measurement update. Some other performance specifications are 

summarized in Table 1, which shows a moderate range of magnetic flux density of 2 

gauss that the sensors can reach, the use of generic serial interface, a standard start-

up time from the power down mode and their achievable sampling rate.  
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Table 1. Sensor performance specifications. 

 Range Interface 
Active 

Power 

Idle 

Power(mW) 
Startup(ms) 

Sample 

Rate(Hz) 

KXP74,Kionix 
+/- 2 

gauss 
SPI 2.475 mW 0.033 0.5 6.67 kHz 

HMC6052,Honeywell 
+/- 2 

gauss 
SPI 29.7 mW NA a few 1 kHz 

 

3.2.9 Analog to digital converter 

A low-power, high-speed analog to digital converter (ADC) is often one of the 

important components of sensor nodes. A 16-bit, 8-channel ADC is used in the SAND 

platform, and it can support a sampling rate of 100 kHz, with an active power of 7.5 

mW and a sleep mode power dissipation of 0.0099 mW. The acquisition and sample 

conversion time required are a total of 7.5 microseconds.  

3.2.10 Expansion connector 

The 20-pin connector supports various interfaces: the SPI, I2C, UART, and GPIO pin 

connector.  

3.2.11 Size and weight  

Size and weight are comparably optimized for the SAND nodes: 5.44 g, including 

battery it weighs leading to 9.3 g in total. With the System in Package technology, the 

SAND package size is 30 mm in diameter and with a height of 9.7mm. It provides a 

hermetic seal which can be used outdoors and with its small button shape packaging 

it can easily be incorporated into other objects. 

3.3 Software  

The following describes the software architecture that interfaces with the hardware. 

A general abstraction is illustrated in Figure 4. The first layer on top of the hardware 

is a peripheral drivers layer, which provides an interface to the hardware 

architecture and services. On top of the peripheral drivers are an 802.15.4 compliant 

MAC and device drivers, which are made available to application tasks. The details 

for the MAC, and the model that was created for it, will be described in Chapter 6. 

The FreeRTOS kernel manages system resources and provides services for the 

implementation of each of the layers (e.g. timing control, queue creation and 

semaphores). The peripheral drivers and the kernel implementation are briefly 

discussed in the following, which focuses on the functionality of the software 

provided and its overheads [CATALANO 2008].  
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Figure 4. Architecture layers abstraction 

3.3.1  Peripheral Drivers 

A peripheral driver is a standard hardware abstraction, which provides the 

programmer with well defined interfaces to speed up the application development 

without having to deal with the underlying hardware architecture. In the SAND 

platform, the peripheral drivers are developed to abstract the hardware from the 

application. They provide a convenient implementation, in which the application 

layer can use generic read and write function calls, while the underlying software 

provides complete functions to deal with the hardware buses (I2C, SPI or UART) to 

physically send and receive data [CATALANO 2008]. Nonetheless, this will result 

additional delay and energy consumption overhead. 

3.3.2 Real-Time Operating System Kernel  

The SAND platform has a central component, the operating system, for managing its 

system resources, especially for the microprocessor, memory and I/O peripherals. 

The operating system employed is the open source, real-time kernel FreeRTOS. 

FreeRTOS features a round robin, priority based scheduler. It facilitates the 

application process through inter-task communication with the use of binary 

semaphores and a message queuing mechanism. As a multitasking kernel, it enables 

multiple tasks, each with its own priority and stack space, to be run concurrently on 

the microprocessor.  

 

During each timer interrupt (a timer interrupt is generated every 1ms by default), a 

context switch is triggered, and the scheduler is called to check whether a new task 

is ready to run. During a context switch, if the scheduler selects a new task to run, 

the scheduler takes care of saving the states of the current running task and restores 

the previous state of the task ready to run. Performance measurements show that 

the context switches overhead is rather small [CATALANO 2008] for the Coolflux 
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DSP running at 20 MHz, the context switch times for a tick interrupt that does not 

pre-empt any task is 0.0129 ms. This is the most frequent context switch, since the 

biggest part of the application has low duty cycle. The context switch time for a tick 

interrupt when another task is selected to run is 0.0166 ms.  

3.4 Summary 

The architecture for the SAND nodes is presented in this chapter. Hardware 

components consisting of the microcontroller, memory, transceiver and antenna, 

battery and voltage regulator are briefly illustrated. An overview is presented for the 

software layers executed in the microcontroller, including the IEEE 802.15.4 MAC, 

peripheral drivers, and real-time operating system, enabling the interface with the 

hardware to provide services for the application. 
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Chapter 4  

Measurement tools 

To observe and characterize the SAND platform, instruments that are used to 

measure, to collect or to verify data are described in this chapter. We have looked 

into and gradually refined the proper measurement setup. The final design of the 

energy and reliability measurement setup applied is illustrated in this thesis. The 

possible of measurement errors are mentioned in this chapter. Nonetheless, the 

obtained results sources achieve adequate precision and accuracy, and are shown in 

section 5.5.4.2 and in section 5.8. 

4.1 Software tools 

The software development kit, Checkmate, developed by Target Compiler 

Technologies [Retarget 2003] for Coolflux, was used in this project to compile 

application scenarios which are used to measure the energy consumption and the 

end to end reliability metrics for the sensor platform. 

 

Checkmate provides the programming and verification environment to compile, 

debug and simulate applications. The programming environment consists of a 

compiler, linker, assembler and disassembler and is available for both Linux and 

Windows operating systems. Checkmate supports applications written in the C 

language with some additional C++ features supported by the compiler. The code is 

optimized by the compiler via various methods, such as software pipelining, loop-

invariant code analysis and unreachable code elimination. To achieve efficient 

compilation, Checkmate has been developed together with the CoolFlux DSP, and 

enables optimization via a software/hardware co-design approach and source code 

to be translated to the instructions dedicated to the DSP processor. 

 

The verification environment includes the graphical debugger and instruction-set 

simulator (ISS). These analysis tools were used in a Microsoft Windows environment, 

to connect via a JTAG interface to the CoolFlux DSP on a development board for on-

chip debugging [Retarget 2003]. 
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4.2 Energy Measurement Setup 

To evaluate the energy consumption of an application executing on the SAND nodes, 

the hardware setup shown in Figure 5 was employed. 

1ohm
Sensor node

Oscilloscope

Oscilloscope

Differential 

Preamplifier

DC 3.3 V

GND

 

Figure 5. Hardware setup for energy consumption measurement. 

 

A 3.3 V direct current power supply, part number ES015-10, from Delta Elektronika 

BV was used as the power source. The efficiency of the power supply is up to 83%, 

with a temperature coefficient per oC of 5x10-5 to 10x10-5, and noise is within 0.5 

mV to 8 mV [Delta Electronika 2001]. A 1 Ω resistor MF25 Series from Multicomp 

with a tolerance of ±  1%, temperature coefficient of ±50 ppm/ oC, and a power rating 

of 0.25 Watts [Multicomp], was connected in series between the SAND nodes power 

supply and positive power supply of the power source, as shown in Figure 5. The 

resistor in the measurement setup is used to enable measurement of the supply 

current, 
sup
I , via the Ohmic voltage drop, RIV

d sup
 , to be displayed over time 

series, dt , plot in the oscilloscope.  

 

An ADA400A differential preamplifier from Tektronix is connected across the 

resistor. With the gain set to 10 and the low pass filter set to a cutoff frequency of 

100 kHz, it gives a common-mode rejection ratio (CMRR) of 85 dB [Tektronix 1995]. 

This means that the output from the differential preamplifier can be connected to a 

Tektronix TDS3034B oscilloscope. It is a digital phosphor oscilloscope, which has 

300 MHz bandwidth, 4 channels, a sample rate of 2.5 GS/s, vertical resolution of 9 

bits, vertical sensitivity per division of 1 mV to 10 V, and time base range of 2 ns to 

10 s per division. The vertical accuracy is ±  2% and time base accuracy is 20 ppm 

[Tektronix 2006]. A vertical resolution of 512 samples is able to display 



36 

 

measurement signals without obvious aliasing, while temporal resolution is fine; a 

sample measurement picture is shown in Figure 6. 

 

 

Figure 6. Sample measurement from the oscilloscope. 

 

An example is shown in Figure 7, where it has the same setting for the vertical and 

horizontal scale and waveform intensity of 100 %, but the low pass filter is set to 

different values. With the 100 Hz and 3 kHz setting, it attenuates and removes too 

many signal details, while with a setting larger than 1 Mhz, it introduces a noticeable 

amount of noise. The 100 kHz setting is used, which provides a good signal while 

trading off with an acceptable amount of noise.  
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Figure 7. (top): Low pass filter is set to 100Hz (left) and 3kHz (right). 

(bottom): Low pass filter is set to 100 kHz (left) and > 1MHz (right). 

 

To measure the voltage drop across the sensor node, nV , the oscilloscope’s 10x 

passive probe is connected to the sensor node with respect to ground. The probe’s 

ground is connected to an external metal, since connecting it back to the circuit 

ground leads to a distortion in the observed signal. The average power dissipated by 

the sensor node when executing an application is determined by  

 

nn VIP sup
 

 

while the energy consumption can be found by 

 

dn tPE  . 

 

The TDS3034B has a network interface. With the use of eScope, a web-based software 

package from Tektronix, a facility to download the Tektronix TDS3034B’s stored 

waveform data to the PC via the internet browser is provided, thus enabling 

instantaneous waveform data analysis and comparison. This is especially useful 

when there are a lot of measurements to be performed. Otherwise it may be required 

to save the data to a floppy disk first and then check the waveform data on the PC.  

4.3 Reliability Measurement Setup 

Various mechanisms with different performance and energy consumptions have 

been devised to provide a better end-to-end reliability in the presence of the error 

conditions on a wireless link.  
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In the reliability measurement, the numbers of packets successfully sent by the MAC 

layer at the sender node are summed in a counter. To keep track of the number of 

packets received by the application from the MAC layer at the receiver node, another 

counter is used. Both counters are incremented at the application layer.  

 

The values stored in the counters are read out from the nodes via their UART 

interfaces on a host computer. Each sensor node is connected to the serial port of 

the host computer via an RS-232 cable; data from a node is read out from the COM 

port with the HyperTerminal program. In the experiment, a total of 4 sensor nodes 

can be connected to the computer.  

 

Microcontroller

CoolFlux DSP

Peripheral 

drivers

UART 

Driver

UART

 write

Serial Port

24

1

transmit

Interrupt 

Subroutine

interrupt

interrupt

 

Figure 8. UART interface. 

 

The block diagram depicted in Figure 8 shows the UART as part of the hardware 

interface of the CoolFlux DSP. It enables translating data from parallel to serial forms, 

thus facilitating communication between the node and a host computer. When a 

UART TX interrupt occurs, the microcontroller writes data to the UART TX data 

register through a 24-bit parallel data bus. The interrupt subroutine checks whether 

the semaphore is free; then the transmit module from the UART interface sends data 

over the UART driver to the serial port via the peripheral drivers. The use of the 

semaphore is related to the implementation of the SAND platform using FreeRTOS. 

Semaphores in FreeRTOS are implemented as a special type of queues, a queue of a 

single element, and are used to enable mutual exclusion [CATALANO, 2008] [DSP 

2006]. 

 

The UART driver’s transfer speed in the experiments was set to 57600 b/s with the 

UART TX queue set to 1024 bits which enables to buffer a total of 128 characters. 
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The counter value is collected after a measurement has been performed, including 

other logging information such as the link quality indication (LQI) information and 

the configuration setting for the MAC parameters, which in the worst case requires 

535 characters per measurement. Each measurement logs 535 characters, or 4280 

bits. This requires 74.3056 ms with a UART baud rate of 57600 b/s. A delay interval 

of 500 ms is used before starting the next measurement, which provides enough time 

for data to be read from the serial port. 

4.4 Verification  

When the program runs in the sensor node, it is important to understand what is 

happening. A packet sniffer is used to verify the packet received by the node. The 

packet sniffer from Chipcon consists of a CC2400EB board connected to a PC that 

runs the SmartRF Studio software through a USB cable. The packet sniffer can be 

used to capture and decode the IEEE 802.15.4 MAC packets before performing a 

measurement. It is used to analyze packets traversing the network, which is useful to 

check whether a measurement application has been implemented correctly. It detects 

messages sent into the network and monitors the wireless connection usage. The 

packet sniffer user interface provides information including the raw data of the 

packet, MAC addresses, time stamp, frame LQI / receive signal strength indication 

(RSSI) value [CC2420DK 2004]. 

4.5 Measurement Error 

Any measurement made from measuring a device is approximate. Therefore, it is 

important to understand the errors associated with the measurement results. 

Observation data which is used to create the models explained later is affected by 

measurement errors. The measurement errors that exist in our work are explained in 

the following.  

4.5.1 Systematic error 

In the energy consumption measurement setup, each electronic device including the 

power supply, resistor, differential amplifier, oscilloscope probe and oscilloscope 

may be influenced by temperature, as well as having some errors in accuracy. 

However, the drift is not measured.  

4.5.2 Precision 

The average current drawn by executing an application is measured in the 

experiment with two decimal points accuracy for the mA unit. Although in the 

specifications of the oscilloscope more precision is supported, this is not used. 
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4.5.3 Random error 

 

Figure 9. Histogram of measurement for voltage drop across the sensor node. 

 

The voltage drop across the sensor node, nV  , is not the same as the supply voltage, 

, 3.3 V for the circuit, since the resistor connected in series contributes some 

impedance for the circuit. Furthermore, the voltage measured for  shows 

fluctuations. This could come from the power supply or the different average 

current drawn by the sensor node while executing an application. To quantify this 

fluctuation, measurements for  were repeated for a total of 31 times, shown in the 

histogram in Figure 9, with mean value 3.28 and standard deviation 0.05.  

4.5.4 Propagation of Errors 
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Both the average current drawn while executing an application and the power supply 

voltage contain uncertainty, thus the accuracy propagates to the average power 

dissipate  when calculated for running an application by multiplying the current 

and the voltage. 
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4.5.5 Overall Accuracy  

A model is important for providing reliable and accurate results. Different 

approaches have been used to check whether the predictions from the model match 

the realistic characteristics of the SAND platform. The maximum mean squared error 

(MSE) for the created transceiver model is low, which is of 0.0069 (see Chapter 5).  

Validation performed to evaluate whether the predicted model matches the actual 

hardware measurement. The results suggest that the maximum prediction error is 

quite subtle, which is of 0.7 %. In addition, we validate the measurement result with a 

computation derived from the first principles; the maximum deviation is only 2 % 

(shown also in Chapter 5). This means that in the presence of the measurement error, 

this influence is relatively small. Thus we can consider that our model achieves 

adequate fine grained and promising approximation of the SAND platform 

characteristics.  

4.6 Summary 

Various tools involved in supporting the aims in enable modeling for the SAND 

platform are explained. Even in the presence of measurement errors, the 

measurement setups presented here enable the detailed analysis shown in the 

following chapters, as well as achieving an overall accurate characterization for the 

SAND platform. 
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Chapter 5  

Transceiver Measurements 

and Modeling 

A node in a wireless sensor network communicates by sending and receiving 

information over a wireless channel. To fulfill the communication ability, a 

transceiver is used, which serves as a transmitter and receiver in a sensor node. A 

range of commercial transceivers is available, and these typically support radio 

frequency (RF)-based communication as the transmission medium.  

 

The aim of the transceiver measurement and modeling, which is to create accurate 

estimation of the transceiver behavior, enables detailed analysis of the behavior of 

the transceiver. Consequently, this reduces guessing or erroneous assumptions on 

node.  Moreover, the created model allows evaluating different parameter values that 

influences the energy consumption to be estimated. From the energy consumption 

evaluation, we are able to assess the performance of an implementation and provide 

insights on achieving better energy efficiency design. 

5.1 The Chipcon/Texas Instruments CC2420 Transceiver 

The CC2420 from Chipcon, one of the first IEEE 802.14.5 compliant transceivers, is 

used as the transceiver in the SAND platform. The carrier frequency used in CC2420 

is in the ultra high frequency (UHF) 2.4 GHz industrial, scientific and medical (ISM) 

band. The CC2420 supports a gross data rate of 250 kb/s [Texas Instruments 2007].  

5.2 Operational States  

A transceiver usually has various operational states or modes; each of the states has 

its own power consumption which can differ from state to state. For the CC2420 the 

typical current drawn according to the datasheet is specified as 19.7 mA in RX mode, 

17.4 mA in TX mode (0 dBm), 426 μA in idle mode (IDLE), 20 μA in power down mode 

(PD), while the maximum current drawn is 1 μA in voltage regulator off mode(OFF). 

During IDLE, the crystal oscillator and voltage regulator are on. As for PD, the crystal 

oscillator is off, but the voltage regulator is on, while for OFF, both the crystal 

oscillator and the voltage regulator are off. The sensor node’s operating software is 

the one that decides which state the transceiver is switched into, by taking the 
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communication needs into account. Communication needs are driven by the 

application which was quantitative by evaluated for an application illustrated in 

Chapter 7. Switching between different states involves overhead during which energy 

is consumed. The CC2420 also has a few power levels available in TX mode, which 

can control the transmission power; the typical current drawn for the corresponding 

power levels are given in [Texas Instruments 2007] and summed in Table 2. The 

transmit signal power, (in mW) expressed as  dBm, is the logarithm of P , where 

 

.log10 10 Ps 
 

 

 Zero dBm equals one milliwatt transmit signal power. 

 

Table 2. Transmit power and average current consumption for the CC2420. 

Transmit Power (dBm) Current Consumption (mA) 

0 17.4 

-1 16.5 

-3 15.2 

-5 13.9 

-7 12.5 

-10 11.2 

- 15 9.9 

-25 8.5 

 

5.3 Transceiver Structure  
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Figure 10. Block diagram for CC2420. 

The transceiver structure as shown in Figure 10 can in general be categorized into 

the Radio Frequency (RF) front end and the baseband components. The radio 
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frequency front end performs analogue signal processing while the baseband 

components are involved in the digital signal processing and communication 

between the transceiver and the microcontroller. The analog to digital converters 

(ADCs) are used to communicate from the analogue to the digital domain while 

digital to analog converters (DACs) are used in the other direction.  

5.3.1 Radio frequency front end 

For its relative path, the CC2420 contains a low noise amplifier (LNA) which can 

amplify very weak RF signals captured by the antenna. The dynamic range of the RF 

signal is approximately 100 dB; while typical receiver sensitivity is -94 dBm. 

Modulated signals from the LNA are down-converted by the down-conversion mixers 

to generate the in-phase and quadrature baseband signals, I and Q. The baseband 

signals are used to produce the 2 MHz intermediate frequency (IF). ADCs are used to 

digitize the signal after the intermediate frequency has been filtered and amplified.  

 

For the transmit path on the other hand, the output from the DACs is first filtered by 

an analogue low-pass filter and then passed to I and Q up-conversion mixers. A 

power amplifier (PA) accepts the unconverted signals and amplifies them for 

transmission over the antenna [Texas Instruments 2007].  

 

A frequency synthesizer, which includes an on chip local voltage controlled oscillator 

(VCO) and a 90 degree phase splitter, is used to generate the I and Q LO signals to 

the down-conversion mixers in the receive path, and up-conversion mixers in the 

transmit path. A splitter is needed to generate signals to the down conversion mixers 

and up-conversion mixers. The VCO is automatically calibrated whenever there is a 

switch to the receive mode or to the transmit mode [Texas Instruments 2007]. This 

means that the calibration contributes to some power and timing overhead when the 

transceiver changes to transmit/receive mode. This overhead was observed and 

quantified experimentally, and is described in more detail in Section 5.5.6 and 

Section 5.7.1.  

5.3.2 Baseband processing 

The intermediate frequency is used by the digital demodulator and modulator. The 

digital demodulator allows for gain control, final channel filtering and byte 

synchronization and digital de-spreading. 

 

The digital modulator enables transmission data to be encoded using the modulation 

and spreading functions. Each symbol (4 bits of the transmission data) is mapped 

into a 32-chip pseudo-random noise (PN) sequence. The chip sequences are 
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modulated onto the carrier using the Offset-Quadrature Phase Shift Keying  (O-QPSK) 

modulation format.  

 

A total of seven fixed bytes are added by the CC2420, frame check sequence (FCS), 

preamble sequence, start of frame, indicated in red color as illustrated in Figure 11. 

Five bytes are appended for the packet structure in the physical layer and two bytes 

are inserted for the frame of the MAC layer. The preamble sequence and start of 

frame delimiter  (SFD) of a frame, which are compliant with IEEE 802.15.4, are used 

for synchronization in the receive mode. Following the last part of the MAC payload 

is a 2-byte frame check sequence (FCS), which is automatically inserted by the 

CC2420 hardware [Texas Instruments 2007].  
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Figure 11. Eight bytes in total, the PHY header and MAC footer, are generated by the 

transceiver hardware. 

 

The first FCS byte is an RSSI value while the second byte is for the CRC. The RSSI 

value is used by the MAC layer to check whether the channel is free before a 

transmission and detects the power level, when a packet is received, to be used, for 

example, to provide a rough estimate about the distance from the transmitter 

assuming the transmission power is known. It is also used by the MAC software to 

produce the link quality indication (LQI) value. The CRC is performed in the 

transceiver hardware. If the CRC of the received frame is correct, the most 

significant bit in the second byte of the FCS is set high. Other hardware support in 

the CC2420 includes address recognition and acknowledgement of packets if the 

CRC is valid.  

5.3.3 Configuration interface between transceiver and 

microcontroller 

The transceiver provides services to the medium access control (MAC) layer, which on 

the SAND platform is implemented on the CoolFlux DSP. The interactions between 

the transceiver and the MAC are the following: whenever a packet is ready for 

sending, the MAC layer initiates a frame transmission through an interface, after 

which the data in the main memory of the sensor node is copied into the transceiver. 
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For receiving packets, arriving packets are placed into the transceiver’s buffer and 

are accessible by the MAC protocol, which is notified of their arrival by an interrupt.  

 

The CC2420 enables software programmable parameters for the TX/RX mode, such 

as power output and packet handling support. Communication between the CC2420 

and the microcontroller is done via a 4 wire-SPI bus, allowing the microcontroller to 

set the transceiver into different modes, to access the transceiver’s TX and RX data 

buffers, and to read back the transceiver status. The CC2420 has 368 bytes of SPI 

accessible RAM, in which the lower 256 bytes of this RAM are used for storing the 

FIFO data with 128 bytes for each of the TX/RX FIFOs. The microcontroller can check 

for data status in the receive and transmit FIFOs by reading back the FIFO and FIFOP 

status pins. The FIFO pin is high when there is data in FIFO and FIFOP is high when 

the number of bytes exceeds a programmed threshold [Texas Instruments 2007]. The 

programmed threshold value for the CC2420 indicates the number of bytes that have 

been received by the transceiver in RX FIFO and that are able to initiate the data to 

be read out from RX FIFO by the microcontroller. For each read/write cycle, a 

maximum of 24 bits can be sent on the SPI line while the SPI speed used for the 

SAND platform is set to 4000 kb/s. 

5.3.4 Parameters 

The transceiver’s circuitry, as shown in Figure 10, provides support for both packet 

sending and receiving operations; in the meanwhile energy is consumed for these 

operations as well as for the accompanying overhead. Energy used in the 

communication for the sensor node influences the lifetime of the sensor nodes, and 

it is therefore important to investigate energy consumption related to 

communication operations.  

 

Analysis of software programmable parameters of the hardware implementation for 

the transceiver is performed to acquire the relation between the software 

programmable parameters and the average energy consumption. Adjustable 

programmable parameters are identified and presented below.  

 

 MAC payload length [10,20,40,60,80,102] in bytes 

 Operation states [TX,RX,IDLE,PD] 

 Switching transceiver between different operation states 

[TX,RX,IDLE,PD] 

 Transmitter power [0,-5,-10,-15,-25] in dBm 
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We pay attention into these parameters, to model the transceiver behavior, which 

helps in finding an energy consumption improvement approach. The MAC payload 

length is investigated because it directly influences the packet size handled in the 

physical layer; furthermore, it is also important to quantify the different CC2420 

configurable operation states, transmitter power as well as the mode transition 

overhead related to the energy consumption. 

 

The next investigation is to identify different values for each parameter, which are 

indicated between the brackets in the above list.  As shown in above list, MAC 

payload length and transmitter power were adjusted from a small to the largest 

permissible discrete value, as well as for various possible operation states offered by 

the CC2420. However, the voltage regulator off mode (OFF) is not performed because 

it is not currently supported in the SAND platform.  

 

We were initially confused on how to adjust these parameter values, but the next 

analysis brings the answer. In general, we classified the adjustment into two 

mechanisms based on the layer that takes most control of the transceiver mode 

operation, such as illustrated in Figure 12.  

 

To further explain, the first mechanism is initiated at the application layer via a MAC 

primitive, the MAC layer being in charge of changing the operation mode 

automatically to support the communication functionality. An application can 

initiate a primitive for packet transmission, MCPS-data-request, to the MAC layer; the 

MCPS-data-request is the MAC primitive which enables data packets exchange 

between MAC and PHY. At the receiver end, the application enables the RX state 

counter in the MAC layer; the MAC layer is in charge of changing the mode if it is 

needed to support the receive functionality.  

 

The second mechanism is decided from the application layer; through MAC power 

management primitives the application can change the operation mode of the 

transceiver, before and after the transceiver performs any communication.  

 



49 

 

Application Layer

Physical Layer

MAC sub Layer

MCPS-data , RX state counter

Change mode

Application Layer

Physical Layer

MAC sub Layer

MAC Power management functions

Change mode

 

Figure 12. Transceiver mode is changed either initiated by the MAC communication 

mechanism (left) or decided from the application layer (right).  

 

5.4 Energy Consumption Analysis 

In order to find proper way to model the transceiver, three different approach are 

considered in this thesis.  

5.4.1 Attempt 1: Analysis and Estimation. 

As expected, analysis from the datasheets provides a straightforward way to 

estimate the average energy consumption for the transceiver. From various 

references we had gathered, we arrive at the energy consumption presented below. 

 

According to [OUWERKERK, PASVEER and VERBENE 2006] the average power 

consumption for the Coolflux DSP, P
1cf

, is 5 mW. From the transceiver datasheet, we 

could find that the current consumption for the different operation modes 

supported by the transceiver (refer to Section 5.3.2). Considering the sensor node is 

regulated by a 3.3V supply, the operating voltage is V
1
= 3.3 V.  To determine how 

long the node is in an operation mode, we use information from the MAC layer 

[Standard 2003].  

 

The energy for sending a packet is given by, 

 

(CCA
1
 * RX * V

1
 + CCA

1
 * P

1cf
 ) + (random backoff

1
 * IDLE * V

1
 + random backoff

1
 * P

1cf
 ) 

+ (packet size
1
 / data rate * TX * V

1 
+ packet size

1
 / data rate * P

1cf
 ). 

 

where, 

 

The CCA
1
 ,based on the MAC, refer to [Standard 2003]., is given as 0.128ms. 



50 

 

 

The random backoff
1
 is based on the implementation from the IEEE 802.15.4 

[Standard 2003]. 

 

The packet size
1
 is the total frame size in bits.  

 

The data rate is the cc2420 data rate, which is given by 250 kb/s.  

 

The RX, IDLE, TX refers to the operation mode of the CC2420 transceiver.  

 

We now compute an example, with the largest packet size of [Standard 2003], is 

1064 bits. The default value the backoff algorithm [Standard 2003] is employed. 

Consider the non-ideal environment, which requires one back off retry to happen, we 

compute the average case of backoff time a (23-1 + 24-1) * 0.32ms / 2, that gives a 

total random backoff
1
, of 3.52 ms.  The default transmitter power is used, which is of 

0 dBm. The average energy consumption (in µ J) for sending a packet could be 

approximated, by:  

 

(2 * 0.128 * 19.7 * 3.3 + 2 * 0.128 * 5) + (3.52 * 0.02 * 3.3 + 3.52 * 5) + (1064/ 250* 

17.4* 3.3 + 1064/ 250 * 5) = 301.414 (µ J). 

 

The energy to for receive a packet is given by, 

 

packet size
1
 / data rate * RX * V

1 
+ packet size

1
 / data rate * P

1cf
. 

 

To computed the energy required to received a largest packet, which given by below, 

 

(1064/ 250 * 19.7* 3.3 + 1064/ 250* 5) = 297.963 (µ J). 

 

From the CC2420 datasheet, the information for the average current drawn for 

switching mode is unavailable; therefore the estimation is not possible. 

5.4.2 Attempt 2: Power measurement and software measurement 

approach.  

The goal of the second attempt is to complement and verify the estimate created 

during the first attempt.  The basic idea of the second attempt is to use the software 

to measure the time the transceiver spends in each mode. After getting the timing 

data, we can measure the current drawn by the sensor node with use of multi-meter 

from Keithley. To collect the timing value, a time stamp is added at start and the end 
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of a mode transition. Each time stamp value implies raising a timer interrupt from 

the software to the microcontroller. [Standard 2003], mode changes such as from RX 

to TX and vice versa require to be fulfilled within 0.192 ms, this means that adding 

timestamp in various parts of the code without inference with the original MAC 

behavior is very difficult to guarantee.   

 

Another approach includes using Labview to gather the result readings from the 

Keithley multi-meter. However, a slow connection between the multi-meter and PC 

via RS-232 cable does not easily capture the fast switching behavior of sensor node. 

Using GPIB cable to connect the PC with the multi-meter require specific interface 

card to be slotted to the PC, thus we discard this methodology.   

5.4.3 Attempt 3: Energy measurement with the used of hardware 

tools. 

The next investigation is, the hardware tools to measure the average energy 

consumption. Using hardware tools such as have already been explained in chapter 4, 

measure the interesting characteristics we are looking for. It enables timing, current 

drawn for an operation mode to be visualized on the oscilloscope which assists 

understanding.  

 

Analysis and energy consumption measurements for executing the various 

measurement application scenarios were carried out on the SAND platform. The 

measurement readings were taken by adjusting the transceiver programmable 

parameters; the overall energy consumption of the SAND platform was measured, 

which means the average energy consumed by various interacting components 

including the CC2420, the CoolFlux DSP (microprocessor) and the peripheral devices 

(SPI). The peripheral devices use the hardware abstraction. In the meanwhile, the 

software is running under the FreeRTOS kernel, which generates one timer interrupt 

every one ms. In the FreeRTOS kernel, the MAC task is executed with highest priority 

with no pre-emption whereas other tasks with the same priority are scheduled in a 

round robin fashion. 

 

The advantage of this method is that the existing software is not modified. However, 

the measurement error from the measurement tools may be large. Through various 

validations shown in Section 5.8, we could consider that to be negligible.  

 

Looking at the very intuitive signal on the oscilloscope; the next question is how to 

interpret this signal. The first approach is to understand it from the source code, by 

pin toggling at different part of the source code to validate the assumptions. Well–
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defined relations are eventually quantified and presented, for sending and receiving 

mechanism which are shown in section 5.5 and section 5.6, and for the power 

management mechanism is illustrated in section 5.7.  

5.4.4 Mathematical modeling  

Average energy consumption for the transceiver model is no longer a constant value. 

From the raw data gathered from measurements, we can classify the behavior of the 

transceiver model in two components: the deterministic and stochastic component. 

The deterministic component corresponds to stable output while the average energy 

consumption related to the stochastic component is different for each application 

execution. The non-deterministic aspect of the average energy usage is discussed in 

Section 6.11.  

 

For the deterministic average energy consumption, regression analysis was 

performed for the collected measurement readings, and functions were created for 

the parameters using the best fit method, such as shown in Figure 18, Figure 20, 

Figure 22, Figure 24.  

 

Once the regression functions had been created, validation was performed for the 

created regression functions in which a selected parameter value was first calculated 

using the regression function. After that, experiments were performed using this 

parameter value to check whether the calculated result by the regression function 

matched the experiment reading closely (see Section 5.8.2). Furthermore, the mean 

squared error (MSE) was calculated to quantify how much the values estimated by 

regression function differ from the experimental readings, illustrated in Section 5.8.1.  

 

Validation ensures the accuracy of the created transceiver model. A further step is to 

well-define all the relations, regression functions and calculations into Mathematica 

6 (Appendix), which provides valuable information to assess and predict the 

transceiver model behavior. 

5.5 Packet Transmission 

The MAC initiates a packet transmission when the MCPS-data-request is called at the 

application layer. Then, the MAC will automatically switch the transceiver into the 

different operation modes. The average energy involved for transmitting a packet 

using the unslotted CSMA/CA mechanism of the 802.15.4 MAC is given below.  

 

aswtxssiinitp EEyxExENEEyxE  ),()(),( , 
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 where: 

 

 
p
E  is the average total energy used for sending a packet, 

 initE  is the average energy spent for preparing a packet, 

 iE  is the average energy spent in idle periods during a sending process, 

 sE  is the average energy used in RX mode for CCA and SPI data, 

 txE  is the average energy used in TX mode during an RF transmission, 

 swE is the average switching energy involved in sending a packet, 

 aE  is the average energy used in RX mode after a RF transmission, 

 x  is the MAC payload length (in bytes), 

 y
 
is the transmitter power used (in dBm), 

 sN  is the number of times the radio is in RX mode for CCA and SPI data.  

 

For the measurement, the packet is transmitted using a short address and with 

acknowledgement disabled. Various address modes supported by the IEEE 802.15.4 

MAC include no address information, a short address, or an extended address 

format. The different types of address format length supported by the IEEE 802.15.4, 

is illustrated in Figure 13. Short addresses are 16-bit long, while extended addresses 

are 64-bit long.   

 

Destination

PAN ID

Destination

Address

Source

PAN ID

Source

Address
0/2/8 Bytes0/2/8 Bytes0/2 Bytes 0/2 Bytes  

Figure 13. MAC addressing fields. 

 

For the energy consumption measurement, we set the MAC address related fields to 

six bytes, two bytes for the source address, destination address and destination 

personal area network (PAN) address each. In the example, shown in Figure 14,  a 

total of six bytes are used for the addressing field and acknowledgements is disabled 

(with value zero for Ack type in the frame control field).  

 

The reason for the usage of short address in our measurement for the source and 

destination address is because short addresses are more common than extended 

addresses, which enable a total of 65536 unique identifiers for the connected nodes. 

No address information can be used when a packet is broadcasted. The destination 

and source PAN ID can be omitted only when no addresses are sent. If both source 
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and destination PAN ID specified are the same, only destination PAN id will be 

appended to the transmitted frame [Standard 2003].   

 

Nonetheless, we assumed that average energy consumption required the extra bytes 

required for the MAC address field is equivalent as the extra MAC payload. We verify 

this assumption by performing a few random combinations of number bytes for the 

MAC address field; most results are comparable, however, there are still small 

variation is 0.02ms, which could be come from the measurement error.  

 

 

Figure 14. Example of a MAC packet structure. 
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Figure 15. Packet transmission overview. 

 

Figure 15 illustrates the different types of energy cost considered in the packet 

transmission models described in this chapter. For each category, the respective 

states that are involved as part of the packet transmission process from the MAC 

mechanism are indicated. The corresponding mode changes in the transceiver are 

indicated as well. The states with blue colour are executed once per packet 

transmission. States with red colour include the set start up time, CCA, SPI data and 

channel access failure states and can be executed one or more times, while the 

random backoff states can be executed zero or more times. If the random backoff is 
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turned off, the set start up time state can bypass the random backoff state directly 

to the CCA state. From the channel access failure state, a new startup time is set. If 

all the CCA attempts have been used up, then the transmission fails and goes to the 

finished state. A path indicated with arrow and numbering in Figure 15 is an 

example of a unique sequence of branches from the entry state to the exit state. 

 

The MAC layer regulates the communication of the transceiver by setting the 

transceiver to the required modes, with each mode dissipating a different average 

power. The average energy consumption for each category is obtained by multiplying 

the time in executing the states with the power dissipated in that particular mode. 

Each state illustrated in Figure 15 is explained in the respective energy category 

section below. 
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Figure 16. Different mode changes during a packet transmission. 

 

Figure 16 shows the different modes involved in a packet transmission operation 

observed on the oscilloscope. The initial state for the transceiver is IDLE mode. Then 

the transceiver is switched from IDLE mode to the RX mode to enable carrier sensing. 

After that, the transceiver will switch from RX mode to the TX mode for RF 

transmission. After a packet has been successfully transmitted, the transceiver is 

back to RX mode again to clean up the RX FIFO. Finally, the transceiver is switched 

from the RX mode to the IDLE mode. Figure 16 illustrates the characteristics of the 

Path 1 execution sequence.  
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Figure 17. Additional energy required in listening if the channel is busy. 

 

The minimum or optimum energy consumption for a packet transmission is shown 

in Figure 16, in which each state is executed once. However if the transmission is 

aborted because of channel access failure, the repeat, R, indicated in Figure 17, 

shows the additional energy involved for a measurement scenario. This scenario 

illustrates the behaviour which reflects the Path 2 execution sequence shown in 

Figure 15.   

 

The decompositions of the packet transmission process into different types energy 

categories illustrated in Figure 15 is explained in more details from Section 5.5.1 to 

Section 5.5.6.  

5.5.1 Packet Preparation 

The transceiver is in IDLE mode while preparing a packet before packet transmission. 

To prepare for a packet transmission, in general, three main states are involved, 

including the init transmission, init CSMA, and the set start up time states. During the 

init transmission states, the MAC packet header is generated. Subsequently, the next 

state is the init CSMA state, CSMA/CA parameters are setting up and channel access 

mechanism is initialized. After that, the following state, set start up time, 

transmission startup time is setting up. 

 

initT  is the average time in preparing a packet before the packet transmission (ms). 

There is a run time latency between the mcps-data-request is called until a context 

switch, which enable the function called being handled. Thus we observed a small 

variation of initT during the packet preparation phase, with a maximum difference of 

0.3 ms. Given that this condition is to specific to the SAND platform implementation, 
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we assume a preparation time, initT , of 0.640 ms, which assumes that the switching 

variation is zero. 

msTinit 640.0 . 

 

initI  is the average current drawn in preparing a packet before the packet 

transmission. 

 

mAI init 3.4 . 

ddV  is the voltage (V). 

 

VVn 28.3 . 

 

initE  is the average energy used in preparing a packet before the packet transmission 

(J/packet), 

 

initinitninit TIVE 
, 

6E02656.9 initE
.
 

5.5.2 Idle mode during the sending process 

Before performing CCA, a device is in the random backoff state, in which it waits for 

a random number of unit backoff periods. One backoff period is 20-symbols long 

which corresponds to 0.32µs [Standard 2003]. During the backoff time, the 

transceiver is still in the same mode, the IDLE mode, as it was during the preparation 

of the packet. The range for the backoff period is [0, 31].  

 

iI  is the average current drawn during the backoff time, 

 

mAI i 3.4 . 

 

iE is the average energy used during backoff time (J/ random backoff). The maximum 

iE  difference per backoff retry is 0.00014076 J/ random backoff, 

 

 32.0 aIVE ini  , 
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aEi
6E 4.5133  , where a = [0, 31].  

5.5.3 RX mode before the packet transmission 

After the random backoff state, the device is first in the CCA state followed by the 

SPI data state. Figure 18 shows the linear relationship between the medium access 

control (MAC) payload lengths (bytes) and the duration the transceiver is set to the 

RX mode. This includes performing the work in the CCA and the SPI data states.  

 

Figure 18. Different MAC payload lengths (bytes) and the duration the radio is in RX mode 

before the packet transmission. 

 

After the random backoff period, the node is switched to RX mode when the RX 

command strobe is executed. Subsequent to the RX command strobe, the CCA is 

required to align with a backoff slot boundary. The CCA is performed on the 

boundary of backoff periods. In the worse case, CCA waits for boundary of a backoff 
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period a maximum of 0.080 ms, specific to the implementation in the SAND platform. 

The CCA detection time is defined as 8 symbol periods according to 802.15.4, which 

is equivalent to 0.128 ms.  

 

As soon as the CCA is successful, it is followed by the SPI data state, in which data is 

transferred from the microcontroller’s memory via the SPI to the transceiver TX FIFO.  

The CC2420 stays in RX mode until the last byte of the data has been transferred via 

SPI. The length field is the first byte written into the TX FIFO followed by the MAC 

header and MAC payload in the second SPI transmission. The length field value 

defines the numbers of bytes in the MAC Protocol Data Unit (MPDU), and is required 

by CC2420 during transmit and receive mode.  

 

We would rather expect that the SPI data comes before the CCA state, considering 

that right after the channel assessment, the node can instantaneously performs an 

RF transmission. However, this is not the case. In addition, we do not think that 

during the SPI data state, the transceiver has to be in RX mode, because this means 

the SPI communication speed and hardware abstraction greatly influence the node’s 

energy consumption. 

 

To pass data via SPI to the CC2420 TX FIFO for RF transmission, the TX FIFO address 

is first transmitted followed by the packet bytes. This means that a smaller MAC 

payload length would have higher SPI overhead/byte. As observed from Figure 18, a 

larger MAC payload length, requires a larger SPI transmission: therefore, a longer 

time is required in the RX mode before packet transmission.  

 

It is important to notice that at this point, only length field/PHY header (PHR), MAC 

header (MHR), and MAC payload (MSDU) are involved as illustrated in blue in Figure 

19; the MAC footer (MFR) and the Synchronisation header (SHR) are not included in 

the time in RX mode before a packet transmission. 
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Figure 19. MAC header, MAC payload and the PHY header are involved in the SPI energy 

cost.  
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)(xTs  is the average time in RX mode before the packet transmission (ms). The )(xTs  

function is the curve fit linear function shown in Figure 18.  

 

x  is the MAC payload length (bytes). 

 

 0.652230.036297)(  xxTs . 

 

sI is the average current drawn in RX mode before the packet transmission.  

 

mAI s 4.22 . 

 

)(xEs is the energy used in RX mode before the packet transmission (J/byte), 

 

)()( xTIVxE ssns 
,
 

 

56 E 4.79208E6831.2)(   xxEs .
 

 

sN  is the number of times the radio is in RX mode before the packet transmission. 

)( fNP s  is the probability that the value sN  is f. 

 

 )1( fNP s )( dNP br   ]5,0[f
.
 

The probability of fN s  is related to the probability distribution of brN ,the 

number of backoff retries. When CSMA/CA is used for transmitting a packet, sN  has 

to be at least one. When a retry is needed, sN  is increased by one. The maximum 

number of backoff retries is five, thus the maximum value for sN  is six. In short, 

sensing energy is )(xEN ss .  

 

During each retry, we expected that, the same data is not needed to be transferred 

again from the microcontroller to the transceiver. However, experiment shows that it 

is not the case. This means that the worse case where sN is five, results in a total 

of )(5 xEs , a large amount of redundant energy waste.  
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5.5.4 TX mode for the RF transmission 

5.5.4.1 Current consumed in packet transmission 

Figure 20 shows the quadratic relationship between the transmitter power used (in 

dBm) and the current drawn for a packet transmission obtained by performing 

practical measurements on the real hardware.  

 

Figure 20. Current drawn for the different transmitter power used. 

 

)(yI tx is the average current drawn for a packet transmission (mA). The )(yI tx  

function is created from the curve fit function as shown in Figure 20.  

 

y
 
is the transmitter power used (in dBm). 

 

657.2171186.0 0.013711  )( 2  yyyI tx . 

 

5.5.4.2 Time spent in packet transmission 

After the CCA and the SPI data states, the device is now in the RF transmission state. 

During the RF transmission state, the MAC footer (MFR) and the Synchronisation 

header (SHR) are generated by the transceiver hardware, the CC2420. After that, a 

packet, consisting of the PHY service data unit (PSDU) / MAC protocol data unit 

(MPDU), PHR, and SHR, indicated with the yellow colour in Figure 21, is transmitted 

via the RF channel. The PSDU/MPDU consists of the MAC header (MHR), MAC data 

payload (MSPDU) and MAC footer (MFR).  
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Figure 21. A packet, including the MAC data payload, MAC header, MAC footer and the PHY 

header as well as the synchronisation header, is modulated by the transceiver to be 

transmitted over the RF channel.  

 

Figure 22 shows the linear relations between the MAC payload length (bytes) and the 

duration needed during an RF transmission. The CC2420 transceiver has a low data 

rate of 250kb/s. This means that the longer the packet, the larger the time it takes to 

transmit. 

 

Figure 22. Different MAC payload lengths (bytes) and the duration the radio is in TX mode 

during the packet transmission.  

 

)(xTtx  is the average duration in the TX mode for a packet transmission (ms). It is 

given by using the curve fit function as shown in Figure 22, 

 

0.534280.03193 )(  xxTtx . 
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),( yxEtx is the average energy used in TX mode for a packet transmission (J/bytes). 

The energy used in TX mode for a packet transmission varies depending on the MAC 

payload length, x , and the transmitter power in dBm, y .  

 

)()(),( xTyIVyxE txtxntx 
,
 

 

.E4027.21.24749E1.43564E

E4537.72.26765EE 3.79526),(

28629

865

yyxy

xyxyxEtx








 

 

We performed further investigation by comparing the measurement results derived 

from the regression analysis with the RF transmission time calculated based on the 

first principle method. The result of this comparison is presented in Table 3, The 

difference is small, with a maximum difference of 0.024 ms. 

  

The RF transmission time can be derived from,  

 

  250/8*)()()( bytesoverheadbytesinlengthpayloadMACmstxR  , 

 

assuming a gross data rate of 250 kb/s. The overhead (refer to Figure 19), is 

computed by adding the SHR, PHR, MHR, MFR giving a total 17 bytes required per 

packet in our experiment. The purpose of this comparison is to verify and validate 

whether our measurement methodology is correct. Results from the comparison, 

suggest that even the present of measurement error, nonetheless, the maximum 

deviation is 2 %, thus prove that obtained measurement result is promising.  

 

Table 3. Comparison between measurements of RF transmission time, and predicted RF 

transmission time. 

5.5.5 RX mode after packet transmission 

After a packet transmission, the radio is in RX mode by default and it will be turned 

off as soon as possible according to the implementation. We initially do not 

MAC payload length (in bytes) Measurement time(ms), txT  txR  (ms) txT - txR (ms) 

1 0.57 0.576 0.006 

10 0.864 0.864 0 

20 1.16 1.184 0.024 

40 1.81 1.824 0.014 

60 2.45 2.464 0.014 

80 3.08 3.104 0.024 

102 3.8 3.808 0.008 
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understand the role or functionality of the radio being in RX mode after the RF 

transmission.  

 

Upon further investigation, we found that the device is in the RX clean up state after 

the RF transmission state. During the RX clean up state, the RX FIFO will be cleared 

up and any recently acquired resources will be freed up. Following the RX clean up 

state is the transmission finished state, in which the result of the transmission, either 

success or failure, will be indicated by the MAC layer to the higher layer. From the 

measurement performed, the energy consumption required for the device to be in 

the RX mode after a packet transmission is not negligible, since the average current 

being drawn to perform the required functionality is high.  

 

aT  is the average time in RX mode after the packet transmission, 

 

msTa 8533.0 . 

 

aI  is the average current drawn in RX mode after the packet transmission, 

 

mAI a 4.22 . 

 

aE is the average energy used in RX mode after the packet transmission (J/packet), 

 

aana TIVE 
,
 

 

5E6.26957 aE . 

5.5.6 Mode transition during a packet transmission 

In each packet transmission, with the use of the CSMA/CA mechanism, necessary 

mode transition of the transceiver is performed and is initiated by the MAC layer. 

Sending a packet is necessary consist of two types of the mode transitions, which are 

from RX mode to TX mode and from TX mode back to RX mode. During this 

transition period, no productive work can be done; this means that a smaller packet 

has a higher ratio of mode transition overhead over the total packet size, thus a 

higher energy waste.  

 

swI  is the average current drawn for the switching mode, 
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mAI sw 2.9 . 

 

swT  is the sum of average switching mode time for txrxT  and rxtxT  within a packet 

sending process (ms), 

 

)(296.0114.0182.0 msTTT rxtxtxrxsw   . 

 

swE is the average energy used for the switching mode within a sending process 

(J/packet), 

 

swswnsw TIVE 
,
 

 

6E8.93214 swE . 

 

As can be observed from Figure 23, the transition time from TX to RX and vice versa 

is not symmetric. This is because, Phase Locked Loop (PLL) calibration occurs before 

the TX mode when switching from RX to TX. While from TX back to RX PLL 

calibration does not occur and only involves only switching off TX and back to RX.  

0

Current (mA)

20

Time (ms)
2 4 6 8

RX to TX TX to RX

 

Figure 23. Switching mode within a packet transmission process. 
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5.6  Packet Reception 

 

Figure 24. The time for receiving a packet required for different MAC payload lengths 

(bytes) . 

 

Figure 24 illustrates a total of six measurements that have been carried out to 

determine the time for packet reception. The average over all measurement data is 

computed and the linear regression function is created for the mean value of the 

measurement data. An error bar with ± 0.5ms is associated with the measurement 

mean value.  

 

As compared to previous types of graph, collected measurement data is quite 

consistent; therefore, repeated similar measurement result being shown is not 

needed. But compared the measurement result collected for the time required to 

process a successful packet upon reception, six measurement are repeated; 

considering a small variations is observed from the collected data. The variation 

could be because of the latency between the SFD interrupt occur and the response to 

the interrupt. 

 

)(xTr  is the average time to process a received packet (ms), given by the curve fit 

function,  

83238.10661.0)(  xxTr .
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)(xTr is the time captured from the SFD interrupt to the time the MAC sub layer 

indicates a successful status to the application layer. The SFD pin goes high when the 

start-of frame delimiter of a packet has been received. We would assume that 

receiving a packet requires a similar amount of time such as for performing 

transmission of a packet over the RF channel. However, the receive operation is more 

complicate than we initially assumed, because to receive a packet, it includes: the 

latency of frame being read into the RX FIFO, the latency between the first read into 

RX FIFO, the latency of first read out from the RX FIFO by the microcontroller, the 

latency where data in RX FIFO is transferred by microcontroller over the SPI, as well 

as hardware address recognition and packet processing latency.  

 

The first data byte received into the RX FIFO is the length field. When the address 

recognition is disabled or successful, the whole frame will be received into the RX 

FIFO. If address recognition fails, the incoming frame is discarded and RX FIFO is 

flushed. The energy wasted in idle listening, which is the point where the address 

recognition fails, however it is difficult to measured due to the address recognition 

is performed at the transceiver hardware.  

 

When the number of unread bytes in the RX FIFO exceeds a configurable FIFOP 

threshold, data is read out from the RX FIFO. A RX packet structure in the 

microcontroller stores the incoming packet. When the FCS has been read out and the 

CRC validated, the packet will be further processed. Processing a data packet 

includes checking whether the packet came as a response to a data request. The data 

processing follows successful indication from the MAC layer to the application layer. 

If the CRC fails, the packet will still be read out of the FIFO, but there will be not 

acknowledged nor post processing follows.  

 

The larger the received packet size, the larger the time required for a packet to be 

received into the RX FIFO and read out from the RX FIFO via the SPI read access by 

the microcontroller.  

 

rI is the average current drawn for processing a received packet,  

 

.4.24 mAI r   

 

)(xEr is the average energy used for processing a received packet (J/bytes), 
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).()( xTIVxE rrnr 
 

 

.E3223.50001475.0)( 6xxEr


 

5.7 Power Management 

5.7.1 Switching radio mode 

An application can change the transceiver mode through the use of power 

management primitives from the MAC layer. It can adjust the CC2420 to different 

operations modes, including voltage regulator off (OFF), power down (PD), IDLE, 

receive (RX), transmit (TX), and receive on idle (RXI). Table 4 shows various possible 

options.  

 

Table 4. Different options for the switching mode. 

Sender Option 1 IDLE

(RX) TX

IDLE

(RX)

IDLE IDLE  

 Option 2 
PD

IDLE

(RX) TX

IDLE

(RX)

PD  

Receiver Option 3 IDLE

RX

IDLEIDLE IDLE  

 Option 4 
PD

IDLE

RX

IDLE

PD  

 Option 5 
PD

IDLE

RX

PD PD  

Sender and  Receiver  Option 6 IDLE

RXI

IDLEIDLE IDLE  

 Option 7 
PD

IDLE

RXI

IDLE

PD  

 Option 8 
PD

IDLE

RXI

PD PD  

 

Before or after RF communication, an application can adjust the transceiver to 

various power modes to reduce energy consumption. The mode when the transceiver 

is not communicating will be referred to as the default mode.  
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Depending on whether an application either only performs sending, receiving or 

both sending and receiving functionality, eight different power switching 

configurations are shown in Table 4.  

 

If an application sends data frequently, then it can use the IDLE mode as its default 

mode (Option 1). If an application sends data infrequently, then it can use PD as the 

default mode (Option 2). The (RX) visible in Table 4 indicates that the RX mode can 

be optional. The RX mode is not turned on if a sender sends a packet without the use 

of the CSMA/CA mechanism. This is to trade-off the total energy spent in the default 

mode which should be less than the switching energy.  

 

If an application is receiving data frequently, then it can use the IDLE mode (Option 

3). If an application receives data infrequently, then it can use the PD as the default 

mode. To switch from RX mode to the PD mode, there are 2 options: from RX to IDLE 

mode, then from IDLE to PD mode (Option 4) or directly from the RX to the PD mode 

(Option 5). The concept is similar when the application can send and receive data, 

where RX ON IDLE (RXI) is used (Option 6, 7, 8). RXI means that the transceiver gives 

always back to the RX mode after a packet transmission. The application can send 

data, and when the sending process is completed, then it is automatically in 

receiving mode to receive data. 

 

We investigated various possible mode switching options which enable different 

ways of power management options as shown in Table 4. In the following we will 

explain about the involved switching mode dependency. Before the RX or TX 

command strobe, the crystal oscillator must be on and stabilized. For this purpose, 

an application must initiate the transceiver to IDLE state before any sending, 

receiving or idle listening functionality, this means that, before turning into TX, RX 

or RXI mode, the transceiver has to be in IDLE mode, if not the reception or 

transmission will not happened.  

 

Besides, if the transceiver is in the RX mode, an application could initiate a switch to 

the IDLE state. Also, the application could switch the transceiver from RX to IDLE, 

followed by PD mode or from RX mode directly to the PD mode. Nonetheless, once 

the RF transmission completes, the RX/TX mode is turned off by the MAC task. Then 

it will be back in the IDLE state. Therefore the application cannot directly change 

from the RX/TX mode to PD after the RF transmission, which is illustrated (Option 1, 

Option 2). If a node is configured as a role of receiver or transceiver, it is possible to 

turn from RX or RXI mode to the PD mode (Option5, Option 8). 
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Table 5 shows the switching energy between various modes.  

 

srmT  is the average time spent on switching the mode (ms).  

 

srmI  is the average current consumed for switching the mode (mA).  

 

srmE  is the average energy used for switching the mode (J).  

 

sRX  is the CC2420 entering RX mode before transmission with CSMA/CA.  

 

aRX  is the CC2420 entering RX mode after transmission with CSMA/CA.  

 

rRX  is the CC2420 in RX mode for receiving packets. 

 

The switching energy from idle to RXI will be similar to idle to sRX . The srmE  
is  

computed by 

 

nsrmsrm VTI   

 

 if srmI  and srmT  are single values or 

  nsrmsrmsrmsrm VTITI 
2211

 

 

if both have two values present in Table 5, there are two stages such as illustrated in 

Figure 25. The first stage is for the oscillator calibration; while second stage is the 

mode switching that is taking place 

 

 

 

 

 

 

 

.   
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Table 5. Energy involved in switching between different modes. 

srmT  (ms) srmI  (mA) Switching mode srmE  (µ J) 

106.0
1
srmT  

020.0
2
srmT  

6.9
1
srmI  

6.20
2
srmI  

Idle to sRX  4.71768 

0.112 13.3 aRX to idle 4.91568 

182.0
1
srmT  

0112.0
2
srmT  

2.11
1
srmI  

4.18
2
srmI  

Idle to TX 7.406784 

0.016 9.6 TX to Idle 0.50688 

098.0
1
srmT  

028.0
2
srmT  

3.9
1
srmI  

5.15
2
srmI  

Idle to rRX  4.43982 

0.0172 13.8 rRX  to idle 0.783288 

0.02 9.6 rRX  to PD 0.6336 

0.032 9.4 RXI to Idle 0.99264 

0.028 5.4 RXI to PD 0.49896 

0.024 3.8 IDLE to PD 0.30096 

0.994 3.1 PD to IDLE 10.1686 

 

Figure 25 is an example taken from the oscilloscope illustrating the measurement 

performed for the switching from Idle to sRX mode while Figure 26 shows an example 

of a mode transition from aRX
 
to idle. As observed from the diagram, the transition 

is not symmetric. This is because from idle to RX mode, the voltage controlled 

oscillator (VCO) is sensitive to the temperature and supply voltages, therefore the 

phase locked loop (PLL) self calibration is automatically performed as mentioned 

before. 

 



73 

 

IDLE to RXs

Time (ms)

Current 

(mA)

0.2 0.4

10

20

0

 

Figure 25. Switch from IDLE to RX mode. 
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Figure 26. Change from the RX to IDLE mode. 

5.7.2 Radio mode 

Table 6 summarizes different radio modes and the current drawn. The energy spent 

will depend on how long a node stays in a particular mode. The current for rRX  is 

slightly higher than sRX and aRX , which is caused by accessing the RX FIFO, and 

processing the received packet.  

 

Table 6. Radio modes and the power consumed. 

Modes I (mA) Power (mW) 

PD 3.42 11.2176 

IDLE 4.3 14.104 

sRX  and aRX  22.4 73.472 

rRX  24.4 80.032 
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Combining Table 4 and Table 5 enables us to quantify the cost of average energy 

consumption for each option. Before we could suggest which option is better, we 

perform the analysis and computation presented below (in Table 7).  

 

Table 7. Average energy consumption for different switching options. 

 Energy (µ J) Energy (µ J) 

Option 1 Es1=9.63336  with RX Es9 =7.91366 without RX 

Option 2 Es2=20.1029 with RX Es10 =18.3832 without RX 

Option 3 Es3=5.223108 - 

Option 4 Es4=15.6927 - 

Option 5 Es5=15.242 - 

Option 6 Es6=5.43246 - 

Option 7 Es7=15.902 - 

Option 8 Es8 =15.1074 - 

 

As aforementioned, the (RX) visible in Table 4 can be optional. Therefore there are 

two values evaluated for Option 1 and Option 2.  

 

Table 7 shows us that Option 5 is better than Option 4, and Option 8 is better than 

Option 7. Since both options arrive in the same default state eventually, we consider 

that asymmetric states transition can yield energy saving.  Now, there are six choices 

that require next analysis to compare the options.  

 

Combining results from Table 6 and Table 7 leads to conclusions presented below. 

Consider the transceiver should be turned into an energy saving mode, the time the 

transceiver is in a particular energy saving mode must be larger than the energy 

switching cost. We further computed the break even time, te, in which the transceiver 

stays in a power saving mode, needed to compensate the switching overhead.  

 

The computation is based on 

 

Power saving * te = average switching energy overhead. 

 

For example,  

(Power for IDLE – Power for PD) * te = Es2 - Es1. 

 

The analysis from this computation is illustrated in table below.  
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Table 8. Power saving comparison for different options. 

Transceiver role Comparison te (ms) 

Sender Es1 with Es2 3.62 

Receiver Es3  with Es5 3.47 

Sender and receiver Es6  with Es8 3.35 

 

Result from Table 8 tells us that if the sender / receiver / sender and receiver is not 

performed any communication within 4 ms, this means that switching to power 

down mode yields energy saving. We do not further investigate the option for Es9 and 

Es10, considering that these options would be when CSMA/CA mechanism which is 

not applied.  

 

The conclusions for this section are: 

 We could reach energy saving through asymmetric switching option, such as 

suggested in Option 5 and Option 8. 

 

 Switching to power down mode enable energy saving, if the subsequent 

communication performed by the transceiver is larger than 4ms.  

 

 Considering the burst of RF communication, switching the default operation 

mode to idle mode will be a better option. 

 

5.8 Modeling Accuracy 

In this section, we evaluate the accuracy of the created energy models. The objective 

is to evaluate the accuracy of the model and to quantify the difference between the 

measurements and created model.  

5.8.1 Residuals and the mean square error (MSE)  

The residuals plot shows us the differences between the values predicted by the best 

fit function, and the experimental values. The norm of the residuals is a measure of 

the deviation between the best fit function and the data. A lower norm signifies a 

better fit. 

 

For n data points, V is the difference between the predicted values by the best fit 

function with the experiment values. The norm of residuals is given by 

 




n

i

iV
1

2 . 
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One of the methods to analyze the performance of linear regression is to use the 

mean squared error (MSE). If the MSE is zero, the estimator predicts the observation 

of the parameter with perfect accuracy. The MSE will only be small when both the 

bias and variance are small  [MSE].  

 

The mean squared error is calculated by the following formula, and is displayed in 

Table 9. 
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Table 9. Mean Squared Error is calculated for the respective created best fit functions. 

Best fit function MSE 

sT  0.000199008 

txI  0.006969137 

txT  0.000063553 

rT  0.005520528 

 

 
Figure 27. Residual plot for sT , with norm of residuals is 0.03 ms. 
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Figure 28. Residual plot for txI , with norm of residuals is 0.19 mA. 

 
Figure 29. Residual plot for txT , with norm of residuals is 0.02 ms. 

 

 

 

Figure 30. Residual plot for rT , with norm of residuals is 0.2 ms. 

 

The above plotted graphs tell us that the deviation between the model and 

measurement is relatively small, therefore we can confirm that the created 

transceiver model has a promising accuracy.  

 

5.8.2 Validation of the Mathematical Calculations with 

Measurements on real Hardware  

In the following, we select a value x as the independent variable. Then use the best 

fit function, expressed as a function y = f(x), to derive a value yi . We check the value 
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x by performing actual measurement. The reading collected from the hardware 

measurement, yj, is compared with the value derived from the best fit function, yi . 

The results are summarized in Table 10, in which the absolute difference is relatively 

small. 

 

Table 10. Comparison between the values derived from the calculation with the actual 

measurements. 

 
f(x) 

From 
Calculation, yi 

Actual 
Measurement, yj 

Absolute 
difference 

txI ( -1dbm) 20.96 mA 
 

20.80 mA 
 

0.16 mA 

txT  (100) 3.72 ms 
 

3.72 ms 
 

0.00 ms 

sT (60) 2.83 ms 
 

2.82 ms 
 

0.01 ms 

 

The validation results works show us that the transceiver model is accurate.  

 The prediction error is low, with a maximum MSE is of 0.0069.  

 Validation of the mathematical calculations with measurements on real 

hardware show a maximum difference of 0.7 %. 

5.9 Coarse Grained and Fine Grained Average Energy 

Consumption  

Popular methodology adopted nowadays such as illustrated in Attempt 1, enable 

coarse grained energy consumptions estimation. We provide a new and accurate fine 

grained average energy consumption result as illustrated in the third attempt. 

Comparison of average energy consumption for the first and third attempt are 

shown in Table 11, this table tells us that the coarse grained energy consumption  

estimate is more than 2x as compared to the fine grained estimation in Attempt 3. 

The most important conclusions from this comparison are: 

 

 Hardware may not always be able to achieve 100 % efficiency. 

 The invisible communication cost between the transceiver and the 

microcontroller need to be considered.  

 Real implementation of a MAC could be more complicated than what is 

illustrated in the specification, thus derives the estimation from the 

specification may not always be accurate.   
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Table 11. Average energy consumption comparison for Attempt 1 and Attempt 3. 

 

 
Attempt 1(µ J) Model(µ J) 

Receive 297.963 754.939 

Send 301.414 771.449 

 

5.10 Energy, Latency and Throughput Profile 

This section illustrates the usage of the transceiver model. The final captivating part 

of this methodology enables a modular approach for energy prediction applied to a 

vast variety of configuration parameters. Average energy consumption shown in 

Table 12, assists us to investigate the minimum average energy consumption for 

different parameter configurations. 

 

From conducting experiments and the CSMA/CA algorithm [Standard 2003] we learn 

that the deterministic and minimum average energy consumption happen when the 

number of retries is zero and the initial BE value for the CSMA/CA backoff [Standard 

2003] retry is zero. The formulation of the non-deterministic energy profile is 

illustrated in Chapter 6.  

 

Table 12. Minimum and deterministic average energy consumption for different parameter 

configurations. 

Example Parameters Energy (µ J) 

1. 1B, Option 1, short address,  send, 0dBm 130.508 

2. 1B, Option 1, short address,  send, -25Bbm 113.372 

3. 1B, Option 2, short address,  send, -25dBm 133.475 

4. 100 B, Option 1, short address, send, 0dBm 355.005 

5. 100 B, Option 1, short address send, -7dBm 302.309 

6. 100 B, Option 1, short address send, -10dBm 284.752 

7. 100 B, Option 1, short address send, -25dBm 242.220 

8. 1 B, Option 3, short address, received 157.156 

9. 50 B, Option 3, short address, received 416.372 

10. 50 B, Option 3, extended address, received 479.853 

11. 50 B, Option 5, extended address, received 495.095 

 

For parameter values shown in Table 12, the first value indicates the MAC payload 

length in bytes, for example 1B. The second value is the switching options (refer to 
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Table 4), while the following value, short address/extended address, refers to MAC 

addressing field. The fourth value shows whether it is packet sending or packet 

receiving. The last value indicates the transmitter power in terms of dBm.  

 

We selected different value settings for different configuration parameters such as 

shown in Table 12, to illustrate the usage of the transceiver model. For example, 

small payload lengths with short address assist time synchronization among the 

nodes. From the table we can see that the average energy consumption is of 130.508 

µ J when the default 0dBm is used. If we tune the transmitter power to -25 dBm 

(example 2), an overall average energy saving of 13 %, is achieved.  

 

Now consider using switching to power down (Option 2) shown in example 3, 

compared to switching to idle mode (Option 1) in example 2, the average energy 

consumption increases with 15 %.  

 

The larger the MAC payload length, the smaller the ratio of the overhead per MAC 

payload length becomes. From Table 12, teaches us that large MAC payload length, 

100 B (example 4) with default transmitter, 0dBm, is 355.005 µ J. Reducing 

transmitter power from 0dBm to -7 dBm (example 5) enables average energy saving 

of 14%. Further reducing the transmitter power to -10 dBm (example 6) gives 19% of 

average power consumption deduction compared to example 4. Adjusting 

transmitter power of 0dBm to -25 dBm from the CC2420 datasheet, suggests a 

current drop by 50 %, but contribution to overall energy gain is 31 % (example 7). 

 

Average energy consumption of sending MAC payload of 1 B (example 1) is about one 

third of the average energy consumption of sending 100 B (example 4). 

 

To receive a small MAC payload of 1B (example 8) required average energy usage of  

157.156 µ J. Another interesting investigation involves a medium packet size, since an 

application may not always able to fill up a very large payload length. A medium 

packet size of 50 B consumes 416.372 µ J (example 9), which is 2.6x larger compared 

to payload length of 1 B (example 8). Extended MAC address for 50B MAC payload 

(example 10), causes extra overall average consumption of 15  % compared to MAC 

short addressing (example 9). 

 

The deterministic behavior by setting initial BE of backoff retry to zero and number 

of retries to one, leads to the next classification. We can know the best latency 

required of sending 100 B and receiving 100 B as well 1B, considering MAC short 

addresses that is used, shown in Table 13.  
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Table 13. Minimum latency. 

Latency for sending 100 bytes 9.34781 (ms) 

Latency for receiving 100 bytes 8.4423 (ms) 

Latency for sending 1 byte 2.59403 (ms) 

Latency for receiving 1 byte 1.8984 (ms) 

 

The best useful throughput for the RF sending of maximum MAC payload and 

receiving is presented in Table 14. Useful throughput refers to only MAC payload  

throughput.  

Table 14. Maximum useful throughput. 

Maximum sending throughput 86.03 (kb/s) 

Maximum receiving throughput 95.16 (kb/s) 

 

The conclusions for this section are: 

 Accurate average energy consumption can be attained from the created 

transceiver model. 

 

 Changing transmitter power from 0dBm to -25 dBm, enables a drop of 50 % in 

current drawn for the transceiver, but contributes to overall energy drop of 

31 %. 

 

 Sending a MAC payload of 1 B is one third of energy consumption of sending 

100 B, when MAC short addressing is applied. 

 

 The latency and throughput shown in Table 13 and Table 14, show us the 

best performance or capacity that the experiment that the hardware could 

sustain.  

5.11 Summary 

The complex behavior of the transceiver may easily lead to misinterpretation. 

Furthermore, coarse grained energy estimation can not accurately reflect the reality. 

We address these issues. The detailed analysis presented in this work, that enables 

fine grained energy estimation; it provides new understanding of the transceiver 

behavior compared to what we could comprehend from the existing literature. 

Coarse grained estimation may indicate half of the actual energy consumption in the 

physical hardware. Several unexpected behaviors revealed coming from the hardware 

measurement, are presented below.  
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 The communication cost between the transceiver and microcontroller is no 

longer invisible. It requires deep attention. This communication cost not only 

reflects a higher energy consumption, it furthermore impacts on the 

responsiveness on packet sending and receiving, as well as on the achievable 

sending and receiving throughput.  This means it is worthy to consider 

optimizing the SPI communication speed and reducing the hardware 

abstraction overhead. 

 

 To send a packet, the CC2420 stays in RX mode until the last byte of the data 

has been transferred via SPI.  Switching off the RX mode during the data 

transfer via SPI suggests a 50 % of overall energy consumption saving when 

no channel assessment retry happens, and an even higher percentage when 

channel assessment retries occurs. 

 

 A random backoff retry happens if the RF channel is found to be busy in the 

previous attempt. In each retry, data will be transferred from the 

microcontroller to the transceiver FIFO. Same data which have been 

transferred to the transceiver FIFO in the first attempt could be avoided to be 

transferred again in each retry; this modification enables a large payoff in 

terms of energy savings.  

 

 The RF transmission begins only after the data transferring into the TX FIFO 

is finished. Enables RF transmission to begin before the whole data being 

transferred over into the TX FIFO, reduces energy consumption and 

transmission latency.  

 

 The measurement experiments tell us that the mode switching energy is not 

symmetric and is relatively small compared to the overall energy 

consumption.  

 

Measuring of the power and latency of the individual aspect of the transceiver, 

enables creating a realistic model. Furthermore, validation that was performed shows 

a prediction error of 0.7 % and a maximum MSE of 0.0069, showing a promising 

result for the transceiver model.  

 

Average energy consumption for the transceiver is no longer a constant value. There 

are a lot of other factors which can change the average energy consumption for the 

transceiver. Through detailed analysis and investigation, we link all these factors 

together, which enable an exact description of the transceiver characteristic, and 
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contains a single random component, that is further characterized in a distribution 

form in Chapter 6. 

 

Analysis shows us that if a subsequent communication happens after more than 4 

ms, turning the transceiver into power mode enable power savings.  

 

The creation of the transceiver model is inputted into Mathematica, which serves as 

tool to predict the energy consumption for various different parameter 

configurations.  

 

To understand the performance and the capacity of the transceiver model, some of 

the important analyses are presented in the following: 

 

 Changing transmitter power from 0 dBm to -25 dBm, enables a drop of 50 % in 

current drawn for the transceiver, but contributes to an overall energy drop 

of 31 %. 

 

 Sending MAC payload of 1 B is one third of energy consumption of sending 

100 B, when MAC short addressing is applied. 

 

 When MAC short addressing is applied, the maximum useful throughput of 

the hardware platform is 86.03 (kb/s) for the RF sending and 95.16 (kb/s) for 

receiving. 
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Chapter 6  

MAC Layer Measurements 

and Modeling 

6.1 Introduction 

 

The deployment of wireless sensor networks provides many opportunities for 

collecting data related to the physical world. However, the wireless sensor network 

domain still faces challenges with regards to the reliability and application demands 

of reliable data collection are not easily achieved. From the current literature, 

without further comprehensive study and investigation, random components 

presence in IEEE 802.15.4 MAC algorithm sophisticated the problem analysis; 

therefore it is difficult to understand the reliability performance in relation with the 

MAC parameters values.  

 

Performance study of IEEE 802.15.4 as function of the MAC parameters values is not 

new. However, there are still some important aspects which demand to be improved 

such as: performance evaluation from the real hardware is limited. Evaluation based 

on the network simulator or on spreadsheet calculation hardly meets the constraints 

of a hardware implementation. The second problem is that a subset of performance 

evaluations have been performed and described in literature, but due to different 

measurement methods and environment assumptions, results are incomparable.  

These two aspects become the motivation of this work, which is the exhaustive 

characterization of the unslotted IEEE 802.15.8 MAC on the real hardware.  

 

Random backoff retry periods arise from the CSMA/CA in the MAC layer cause 

randomness in the energy consumption. A well defined probability distribution 

enables us to understand or to estimate the average energy consumption with 

respect to different MAC parameters does not exist. ―What is average energy 

consumption if we change the number of random backoff retries for MAC from one 

to five?‖. Our next goal is to investigate and to formulate a probability distribution 

for the random part of the energy consumption in relation with different MAC 

parameters to answer this question.  
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6.2 MAC  

The fundamental role of any MAC protocol is to regulate and coordinate the accesses 

of a number of nodes on a shared communication medium, in such a way that 

certain application performance requirements are satisfied. Some of the performance 

requirements for MAC protocols include the reliability, low access delay (time 

between packet arrival and first attempt to transmit it), low transmission delay (time 

between packet arrival and successful transmission), as well as a low overhead. The 

overhead in MAC protocols can result from the per-packet overhead (MAC headers 

and trailers), collisions, or protocol packet exchange overhead. The MAC layer 

provides services to the upper layers and enables transmission of packets, and is at 

the same time heavily influenced by the properties of the underlying physical layer. 

Since a wireless medium is used in WSNs, one of the important issues is the error 

rate, which is caused by physical phenomena like fading, path loss, attenuation and 

noise [KARL and WILLIG 2005].  

 

6.3 IEEE  802.15.4 MAC and PHY 

IEEE 802.15.4 standard specifies the Wireless MAC and PHY layer implemented for 

the low-rate wireless personal area networks (LR-WPAN), and is used in the SAND 

platform. The IEEE 802.15.4 general characteristics include a transfer rate of 250 kb/s 

and support for 16 channels in the 2.4 GHz ISM band with one channel used at a time.  

 

The standard also defines two types of network nodes: full function devices (FFDs) 

and reduced function devices (RFDs). An FFD can be a coordinator of a personal area 

network (PAN), or a device, while an RFD can operate only as a device with modest 

resource and minimum communication requirements. Networks can be built as 

either peer-to-peer or star networks. Peer-to-peer topologies contain only 

coordinators, and each node can communicate directly with all its neighbours. A 

Cluster Tree topology is a special case of peer-to-peer, where most nodes are 

coordinators, with some RFDs allowed to connect to coordinators as leaf-nodes. In 

the star network topology, one PAN coordinator acts as the centre of the network 

and other devices communicate directly to the centre node.  

 

Every network needs at least one FFD to be the coordinator of the network; devices 

are grouped together using relative distances. Each device has a 64-bit identifier, but 

within each PAN domain it is possible to communicate using 16-bit identifiers, 

having a short address.  

 



87 

 

Frames are the basic unit of data transport, and there are four fundamental types: 

data, acknowledgement, beacon, and MAC command frames. Each type of frame 

format provides a trade-off between simplicity and robustness. In this work, we only 

considered the FFD devices used in the peer-to-peer network with 16-bit identifiers, 

and involved with data and acknowledgement frames. 

 

IEEE 802.15.4 uses various robustness mechanisms to provide a reliable mechanism 

for data transmission. For the MAC sub-layer, these mechanisms include a channel 

access algorithm and frame acknowledgment. It is an important aspect to look into 

these mechanisms. Parameters that can vary in the IEEE 802.15.4 MAC include the 

data payload size, the number of backoff retries, the initial value for the backoff 

exponent, and the use of acknowledgement frames (refer to section  6.4 for more 

details). An application delay between transmissions used in the SAND platform, and 

the number of nodes involved in a network have also an influence on the reliability. 

Therefore, reliability measurements were carried out for the various MAC parameters, 

application delay and different number of nodes. 

6.4 Parameter Descriptions 

6.4.1 Data payload  

The IEEE 802.15.4 standard [Standard 2003] specifies that the maximum data 

payload, or aMaxPHYPacketSize (attribute used in IEEE 802.15.4 standard), that can 

be transmitted is 102 bytes. Therefore, the MAC payload length can vary from zero 

bytes to a maximum of 102 bytes.  

  

The MAC frame size(aMaxMACFrameSize) is given as follows: 

 

aMaxMACFrameSize = aMaxPHYPacketSize – aMaxFrameOverhead, 

 

where aMaxMACFrameSize is the MAC Service Data Unit (MSDU), aMaxPHYPacketSize 

is the MAC Protocol Data Unit (MPDU) size/ PHY Service Data Unit (PSDU) size, and 

aMaxFrameOverhead includes the MHR and MFR, illustrated in Figure 31. 

 



88 

 

                                                              MAC

LAYER

                                                               PHY

LAYER

Frame 

Control

Sequence 

Number
Data Payload FCS

2 Bytes 1 Byte 0  to 102 Bytes 2 Bytes

PHY Service Data Unit (PSDU) /

MAC Protocol Data Unit (MPDU)

aMaxMACFrameSize MFRMHR

Destination

PAN ID

Destination

Address

Source

PAN ID

Source

Address
0/2/8 Bytes0/2/8 Bytes0/2 Bytes 0/2 Bytes

Data Payload

0  to 102 Bytes

aMaxPHYPacketSize

2 Bytes

 

Figure 31. General MAC frame format. 

 

The aMaxPHYPacketSize with a value of 127 is the maximum PSDU size in bytes that 

the physical layer shall be able to receive.  

 

The aMaxFrameOverhead is fixed to 25, as the maximum frame overhead added by 

the MAC sub layer, regardless of how much is actually needed for the addressing 

fields. The maximum overhead occurs when the MAC addressing uses 20 bytes, as 

the other five bytes are fixed and include the frame control, sequence number, and 

FCS.  

6.4.2 Number of backoff retries 

The IEEE 802.15.4 standard has two types of channel access mechanisms [Standard 

2003]. These channel access mechanisms are used before the transmission of data 

frames. In this work, we only look into the un-slotted carrier sense multiple access 

with collision avoidance (CSMA-CA), which is used for a non-beacon enabled network. 

The slotted CSMA-CA channel access mechanism is used for a beacon enabled 

network; more details of slotted CSMA-CA channel access mechanism can be found 

in [Standard 2003]. In both cases, the channel access mechanism is implemented 

using units of time called backoff periods, which is equal to aUnitBackoffPeriod 

symbols. The aUnitBackoffPeriod has a value of 20. Therefore, one backoff period = 

20 symbols = 0.320ms, which is illustrated in Figure 32. 

 

10 2015

Time (symbol)

1 backoff period = 20 symbols = 0.32 ms

0.016ms

5

 

Figure 32. The backoff period used in the IEEE 802.15.4. 

 

The un-slotted CSMA-CA algorithm is shown in Figure 33. In the un-slotted CSMA-CA 

channel access mechanism a device waits for a random number of backoff periods in 
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the range [0, 2BE – 1] whenever it wants to transmit and then performs a clear channel 

assessment (CCA). BE is the backoff exponent, which determines how many backoff 

periods a device shall wait.  

 

 If the channel is idle, the device shall begin the transmission immediately. 

 If the channel is busy, the device waits for another random period before trying 

to access the channel again. 

 

The macMaxCSMABackoffs determines the maximum number of backoffs the CSMA-

CA algorithm will retry before declaring a channel access failure. The value for 

macMaxCSMABackoffs can be altered in the range of [0, 5], with the default value 

being four.  

6.4.3 Initial BE value  

The macMinBE is the minimum value for the backoff exponent (BE) in the CSMA-CA 

algorithm [Standard 2003]. The BE is initialized to the value of the macMinBE. If this 

value is set to zero, collision avoidance is disabled during the first iteration of the 

algorithm. The default value is three. It is valid to alter this value in a range of [0, 3]. 

The BE is increased by one in each retry and shall not be more than aMaxBE, where 

aMaxBE is five. The macMinBE does not only influence the waiting time for the first 

iteration, since the next waiting period depends on the first one.  
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Figure 33. The unslotted CSMA-CA algorithm [Standard 2003]. 

6.4.4 Acknowledgements 

In an un-slotted CSMA-CA network, acknowledgements are optional [Standard 2003] . 

The sender specifies when an acknowledged transmission is required.  

 

 If the packet was successfully transmitted and an acknowledgement was received, 

the MAC sub layer will issue the MCPS-DATA.confirm primitive with a status of 

SUCCESS. 

 If the packet was successfully transmitted, the MAC sub layer for the sender 

waits for an acknowledgement from the recipient for at most 

macAckWaitDuration symbols, thus the maximum wait time is 0.864ms as the 

value for macAckWaitDuration is 54. If the MAC sub layer does not receive an 

acknowledgement from the recipient within this time, it will retry its 

transmission for at most aMaxFrameRetries times, where aMaxFrameRetries is 

three. If the MAC sub layer has not received an acknowledgement from the 
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recipient, the payload will be discarded if the maximum number of retries is 

exceeded.  

 

Frame > 18 Bytes

Frame <= 18 
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Ack
0.352ms

Ack
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Tard
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0.192ms
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SIFS
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Backoff Period

Backoff Period
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Legend

Long Inter-Frame 
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SIFS

Ack

Tard

Short Inter-Frame 

Spacing
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Turnaround time
 

Figure 34. Acknowledged transmission timing. 

 

Figure 34 shows the transmission timing when the acknowledgment mechanism is 

enabled. The transmission of an acknowledgment frame in a non-beacon-enabled 

network must commence aTurnaroundTime symbols after the reception of the last 

symbol of the data frame. The aTurnaroundTime is equal to 12 symbol periods. This 

turnaround time (0.192 ms) is needed to allow the device to switch between 

transmission and receiver mode or vice versa. The acknowledgement frame consists 

of 11 bytes and the transmission takes approximately 0.352 ms when considering a 

raw data rate of 250 kb/s. In order to allow the received frame to be processed, the 

acknowledgement frame is followed by a minimum inter frame separation period 

(IFS). Frames or MAC protocol data units (MPDU) consist of the data payload and the 

MAC overhead. Frames with size less than or equal to 18 bytes must be followed by a 

SIFS (Short Inter-Frame Spacing) period of at least 12 symbol periods (0.192 ms). 

Frames with a length greater than 18 bytes must be followed by a LIFS (Long Inter-

Frame Spacing) of at least 40 symbol periods (0.64 ms). After the IFS comes the 

backoff period for the CSMA/CA algorithms before transmission of the next frame.  

 If IFS > backoff period for the CSMA/CA, the time between the acknowledgement 

frame to next frame is bounded by IFS.  

 If IFS < backoff period for the CSMA/CA, the time between the acknowledgement 

frame to next frame is bounded by backoff period for the CSMA/CA; IFS time is 

absorbed. 
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The transmission of an acknowledgement does not use CSMA/CA. The maximum 

number of packet retransmissions is three, which means that each packet 

retransmission has the possibility that collisions occurred between the 

acknowledgement frame and data frames, which will be further explained in the 

experimental result in section 6.10.5. 

 

The turnaround time and the acknowledgement frame transmission time is not 

included if the acknowledgment is disabled by the sender. This means that the 

transmission delay for the subsequent packet with acknowledgement is at least 

0.544 ms larger than without the use of it. An example is illustrated in Figure 35. If 

both frames (with acknowledgement enabled and disabled) have the same initial 

start time for transmitting the first packet at time t1, then the subsequent packet 

can be transmitted at time t3 (for acknowledgment enabled sender) if the first 

acknowledgement is successful, as compared to time t2 (for acknowledgment 

disabled sender). Therefore, it is possible that a longer time is required to store a 

packet in the memory when the acknowledgement mechanism is enabled.  

Frame > 18 Bytes Ack
0.352ms

Frame > 18 Bytes
Tard

12 symbols

0.192ms

LIFS

>=40 symbols

0.640ms

Backoff Period

Frame > 18 Bytes Frame > 18 Bytes
LIFS

>=40 symbols

0.640ms

Backoff Period

t1

t2

t3

Packet 1 Packet 2

Packet 1 Packet 2

 

Figure 35. Transmission delay for next packet is at least 0.544 ms with use of 

acknowledgement mechanism.  

 

We would like to know whether the use of IFS influences the packet reliability. 

Further analysis and investigation tell us that the use of IFS, will not impact much on 

the packet reliability. Consider the case if senders sending data infrequently, the 

network is less busy, and the use of IFS has no great influence in causing the MAC 

buffer being filled or total number of retries being exhausted. On the other hand, if 

the sender quite often sends data, then IFS is insignificant since the channel 

assessment time absorbs the IFS time. In terms of transmission delay, IFS overhead 

per frame bytes is computed as shown in Table 15. 
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Table 15. The IFS overhead per frame bytes 

Frame size (byte) IFS overhead / frame byte (ms) 

1 0.192 

18 0.0106667 

19 0.0336842 

102 0.00627451 

 

6.4.5 Application delay 

According to the SAND platform implementation, before any transmission setup, in 

the MAC sub layer, a check is first done to see whether there is unoccupied space in 

a packet transmission pool. If there is space, it will be allocated and the packet 

contents and parameters will be stored. If not, a check is again made whether there 

is free space in the transmission pool. If all the number of times available for 

rechecking fail, the MAC will return a status informing the application that a 

resource shortage has occurred and the packet is dropped. This is illustrated in 

Figure 36.  

 

A more general idea is that there is a limit for the memory that can be allocated in 

the transmission pool in any type of sensor node. In the SAND platform, which has a 

large amount (64 KWords of 24 bits) of data memory, the transmission pool is stored 

in the heap of the X data memory and the allocated amount of memory for the 

transmission pool can be increased. However, memory is also required to be reserved 

in the stack which enables task or process execution. Due to the constraint of the 

memory, a condition can happen in which the application wants to send packets, but 

that there is not enough space in the MAC sub layer to store the incoming packet 

contents and parameters. 

 

An example where this occurs is when the application layer produces packets faster 

than the MAC sub-layer can consume them, as the MAC sub layer requires some 

amount of time for processing each packet. The risk of this happening is higher 

when the channel is saturated as this processing can take a while, due to several 

mechanisms that the MAC employs, such as the CSMA/CA and frame 

acknowledgement mechanisms. Thus, the number of retries increaseds and the MAC 

sub-layer empties a space in the transmission pool slower than the application 

produces data, resulting in queuing of data in the MAC sub layer. Since the buffer 

space in the pool is limited, the packets can be dropped in the MAC layer.  
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The right-hand side of Figure 36 shows that a delay is added in the application layer 

in between the subsequent sending of packets. This delay is specified in a unit of 

milliseconds and slows down the sending of packets, to prevent packets from being 

dropped in the MAC layer due to resource shortages. The correct amount of delay, 

for example m ms, is needed in an application such that it can provide a better 

reliability to reduce the overflow risk in the MAC sub-layer, thus obtaining a higher 

sending throughput performance. Models, such as the work described in this thesis, 

are means of predicting appropriate choices for the parameter m. In the meanwhile, 

the delay time should be carefully selected since it may decrease the performance 

and reduce the sender responsiveness in sending a packet within real time guarantee 

or certain timing constraints. 
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Figure 36. No delay (left) and with application delays (right) between transmitted packets 

in the application layer. 

6.5 Definition of Reliability 

Reliability is one of the important requirements for the wireless sensor networks. An 

application may require high reliability, in which important packets must not be lost. 

Even if this is not a requirement, losing a packet also means a waste of energy.  

 

In general, probability for packet reliability, R, for the sensor nodes can view as 

depending on two main aspects: P1 and P2, where 1- R = P1 + P2 – P1P2. P1 is the 

probability of the packet loss due the environment and P2 is the probability of 

packet loss due to contention. Considering that the environment is quite 

unpredictable and hard to control, the focus in this work is to evaluate the packet 

loss related due to the contention.  
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6.5.1 Categorizing the reliability 

Our first approach to characterize the packet reliability performance is for example 

100 packets are initiated in the application layer in the sender side, and using a 

counter in application layer for the receiver to check how many packets in total that 

are received. However, results collected from this approach unable us to know 

whether the packet does send into the air by the sending node successfully.  

 

The next analysis tell us that a packet initiated from the application layer of a sender 

can be dropped in the MAC sub layer at the sender node, before it is actually 

transmitted over the wireless medium. Therefore, in the second attempt, we gather 

information about whether the packet is successfully sent by the sending node. 

 

To collect information, we use of the confirm primitive in the sender end and the 

indication primitive at the receiver end (refer to Figure 37), these primitives which 

offered by the IEEE 802.15.4.  

Application Layer

MAC sub Layer

Confirm

Application Layer

MAC sub Layer

Indication

TRANSMIT RECEIVE

 

Figure 37. The service primitives. 

 

6.5.2 Reliability at the sender side 

Sending a packet is initiated in the application layer as a request to the MAC sub-

layer. In the MAC sub-layer, the MCSP_data_confirm will return a status of SUCCESS 

if the MPDU is successfully transmitted or if a requested acknowledgement is 

requested and was received. The MAC sub layer discards the packet to be sent if an 

error occurs and returns the MCPS_data_confirm with the error code such as 

CHANNEL_ACCESS_FAILURE, NO_ACK, and RESOURCE_SHORTAGE [Standard 2003]. 

This status information is used to determine the total number of packet successfully 

transmitted by the sender node. 
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6.5.3 Reliability at the receiver side 

The MCPS_data_indication is used as a primitive to pass a receive packet structure, 

which contains the payload, payload length and link quality, from the MAC sub layer 

to the application layer upon reception of a packet. The MCPS_data_indication is a 

callback function placed in the application layer. With the use of the 

MCPS_data_indication primitive, we can check the total number of packets received 

by the MAC sub layer at the receiver side. 

6.6 Experimental Configurations 

The deployment of a massive number of small, inexpensive, long-life and low 

computation capability nodes is typical for sensor networks to support various 

pervasive applications. More sensor nodes may be added to a network to support 

complicated tasks or to provide more reliable sensing of events and phenomena. The 

IEEE 802.15.4 standard offers support for more than 65000 nodes for a given 

network [Standard 2003]. In the view of employing more sensor nodes working 

together for various applications tasks, the CSMA/CA mechanism plays a vital role in 

coordinating the access of sending nodes in a shared communication medium.  

 

The objective of conducting experiments is to gain insight into the mechanism 

employed by the IEEE 802.15.4, possibly enable the best use of these mechanisms for 

achieving better packet reliability.  

 

When the number of nodes increases in a network, the availability of the channel 

bandwidth and the transmission time to be granted for each node are reduced, which 

may decrease reliability for the end-to-end packet transmission. To gain an 

understanding for the concepts related to an increase in the number of nodes in a 

network and for the way the nodes share the communication bandwidth, we 

performed reliability measurements for three types of experiment setups listed in 

the following: 

 

 One sender, one receiver. 

 Two senders, two receivers. 

 Five senders, two receivers. 

 

For each of the experiment setups, the parameters described in Section 6.4.1 to 

Section 6.4.5 are varied, and we evaluate a range as indicated in Table 16, which 

totals, 3696 different configuration settings. We can determine the packet reliability 

behavior in relation to different configuration settings. Through examining different 

configuration settings, we aim firstly, to assess the packet reliability performance, 
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secondly, to find an optimum value for each parameter.  For example, if we found 

that indeed increasing the number of backoff retries gives an overall better packet 

reliability, this means that, a new MAC implementation of increase the number of 

backoff retries to 10 or even higher for applications that demand a high packet 

reliability. 

 

Table 16. Parameters and evaluated parameter values. 

Parameter Values 

Data payload length 

(in Bytes) 
10 20 40 60 80 100 102     

The number of backoff retries 0 1 2 3 4 5      

The initial BE value 0 1 2 3        

Application Delay 

(in milliseconds) 
10 20 30 40 50 60 70 80 90 100 200 

Acknowledgement disable/enable 0 1          

 

The payload size is evaluated first starting at 10 and 20 bytes, increasing when in 

steps of 20 bytes until 100 bytes. 102 bytes is added as it is the largest payload that 

is allowed. The minimum payload used is 10 bytes, because some bytes of the 

payload are used to store the configuration setting information as in the data 

payload from the sender to send to the receiver. The reason of incorporating the 

configuration setting in the data payload for the measurement tests is to keep track 

of the packets sent. 

 

Each configuration setting is referred to a unique combination of value settings for 

the five parameters specified in Table 16. Each value range that is permitted by the 

802.15.4 MAC standard for the number of backoff retries and the initial values for 

the backoff exponent is included. Application delay was specified in an increasing 

interval with steps of 10ms from 10 ms to 100 ms, after which a rather large delay of 

200 ms is evaluated.  

 

We also evaluate the reliability performance with and without the use of an 

acknowledgment frame in a sensor network. For each of the configuration settings, 

100 sample packets were used for each measurement. The logs were collected for 

the total number of packets successfully sent by the sender and the total number of 

packets successfully received by the receiver.  
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6.7 Environment for the measurement setup 

Considering the deployment of the sensor nodes in any environment, our 

experiments started before making any assumptions on the measurement setup. 

However, due to wireless channel is very unstable; experiments tell us that the 

software algorithm (CSMA/CA algorithm) in the sensor node is unable to avoid the 

influence coming from the unstable links.  

 

We desire to investigate packet reliability resulting in terms of the contention loss. 

Therefore, our next attempt is to figure out what are the factors or bias to our 

collected result that is due to the unpredictable physical phenomena, such that those 

factors could be reduced as much as possible, to enable appropriate characterization.  

6.7.1 The orientation of the antenna 

Most of the time, assuming ideal conditions, the radiation pattern may be assumed 

to be circular for each node. We measure the number of packets successfully 

received at the receiver over the total number of packet successfully transmitted by 

the sender node. This is done for all permitted transceiver transmitter power levels 

by performing practical experiments in an indoor environment, in which the sender 

and receiver nodes are 2m apart with the antenna orientation facing opposite of the 

other node as can be seen in Figure 38. 

 

2m

ReceiverSender

Arm length of 

21 mm of the 

dipole antenna

 

Figure 38. The placement of the sensor nodes and its antenna direction.  

 

We observed that, not all the packets sent by the sender are received. In the worst 

case, the packet loss is approximately 80 %. As this could be caused by the radiation 

of the antenna which is not circular [YANG and CHA 2007] [ALOMAINY, HAO and 

PASVEER 2007] [Basics], we adjusted the antenna with the front antenna for the 

sender and the receiver facing towards each other as illustrated in Figure 39. The 

front antenna is more effective in signal radiation, which we can see as an 

improvement in the measurement result with end to end reliability for the packet 

delivery. 
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Figure 39. The sensor nodes with front antenna towards each other.  

6.7.2 The placement of the sensor nodes 

The measurement setting was arranged as illustrated as in Figure 40, where both 

sending and receiving nodes are placed directly on top of the floor and are four 

meters apart. We encountered a situation where no packet is being received in the 

receiving node.  

 

Transmitting nodeReceiving node

4 meter
Ground

Antenna direction

 

Figure 40. The sensor nodes placed directly on the floor. 

 

This could be caused by absorption and ground reflection [SABIH 1960], in which we 

observed from the sender node that packets are not successfully sent to the air. We 

then lifted both sensor nodes five cm from the floor (see Figure 41) and see that the 

receiver is able to obtain the packets sent by the sender node. 

5 cm

Transmitting nodeReceiving node

Ground

4 meter

 

Figure 41. The sensor nodes placed five cm from the floor. 

 

We observed that the receiving node can be placed at different heights relative to the 

sending node as shown in Figure 42. Packets are received by the receiver node, 

however the placement at position B leads to less packet loss compared to the rest 

(position A and position C). By placing the sender and receiving node in a proper way 
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which enables the best line of sight propagation property, packet loss can be 

reduced due to the signal propagation.  

 

Transmitting node

Receiving node

Ground

4 meter

10 cm

10 cm

1 meter

A

B

C

 

Figure 42. Relative height between the transmitting node and the receiving node. 

6.7.3 The movement of the sensor nodes 

We fix the receiver node at one location while the transmitting node is moved 

towards the receiving node in the indoor open space, as shown in Figure 43. We 

observe that not all the packets are received, which could be the due to the 

multipath effect [Multipath]. However, the packet loss is not deterministic, which 

could depend on or be influenced by the speed of moving node. To quantify the 

reliability measurement related to the CSMA/CA mechanism, we therefore kept all 

the nodes in a static location and no adjustments are made until the measurement is 

finished. 

 

Transmitting nodeReceiving node

Ground

4 meter

1 meter

 

Figure 43. Moving the transmitter node towards the receiving node. 

6.7.4 The distance between the sensor nodes 

The sensor nodes used for the experiments can be powered either directly from the 

power supply or with the use of a Lithium battery cell.  

 



101 

 

Sensor nodeSensor node

- +  

Figure 44. Sensor node attached to the power supply (left) or with the used Lithium battery 

(right). 

 

From the conducted experiments, we notice there is a difference between the battery 

supply sensor node and the power supply sensor node, in which the effective 

distance for the battery supply sensor node is shorter than the power supply sensor 

node. We consider the effective distance, d
e 
, being the greatest distance between the 

transmitter and receiver in which the total number of packets sent by the sender is 

100 % received by the receiver ( The setting for the software is with a default setting 

for the IEEE 802.15.4 MAC is used, with initial BE value is 3, the number of retry is 5, 

a medium MAC payload length of 50 B, a medium application delay between transmit 

of 80 ms, and with acknowledgement disable ). The effective distance for the battery 

supply sensor is 25 cm, while it is about two meter for the power supply sensor node. 

The total packet loss detected fluctuates and is irregular when spacing the sender 

and receiver nodes with a distance larger than d
e
. The fact that the effective distance 

for the battery supply node is being shorter could be because the voltage regulated 

by the voltage regulator of the battery supply node is less stable when compared to 

the direct power supply. Consequently, this influences the node’s oscillator 

frequencies and transmission power, resulting in a smaller effective transmission 

range than the power supply node. 

6.7.5 The interference and obstacles between the sensor nodes  

Objects or obstacles placed between the sensor nodes will cause the radio waves to 

be spread out and weaken the transmitted signal; therefore we ensured that there 

were no obstacles placed between the sensor nodes. Furthermore, IEEE 802.15.4 is 

potentially vulnerable to interference by other technologies that use the ISM band 

like IEEE 802.11 and Bluetooth. Also, other devices that emit IEEE 802.15.4 packets 

into the air influence the reliability result that we measured, since it is ambiguous in 

determining whether the packet loss is due the our measurement setup or because 

of the uncontrollable external noise. To be able to assess the performance of the 

MAC sub layer, we have to keep all other unwanted influence factors as constant as 

possible; all reliability measurement results were collected at night time.  
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6.7.6 Fairness  

All the senders used in the measurement are programmed in such way that they will 

send a fixed size packet over a period of time, in order to provide fairness for all the 

senders to compete for the channel. This is because of observations from an 

experiment illustrated in Figure 45, where sender 1 initiates the sending of a packet 

containing 100 B of MAC data payload to receiver 1, while sender 2 sends a packet 

containing 1 B of MAC data payload to receiver 2. Both senders attempt to send every 

10 ms. It is observed that the RF channel is monopolized by sender 1, and is no 

packet is received over a long time for receiver 2; this can not to be considered as 

not reliable. 

 

Receiver 2Sender 2

Receiver 1Sender 1

20 cm

10 cm

20 cm

 

Figure 45. Experiment where sender sending a different packet size. 

 

The conclusions from the observations and analysis are: 

 

1. The sensor node hardware should be improved such as 

 more number of antennas being used, 

 more circular antenna radiation,  

 more efficient voltage regulator,  

 stronger transmitter power ( larger than 0 dBm),  

so that the sensor node still able to communicate and be more resistance in 

the various unstable RF environment. 

 

2. To enable packet reliability in term of the contention loss,  our experiment is 

based on appropriate setting on  

 the antenna orientation,  

 short distance between the communicating node,  

 no node movement, 

 and reduced possibly interference to the sensor node.  
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6.8 Experimental Setup 

In all the experiments, both sender and receiver were setup with their front antenna 

facing towards each other, and were placed on a table with a height of 70 cm from 

the floor. The transmitter power for the sensor nodes are set to -25 dBm. Although 

there is absorption and diffraction from table and wall, we think the current 

environment setup is reasonable to study the packet reliability reflected on the 

different configuration setting that we are adjusting. 

6.8.1 First experiment setup – one sender and one receiver 

In experiment one, two SAND nodes are used. The physical layout for the experiment 

is shown in Figure 46.  The main aim of this experiment is changing the different 

configuration settings (Table 1 and without the use of acknowledgments) increase or 

decrease the packet reliability.  

 

Our main interest is to evaluate the software performance, therefore we kept the 

Node 2 (receiver node) at 20 cm apart from the sender node (Node 2), considering 

that this close distance reduces the influence due the unpredictable environment 

factor to measurement result.  

 

Both nodes are powered by ES015-10 delta Electronika power supply of 3.3 V and 

0.09 A. This experiment is carried out to investigate the reliability of different 

configuration settings for one sender and one receiver that are active. Both nodes are 

connected to the computer via their UART peripherals, using RS-232 serial cables.  

 

20cm

Node 1

Node 2

 

Figure 46. Physical layout for single sender and single receiver. 
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6.8.2 Second experiment setup – two senders and two receivers 

 

Experiment 2 as shown in Figure 47 has the same setup as in first experiment, with 

one variation, which is the number of nodes that are active. In this experiment, our 

objective is to know how various parameters values can reduce the contention loss. 

Four nodes are used where two are senders and another two act as the receivers.  

Node 1 and node 3 are the senders, with a distance of 10cm between them while 

nodes 2 and 4 act as a receiver. All nodes are relatively close to each other to avoid 

signal propagation problems and in the meanwhile are within each other’s 

transmission range. Therefore coordination is needed, to ensure that only one node 

performs transmissions at one time, to avoid collisions. To examine the channel 

access protocol, Node 1 is communicating with Node 2 while Node 3 sends packets to 

Node 4. 

20cm

Node 1

Node 2

20cm20cm

Node 3

Node 4

10cm

 

Figure 47. Physical layout for two senders and two receivers. 

6.8.3 Third experiment setup – five senders and two receivers 

Node 1

Node 2

Node 3

Node 4

20cm

Node 5     Node 6      Node 7

10 cm

 

Figure 48. Physical layout for five senders and two receivers. 
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Experiment three as shown in Figure 48 has the same setup as in experiment two, 

but with an increased number of sender nodes. Nodes 5, 6, 7 are added to the 

network, and were supplied by a battery with an initial voltage of 3.6 V. These nodes 

were not connected to a computer; they acted as senders competing for the wireless 

channel bandwidth.  

6.8.4 Other experiment setup  

Compared to previous three experiments, in which the acknowledgement mechanism 

is not used, we repeated with same setup as in the previous configurations, but with 

main goal of to inspect the how is the presence of the acknowledgement mechanism 

reacts to the various configuration settings.  

6.9 Mathematical Modeling 

Let b  be the number of back off retries, where 5] 1,2,3,4, [0, b , 

Let i  be the initial BE value, where 1,2,3] [0, i , 

Let l  be the MAC payload length, where 102] 0,100,20,40,60,8 [10, l , 

Let d  be the application delay between transmissions, where 

200] 0,0,80,90,1040,50,60,7[10,20,30, d , 

Let k  be the acknowledgment setting, where [0,1] k . 

 

The total number of different permutation of the configuration settings is 3696. For 

each configuration 100 packets are sent by the sender for evaluation. A total of 

369600 packets are sent for characterizing the three different setups, including one 

sender (n = 1) and one receiver, two senders (n = 2) and two receivers, five senders (n 

= 5) and two receivers.  

 

For each setup, in the next step, we evaluate what the best parameter setting 

considering iteratively changing other parameters setting. We sorted the result for a 

parameter setting value, for example the number of backoff retries is zero, a 

Cartesian product of all other parameter setting value give of total 616 possible 

configurations setting.   

 

For each value of the parameter setting, we then computed the fraction of packet 

successfully sent by the sender over the total number of evaluated packet for all the 

other parameter setting, nsdy  . A fraction of packets successful received by the 

receiver over the number of the measurement packet, is denoted by nrdy  . 
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6.10  Experimental Results and Analysis 

6.10.1 Effect of the number of backoff retries on packet delivery 

reliability 
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Figure 49. The graphs display the results for different setting for the number of backoff 

retries. 
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The results from the investigation are shown in Figure 49 for the different numbers 

of backoff retries in relation with the number of nodes that are used.  

 

As can be observed from these graphs, in general, setting the number of backoff 

retries to zero results in lower packet reliability ranging from 6.7 percentage points 

for five sender active, to 0.3 percentage points for one sender, on the receiver end, 

compared to a setting of one retry. Increasing the number of the backoff retries even 

more does not suggest an obvious improvement. More backoff retries do not imply a 

higher end to end reliability. Furthermore, a high number of backoff retries implies a 

higher transmission delay and more energy consumption. Setting the number of 

backoff retries to one gives the best performance overall in terms of end to end 

reliability, transmission delay and the idle energy used for the extra backoff effort. A 

higher number of backoff retries does not show much enhancement in terms of 

packet reliability, as this requires a packet to occupy space in the MAC buffer for a 

longer time, which in turn increases the probability a packet being discarded due to 

MAC buffer overflow. This implies that increasing the number of backoff retries 

under high traffic load, reduces the throughput efficiency.  

6.10.2 Effect of initial backoff exponent on reliability 

 

cv  
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Figure 50. Displayed in the graphs are results for various experiments related to the initial 

backoff exponent values. 

 

When observing the different initial BE values, the overall experimental results show 

that there are no strong improvements for the end-to-end reliability with a higher 

number of the initial BE value. For the five senders and two receivers experiment 

however, a higher initial BE value tends to have slightly higher )(5 iy sd  value with an 

increase in packet delivery reliability of 1.7 percentage points for initial BE value 

three compared to initial BE is set to zero. This can be because all applications for 

the senders try to send packets periodically; with a higher initial BE value the 

probability of spreading out the time the sender nodes access to the channel is 

increased and channel competition is thus reduced. A higher initial BE value does not 

provide significant improvements in the packet reliability, so setting the initial BE 

value to zero has the advantage of lower access delay, transmission delay, and 

average energy consumption. 
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Figure 51. An example where n senders with initial BE value, i, set to zero (top) and initial 

BE value, i, used is three (bottom). 
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To illustrate the role of the initial BE value used in CSMA/CA, an example is shown in 

Figure 51. A higher initial BE value has a larger range for the number of the backoff 

periods for the random backoff. Consequently, the channel access for multiple 

senders will be spread out more as compared to a smaller initial BE value. We also 

see that the initial BE value not only affects the first initial BE value as can be seen in 

Figure 51 (top), but also influences the next initial BE value, as well as the total 

number of backoff retries required to transmit a packet over the RF channel. Here all 

senders try sending at almost the same time with sender 2 being able to transmit the 

packet and the other senders wasting their first try. During the second try, since the 

sends are still pretty close to each other, sender n is able to perform a transmission, 

forcing sender 1 to increase its backoff retry. With a higher number of senders, and if 

all the senders access the RF channel quite close to each other sender with a small 

initial BE, the number of backoff retries may be used up with the packet being 

discarded. Furthermore, some useless efforts are wasted in accessing the channel at 

almost the same time as the others.  

 

If we assume a large initial BE value, as can be seen in Figure 51 (bottom), then 

during the first try sender 2 is able to access the channel and all other senders are 

required to perform a backoff retry. As there is a larger range for the number of 

backoff periods for the random backoff retry, both sender 1 and sender n try to 

transmit the packet again at very different random times. This means that a larger 

initial BE value will a give a higher chance that the channel assessment is being 

spread out, thus reducing the collisions.  

 

Nonetheless, there is no sharp increase in the packet reliability performance with a 

higher initial BE. The main reason for this can be a larger range for the number of 

backoff periods for random backoff retries, which requires a MAC packet structure 

being stored in the MAC buffer for a longer time. This causes less buffer space being 

available to new application packets. Also, the sensor nodes may not be 

synchronized with each other, meaning that in our experiment, the number of 

simultaneous accesses is less than what is illustrated in Figure 51 (top), thus the 

result for the low initial BE can be higher compared to the case where all senders 

have perfect time synchronization. 
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6.10.3 Experimental results for the MAC payload length 

 

 

 

 

Figure 52. The overall reliability findings for the different MAC payload length are being 

varied in the experiments. 

 

From the experiment results shown in Figure 52, it is observed that, in general a 

larger MAC payload length occupies the channel for a longer period, reducing packet 

delivery reliability. With a data rate of 250 kb/s, a larger packet size has an obvious 

difference in channel occupation time than a smaller packet size; thus this impacts 

on the packet reliability performance. This is because larger packet size requires a 

higher network speed or larger packet size should be spread out from each other 

before the transmission such that the end-to-end packet reliability is not degraded.  

 

In a related research on IEEE 802.15.4 [LEE 2006], the author points out that ―This is 

because when the number of device increases, a larger packet size has more 

possibility to collide and to be destroyed.‖ This statement is not sufficient, because we 
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observed that when the number of devices increases, a larger packet size has a 

higher probability that the packet lost is due to not able to be sent into space, shown 

in )(2 ly sd  and )(5 ly sd  
in Figure 52. The reason for this is that the channel is found 

to be occupied in those situations.  

 

Considering whether experiment results are biased due to the small distance 

between nodes, a few observations are given below. 

 

1. The transceiver carrier sense level is set at -77 dBm, while the receiver 

sensitivity is to -94 dBm. Unless the RF signal is vary between -78 dBm to -94 

dBm, then transceiver may not able to carrier sense the channel appropriately, 

and assume the channel is found unoccupied, then in the MAC layer, the 

algorithm will still putting a packet to be RF transmitted, causing packet 

collision happened. 

 

2. If for a larger distance, if this problem is critical, changing the carrier sense 

level to -94 dBm enables the MAC algorithm function appropriately.  

 

This means that we are sure that the software usage is functioning effectively, unless 

the hardware unable to sustain so.  

 

Of the total packet loss for the sender and the receiver end, the percentage of packet 

loss in the sender side is on average 89 % for )(2 ly sd  and 66 % for )(5 ly sd . This 

means that, a smaller portion of average packet loss happens at the receiver side, 

which is 11 % for )(2 ly rd  
and 34 % for )(5 ly rd , due to packets being destroyed due to 

a collision as well as packets being discarded when the receiver is busy consuming 

the previous packet.  

 

In term of energy consumption efficiency, a larger MAC payload length tends to be 

better. However, larger packet size also tends to a higher packet loss. The next 

investigation is to answer what is the net throughput for the different MAC payload 

lengths in presence of packet loss. 

 

A larger MAC payload length means a larger packet size, which implies a smaller 

ratio of  , where 

 

sizepacketTotaloverheadPHYoverheadMAC /][  . 
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The result for the experiment is shown in Figure 52 with a MAC overhead of 11 bytes 

and a physical layer overhead of 6 bytes (see Section 5.5.4.2, for details). A smaller 

ratio of  means less energy is wasted in terms of the protocol overhead. Also as 

indicated in Chapter 5, a smaller packet size means more SPI command strobe 

(Section 5.5.6) to the transceiver and more relative overhead of SPI command strobe 

(Section 5.5.3) than a larger packet size, thus adding unwanted switching energy cost. 

The larger the MAC payload length sent by the sender, the larger the total average 

useful throughput of the experiments, , even in the presence of packet loss. The   

(in bytes) is given by the product of the average total number of successful packets 

per receiver and the MAC payload length (in bytes). The graph displayed in Figure 53, 

confirms that for both the single sender–single receiver and multiple senders– 

multiple receiver scenarios, a larger MAC payload length still tends to achieve higher 

throughput. 

 

In the multiple senders – multiple receivers experiment however, there is a chance of 

packet loss for the larger packets, due to channel bandwidth competition. This 

chance is also visible in Figure 53, with a small degradation in , at MAC payload 

lengths of greater than 80 bytes.  

 

In short, the conclusion from this investigation is for the multiple senders – multiple 

receivers experiment, medium size MAC payload length, of 60 B is the largest MAC 

payload without any significant throughput degradation, this means that medium 

packet size has the advantage of higher energy efficiency, since packet loss implies 

energy waste.  
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Figure 53. The larger the total average useful throughput of the experiments for larger 

MAC payload length, although in the presence of higher packet loss chance for larger MAC 

payload length. 

6.10.4 Experimental results for the application delay between 

transmissions 
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Figure 54. We investigate the influence of the application delay between transmissions in 

relation to the packets reliability.  

 

Upon investigation, it was observed that the best performance for the largest MAC 

payload length (102 bytes) required a minimum of ten ms of application delay 

between transmissions in the SAND platform. This best performance is measured for 

a single sender active in a network, in which no packet is discarded due to resource 

shortage. 

 

When the number of nodes is increased in a network, more network traffic is 

generated. The transmission delay for nodes is increased because nodes may not be 

able to access the channel in the first clear channel assessment. For multiple sender 

scenarios as compared to single sender scenario, the application delay between 

transmissions therefore has to be increased to avoid packet reliability degradation. 

 

The graphs for both )(2 dy sd and )(5 dy sd  show swift rising with the increase of 

application delay between transmissions up to 30 ms, achieving the average value of 

)30(2sdy at 0.98 and )30(5sdy  of 0.93. After that, for d larger than 30 ms, both 

graphs )(2 dy sd and )(5 dy sd , show slight fluctuations in the range of 0.9 to 1.0.  

 

For d  set to 10 or 20 ms, packet loss occurs visibly at the sender side as shown in 

)(2 dy sd  
and )(5 dy sd . Because of the increase of the network traffic, the packet is 

more likely to be discarded before being successfully sent, either due to exhausting 

the chances of channel access or due to the MAC buffer space required for storing 

the fast coming packets being full.  

 

Possible reasons contributing to packet loss at the receiving end shown in )(1 dy rd , 

)(2 dy rd and )(5 dy rd include collision or discarding an incoming packet when the 

receiver is busy processing the previous received packet; details are included in the 

next section 6.10.5.  
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An application delay of 30 ms is suggested to be the optimum value for the 2 

senders-2 receivers and 5 senders-2 receivers scenario in view of achieving balance 

between transmission delay, end to end reliability, average energy consumption and 

the throughput efficiency. 

6.10.5 Experimental results for acknowledgement mechanism 

 

 

 

Figure 55. The packet reliability performance achieved with and without the use of the 

acknowledgment mechanism.  

 

From the experimental findings shown in Figure 55 it can be seen that for the end-to 

-end reliability, the use of acknowledgements does not result in a noticeable 

improvement. Among the various configurations we carried out, the employment of 

acknowledgement mechanism has packet reliability is slightly higher than without 

the use of acknowledgement for )(1 ky rd , while with more senders are added into the 

network as shown in )(2 ky rd , )(5 ky rd , the acknowledgement frames are prone to be 
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lost, which results in unnecessary retransmissions, waste of energy and occupying 

more channel bandwidth compared to not using the acknowledgment mechanism. 

 

Once more than one sender is active in a network, the employment of the 

acknowledgment mechanism has shown a reliability drop of 4.6 percentage points 

for five senders and two receivers scenario, 5 percentage points for the two senders 

and two receivers scenario on the receiver end; 4.2 percentage points for five senders 

and two receivers scenario, 5.5 percentage points for the two senders and two 

receivers scenario on the sender end, as compared to in the absence of these 

mechanisms.  

 

The percentage points show that reliability drop for the employment of the 

acknowledgment mechanism than without the use of these mechanisms for the two 

senders and two receivers scenario is more severe than the five senders and two 

receivers scenario. When the acknowledgement mechanism is disabled, for the five 

senders scenarios, less packets are being successfully delivered into space than the 

two senders scenarios which reflects on )0(2sdy  
and )0(5sdy with a ratio of 

successfully delivered packets at 0.988 versus 0.968.  

 

The likelihood of the reliability drop due to the loss of the acknowledgement frame 

is explained with an example shown in Figure 56.  
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symbol of the data frame

Channel assessment 
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for a data packet
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Figure 56. Packet lost due the collision. 

 

Referring to Figure 56, sender 1 first sends a packet to receiver 1. In time t1, the 

receiver 1 finishes receiving the last symbol of the data frame from sender 1, receiver 

1 is required to switch from the receiver mode to the transmission mode within a 

maximum time of 0.192 ms according to IEEE 802.15.4 specification. During this 

turnaround period for the receiver 1, in t2, sender 2 performs a clear channel 
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assessment and finds that the RF channel is idle followed by RF transmission for a 

data packet to the receiver 2. In time t3, receiver 1 is ready to transmit an 

acknowledgement frame with a broadcast address and without the use of CSMA/CA 

mechanism. This acknowledgement frame may collide with the data frame, thus may 

cause unnecessary packet retransmission for the sender 1 due the loss of the 

acknowledgement frame, and also possibly retransmission required for sender 2 due 

the lost of the data packet. 

 

From the experiment result, the use of acknowledgement causing packet loss is not 

what we expected. We further investigate whether the timeout value for 

acknowledgment cause the problem. The investigation, tell us that the timeout value 

is not causing the packet loss observe on the experiment results.   

 

The acknowledgement mechanism of IEEE 802.15.4 waits for 0.864 ms before 

timeout, which in our experiments is more than required. The packet transmission 

and reception time of the CC2420 behave very similarly, according to [Texas 

Instruments 2007], with a small delay of 2 microseconds difference which is due to 

the bandwidth limitations in both the transmitter and the receiver. When the last 

symbol of a new packet is received, an acknowledgement frame is issued from the 

receiver. The worst case time needed to wait by the sender is wt = 2* largest wireless 

propagation delay + the bandwidth limitation problem. In our experimental 

measurements, due to close proximity location between the transmitter and receiver, 

the largest wireless propagation delay overhead is around 0.184 ms, which 

contributes to a total wt needed duration of 0.368 ms. 

time

time

1

0

V

mA

0

20

TX

Receiver 1
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Figure 57. Gross propagation delay. 
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To illustrate the gross propagation delay measurement, Figure 57 (top) shows the 

average current changes with respect to the various transceiver modes, where the 

time that starts of RF transmission for Sender 1 is being measured, while Figure 57 

(bottom) is using a pin toggling in the SFD interrupt, which indicates the start of 

received frame at the Receiver 1. With a repetition of ten measurements, the average 

gross propagation delay is 0.1808 ms. 

 

Another reason for packet loss is related to the hardware architecture used by the 

MAC. Receiving the last byte of a packet by the transceiver of the receiver node does 

not mean that the transceiver is now ready to receive other incoming packets. The 

receiver is unable to receive new packets until the last byte has been read out from 

the RXFIFO [Texas Instruments 2007]. For larger packet sizes, a larger time is 

required for the microcontroller to read out the packet from the RXFIFO via the SPI 

access (for further details, refer to Section 5.6). We observed a very small packet loss 

at the receiver end, )0(1rdy  without the use of the acknowledgement mechanism. The 

packet loss comes from a combination of a large packet with short application delay 

between transmissions, which cause packet being dropped while the receiver is 

occupied with the previous received packet. With the use of acknowledgement, 

for )1(1rdy , no packet losses occur due to receiver dropping the new packet, since 

packet retransmission would be performed at the sender side. However, this 

observation cannot easily be extended to the multiple senders scenarios, since the 

packet loss is shielded by the packet collision provided by other senders. 

6.11 Backoff time distribution 

In the following we present the effect of the MAC mechanisms on the energy 

consumption for the sensor node.  

 

The 802.15.4 MAC uses the CSMA/CA algorithm. To comply with the CSMA/CA 

algorithm, the device waits for a random number of unit backoff periods in the range 

[0, 2BE-1] every time, where BE is the backoff exponent. Considering it is a uniform 

discrete distribution, all integer values in the range [0, 2BE-1] are equally probable. 

Then, the probability of a occurring in a range of [0, 2BE-1] is 1/n, where n = 2BE. For 

different BE values, the range for the number of backoff periods is shown in Table 17. 
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Table 17. BE value with the range for the number of backoff periods and the probability of 

a.  

 

 

The calculations below are performed to get the distribution for the backoff time.  

 

P (b = a) is the probability that a backoff period, b is of length a.  

b is the backoff period. 

P (b = a) )(afb , where a = [0, 31]. 

 

P (BE = c) is the probability that the BE value is c. 

 

P (BE = c) )(cfBE , where c = [0, 5]. 

 

The )(afb  will be different depending on the a value and the probability for a BE 

value. The details for )(afb  are given in the following.  
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The )(cf BE  for different BE values equal to c , is calculated based on the initial BE 

value and the number of backoff retries.  

 

iBE  is the initial value for BE. 

BE Range for the number of backoff periods 
Probability of 

a = 1/n 

0 [0] 1 

1 [0,1] 1/2 

2 [0,3] 1/4 

3 [0,7] 1/8 

4 [0,15] 1/16 

5 [0,31] 1/32 
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brN  is the number of backoff retries. 

p  is the probability of the channel access failure after a carrier sensing. 
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The next backoff retry, d , will happen if the previous backoff retry, d -1 , fails. The 

range for the number of backoff retries can be between 0 and 5 according to the 

CSMA/CA algorithm in the IEEE 802.15.4 MAC [Standard 2003].  

 

)( dNP br  is the probability that the number of actual backoff retries is d . 

 

]5,0[)1()(  dppdNP d

br
 

 

The random backoff retries in the MAC layer cause the variations in the energy 

consumption. The average energy used for iE  depends on the initial BE value, iBE  

and the probability, p , of channel access failure after a carrier sense operation. The 

expected energy consumed in the idle mode during a sending process,  EiE  is 

represented as: 
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 , where a = [0, 31]. 

 

The formulation of the probability distribution for the random backoff enables us to  

further characterize the overall average energy changing on the sensor platform 

influence by the configurable parameter, including the initial BE and the number of 

backoff retry.  

 

Considering p  is the probability of the channel access failure after a carrier sensing 

is with an average value of 0.5, the energy consumption for some of the packet 

sending operations changes depending on the initial BE value and number of backoff 

retry example are presented in Table 18. 

 

Table 18. Average energy consumption dependant on the initial BE and the number of 

backoff retry value. 

Example Parameters Energy (µ J) 

1. 
1B, Option 1, short address,  send, 0dBm, 

initial BE = 3, Number of backoff retry = 5 
416.372 

2. 
1B, Option 1, short address,  send, 0Bbm, 

initial BE = 1, Number of backoff retry = 5 
393.636 

3. 
100 B, Option 1, short address, send, -25dBm, 

initial BE = 3, Number of backoff retry = 2 
1205.25 

4. 
100 B, Option 1, short address send, -25dBm, 

initial BE = 3, Number of backoff retry = 5 
1848.00 

 

6.12 Summary 

Adjusting configurable parameters to achieve a better performance for the IEEE 

802.15.4 MAC is not new: however comprehensive evaluation does not exist. Without 

a comprehensive evaluation, we are still in doubt whether it is possible to combine 

the findings from different papers considering that the results are based on different 

measurement methods and environment settings.  In this work, we have performed 

an exhaustive characterization of the non-beaconed IEEE 802.15.4 MAC on the real 

hardware to assess the packet reliability performance.  

 

The focus in this work is to evaluate the software aspect, which is essentially how 

efficient the MAC algorithm is in reducing packet loss based on different 

configuration settings. Considering we are not focusing on characterizing or 
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changing the hardware platform to be more resistant to environmental changes, we 

are therefore required to investigate appropriate environment setting for the 

experiment measurements. To enable packet reliability in terms of the software 

aspect, our experiment is based on an appropriate setting on  

 

 the antenna orientation,  

 short distance between the communicating node,  

 no node movement, 

 and reduced possible  interference of the sensor nodes.  

 

A few suggestions to improve on the hardware are: 

 more antennas should be used on a single node, 

 higher circular antenna radiation,  

 use an efficient voltage regulator,  

 enable stronger transmitter power ( larger than 0 dBm). 

 

Various parameters that govern the functioning of the IEEE MAC 802.15.4 are 

investigated. Analysis from the software point of view shows that the increase of the 

number of retries is essential to increase the likelihood of a successful packet 

transmission. A larger initial BE could be useful to reduce the carrier sensing 

collision with the other sensor nodes. We could set the application delay to a very 

large value, to improve the packet reliability, or to use a small MAC payload to 

reduce the probability of packet loss. We further think that the use of 

acknowledgements enhances the packet reliability. However, experiment did not 

present all the results that we expected.   

 

Practical experiments enable us to learn whether all nice characteristics implemented 

in the MAC could be useful in improving the sensor node packet reliability.  

Experiment results let us know that the characterization of the MAC could be 

achieved; however other constraints prevent the usefulness of some parameters. The 

evaluation is not evaluated only for the standalone MAC module, but also the MAC 

interaction with the transceiver and with the application layer. Performance 

evaluation for the different parameter configurations is presented below.  

 

1. In general, setting the number of backoff retries to zero results in lower 

packet reliability ranging from 6.7 percentage points for five senders active, 

to 0.3 percentage points for one sender, on the receiver end, compared to a 

setting of one retry. Increasing the number of the backoff retries even more 

does not suggest an obvious improvement.  
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2. The overall experimental results show that there are no strong improvements 

for the end-to-end reliability with a higher initial BE value. For the five 

senders and two receivers experiment however, a higher initial BE value tends 

to have slightly higher values with an increase in packet delivery reliability of 

1.7 percentage points for initial BE value three compared to initial BE value 

one.  This means that for a dense network, the larger initial BE value could be 

still useful. 

 

3. For the multiple senders – multiple receivers experiment, medium size MAC 

payload length, 60 B, has is the largest MAC payload without significant 

throughput degradation. A degradation of around 7% to 13% in the 

throughput is observed for the MAC payload lengths of greater than 80 bytes. 

This means that medium packet size has the advantage of most energy 

efficiency, since packet loss implies energy waste. 

 

4. Experimental results show the increase of the application delay between 

transmissions up to 30 ms, with swift improvement on the packet reliability.  

After that, for application delay larger than 30 ms, it maintains high packet 

reliability probability in the range of 0.9 to 1.0. This means that an 

application delay between transmissions needed is approximately 30 ms for 

multiple senders in view of achieving balance between transmission delay, 

end to end reliability, average energy consumption and the throughput 

efficiency. 

 

5. The use of the acknowledgment mechanism is not always able to improve the 

packet reliability, compared to not using it. The reason is because the 

acknowledgement frames are prone to be lost, causing unnecessary 

retransmission, and reducing packet reliability. Suggestions for 

improvements solving this problem are: 

 Acknowledgement frames should be sent with the use of the CSMA/CA 

mechanism. 

 Enable sending and receiving for acknowledgement frames via a different 

channel from the data frames. 

 

Some important observations revealed through the experiments and suggestions are 

presented below: 
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1. If the transceiver is still busy processing the previous packet, the incoming 

packets will be ignored, since the CC2420 only has one RX FIFO. Suggestions 

are:  

 

 The transceiver chip should be designed to have more RX FIFOs.  

 

 Optimize the SPI communication such that data is read out more 

faster from the RX FIFO, enabling next packet reception by the RX 

FIFO.  

 

2. Increasing the number of backoff retries and increasing initial BE value, 

increases the time a packet occupies on the MAC buffer. One of the 

suggestions can be to add a buffer in the application layer to reduce the 

problem of packets being dropped by the MAC layer due to a buffer that is 

being filled up.  

 

Other conclusions are: 

1. The acknowledgement mechanism of IEEE 802.15.4 waits for 0.864 ms before 

timeout. Experiments let us know that two times the packet propagation 

delay should be less than the timeout value. If not, changing the timeout 

value to a larger amount, results in a higher propagation delay.  

 

2. The default transceiver carrier sense level is set at -77 dBm: if the RF signal is 

varied between -78 dBm to -94 dBm, then the transceiver may not be able to 

carrier sense the channel appropriately, and assume the channel is found 

unoccupied. Then in the MAC layer, the algorithm will still put a packet to be 

transmitted, causing packet collision happen. If this problem occurs, 

changing the carrier sense level to -94 dBm enables the MAC algorithm to 

function appropriately.  
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Chapter 7  

Application Modeling 

7.1 Introduction 

Emerging micro-sensors based on MEMS technology enable small sensing, processing 

and communication capability sensor nodes to be used in various applications. Given 

the results obtained by performing experiments for different aspects of application 

scenarios for the packet reliability and communication cost from the physical and 

MAC layer, we explored an important new aspect in the application layer, which is 

the dynamic computation cost involved for an application. Understanding the 

characteristic of the application processing cost is important, because this provides 

estimation on how much energy is consumed in the computation aspect while 

fulfilling application needs. The computation cost in an application layer is dynamic, 

since the application used in the sensor node is triggered to work by the sensing or 

monitoring phenomena. In order to quantify the dynamic computation cost of a 

sensor node reacting to the environment phenomena, an implemented Distributed 

aggregate management (DAM) [FANG, ZHAO and GUIBAS 2003] application is 

selected to be used in this study. The application is run on a simulated environment, 

in which we simulate the environment phenomena and also model the SAND 

platform. 

 

Instead of using OMNeT++ and ns2, which are network simulators that abstract from 

the hardware details, in order to achieve a realistic mimic of the underlying hardware 

platform to facilitate application modeling, we use a full system emulator, the 

Sunflower simulator, in our context. To  quantify the dynamic computational cost for 

an application, the SAND platform is modeled in the Sunflower simulator.  

 

The main targets of this section are: 

1. To examine the application delay between transmits mentioned in 

Section 6.4.5. 

2. To quantify the computation cost required for the DAM application. 

3. To enable ease of investigation and measurement of the DAM 

application by modeling the SAND platform in the Sunflower 

simulator. 
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4. Examine and evaluate the configurable parameters for the DAM 

application. 

7.2 Creation of Sunflower Configuration File for the 

SAND Platform  

Simulator configuration files are used in Sunflower to specify the configuration of the 

hardware to be simulated. In this manner, an appropriately constructed 

configuration file enables the use of the simulator to model the components of the 

SAND platform – its processor, peripherals, voltage regulator, batteries, network 

interfaces and so on, that are needed for an application, which is illustrated in Figure 

58. 

Processing element

CoolFlux DSP 

Processing element

Accelerometer

Battery Interconnect

SPI

Network 

Interface

Transceiver

Voltage 

regulator

 

Figure 58. Node components modelled in the Sunflower simulator. 

7.2.1 Processing modules 

Each SAND node was modeled using two processing elements in the Sunflower 

simulator as shown in Figure 58. The first processing element is used to model the 

Coolflux DSP and the second is used for modeling the sensor device. In order to 

calibrate the performance of the processing element, a few steps, explained later on, 

were carried out to adjust the required clock frequency for the modeled CoolFlux 

DSP. A benchmark program was run on both system architectures to assess the 

relative performance of the Coolflux DSP and the modeled Coolflux DSP created in 

the Sunflower simulator. The Dhrystone Benchmark 2.1 is used to measure the 

performance of computer systems and focuses on integer performance. It is written 

in portable C language code, has small code size, and attempts to provide an 

accurate characterization of processor performance in MIPS (million instructions per 

second)  [DMIPS]. For the CoolFlux DSP, the Dhrystone Benchmark was executed using 

the Target Compiler Fast Simulator. The Target Compiler Fast Simulator is an 
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instruction-set simulator which supports debugging based on the binary machine 

code, and offers cycle and bit accurate simulation of machine code on the Coolflux 

DSP microcontroller [Retarget 2003].  

Table 19. Performance of the Dhrystone Benchmark 2.1. 

 Execution Time (seconds) 

Modelled CoolFlux DSP created in Sunflower 5.870 

CoolFlux DSP 4.003 

 

The execution time performance for both the CoolFlux DSP and the modeled 

processing element are shown in Table 19. The total number cycles for the 

Dhrystone executable is 48040439 cycles shown in the Fast Simulator. The frequency 

used for the core of the Coolflux DSP is set to 12 MHz in the SAND platform. 

Execution time of the Dhrystone program for the Coolflux DSP is computed by total 

number cycles * 1/ Frequency of the microcontroller, which is 4.003 seconds. A 

processing element instantiated with a clock frequency of 12 MHz, executing the 

Dhrystone program in the Sunflower simulator, provides the simulated processor 

execution time of 5.870 with a total of 70450894 simulated clock cycles. The 

Dhrystone benchmark served as a general performance indicator for comparing the 

modeled CoolFlux DSP in the Sunflower simulator to the Coolflux DSP device. The 

clock frequency of the modeled CoolFlux DSP in the Sunflower simulator was then 

adjusted from 12 MHz to 17.61 MHz, to achieve comparable execution time of the 

Dhrystone program by the CoolFlux DSP. This adjusted frequency is calculated based 

on the execution time of the modeled Coolflux DSP divided by execution time needed 

in CoolFlux DSP for the Dhrystone program. The power dissipation modeling for the 

CoolFlux DSP is illustrated in Section 7.2.2. 

 

A second processing element was used to model the sensor device, which is an 

accelerometer sensor used in the SAND platform. The accelerometer used in 

experiments with the SAND platform features 3 channels used in reading sampled 

sensor data. It has an onboard 12-bit analog to digital converter (ADC), with a 

conversion and read back of single channel taking approximately 50 microseconds. 

To model the accelerometer device, an application is created and loaded in the 

instantiated processing element, thereby emulating the behavior of a dedicated-

function integrated circuit. The modeled accelerometer processing element is set to a 

clock frequency of 12 MHz. The modeled accelerometer provides sampling data 150 

microseconds after a data request, just as the circuit it models which is illustrated in 

Figure 59. 



128 

 

Sample request

Sample respond

CoolFlux

DSP
ADC

150 microseconds

 

Figure 59. The modelled delay per sample matches the sample conversion time required 

for the actual accelerometer. 

Power consumption, with typical active power of 0.002475 Watt and idle power of 

0.000033 Watt according to the accelerometer datasheet, are specified for the 

modeled accelerometer.  

7.2.2 Interconnect and network connection 

The properties for interconnect links used in the SAND platform can be modeled in 

the Sunflower simulator. Two communication links were modeled: the wireless RF 

channel and the Serial Peripheral Interface (SPI) that facilitates communication 

between the CoolFlux DSP and the accelerometer sensor.  

 

The modeled wireless RF channel is created with channel properties including a 

maximum packet size of 952 bits, a bitrate of 250 kb/s, and single access to the 

transmission medium. The 952 bits constraint is set, because it represents the 

largest allowable MAC payload length, 102 bytes, the MAC layer overhead of 11 bytes 

and the physical layer overhead of 6 bytes. The transmission bit rate is provided 

according to the transceiver, the CC2420 data rate. A single medium access is 

allowed, based on the CSMA/CA protocol, in which only a single device can transmit 

at one time. Radio signal propagation, is subject to signal attenuation. The signal-to-

noise ratio (SNR) at the receiver destination location in conjunction with the receiver 

sensitivity determines whether or not a signal will be correctly demodulated and 

hence whether a radio packet will be received. The minimum SNR for which a signal 

can be correctly demodulated is computed as the ratio of the transmit power to the 

receive sensitivity. Transmitter transmit power is modeled at 0 dBm or 1 mW. 

According to the CC2420 datasheet, the ability to discern low-level signals is -94dBm 

receiver sensitivity. The receiver sensitivity is converted to Watts by the formula 

[Signal], 

, 
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, 

giving the SNR for the modeled wireless RF channel being 2.51189×10-9. The 

interconnect between the accelerometer and CoolFlux DSP processing element, which 

is an SPI link, is modeled with 8 bits for the frame size, with a communication speed 

of 2000 kb/s. The frame size is set according to the SPI connections, which allows a 

transmission of 8 bits data to be sent at one time. The SPI communication speed 

supported by the accelerometer in the SAND platform is 2 MHz. Two SPI 

transmissions, used for setting the operation mode of the accelerometer and to 

request sensor data from the accelerometer, are modeled accordingly in the 

Sunflower simulator. Sensor data consists of 12 bits from each channel, given a total 

sensor data size of 36 bits and requires five SPI transmissions to be transmitted to 

the microcontroller. This SPI access is modeled in the simulation as well.  

 

To model the CC2420 transceiver used in the SAND platform a network interface is 

instantiated attaching the CoolFlux DSP processing element to the created wireless 

link. The specification of transmit, receive, idle and idle listening power dissipation 

for the network interface is according to the measurement performed for the SAND 

platform as indicated in Chapter 5. Since this measurement includes energy used by 

the transceiver as well as for the microcontroller, the power consumption is turned 

off for the modeled CoolFlux DSP processing element. The power dissipation for 

transmit is set to 88.44 mW, receive is 80.52 mW, idle is 14.19 mW and idle listening 

is 73.92 mW. The CC2420 transceiver has a TX FIFO and a RX FIFO of 128 bytes, the 

total number of the transmit and receive FIFOs of the modeled network interface are 

both set to one. 

7.2.3 Environment modeling 

Environment modeling in the Sunflower simulator enables the sensor node’s 

deployment location, the physical or environment conditions for the sensor, as well 

as the behavior of transmitted radio waves in the wireless RF channel. 

 

The topology layout for the five sensor nodes employed in evaluation is illustrated in 

Figure 60. Figure 60 shows the Cartesian coordinates, with distance in the units of 

centimeters for all positions. 
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Figure 60. Topology layout for the sensor nodes. 

 

Signal is propagated from one point to another; equations which characterize the 

signal attenuation can be described in the Sunflower simulator with the use of a 

regression equation. Equation [Sunflower Simulator] given by 

, 

is used in the Sunflower simulator to express the amplitude of signal attenuation as 

a function of , where  is the radius from the source. The attenuation of radio signal 

as modeled according to the inverse-square law and is obtained by setting up the 

coefficients for the regression equation with  = 1,  = 1 and  = -2, and other 

coefficients to zero in the Sunflower simulator [example in Sunflower Simulator].  

 

The signal radiation of the transmitter is in all directions; however, signal radiation 

pattern of the transmitter may not be circular. The dipole antenna used in the SAND 

platform has a stronger radiation pattern in the front antenna than the in back 

antenna [ALOMAINY, HAO and PASVEER 2007]. In addition to the positive amplitude 

signal source created for the attenuated radio signal, negative amplitude signal 

sources are created to model the back antenna of the SAND nodes. The net signal 

source yield, illustrated in Figure 61, shows the radio propagation signal modeled in 

the Sunflower. This modeled radio propagation signal assumes that the distance 

between the transmitters to the receiver is 75 m, which for the SAND platform being 

an IEEE compliant device is within the operation range of 10 – 75 m [PETROVA, et al. 

2006]. Antennas for all the nodes are facing towards the same direction. The 

antenna’s front toward the x direction and antenna’s back is towards the -x direction. 
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Figure 61. Radio signal propagation for the sensor nodes.  

 

The signal environment where a sensor node is used to detect a monitored 

phenomenon is simulated in Sunflower to enable the study. The trajectories of the 

monitored signal profiles are based on an example provided with the Sunflower 

simulator. The signal trajectories are shown in Figure 62, with normal distribution 

signal attenuation, and having a peak intensity of 1000 units.  

 

The total distance for Trajectory 1 is 211.2 cm, and Trajectory 2 is 211.6 cm. The 

signal source trajectory speed according to an implemented example in the 

Sunflower simulator is given by (trajectory rate / total number of the points defined 

for a trajectory) * total distance. The trajectory rates for both trajectories are 

modeled at a rate of 100 cm per second. The total number of points defined for a 

trajectory is 400, which gives the trajectory speed for Trajectory 1 and Trajectory 2 

at around 0.5 meter per second. 
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Figure 62. Signal trajectories and nodes location. 

7.2.4 Voltage regulator and battery 

 

The battery and voltage regulator used in the SAND platform with the cell discharge 

rate and voltage regulator efficiency can be modeled in the Sunflower simulator. The 

cell discharge rate shown in Figure 63 (left) and voltage regulator efficiency displayed 

in Figure 63 (right) are loaded into the simulator using a lookup table and serve as 

input parameters to a discrete-time electrochemical battery model.  
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Figure 63: Model of the cell discharge rate (left) and voltage regulator efficiency 

(right). 

 

The battery used in the SAND platform, with a nominal capacity of 55 mAh, can be 

modeled in the simulator. However, a nominal capacity of 3 mAh is used in order to 

shorten the time when simulating various application scenarios. The result created 

per simulation scenario is then scaled up 18.33  times. Processing elements which are 

instantiated to model the CoolFlux DSP, network interface and the accelerometer 
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sensor use a coarse-grained mode-based power estimation facility. The dissipated 

power is according to the specified active and idle power modes.  

7.3 Application Modeling 

The Sunflower implementation of the DAM protocol in C is cross compiled, followed 

by loading the compiled binary into the Simulator. The compiled binary is encoded 

in S-record format accompanied by the .m file (the file which contains the hardware 

properties description illustrated from section 7.2.1 to 7.2.4) and is executed in the 

simulator. 

 

In short, the DAM is used to select a cluster leader for the signal landscape of an 

area covered by the cluster.  The cluster leader is a node which has the highest 

sensing signal compared to the rest of nodes at a signal sampling rate. Information 

is distributed by exchanging the sensing data of a node with all the other nodes that 

are within each other the transmission range, so that the node which has a highest 

sampled signal is selected as a cluster leader. 

 

In each signal sampling period, a signal sensed by a node is compared to a 

thresholdElection value. The thresholdElection value is the minimum monitored signal 

amplitudes received by the node sensor, so that the node can participate in the 

leader selection process. In each leader selection process, the duty a node is required 

to perform is preparing a DAM packet and to broadcast its sampled signal data to 

other nodes in its transmission range. In each reception of a packet, the node is 

required to perform the following things: 

 

 To retrieve signal data information from the received packet, 

 The sensing signal amplitude value from the original node contained in 

the received packet is compared to check whether it is larger than the 

highest sensing signal amplitude that the nodes have received so far in 

the current selection process, 

 The sensing signal amplitude value from the node which passes the 

packet is contained in the received packet and is compared to see 

whether it is larger than the sensing signal amplitude value by receiver 

node, 

 If both conditions are larger, then the receiver node will prepare a DAM 

packet update based on the received information and performs a broadcast.  

 

In general, a lower thresholdElection means more is required to be performed by the 

node. The aim of this work is to quantify how the different thresholdElection values 



134 

 

are related to the average energy consumption required by the application to carry 

on its duty. 

 

The Protocol period which is defined in the literature as the period of a leader 

selection process can be viewed as a sampling period. Changing the sampling period 

to larger value means that less data sampling is required to be performed by the 

sensor node, thus reducing the average energy consumption. The relation between 

the average energy consumption and the data sampling period becomes our second 

objective for analysis. 

7.4 Experiments and Result 

7.4.1 MAC payload and application delay between transmit 

An application such as DAM defines the MAC parameters including the MAC payload 

length and the application delay between transmit. The MAC payload required in the 

DAM application is fixed at 58 bytes. The application delay between transmit can be 

formulated based on the logging information gathered from the simulation. The 

result presented in Figure 64 let us know the dynamic application delay between 

transmit required by the sensor node to fulfill the DAM application dependent on 

the protocol period. In general, a higher protocol period implies getting a sampling 

data that is larger than the thresholdElection and requires transmission. Furthermore, 

it means a higher chance of receiving packets that demand retransmission. This 

therefore results in a shorter application delay between transmissions. The dynamic 

of the application delay between transmit, )(ppd , can be approximate by  

 

0187.61107.0)(  ppppd
 

 

, where pp  is the protocol period. 
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Figure 64. Application delay between transmit required by the DAM application.  

7.4.2 DAM application and configurable parameters 

7.4.2.1 Threshold election 

From the simulation experiment result, we can conclude that changing 

thresholdElection   has two types of behaviours. Let the sum of the monitored signal 

amplitude be 2000. We now compute the fraction of the signal amplitude that could 

be qualified for the leader selection, w, and this is given by the setting of the 

thresholdElection over highest amplitude of sum of the monitored signals. The 

behaviour is similar when w is between 0 to 0.0375: the number of times a node can 

be qualified in a leader selection process does not exhibit much difference, only 1%. 

When w is 0.05 or larger no nodes are able to be qualified into a leader selection 

process. The simulations for w equal to 0.05 and larger have been evaluated where 

the protocol period is 20ms, 40ms, and 100ms.  

 

For a lower w, it implies a small detected signal can be qualified for the leader 

selection. If w is smaller, a larger sensitivity as well as a larger signal range of 

monitored target are in coverage. This means that there is a higher chance that the 

node can be qualified in the leader selection events. However, for w equal to 0.05 or 

higher we see that the chances of the node being able to detect a larger signal 

amplitude for the two signal sources pass the two trajectories in a speed of 500 cm 

per 100ms in the each node protocol period is zero.  This means if a larger threshold 

Election is required, then more nodes should be added, to increase the chances that a 

node is at a location able to sense a higher amplitude during its protocol period. 
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7.4.2.2 Protocol period 

Simulation was performed for protocol periods being varied in 40ms, 100ms, 200ms 

and 400ms. We checked the number of times for a node where the sampling signal is 

greater than the thresholdElection, R, illustrated in Figure 65. For larger protocol 

periods, the number of times a node is able to qualify for the leader selection 

process is decreases, since less samples are being taken.  

 

 

Figure 65. Average number of sampling signal > thresholdElection per node, R, for 

different protocol periods and with different w.  

 

We further examined the amount of processing required by the DAM application for 

the receiving packet, S, presented in Figure 66. From the analysis let us understand 

that, for a protocol period of 40 ms, most of the packets will be discarded upon 

receipt by the receiver application, due the receipt is too late and the packet was sent 

by other senders in the previous protocol period. Therefore, the number of time dam 

application to process a received packet is very small for a small protocol period, 

such as less than 40 ms. For a protocol period of 100 ms, the probabilities of a 

packet being discard due to reaching the application too late is reduced, causing an 

increase shown in the graph below. As for a larger protocol period, 200ms and 

400ms, the reduction of S is because less number packets beings sent in a larger 

protocol period.  
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Figure 66. Average amount of processing required by the DAM application for receiving 

packets, S, for various protocol period and w.  

 

We further analyze the number of DAM application handling is required for a packet 

that required a rebroadcasting, Q, presented in Figure 67. The behavior of the graph 

is a subset of the value shown in Figure 66. Consider only a subset of the received 

packet will be qualified for rebroadcasting, thus the characteristic illustrated below 

is reasonable. 

 

 

Figure 67. Average amount of processing required by the DAM application for rebroadcast 

a packet, Q, varied for different protocol period and w. 

 

We can now compute the latency required for performing the DAM application, 

T_dam, which is given by, 

 

T_dam  = R * T_dam_rec + S * T_dam_bcast + Q * T_dam_rebcast   
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From the simulator, we could analyze the time required by the DAM application to 

handling a received packet, T_dam_rec; the time required by  the DAM application to 

prepare a packet for the node to participate in the leader selection process, 

T_dam_bcast, the execution time required for selecting a qualified packet and 

preparation for rebroadcasting the packet, T_dam_rebcast, which is summarized in 

Table 20.  

 

Table 20. Execution time for the DAM application.  

DAM application Execution time (s) 

T_dam_rec 0.000047 

T_dam_bcast 0.000020 

T_dam_rebcast 0.000022 

 

Combining the graph in Figure 65, Figure 66, Figure 67 and with Table 20, we can 

compute T_dam required by the different protocol periods, considering one decimal 

point is used, the result are the same for w = 0, 0.125, 0.025 and 0.0375. 

 

Protocol period (ms) T_dam (s) 

40 ms 3.4 

100 ms 5.4 

200 ms 2.4 

400 ms 1.4 

 

 

The average energy required by the DAM application, E_dam, is given by: 

E_dam = T_dam * 0.074745 W. 

 

Protocol period (ms) E_dam (J) 

40 ms 0.3 

100 ms 0.4 

200 ms 0.2 

400 ms 0.1 

 

7.5 Summary 

A few important aspects learned from the application modeling are summarized 

below. 
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1. Application modeling enabled us to estimate the dynamic application delay 

between transmits of the DAM application, and to approximate it with a 

formula. 

 

2. We observed that changing the thresholdElection does not present the 

behavior we expected. This can be because the interaction of the moving 

targeted signal sources may not easily be in the coverage range by the sensor 

nodes, causing only a slight larger amplitude that could be detected and 

sampled by the deployed node. Adding more nodes could be a solution; 

however, further investigation is not performed due to lack of time. 

 

3. Increasing the protocol period will reduce the number of times a node being 

qualified for a leader selection process, which is as we expected. The number 

of times the DAM application required to process a received packet is low for 

small and for large periods. The reason for low processing for small periods 

is because most of the packets are being received in the next protocol period, 

causing the packet to be discarded without being processing by the DAM 

application; for large periods, fewer packets are sent. 

 

4. Measurement of execution time required for the DAM application lets us 

know that the computational time required by the DAM application is quite 

small; this means the energy required for performing the DAM application is 

small as well. 

 

5. We could conclude that a protocol period of 100 ms or higher is better, 

considering less energy being wasted in delivering the packet that is going to 

discarded later.  

 

6. We further performed validation with a case study illustrated in Chapter 8; in 

short, promising result enables us to confirm that the result from the 

Sunflower simulation enable proper representation of the behavior of the 

SAND platform.  
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Chapter 8  

Case Study 

To enable validation, we performed a case study based on a human motion 

application at Phillips Research [ACHT, et al. 2007]. The main purpose of this case 

study is to validate whether the predicted average energy consumption is valid for a 

longer time. Secondly, we would like to validate whether the simulation 

appropriately mimics the SAND hardware and the MAC protocol; by comparing the 

total number of packets successfully received by the receiver’s application.   

8.1 Case Study Requirement and Experiments 

In general, requirements descriptions are:  

 

1. A 57 bytes MAC payload length is needed to fill in the sensor data, node id, 

time stamp and other related information, with short MAC addressing. 

2. A star topology where all senders send to a single receiver. 

3. A quantity of 2 to 10 senders. 

4. Application delay between transmits is generally 25 Hz for a normal motion, 

a speed higher than 100 Hz is required for fast motion.  

5. The receiver enables synchronization through a command packet to all the 

sender nodes.  

6. The distance between the senders to receiver is around 2 to 5m. 

 

In the SAND platform, experiments are conducted for two examples: 

 

First experiment  

1. 3 nodes as the senders are used and the application delay between transmits 

is 10 ms. 

2. Upon start up, the sender nodes’ transceivers are in receive mode, until a 

command packet sent by the receiver.  Once the command packet indicates 

the start received by all senders, then the senders will start sending packets 

to the receiver. 

3. Each sender will send 100 packets to the receiver. After that, the sender will 

again wait for a command packet from the receiver to enable sending 

synchronization.  
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4. This case study is used to validate our work discussed in the previous 

chapters, we therefore adjusted the distance between the senders to the 

receiver to around 20 cm.  

5. Transmitter power is 0 dBm with initial BE set to zero and the number of 

backoff retries to 5. 

 

Second experiment  

1. 5 nodes  as the senders are used and the application delay between transmits 

is 40 ms. 

2. Procedures from 2 to 5 illustrated in the first experiment are applied. 

8.2 Result and Verification 

8.2.1 Result 1 

We evaluated the average energy consumption result gathered from the SAND 

platform with the result computed from the Mathematica model.  

 

For the SAND platform, we capture the signal from the oscilloscope where 100 

packets have been sent by a sender. We repeated signal capturing for other senders. 

Signals from the oscilloscope are imported into Ms Excel, and enable calculation of 

the area under the curve based on the formula,  

  




n

i 0

1-nn1-nn y) of scale * )/2y+((y* x)of scale *)x-((x , 

 

where x and y are the signal sample, n is the total number of sample data ( n is 

approximately 10,000). 

 

We set the initial BE in the MAC to zero: this means that if all the senders after 

synchronizing by the receiver to start the packet transmission, one sender will have 

success in the first CSMA/CA, and force other senders to backoff retries. However, 

observations from the experiments do not show the similar behavior. The sender 

performs less backoff retries than we expect. Further investigation, by using pin 

toggling to various potential parts in the source code, a few conclusions are 

summarized below. 

 

 The command packet is received by all senders, raising the first received SFD 

interrupt at the same time. 
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 Senders have approximate 1-3ms difference in the microcontroller startup 

time. 

 Apart from the start up time difference, we examined whether the difference 

between the nodes is maintained or larger at sending 80 – 100 packets, to 

verify whether there is clock drift causing even larger difference at the end of 

the of the measurement packets; however, this is not the case.  

 

From this analysis, let us understand that there is a slight difference in the sensor 

hardware. Through a simple implementation in our experiment by synchronizing all 

the senders through receiving a command packet does not enable very exact 

synchronization among the nodes.  Thus this explained a reduction in the energy 

dissipation in the channel contention from the collected signal data. Of course it is 

possible to improve our measurement experiment to enable promising 

synchronization such as explained in [AOUN 2007], however, considering our main 

objective to enable verification and due to lack of time further investigation is not 

performed. 

 

We therefore could approximate in the Mathematica Model, for p , the probability of 

the channel access failure after a carrier sensing.  

 

p  = 1 - (1 - [(57+17) * 8/250 (ms)/application delay between transmit (ms)] )r 

 

,where r = ( total number of competing senders that access the RF channel at the 

same time ). Considering less perfect time synchronization in the experiment, we 

measured and know that r = 2. The p  for first experiment computed is 0.41 while 

for second experiment, it is 0.11.  The rest of the parameters such as transmitter 

power, packet size, initial BE, number of backoff retries are straight forward to apply 

into the Mathematica formula.  

 

Table 21.  Comparison between the results gathered from the SAND platform with the 

results computed by from the Mathematica Model. 

 Average Power Consumption (W) 

 Experiment A Experiment B 

SAND platform 0.06383 0.02299 

Mathematica Model 0.06724 0.02126 

 

In short, Table 21 tells us that the difference for first experiment is 5 % and for 

second experiment is 7 %. Base on the reason that the excel file is computed based 

on approximation, the presence of stochastic behavior in random backoff, as well as 
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the difference in node hardware, we consider that the created transceiver model 

maintains its accuracy in a longer time evaluation.  

8.2.2 Result 2 

We compared the experiment results collected from the SAND platform with logs 

gathered from the sunflower simulation. Table 22 presents the average number of 

packets received by the receiver application after repeating the first experiment and 

second experiment for three times respectively. Before the MAC implementation of 

the SAND platform being map into the Sunflower simulator, in the default sunflower 

simulation, the average number of packets received by the receiver is approximately 

495 packets shown for the second experiment. We approximate the MAC 

implementation based on approximating the execution time required in the SAND 

platform to perform the CCA, SPI, the number of  backoff retry allowable, RF 

transmission and processing a received packet. After the mapping has been 

performed, second experiment shows approximate behavior such as in the SAND 

platform; we further validated the mapping with first experiment, the result is as 

well quite accurate. Due to the random backoff retry, we do not think the SAND 

platform will exactly match the behavior of the Sunflower simulation. In this 

consideration, we think our simulation result is validated such that it achieved 

required accuracy.  

 

Table 22. Experiments performed on the SAND platform and in the Sunflower simulation. 

 Number of packets received by the receiver application 

 Experiment A Experiment B 

SAND platform 111 198 

Sunflower simulation 115 195 

 

8.2.3 Result 3 

For a larger distance, the senders and the receiver from second experiment are used.  

The measurement is performed on the hallway in the office. Measurements are 

repeated for five times. The transmitter power is set at 0 dBm.  The sender is placed 

on a distance of 20 meters from the receiver, 100 packets are sent per measurement, 

7 packets in average are received by the receiver. For distance at 10 meter, 85 

packets in average are being received. These two observations, when battery 

measured with the multi-meter is larger than 3.8 V. Now a battery of 3.7 V is being 

used, the number of packets being received is around 5-10 packets, where the 

transmitter power is of 0 dBm, the distance between sender and the received is 10 m.  

 



145 

 

We examined the sender where the transmitter is set to -25dBm. No packet is 

received by the receiver at 20 m and 10 m apart. Around 70 cm, the packets received 

increased to around 88 packets, with the condition that the antenna is facing 

towards each other. Around 6 packets in average are being received where the 

antenna is facing down, towards the table. 

 
In short, we see that the voltage remaining in the battery, and the antenna direction 

limit the performance on the sensor node. However, without special equipment, we 

are not able to quantify the noise in the air; for small distances, we could consider 

the influence from the environment to be negligible, given the fact that a stable 

performance is being observed. As for a larger distance, the performance is quite 

random, the node is still less stable in different environments, as the observations 

show in the above two paragraphs, for the same distance, it could a lot more or a lot 

less packets being received by the receiver measured in a different day. Repeating 

the measurements using the sensor node or packer sniffer does not provide useful 

insight, if the nodes are vulnerable to the environment. People from the hardware or 

working on antenna aspect could further investigate. 

8.3 Summary 

Result validation lets us know the concept and assumption built in this work could 

apply to the application scenario required by an industrial application. The predicted 

average energy consumption preserved promising accuracy for a longer time 

evaluation. The simulation in Sunflower is validated such that we can confirm that 

the simulation result given by the simulation is realistic and able to represent the 

SAND platform characteristic.  

 

We also learned from this case study that the node hardware is not perfectly the 

same, but have some small differences between them.  Also, imperfect time 

synchronization has the advantage of reducing energy being consumed in the 

heaving traffic. Furthermore, we also see that second experiment uses less energy 

than first experiment, which is due to less energy wasted in the RF channel 

contention. As for the packet reliability, the bottleneck for a star network is the 

receiver; adding senders into the network implies wasting investment on the 

hardware and the running cost, the number of packets eventually received by the 

base station or receiver is quite less, only 37 % in first experiment and 39 % in the 

second experiment. This means that, more receivers should be added, if not, 

reducing the number of senders would be a more efficient solution. 
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Chapter 9  

Summary and Conclusion 

9.1 Conclusion 

To realize ambition of efficient and effective deployment from small to large 

wireless sensor networks applied to the environment, human motion, traffic, urban 

wildlife, fire alarm, and health care application monitoring, the creation of models 

and performance analysis of an existing implementation is addressed in this thesis. 

It addresses the technical challenges that should be improved in a future design 

before money is spent for a mass production or deployment. Through a systematic 

modeling approach, this research is carried out realizing the following main goals.  

 

1. To develop an energy model for the transceiver based on experiments 

performed on the Philips SAND sensor nodes. 

 

2. To evaluate the software aspect of the MAC protocol implemented in the 

Philips SAND sensor nodes in relation with packet reliability. 

 

3. To examine configurable parameters which govern the application behavior 

by mimicking the Philips SAND sensor nodes in a hardware emulator, 

Sunflower. 

 

4. To quantify the data collected through experiments for the transceiver, MAC 

and application layers by performing regression analysis.  

 

5. To validate model accuracy by checking predictions with respect to the real 

measurements. 

 

In brief, a bottom up modelling approach is presented in this thesis.  We first 

developed the transceiver model, in which the configurable parameters in the 

transceiver are adjustable in the MAC and the application layer. Next, the modelling 

is performed for the MAC which depends on the transceiver to sustain its 

functionality as well as related to the application layer which determines the MAC 

payload and application delay between transmissions. Consider an application is 

used, in the application model, configurable parameters for an application such as 
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sampling period are specified to the application, and could reuse the concept built 

by the lower layers. We could see that a bottom up approach has the benefit of 

applying the concept built for a lower layer for different application specific 

requirements, for example the lower layers can be applied for the DAM application 

and also in a case study which is related to the human motion application.  

 

Measurement performed on the real sensor hardware enables us to know the 

realistic performance such as energy and packet reliability for the sensor nodes. 

Detailed analysis enables us to know which parts in the different layers could be 

improved to increase efficient design for the wireless sensor network system. 

9.2 Future Work 

There are more ideas that can be improved or investigated in this project. This 

project involved the modeling of various layers such as the application, MAC and 

physical layer; an extension to this work may incorporate other protocol layers such 

as transport and network layers to be modeled as a whole. The end-to-end reliability 

in this study is targeted for a single hop network and we evaluated the packet 

reliability performance independently for various MAC parameters such as the 

backoff retries, initial BE value, MAC payload length. It would be a challenge, as 

future steps, to formulate the correlation between various configurable MAC 

parameters related to the packet reliability performance, as well as to extend the 

end-to-end packet reliability measurement to a multi-hop implementation.  
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