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Abstract
Wireless sensor networks have applications in many places from wildlife environments to urban
areas. Implementation of such a network is a challenging task because each specific application
may require different constraints and objectives. To better meet the application requirements,
cognitive wireless sensor network has been recently introduced. However, almost all the previous
work in this area has been in theory or by simulation. Hence there is a demand to provide
implementable ideas of cognition, implement, and analyze the results. The goal of this thesis is to
implement a cognitive wireless sensor network with application in environment monitoring which
is aware of the surrounding environment, updates its information based on the dynamic changes
in the network status, makes appropriate decisions based on the gained awareness, and forwards
required actions to involving nodes. An implementable cognitive idea is proposed based on the
characteristics and goals of a cognitive system. Since transmission is one of the most power
consuming processes in sensor nodes and non-efficient transmissions of data can lead to a
shorter lifetime, this work tries to schedule nodes' transmission rate by the means of cognition
and benefits from efficient scheduling of the redundant nodes to improve lifetime. To enhance a
wireless sensor network with cognition, new nodes should be added to the architecture called
cognitive nodes. Cognitive nodes will take care of most of the tasks in the cognition process while
still there is a need to add a level of cognition to each individual node. The main contribution of
this work is that it provides an implementable approach to cognition in wireless sensor networks,
proposes a low complexity and low cost implementable idea for cognition, addresses
implementation issues, and provides experimental results of different setups of the cognitive
wireless sensor network.
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Chapter 1
Introduction
Smart environments represent the next evolutionary development step in buildings, utilities,
industrial, home, shipboard, transportation systems automation, and natural and urban
environments. Like sentient organisms, the smart environment relies first and foremost on
sensory data from the real world. Sensory data comes from multiple sensors of different
modalities in distributed locations. The smart environment needs information about its
surroundings as well as about its internal workings; the information needed by smart
environments is provided by distributed Wireless Sensor Networks (WSNs), which are
responsible for sensing and forwarding sensory data. WSN is formulated by a group of sensor
nodes equipped with short-range communication capability. Each of these sensor nodes consists
of at least a transceiver, a transducer, a processing unit, and a power unit. The sensor node is
small in size comprising inexpensive components. Due to the cost of manufacturing and market
demand, low data rate transceivers operating on license-exempt Industrial, Scientific and Medical
(ISM) frequency bands are used. The nodes are also capable of forming self-organized networks
using multi-hop communications [1]. An example of a multi-hop communication in wireless
sensor networks is shown in Figure 1.
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Figure 1. Example of multi-hop communication in WSN
Wireless sensor networks are used in a wide range of applications including health care, remote
monitoring or environmental monitoring, industrial automation and so on. Each WSN may have
specific objectives and application goals. Recently, new ideas have been proposed to develop
cognitive WSNs (CWSNs) to enhance awareness about the network and environment, and make
adaptive decisions based on the application goals. Although, the cognition proposed and
implemented in this work is applicable to many applications of WSNs, the focus is on CWSNs
used in environmental monitoring applications.

1.1 Environmental Monitoring WSN
Environmental monitoring WSNs are used in many applications such as forest monitoring, habitat
monitoring, or even urban environments. Each environmental monitoring WSN includes several
sensor nodes, several routers, and at least one sink node. Sink node gathers all data from sensor
nodes and forwards them to the end user. End user might be a control center which may monitor
the information and make decisions or actions. One example is an urban area in which scientists
would like to measure the air quality such as the amount of O2, O3, CO, CO2, or even UV
radiation periodically in different areas. It can be done by the means of an environmental
monitoring WSN hiring air quality sensors, sensor nodes, routers to forward data packets, and a
sink node. Sink node can communicate with the end user via some type of wireless
2

communication such as GPRS or satellite. Another example is one type of animal such as a
special type of turtle which is becoming extinct due to an unknown reason. In this case, WSN can
help find the reason of extinction by sending information such as turtle’s body temperature, the
humidity of their living environment, or even by sending some pictures from the jungle. Figure 2
shows an example environmental monitoring WSN deployed in an island to track the reason of
turtles’ extinction. Each sensor in the figure represents one sensor node. There is an extra node,
Cognitive Node (CN), which will be introduced later in this section.

Figure 2. An example environmental monitoring WSN
There are many challenges which should be addressed while designing an environmental
monitoring WSN such as multi-hopping, selecting appropriate device types, and network
topology. For example, based on the size and topology of the network, the maximum number of
hops, number of routers, and the router’s placement should be determined. Then based on the
coverage areas, number of sensor nodes and their places in the environment is chosen. After
addressing such design issues, the implementation challenges arise. Implementation challenges
include the type of hardware and software used for transceivers, arranging required hardware and
software for each device type, selecting appropriate sensors, managing the sensors’ interface with
the network, and etc. In this work, an environmental monitoring WSN is implemented which
achieves multi-hop communication with a high communication range and different types of
sensors.

3

1.2 Cognitive WSN- Motivation and Scope
Cognition refers to the process of making decision and action based on the conditions of network
in order to achieve end-to-end goals. Cognition when applied to WSNs can help the network to
achieve a better performance by the means of awareness and information sharing in the network.
The ultimate goal is to design WSNs which are more aware of the concurrent conditions of the
network, can make decisions based on the information, and take actions. As later being discussed
in chapter 2, techniques previously proposed for CWSNs have been mostly via simulation, and
without experimental implementation of the proposed technique. Therefore, this research aims to
implement a cognitive wireless sensor network and evaluate its benefits in a real scenario.
Based on definition of cognitive WSN in [2], a cognitive WSN should be aware of the amount of
sensory data being communicated and know when and where to forward it. It can allow the
network to avoid communicating sensed data when it is not necessary. The energy available to
each node is fed back to determine a maximum average power. This in turn dictates a maximum
duty cycle for the node and a constraint on the maximum sleep time [3]. In addition, because
cognitive sensor networks should have such high level of knowledge about the environment and
the types of information exchanged, they must be application specific.
The main aspects of the cognitive network are behaviour-oriented architecture with agents that
have a sensor-based robust behaviour with slow rate of processing, distributed control, small size,
and inexpensive low power consumption hardware [3]. We believe that cognition, when
incorporated in sensor networks will enable achieving the following objectives: (i) Make the
network aware of, and dynamically adapt to, application requirements and the environment in
which it is deployed. (ii) Provide a holistic approach to enable the sensor network to achieve its
end-to-end goals, i.e. gather information about the network status from network and MAC layers,
application requirements from the application layer and achieve the objectives of the network [4][5].
Since WSN is comprised of low power consumption devices with limited processor capabilities,
cognition should be implementable in such an infrastructure. To avoid imposing high load of
processing or forcing a costly upgrade on all devices of a WSN, this work proposes implementing
new devices called cognitive nodes. By using cognitive nodes in the network, the performance of
the network would be improved and the cost as well, so the cost must justify the performance.
Cognitive nodes are designed such that they use the same infrastructure as sensor nodes but are
4

able to handle cognition processes and manage decisions and actions by commanding other
nodes. This way the cost added due to cognition will be as low as possible and can benefit from
previous developments in the design of sensor nodes.
Since WSN employs nodes with limited batteries which need to last for a long time one of the
challenges is how to maximize lifetime. Transmission is one of the most power consuming
processes in sensor nodes and non-efficient transmissions of data can lead to a shorter lifetime. So
this work tries to schedule nodes' transmission rate by the means of cognition to maximize
lifetime. In addition, since in a WSN, there are redundant sensor nodes deployed, efficient
scheduling of the redundant nodes can lead to an improved lifetime. Hence, in this work, a
scheduling method is presented which will be done by cognitive node to improve lifetime while
considering the network coverage as the constraint. The results of real implementations of both
cognitive and non-cognitive networks are then compared to illustrate the efficiency of the
proposed cognition. The main goal of this study is to illustrate the significance of cognition in
wireless sensor networks by implementing a cognitive wireless sensor network, comparing it with
a typical non-cognitive wireless sensor network, and analyzing the results.

1.3 Thesis Outline
After presenting the introduction, problem statement, and motivation in the first chapter, Chapter
2 offers an overview of the existing work in the literature. The overview focuses on intelligent
and cognitive approaches in WSN. It can be seen that almost all the previous work in this area has
been by theory and a few by simulation. So there is a demand to show how implementable a
CWSN is and how it will respond when implemented on existing WSNs. Here is the main
contribution of this work. In Chapter 3, a brief introduction is provided to WSN standards and
hardware. Chapter 4 presents the details of implementing environmental monitoring WSN. The
contribution of this work at this stage is implementing an environmental monitoring WSN with
multi-hopping feature, a high communication range, and different types of sensors. We will
discuss effective parameters on communication range, and explain experiments done in this line.
Chapter 5 presents theoretical analysis of cognition in WSNs, and provides the idea behind and
the theoretical basement of the CWSN implemented. Chapter 6 explains details of experiments on
implemented network, and evaluates its performance. The final chapter concludes the thesis and
presents ideas for future work.
5

Chapter 2
Literature Review
2.1 Implementation of Wireless Sensor Networks
While, in the recent past, WSNs have found their way into a wide variety of applications and
systems with vastly varying requirements and characteristics, the following questions should be
addressed before starting to implement a WSN [6]:
1. What are the challenges and requirements involved in implementing WSN for the
respective application?
2. What are the hardware requirements to support the application? Are existing systems
sufficient or additional research and development should be done?
3. What software tools are needed? (operating system, programming tools, etc)
Example hardware platforms used for designing WSNs include the Mica Motes [45], the nodes
used by the EYES project, nodes developed locally at Technische Universitt Karlsruhe [7], ETH
Zuurich [46], Freie Universitt Berlin, or Technische Universitt Dresden [7], and CC2x30
transceivers by Texas Instruments [32], [27]; Typical microcontrollers are the Atmel, Motorola
MCUs, and the Texas Instruments MSP 430; As for the software and operating system, different
prototypes are beneficial. Usually, an operating system performs the role of hardware abstraction.
The design decisions taken for various prototypes vary quite a bit: Examples of operating
systems/software presented for WSN design include TinyOS, EYES OS, and Z-Stack.
Sometimes, the hardware abstraction/operating system mandate the use of a given development
environments like MS Windows or commercial compilers like IAR. Typically, publicly available
tool chains are preferable [7].

2.2 Cognitive Architectures
Due to the energy-constrained nature of the sensor nodes, researchers have been working on
devising techniques to improve network performance depending on the application goals [1]. In
line with this trend, CWSNs have been introduced recently. In the literature, there are two distinct
types of WSNs which both are named CWSN. So it would be beneficiary to mention their
6

difference here since using the same name for two different technologies may confuse the reader.
The first type, introduced in [8]-[9], [10], is concerning efficient bandwidth usage, sharing the
spectrum among primary and secondary usage, and cost effective spectrum sensing algorithms.
This type of cognition is mainly applying “cognitive radio” to WSNs to optimize channel
utilization. Those networks hiring cognitive radio are a cognitive layer and not a cognitive
network [11]. However, the second type such as [1],[3],[12]-[14], concerns all the layers of the
network and tries to optimize the application objectives and cares about end-to end goals. In this
thesis, the term, CWSN, is used to refer to the second type of cognition.
To better understand the characteristics and goals of a CWSN, it is useful to first find definitions
and different types of cognition and cognitive networks in the literature. A cognitive network is a
network with a cognitive process that can perceive current network conditions, and then plan,
decide, and act on those conditions while taking application goals into account [11]. Cognitive
networks should use observations of network conditions as input to a decision-making process
and then provide output in the form of a set of actions that can be implemented in the modifiable
elements of the networks [11]. Cognitive networks indirectly share information that is not
available externally in the strict layered architecture. Therefore, cognitive networks favour crosslayer design. In a cognitive system, the cost (in terms of overhead, architecture, and operation)
must justify the performance. So cost is an important evaluation parameter in a cognitive system.
In [11], cognition is introduced to all types of networks such as computer networks and wireless
networks. Based on the definition of cognition in [11], a cognitive system should be aware of the
current conditions of the network, plan, adapt, and act accordingly.
To go a step ahead, cognitive wireless networks can be studied. Cognitive Wireless Network
(CWN) [14] is expected as one of the most efficient transmission methods to solve today's
wireless problems like the lack of wireless bands or the efficient usage of limited wireless
resources. In addition, CWN should have established effective transmission methods with QoS or
upper layers protocols. In CWN, the wireless network selects the best available link or route,
based on the information from upper layers such as user’s policy and physical available data such
as PER, BER, and jitter. It is recently known that CWN needs not only ordinal spectrum
management or Physical/Mac layer observation control but also new control method including
upper layers. The cognition cycle in CWN is consisted of three stages; the observation stage, the
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decision stage, and the acting stage. Each stage is continuously cycled in order to perform the
cognitive configuration.

2.3 CWSN Protocols
Now that cognition is clarified, previous work in the area of CWSN should be studied. In [2],
cognition has been added to WSN by the means of artificial neural networks distributed over the
network platforms. Neural network processes, however, may not be suitable for limited resource
nodes in a WSN. However, they provide an option of how to solve this issue. They believe that
distributed intelligence derived from change detections is the most efficient solution for CWSNs
because it improves the overall network efficiency by not communicating unchanged signals. So
in a cognitive system, it is important to take care of redundant data and not to communicate them
in order to improve network’s efficiency.
In [13], two cognitive approaches to routing are provided for WSNs. The cognitive process in the
approaches benefits from acquiring information from ongoing conditions of the network such as
channel’s characteristics, energy state of nodes, and data traffic. The first approach, Cognitive
Channel Aware Routing (CCAR) benefits from a cross-layer exchange of information. It decides
on the best route based on the channel information, geographical locations, and remained lifetime
of each node. The second approach is cognitive diversity routing called CDR. CDR uses the
above information for selecting priority nodes for routing data. Three sets of priority nodes are
ranked from first to third. If the routing process fails at one set, the next set in the ranking will be
chosen. These approaches can achieve an energy and channel aware routing which leads to a
more energy efficient WSN.
In [3], some cognitive models are provided which can be used in environmental monitoring
applications from protection of small animals to monitoring of huge jungles. It suggests that
cognition can be added through simple intelligent agents which are equipped with sensor-based
behaviour which means slow rate of processing, small, cheap and low power hardware. It also
emphasizes that CWSN is application-specific and should be economic and reliable.
CogSeNet [12] is an intelligent based WSN system which relies on cognitive processes to provide
a dynamic capability in configuring wireless sensor network. The cognitive process has been
divided into several parts shown in Figure 3. As an example of such network a case study has
been done aiming adapting the transmission power with the distance between two communicating
8

nodes and simulation results are provided. The main point of this WSN is that it can improve the
network’s performance dynamically.

Figure 3. CogSeNet's cognitive process
A perspective on future CWSNs can be found in [1]. It provides architecture and a framework for
CWSNs and benefits from a knowledgeplane (KP) or knowledgebase (KB) which roles the main
part in making decisions and acting. It also suggests that CWSN employs separate nodes or
agents, namely, cognitive nodes, which could be static agents distributed in the network or could
be mobile agents gathering information from remote locations of the sensor nodes as depicted in
Figure 4.
As mentioned in [1], one of the main concerns of WSN is maximizing the lifetime of energyconstrained nodes in sensor networks by computing optimal values of parameters such as
transmission powers, rates, and schedules.
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Figure 4. Employing cognitive nodes in a WSN as described in [1]
In-Motes [15], is an intelligent WSN having small intelligent mobile agents. These agents have
been programmed to follow specific rules and perform specific tasks based on the application.
Each intelligent agent manages a set of non-intelligent slave nodes. The user is able to send job
description to each set of slave nodes through their intelligent agent. The intelligent agents, their
slave nodes, and their communication with user are shown in Figure 5. From this work, the idea
of adding new agents to WSNs to make them intelligent can be derived. Although the work in this
reference is similar to the idea of adding separate cognitive nodes to a WSN, it may not be
interpreted as a cognitive approach as it does not take into account the awareness of the dynamic
conditions of the network.

10

Figure 5. In- Mote agents- Node 1 and 2 are intelligent agents, slave nodes are shown with
"Sensor nodes", and node 3 is the central management unit
There are other related works very close to the concept of CWSN but not using this term to
introduce their techniques. For example, [16] presents a WSN which adapts itself dynamically for
sensing and routing regarding the current conditions of the network. The objective of this work is
to eliminate redundant reports of events to the control center, and to guarantee least delay by
counting the number of hops till sink node and choosing the best dynamic route. Hence, the
objective of [16] is similar to the objective of the implemented CWSN here. Although the
proposed method in [16] gives a good intuition of the necessity of dynamically scheduling sensor
nodes, there are differences in the approach to the problem between the work presented in this
thesis and the approach in [16]. Firstly, the approach of this thesis is based on cognitive ideas and
architecture proposed in [1], which can be further developed to achieve multiple objectives.
Secondly, in this work, we hire separate agents as cognitive nodes in WSN which can reduce the
load of dynamic decision making on limited resource sensor nodes to choose the winning node to
forward data.
Going into more details of comparing the two methods, we can compare the messages needed to
be communicated. In [16], firstly, sink node sends a hop count message to all sensor nodes so that
they will be able to count their number of hops to sink. This can be compared to introductory
message sent by cognitive node at its start-up. Since in [16], each node sends the message to its
11

neighbors, one node may have to receive and analyze the message several times to find the
shortest path while for the cognitive method, each sensor node, gets the introductory message
only one time. In addition, in [16], when an event is detected, each sensor node is required to
calculate its weight and broadcast it. So the number of messages communicated at one time will
be equal to the number of sensor nodes and it may cause congestion at bridge routers since the
communication of information happens at almost the same time. However, in the proposed
cognitive method, sensor nodes communicate cognitive information throughout the network’s
lifetime gradually and at specific events. In addition, the number of messages per each event is
much less than the number of nodes because each node sends its battery level only 6 times
throughout the network’s lifetime and sends its utility factor only when it changes which is
usually a few times.
In terms of complexity, in [16], each sensor node should be able to calculate its weight which
needs mathematical processes such as several multiplying and divisions and it adds to the
complexity and power consumption of sensor nodes. However, in the cognitive method, most of
the calculations have been done offline or by cognitive node which is not supposed to do sensory
or networking duties. If the cognitive node dies, the network lives like a non-cognitive network
and there is no loss in terms of coverage or connectivity.
In [17], an environmental monitoring WSN is presented for soil sensing applications. In this
work, authors substituted the old wired dump sensors with wireless sensor nodes having
processors. The cognition in this work relies on maintaining data provenance by eliminating extra
data exchanges in order to prevent generation of spurious triggers for activating devices. This
goal is achieved by AUTOMAN software implemented on sensor nodes. This work is a good
example of an application-specific CWSN. The system is compared to a wired sensor network for
soil sensors. This work does not consider separate agents for the purpose of cognition and does
not provide implementation results in comparison with a WSN.
The power-routing algorithm proposed in [50] defines a power metric which depends on
awareness about the signal attenuation, startup power consumption, collision, and the distance
between the sender and receiver. This routing protocol requires nodes to select a neighbor closer
to the destination in order to minimize the sum of power needed to transmit the packet and
consequently the total energy needed to forward the packet from originating node to destination.
There is an optimal number of intermediate forwarding nodes producing minimal power
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consumption which is found from the distance between the two nodes and general power metric
parameters. The cost-metric used in this protocol is inversely proportional to the remaining
energy. Therefore the forwarding node seeks to minimize the sum of cost metric and the
estimated cost for the remaining path. Power-routing attempts to minimize the energy
consumption but a node can be chosen for several routing paths which will result in heavy
utilization at that node which will cause its death.
Another protocol benefiting from awareness is presented in [51]. It proposes an on-demand
bandwidth constrained routing protocol for wireless mesh networks based on the IEEE 802.11
MAC protocol. Each node in this protocol, tries to estimate the free to use bandwidth on each
associated channel. According to this awareness about the channel, the node will be able to
predict the residual bandwidth of a path. A routing metric is proposed to select the most efficient
feasible path. This metric intends to build a balance between the cost and the residual bandwidth
of the path. Although this protocol can successfully find paths satisfying the end-to-end
bandwidth requirements of flows while maintaining the required QoS and a low message
overhead, it is designated for mesh networks assuming unlimited power source for most of the
nodes. In addition, it is based on IEEE 802.11 which is rarely used in WSN applications.
There are many previous works in the literature for energy efficient planning of tasks in WSN.
Yan et al. [47] propose to schedule sensor nodes’ states between active and sleep such that the
monitored area is covered at any time. They assume a grid monitored area and require nodes to
exchange a random reference time to decide whether to be active or not. Although this algorithm
can schedule neighbor nodes such that the energy is balanced over them, it does not take into
account the residual energy of nodes when calculating the activation time period of every node
which makes nodes with less residual energy more prone to expiration. In [48], a cluster-based
scheme is proposed which schedule nodes such that the coverage is preserved. This mechanism
starts by dividing sensors into clusters and defines for each cluster, a number of redundant nodes
that may be active and transmitting at the same time. Then, only one of the redundant nodes are
elected to be active until it completely runs out of energy. Even though this scheme provides an
efficient coverage and clustering method, it uses single hop communication between cluster and
sink node which can be very energy consuming and hence unrealistic when implementing. In
[49], the authors propose to dynamically designate the set of cluster heads according to their
residual energies, their distance to their neighboring non-cluster head active nodes, and their
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position within the graph formed by cluster head. Sensor nodes can undertake one of the three
states: active, sleep, and cluster head. Each state result in a different level of power consumption
based on the energy drain associated with each state. Then an energy-optimal topology is
constructed which can guarantee both coverage and connectivity. Although this algorithm is
providing both coverage and connectivity and considers residual energy of each node, it is
assuming the spanning tree as the routing method while a ZigBee network benefits from AODV
routing and only through full function devices. It does not benefit from live awareness of the
network’s status to assign nodes with their next state and also requires all nodes to take part in the
planning while this process can be power consuming or requiring more complex hardware to be
implemented for sensor nodes.
It can be seen that only few previous work has been done on implementing CWSN and almost all
the previous work has been done in theory or by simulation. Hence the main contribution of this
thesis is implementation of a CWSN.
This work has an implementation point of view to better schedule tasks among the nodes. First of
all, this work is based on IEEE 802.15.4 and ZigBee in which most of the sensor nodes are
reduced function devices and does not take part in the routing. In addition, this method suggests
that designers can benefit from the information available before deployment to reduce power
consuming processes throughout the network’s operation. This kind of information includes types
and number of sensors deployed on each sensor node, the importance of its information to user,
and positions of static targets or static nodes. In addition, this work tries to consider different
factors and goals at the same time such as redundancy of data, redundancy of nodes, residual
energy of nodes, importance of each individual node to the user, low complexity, low cost and the
ability to implement the proposed method. Furthermore, this thesis proposes a new type of
device, namely, cognitive node which is able to integrate awareness and decision making with a
low-complexity and low cost implementation. This node offers many future works that can help
improve the overall network’s performance by gathering all the important and recently updated
information from the network and environment through cognition.

2.4 Scheduling Algorithms
As mentioned before, in this work, by the means of cognitive node, the network is able to
schedule nodes sending sensory information and their rates in order to achieve maximum lifetime
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and at the same time preserve the required network coverage. In this section, we review some
previously proposed methods to eliminate redundant nodes and data and compare them with the
proposed method here.
In Geographical Adaptive Fidelity (GAP) [18], nodes turn themselves off when they find out
there are other nodes sensing and monitoring the same area. This method suffers from coverage
holes and connectivity problems. It happens when all nodes in one area of coverage find out their
redundancy at the same time and turn themselves off. In [19], another algorithm is provided for
self-scheduling of nodes requiring them to attain information from their neighbouring nodes after
a random period of time. This can prohibit blind spots since the probability of choosing the same
random time is low. In addition, if two nodes choose the same time they will wait for another
random period of time and the first one turning itself off sends a message to all its neighbours to
remove it from their same coverage list. There are some problems arising from this issue. First of
all, it does not provide any information about what happens after all nodes are turned off except
for one. If the battery of that node which remains on drains out, then there is no strategy to inform
other nodes and ask them to turn back on. In addition, it does not schedule the tasks such that
more critical nodes would be able to save more power. It only chooses one node randomly to send
data and turns other nodes off. Furthermore, the algorithm should be implemented on all sensor
nodes requiring them to be enhanced with larger memories and it gets all the nodes into the
trouble of decision making which can be very power consuming.
In [20], another scheduling algorithm is provided. This one does not turn redundant nodes off but
ask them to go to sleep for a while. It also has a plan for the next cycle such that nodes take turns
waking up and monitoring the target area. In fact, at each cycle, only a certain set of nodes are
sensing and sending data to the base station. It also has a nice strategy to classify targets and
nodes based on their type and related sensing range. We will benefit from this idea later on in this
research. However, the disadvantages of their approach are that, again the scheduling is not
conducted based on the dynamic conditions of the network. It does not take into account the
nodes’ battery level or the user preference. In addition, it requires nodes to communicate with
base station to be scheduled while base station might be very busy gathering data and forwarding
it to the end user and furthermore it may be too far resulting in a high amount of traffic forced to
the whole network.

15

In [21], the scheduling algorithm is able to consider both network coverage and connectivity. It
can also self-configure to a certain degree of network coverage and achieve a guaranteed
connectivity. However, again it does not take into account maximizing nodes’ lifetime and in
addition it assumes that sensor nodes are participating in routing. Those WSNs which are based
on ZigBee technology, classify sensor nodes under Reduced Function Devices which means that
sensor nodes do not participate in routing and hence have no effect on network’s connectivity.
In summary, although there have been some scheduling algorithms proposed previously, they do
not address all or some of the following issues provided by the proposed method here. This
research:
1. is cognitive, i.e., considers the dynamical conditions of the network and schedules the
sensor nodes such that nodes at more risk of losing power can save more energy.
2. is integrated, i.e., there is no need to implement the scheduling algorithm on sensor nodes
which needs a larger memory on sensor nodes and can be excessively power consuming
3. is implemented and provides results and analysis of various experimental setups
4. is designed as a first step to a CWSN such that other cognitive ideas are implementable
on the system
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Chapter 3
Wireless Sensor Network- Standards and Hardware
In this chapter we aim to introduce the standards behind the implemented WSN. In general, the
two most important standards used in the implementation are IEEE 802.15.4 and ZigBee. These
standards were used to design CC2x30 transceivers by Texas Instruments. So it is necessary to
first study the theory behind this design to be able to implement a WSN with desired
specifications.
Firstly, in section 3.1, the IEEE 802.15.4 standard is introduced. This standard provides the
details of the network in two lower layers- Physical and MAC layers. In Section 3.2, the ZigBee
standard is summarized which contains the specifications of upper layers and includes IEEE
802.15.4 standard specifications for lower layers. Section 3.3 presents some useful theoretical
information about the hardware used in the implementation such as CC2430 transceivers and
sensor boards while section 3.4 provides details of the software, Z-Stack, provided by Texas
Instrument which is basically the operating system to be uploaded on the internal microcontroller
(MCU) of a CC2430 transceiver.

3.1 IEEE 802.15.4
IEEE 802.15.4 is the basic standard for WSNs in MAC and PHY layer. ZigBee was made on top
of IEEE 802.15.4 to present a uniform standard for upper layers. IEEE 802.15.4 establishes the
over-the-air communication using CSMA/CA method. In PHY layer, it uses 868/915 MHz
channel for 20-40 Kb/s and 2450 MHz channel for 250 Kb/s data rate. Both peer-to-peer and star
topologies are supported in this standard. Main characteristics of this standard includes ultra-low
complexity, power efficiency, low manufacturing and operation cost, low data rate, high
flexibility, and reliability. It also can support several PHY layers for different modulation
schemes.
In this standard each device has two distinct addresses. One is a 64-bit address which is unique
outside the network and another one is a 16-bit which is used for intra-network communications.
In IEEE 802.15.4, data transfer can be beacon enabled or non-beacon enabled. Also,
acknowledgement messages could be required after each packet transmission or not.
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Figure 6. Peer-to-peer topology of an IEEE 802.15.4-based WSN
In a peer-to-peer topology each device can join the network or disjoin very easily without causing
any congestion or affecting the whole network. Figure 6 shows a simple peer-to-peer topology.
In a peer-to-peer topology, a PAN coordinator starts the network. This node is called a ClusterHead (CLH). CLH, chooses Cluster ID=0, and picks a unique PAN ID. Then it sends beacon
frames to all neighboring nodes. Some neighboring nodes request to join the network. A newly
joined device is called child, while the respective CLH is called parent. Each child, now, becomes
a new CLH, and begins to send beacon. These stages continue sequentially till the network is
formed and all devices are joined. There are two device types in IEEE802.15.4 standard:
-FFD: Full function device, which can be a coordinator or router and can link to any other
device and receive or send messages.
-RFD: Reduced function device, which is a very simple battery powered end device, and
only can communicate with FFD devices.

3.2 ZigBee
The ZigBee Alliance Association builds a new standard upon the IEEE 802.15.4 to standardize
the higher layers of WSN. ZigBee defines the network layer specifications for all network
topologies available in IEEE 802.15.4 standard and provides a framework for application
programming in the application layer [23].
A ZigBee network is a self-configuring, multi-hop network with battery-powered devices.
Consequently, any two devices that wish to exchange data in a ZigBee network may have to
depend on other intermediate devices. Because of this cooperative nature of the network, it is
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required that each device perform certain networking functions [24]. This is where other divisions
for device types arise. There are three types of devices in ZigBee: coordinator, router, and enddevice. As mentioned before, only FFD devices could work as coordinator and router, and RFD
devices in IEEE 802.15.4 can only work as end-devices in ZigBee.
In the implemented environmental monitoring WSN, we have RFD devices with different kinds
of sensors. RFD devices are only reduced function devices and use battery as their power source.
End-devices, get information like temperature, humidity, location, pictures of the environment,
etc. from their specified area in the monitored environment through their sensors, and send it to
their neighboring FFD devices. This FFD can be a router or a coordinator.

3.3 CC2430 Transceiver and Sensor boards
CC2430 [25] is a true system-on-chip solution for 1.4 GHz IEEE 802.15.4/ZigBee. It enables
ZigBee nodes to be built with very low total bill-of-material costs. CC2430 is a system-on-chip
(SOC) solution with 8051 processor, CC2420 RF transceiver, flash memory, RAM, and other
components such as timers, ADCs, sensors, etc.
Advantages of CC2430 boards for WSNs are:
•
•
•
•

Low power consumption: four different power modes to save energy
Very small delay while transitioning from one mode to another
High performance
Dedicated for IEEE 802.15.4 and ZigBee

CC2430 contains dedicated devices for WSNs. MAC timer, RF registers and random generators
are included in these devices. Figure 7 shows a picture of this transceiver.

Figure 7. CC2430 Transceiver
CC2430 works in full functionality in PM0 (Power mode 0), and least energy consumption in
mode PM3. At the moment, several versions of CC2430 kits are available. Some of them are for
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evaluation purposes while others are for development. Recently, a new improved version, named
CC2530 has been released by Texas Instrument. CC2530 improves some problems in CC2430
and has better channel and power performances. CC2430 needs a sensor board to power the MCU
and other internal devices on. In addition, sensor boards are used to connect the transceiver to the
external world by communicating with input/output pins. Texas Instrument has provided a sensor
board that can be used for CC2430. In addition, a sensor board has been designed in our lab,
WISIP, Queen’s University that will be explained in detail in the next sections.
3.3.1 Texas Instruments’ Sensor board
The Texas Instruments (TI)’ sensor board is known with technical name of SOC_BB and can be
used with many system-on-chip EM modules provided by TI such as CC2510, CC1110, CC2430,
and CC2431. The main function of SOC_BB is to power up the modules by two AA size
batteries. It also has one LED and a push button and makes all input/output pins accessible
through port 1 and port 2. Figure 8 shows an SOC_BB.

Figure 8. Texas Instruments' Sensor board (SOC_BB)
Each SOC_BB contains the following parts [26]:
•

connector for 1 EM

•

connector for 2x AA cell batteries

•

debug connector for SoCs

•

I/O connector to access I/O pins on SoC

•

1 LED and 1 push button

3.3.2 WISIP’s Sensor board
The WISIP’s battery was dedicatedly designed for environmental monitoring applications. Figure
9 shows different parts of this sensor board. It has been designed to be thin and hence less bulky,
and provides a room for mounting GPS board. Furthermore, it has an external memory,
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embedded humidity sensor, and provides separate batteries for GPS and sensors. In addition, solar
panel can be attached to this board for applications where recharging of battery via solar energy is
available.
P1 and P2 connectors are for mounting the CC2430 transceiver. Table 1 shows how CC2430 is
connected to the sensor board via P1 and P2 connectors.
Table 1. Connections of P1 and P2 to CC2430
P1 Pin # connection P2 Pin # connection
1

GND

1

NC

2

NC

2

GND

3

P0.4

3

NC

4

P1.3

4

GND

5

P0.1

5

NC

6

P1.0

6

GND

7

P0.2

7

VDD

8

NC

8

GND

9

P0.3

9

VDD

10

P2.1/DD

10

GND

11

P0.0

11

NC

12

P2.2/DC

12

GND

13

P1.1

13

NC

14

P1.4

14

GND

15

P0.6

15

RESETn

16

P1.5

16

GND

17

P0.7

17

P1.2

18

P1.6

18

P0.5

19

GND

19

P2.0

20

P1.7

20

NC
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Figure 9. WISIP's Sensor board
3.3.3 Migration from CC2430 to CC2530
Pin connections in CC2430 and CC2530 Evaluation Modules are the same (P1 and P2, the 40pins
shown in Table 1) [27]. The only difference is that GND pins on P2 are changed to No
Connection (NC) that will not affect applications and hardware tools designed for CC2430
because NC pins can be connected to anything without any change in the system. In addition, the
same sensor board is provided by TI for both CC2430EM and CC2530EM [28] As a result,
sensor boards designed in WISIP lab will also be compatible with CC2530EMK boards.
Table 2 was derived from [29] and highlights the differences between CC2430 and CC2530.
However major differences can be summarized as below:
‐

CC2530 offers improved RF performance, up to 256kB flash to support larger
applications, powerful address recognition and a packet processing engine, a well
matched RF front end, a smaller package, IR generation circuitry, and ZigBee PRO and
ZigBee RF4CE support.

‐

New RF design should be used.
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Table 2. Differences between CC2430 and CC2530
Metric

CC2430

CC2530

Features
MCU

8051 compatible

8051 compatible

Flash

Up to 128KB

Up to 256KB

RAM

8K (<4K during PM2/3)

8KB in all PMs

Clock loss detection

No

Yes

Timer 1 Channels

3

5

MAC timer Size

16-bit, 20-bit overflow

16-bit, 24-bit overflow

Core Freq

32 MHz

32 MHz

Package

7 x 7, 48 pin

6 x 6, 40 pin

Operating Temperature

-40 to +85

-40 to +125

Radio performance
Sensitivity (dBm)

-92

-97

Max Tx Power (dBm)

0

+4.5

Link Budget (dB)

92

101.5

EVM at max output power

11%

2%

Adjacent -5 MHz

30

49

Adjacent +5 MHz

41

49

Alternate -10 MHz

53

57

Alternate +10 MHz

55

57

Power
Operating Voltage

2.0-3.6 V

2.0-3.6 V

Rx Current

27 mA

24 mA

Tx Current (0 dBm)

27 mA

29 mA

Tx Current (+4.5 dBm)

NA

34 mA

CPU active current (32 MHz)

10.5 mA

6.5 mA

PM1 current

190 uA

200 uA

PM2 current

0.5 uA

1 uA

PM3 current

0.3 uA

0.4 uA

PM1 -> Active

4 us

4 uA

PM2/3 -> Active

0.1 ms

0.1 ms

Xtal startup time

0.5 ms

0.3 ms
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‐

SmartRF04 boards need a firmware update to become compatible with CC2530 modules.
However, some features on SmartRF04 may not work.

For existing products based on CC2430, an upgrade to the CC2530 will require a new PCB layout
and, depending on the application and networking protocol, some changes for the software/stack
port. The new PCB layout is already provided by Texas Instruments such that the complete
CC2530 transceiver is compatible with previous sensor boards. Both the CC2430 and CC2530 are
fully IEEE 802.15.4 compliant and therefore newer devices built with the CC2530 will be able to
communicate and interoperate with any device built on the CC2430 (or any IEEE 802.15.4
compliant). However, some software changes are needed. New versions of Z-Stack and new IAR
Compiler should be used and the program should be updated based on the new version of
protocol stacks.
To sum up, We can have both CC2430 and CC2530 running simultaneously in the same network
and exchanging data because both of them are based on the same standard, i.e. IEEE802.15.4 and
ZigBee in terms of hardware. But in order to have them run in the same network an upgrade in
the software tools and also software stack, i.e. Z-Stack, is needed. Also the specific application
code should be changed based on the new version of Z-Stack.

3.4 Z-Stack
Z-Stack is Texas Instrument’s implementation of the ZigBee specifications. It is certified as a
ZigBee Compliant Platform (ZCP) by the ZigBee Alliance. It consists of the following
components [24]:
•

HAL: Hardware abstraction layer

•

OSAL: Operating system abstraction layer

•

ZigBee Stack + IEEE 802.15.4 MAC

•

User application

•

MT(Monitor Test)-Used to communicate with PC-based test tool via the Universal
Asynchronous Receiver /Transmitter (UART)

Z-Stack provides all required functions to implement ZigBee (Smart Energy and Home
Automation Profiles) and IEEE 802.15.4. For our basic environmental monitoring WSN, we use
Z-Stack as the base stack of protocols implementing these standards. We build each device type
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in our environmental monitoring WSN on top of Z-Stack. In the following, we provide some
details of Z-Stack which will be useful for people working in the area of WSN implementation.
As there is no complete user guide for Z-Stack yet, the author thinks providing the following
details might be beneficial for future researchers.
In Z-Stack, every application contains zmain.c. This file have the main() function which starts
after turning on the board. First some initializations are made and then osal_start_system() is
called. This function is defined in OSAL.c file. osal_start_system function, makes an infinitive
loop which checks for events regularly and if there is no event puts the system in sleep mode. If
there is an event, the related function to that event is called. Suppose here that Z-Stack was used
to implement a sensor node and the “event” is that it is going to send data. In this case,
zb_HandleOsalEvent is called from simplesensor.c file. Basically, there are three different kinds
of events:
-

MY_START_EVT: zb_StartRequest() is called to make required initializations.

-

MY_REPORT_ADCx_EVT: a matrix called pdata is defined. First array of this matrix
indicates which sensor is sending data and the remained arrays contain the value that the
sensor wants to send.

-

MY_FIND_COLLECTOR_EVT: binding is done by calling zb_BindDevice function.

Now that the event is MY_REPORT_ADC1_EVT, after allocating required memory for sensor’s
data, zb_SendDataRequest is called from the file sapi.c to send data.
After that, AF_DataRequest is called from AF layer. This layer also calls some functions or new
type definitions from APSMEDE.h in NTW layer and this chain continues till PHY layer gets
data and sends it Over The Air (OTA).
The framework of Z-Stack protocols can be summarized in the diagram shown in Figure 10.
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Figure 10. Z-Stack Framework
Z-Stack also provides sample applications that can help developers build their application in a
template most similar to their own. One of the sample applications is a simple sensor-collector
application. There are two types of devices in this application: collector, and sensor node. Sensor
node sends sensory information to the collector it is bound to. One of the collectors is assigned to
be the network coordinator which builds up the whole network as explained in Section 3.2. Other
collectors will function as local sink nodes allowing sensor nodes to join the network through
them and to report their data. We have developed this application to build a complete multi-hop
environmental monitoring application. The details are explained in Chapter 4.
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Chapter 4
Implementation of Environmental Monitoring Wireless Sensor Network
In this chapter an overview of the implemented WSN is provided. Then the details of building an
environmental monitoring application on top of Z-Stack are explained. After that, effective
parameters on communication range are examined and experiments done to extend the network’s
communication range are provided. Finally, some environmental monitoring sensors are
introduced and the way they should be implemented on the network is explained.

4.1 System’s Overview
A complete environmental monitoring WSN contains the following parts:
-

Sensor nodes deploying needed sensors

-

GPS modules on mobile sensor nodes

-

Routers to build and enhance the connectivity of the network as FFDs

-

Sink Node to gather data from sensor nodes and forward them to the end user

-

A communication device for sink node to end user communication such as GPRS modem

-

A database to communicate with GPRS modem and save data

-

A user interface for displaying data, analyzing the network’s state, and giving the user the
ability to control the network if possible

These parts are shown in the following figures. Figure 11 shows different parts of a router or
sensor node.
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Figure 11. Different parts of a typical node (sensor node or router)
Sink node needs more powerful batteries and need to be connected to GPRS Modem. A typical
sink node and a GPRS modem are shown in Figure 12 and Figure 13.

Figure 12. A GPRS Modem

Figure 13. Sink Node

GPRS forwards data to a database which is only accessible by the user. A user interface can also
be designed to monitor and control the network. Figure 14 shows a screen shot of a database
which is accessible through a secure FTP connection and Figure 15 shows an example user
interface.
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Figure 14. WSN Endpoint Database

Figure 15. An example of a user interface for WSN

4.2 Building an environmental monitoring application
One of the contributions of this work is building an environmental monitoring application on top
of Z-Stack by designing sink node, routers, and sensor nodes hence providing a complete multihop WSN.
The application should be compiled using a compiler and then uploaded on the CC2430 MCU.
Here, IAR Embedded Workbench v.7.50.1.3 was used as compiler, programming, and debugging
software tools.
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4.2.1 Sink Node
The sink node should have the ability to communicate with routers. So it should be an FFD
device. It also should be able to collect information from sensor nodes. Hence, we built sink node
as an FFD with the ability of routing and added a function under “Receive_Data_Indication” part
of Z-Stack to add the collecting feature. Sink node can be configured as the coordinator in the
network or just be one of the routers. Either way has its own advantage. The advantage of setting
up the Sink node as the coordinator is that it will have the constant network address of 0x0000.
Hence, sensor nodes do not need to bind with sink node to send data. On the other hand, if the
Sink node is the coordinator, if for any reason it restarts, it will not be able to join the network
unless it is programmed as a router. Because coordinator always starts a new network when it
restarts and does not join the previous network. In contrast, router will join to the most powerful
network in the neighbourhood when it starts.
Sink node should also detect the sensor node sending data, and also the type of sensor that data is
related to. For detecting the type of data, sensor node and sink node exchange a parameter called
“Sensor_CMD_ID”. This variable is embedded into each data packet to determine which type of
sensor the data is related to. For detecting the sensor node which is sending data, sink node can
gather and forward two types of information: 1) application node ID, and 2) GPS information.
Application node ID is assigned to each sensor node at the time of uploading application to the
sensor node’s MCU. Another possibility is to use sensor node’s network ID. But application node
ID is more reliable because it does not change due to network’s topology changes. Our
experiment showed that sensor node’s network ID may change or even might be repetitive. In
addition, since network ID is assigned to each node by coordinator or routers after running the
network, finding the mapping from network ID to actual sensor nodes might be a difficult task.
GPS information is available only from sensor nodes which have GPS module mounted. GPS
information shows the exact place of sensor node at the time of sending data.
4.2.2 Router
A router is an FFD device which makes the multi-hop functionality of the network. Router
capability is defined in ZigBee hence implemented on Z-Stack. So the only thing is to configure
the device as a router at startup. Since we wanted to mount router transceivers on sensor boards,
the LCD feature should be turned off. It can be done in the file hal_board_cfg.h by putting
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HAL_LCD equal to FALSE. As this change is needed for all devices mounted on sensor boards,
the programmer can add a compile option to IAR under which HAL_LCD is disabled. Also for
nodes that do not need to use push button and LEDs, these parts can also be disabled in the file
hal_board_cfg.h. The router application only contains the function “config_end_device” which
configures it as a router.
4.2.3 Sensor Node
Sensor nodes comprise of two main functions. The first function gets data from sensors through
input/output ports, and the other one sends data to the sink node. Other functions include
configuring the node as an RFD device, making it compatible with sensor boards as described in
section 4.2.2, and planning a strategy for cases when sensor node loses communication with its
router. If sensor node loses connection with its parent device, it will request rejoining for several
times and if unsuccessful it will reset. The reset is because there might be some software issues
prohibiting sensor node from joining the network that can be fixed by restarting. Sensor node
continues this process till it can join a router. Please note that this code contains also cognitive
modules. However, cognitive modules will not function in a non-cognitive network. In fact, when
cognitive node is off in the implemented CWSN, it will switch back to function as a noncognitive WSN.

4.3 Communication Range
Communication range is one of the most important characteristics of a WSN. The communication
range depends on many factors when implementing the network. In this section, the effective
parameters and their relationship with communication range will be discussed. Then some notes
will be explained to extend the range and related experiments will be provided for an example
environmental monitoring WSN in which communication range is supposed to be as much as
possible.
4.3.1 Theory
Communication range means the maximum possible distance between two nodes while the nodes
are still able to communicate with each other. The first parameters determining communication
range are the transmission power and receiver’s sensitivity. In IEEE 802.15.4, the minimum
transmission power and the minimum sensitivity are specified as -3 dBm (0.5 mw) and -92 dBm
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respectively [30]. These specifications can produce communication ranges of as low as 10 meters
up to several hundred based on the application needs. For example, in [31], communication range
of a node based on IEEE802.15.4 has been 15 meters, and in our work we could reach 250 meters
of communication range. In ZigBee standard specifications, the communication range has been
defined to be 10-300 meters, while in ZigBee Pro it can reach 1500 meters [23].
For CC2430, the transmission power ranges from -25dBm to 0dBm and the receiver’s sensitivity
is -92dBm [32]. For CC2430 implementations, the communication range has been reported to be
around 10-75 meters [33].
To extend the communication range, first step is to increase transmission power and sensitivity.
This can be done by an RF amplifier. Texas Instruments provides CC2591 RF amplifier which
increases the transmission power to up to 22 dBm, and improves the sensitivity by 6 dB. Hence,
while the maximum power loss in CC2430 can be 92 dBm, it will be increased to 117 dBm when
adding CC2591.
Friis model can show other effective parameters in communication range. The Friis model for
free space is as below:

Pr
λ 2
= Gt Gr (
)
Pt
4π d
where Pr is the received power, Pt is the transmission power, Gt is the transmitter antenna’s gain,
Gr is the receiver antenna’s gain, λ is the wavelength, and d is the distance between transmitter
and receiver. From the Friis equation, it can be seen that, in addition to transmission power, and
receiver sensitivity, the types of antennas are effective on communication range. Table 3
compares gains for three types of antennas that were used in the experiments to be explained in
next section. Other effective parameters are reflection and absorption coefficients of the
environment and polarization of antennas which are explained in more complicated models such
as Ground-Friis model.
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Table 3. Three antennas and their gain
Antenna

Gain

TI High Gain Antenna[34]

2 dBi

Titanis 2.4 GHz Swivel SMA Antenna(Antenova) -1 dBi
RN-SMA-RA (Roving Networks Inc)

-1.2 dBi

4.3.2 Experiments
One question when measuring the communication range in a WSN is that how much Packet Error
Rate (PER) is acceptable. PER as defined in Z-Stack is calculated as below:
PER (Packet Error Rate) = rxStats.lostPkts/ (rxStats. lostPkts + rxStats. rcvdPkts)
Test I:
In the first experiment, PER< 1% and RSSI< -90 dBm were considered as acceptable. The nodes
were programmed to display calculated PER and RSSI on their LCDs.
The test was done in the following conditions:
•

Open field of about 250m*200m

•

Nodes in 2 meters height

•

Snow reflector

•

Antenna type: Antennova(G=-1 dBi), for both transmitter and receiver with horizontal
polarization

•

Burst Size: 10000 Packets

•

Transceiver and amplifier used: CC2430EM+CC2591

First test resulted in a communication range of 20-85 meters for 0dB-19dB Transmission power
values. The results are shown in Table 4.
Table 4. First communication range test results
Antenna Gain TX Power Range [m]
19dBm
84.6
15dBm
49.2
-1 dBi
13dBm
33
0 dBm
24.6
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Test II:
The second test was conducted along an urban street with least traffic and with asphalt reflection.
All the test conditions were the same as test I except for antenna type and acceptable PER. This
time two types of antennas were tested and different PERs were evaluated. The results are shown
in Table 5.
Table 5. Second Communication Range Results

Antenna Gain TX Power PER Range [m]
19dBm
< 5%
140
2 dBi
19 dBm 5-18%
250
19dBm
1%
91
-1 dBi
19 dBm
5%
86
4.3.3 Conclusion
PER is mainly below 5% till 140meters, and in 250 meters PER regularly changes between 518%. Since packet loss of 15-20% is tolerable [35] in our application, we can conclude that nodes
have up to 250 meters communication range.

TestIII: Testing the target application and making required adjustments
Now the application should be changed such that nodes can reach the maximum communication
range. For this purpose, the transmission power was changed to 18 dBm in the application by
setting the TXCTRLL register to 0x5F. For two reasons 19dBm was not used:
1. For compatibility issues. If CC2430 is used without the amplifier IC, i.e., CC2591, or if
CC2590 is used, then again the maximum transmission power will be selected when setting
TXCTRLL to 0x5F.
2. The table in [36] declares that for maximum output power and optimum link quality 0x5F is a
better choice while the communication range is not affected recognizably.
The modification should be applied for all devices including sensor nodes, sink node, and routers.
For setting appropriate transmission power, the function ZMacSetTransmitPower cannot be used
because the levels defined in ZMAC.h are only for CC2430 without amplifier and have a range of
between -25 to 0 dBm. For having the receive part operating in high gain mode, we should
implement three new functions at the beginning of “hal_board_cfg.h”:
#define HAL_PA_LNA_INIT() st( uint8 i; P1SEL &= ~0x02; P1DIR |= 0x02; P1_1 = 1; for
(i=0; i<8; i++) asm("NOP"); )
#define HAL_PA_LNA_RX_LGM() st( uint8 i; P1_1 = 0; for (i=0; i<8; i++) asm("NOP");
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#define HAL_PA_LNA_RX_HGM() st( uint8 i; P1_1 = 1; for (i=0; i<8; i++) asm("NOP");
)

Then the above functions should be called in “hal_board_cfg.h”, at the end of
HAL_BOARD_INIT() macro.
Minimum Required Link Quality for Joining the Network
In the application, in file nwk_globals.c, we changed the minimum required link quality for
association to minimum possible value which is 0. So the variable gMIN_TREE_LINK_COST
should be changed to MIN_LQI_COST_7 in the following line:
Default:
// Minimum lqi value that is required for association
byte gMIN_TREE_LINK_COST = MIN_LQI_COST_3;
should be changed to:
// Minimum lqi value that is required for association
byte gMIN_TREE_LINK_COST = MIN_LQI_COST_7;
Note that link quality, as mentioned in file ZComDef.h, is the average of received signal strength
(RSSI) values and is calculated in function NLME_GetNeighborLinkInfo. This function’s
prototype is provided in nwk_util.h.
Adjusting Number of Retransmissions
Another technique used to extend communication range as much as possible is the maximum
number of retransmissions allowed. When a node receives a faulty packet, it drops it without
returning an ACK. When transmitter does not receive an ACK in duration of its time out, it tries
to retransmit the packet. However there is a limitation on maximum number of transmissions. If
the maximum PER in one application is set to be 20%, then the probability of a packet loss is 0.2.
We should figure out a number of retransmissions, N, such that we can make sure the probability
of success in sending a packet is high enough. Probability of success is the probability of having
at least one successful transmission out of N transmissions of the same packet. It can be mapped
to the problem of tossing a coin when head represents a successful transmission while tail
represents an unsuccessful transmission. The coin is tossed till getting one head OR till the
number of tossing reaches N. Hence Psuccess can be calculated as below.
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N

i −1
Psuccess = (1 − Ploss ) × ∑ Ploss

(4.1)

i =1

if Ploss = 0.2 :
N

Psuccess = 0.8∑ 0.2i −1
i =1

Figure 16 shows how maximum needed retransmissions change having different values of PER.

Figure 16. Probability of Success for different values of N
It can be seen that, for PER=20%, if the maximum number of retransmissions is set to 7, then we
can be 99.99 percent sure that the transmission is successful.
Changing Maximum Number of Retransmissions in Z-Stack
There are two types of ACK in ZigBee:
1. MAC ACK: MAC layer acknowledge which is always on by default.
2. APS ACK: Application Support Sub layer acknowledge which can be requested by end point
application at time of sending data.
Since End Devices do not have any routing capabilities, they send their data directly to their
parents. If for any reason the connection between a child and its parent is lost, it will
automatically search for a new available parent. The connection loss will be determined by one or
several unsuccessful data sending or data requests. This type of failure is based on not receiving a
MAC ACK(not an APS ACK). The sensitivity to this failure is controlled by
MAX_POLL_FAILURE_RETRIES, which is changeable in f8wConfig.cfg. Since the higher the
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number, the less sensitive and the longer it will take to rejoin, an optimal value for maximum poll
failure retries should be found. As depicted in previous section, this value can be determined
upon estimated Packet Error Rate in the environment.
For requesting an APS ACK, TxOptions variable in Send_DataRequest function should be set to
AF_ACK_Request. When an application layer ACK is requested, the application waits for the
ACK response for a specific time after sending data, namely timeout period. If it does not receive
an ACK, it will retry transmission for a specific number of retransmissions. Timeout period and
maximum number of retransmissions can be configured in f8wConfig.cfg file by changing values
of APSC_ACK_WAIT_DURATION_POLLED and APSC_MAX_FRAME_RETRIES respectively.
Hence, total number of retransmissions should be defined such that the packet will be received
before deciding to disconnect from parent node or stopping data retransmission. In addition,
maximum number of retries to find the next hop’s address for each message can be modified by
NWK_MAX_DATA_RETRIES which can be effective in having more communication range.
After the above modifications, we tested the application, with a simple network containing one
node as sink, one router, and one sensor node in a non-crowded street with Line of Sight (LoS).
The amplifier, CC2591, was used with CC2430 transceiver, and TI high gain antenna was used
for all nodes. Nodes could reach more than 300 meters of communication range.

4.4 Additional Sensors
In this section, several environmental monitoring sensors are introduced. Also the details of how
to embed them into the environmental monitoring WSN are provided.
4.4.1 Pressure Sensor
The integrated silicon pressure sensor, MPX4115 from Freescale Semiconductor can be used as
one of the external sensors attached to the end nodes. This sensor can measure absolute air
pressure and can be used in altimeter and barometer applications. Figure 17 shows a picture of
this sensor.
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Figure 17. Pressure Sensor
It can measure from 15KPa to 115KPa of air pressure and its output voltage (on pin #1) ranges
from 0.2V to 4.8V, i.e., the voltage sensitivity is 46mV/KPa.
Since the Analog to Digital Converter (ADC) input in CC2430 can digitize voltages from zero up
to VDD, we used a voltage divider to attenuate the sensor’s output voltage to make sure it is less
than VDD. VDD is 2.7V in worst case.
192

50

R3

R2

HI Input
Sensor

R1
300

0

R3 is the inside resistor of pressure sensor. This voltage divider circuit attenuates sensor’s output
voltage by a factor of:

attenuation =

300
= 0.553
192 + 50 + 300

Ö Vo = 0.553Vsensor

(4.2)

Hence the output voltage will range from 0.1106 to 2.654 volts.
The pressure sensor and attenuator circuit are connected to port zero of CC2430, and in the
software the ADC is called to convert the voltage to the digital value in a determined period and
send it to the sink node.
Note that the pressure sensor’s current consumption should be tolerable for the sensor board. The
current consumption ranges from 7 to 10mA.
Also the recommended power supply decoupling is shown in Figure 18.
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Figure 18. Recommended Power Supply Decoupling
Also note that, the output voltage should be converted to pressure. Based on datasheet, the
transfer value and its error can be calculated from the following equations.

Pr essure =

Vsensor
+ 10.5( KPa)
0.009VDD

(4.3)

Errormax = ±1.5KPa for 0 < temperature < 85 C
Furthermore, in ADC, when VDD is used as the reference voltage, Vsensor will be digitized such
that the below equation satisfies:

Vdigital =

Vo
Vstep

(4.4)

Where Vstep depends on decimal accuracy. The maximum accuracy supported by CC2430 is 15
bits. If the maximum accuracy is selected:

Vdigital = Vo ×
Ö Pr essure =

Vdigital
0.009 × 215

215
VDD

(4.5)

+ 10.5( KPa ) , {if attenuator is not used: Vo=Vsensor}

(4.6)

+ 10.5( KPa ) , {if attenuator is used:Vo=0.553Vsensor}

(4.7)

If the attenuator circuit is used:

Pr essure =

Vdigital
0.009 × 215 × 0.553
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The above equation should be implemented on the sensor network. However, it is not good to
make these calculations at the node level since it is power consuming. It is better to do it off-line
at the sink or at the application software/middleware.
4.4.2 Quantum Sensor
The amplified quantum sensor, SQ-222, can be used as one of the external sensors attached to the
end nodes. This sensor can measure Photosynthetic Photon Flux (PPF) in units of µmol. m-2s-1.
By measuring the amount of energy (quantum) in a photon, it can quantify the light available in
an environment. Figure 19 shows a picture of this sensor.

Figure 19. Quantum Sensor
Inputs: White: VDD, Transparent: GND
Output: Green: Vsensor
It can measure from 0 to 2000 µmol. m-2s-1 of available light and its output voltage (on the green
output wire) ranges from 0 V to 2.5V, i.e. and the sensor’s sensitivity is 1 µmol per 1 mV. This
sensor is calibrated for cool white fluorescent light but can also be used to measure metal halide
light, high pressure sodium light, and sunlight with errors of -2%, -2%, and -10% respectively.
Hence, if this sensor is desired to measure amount of sunlight, the software should calibrate the
amount measured considering that the measured value is 10% lower than the real value.
Since the ADC input in CC2430 can digitize voltages from zero up to VDD, and VDD is 2.7V in
worst case, we can directly connect the sensor to one of the pins of port zero (ADC port) of
CC2430.
The sensor’s output is connected to port zero of CC2430, and in the software the ADC is called to
convert the voltage to the output value in a determined period and send it to sink node.
Note that the Quantum sensor’s current consumption should be tolerable for the sensor board.
The current consumption is typically 285µA.
The transfer function for this sensor is very simple:
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PPF = 1000Vsensor
Where Vsesnor is in units of mV and PPF is in units of

(4.8)
.

.

As derived for pressure sensor, if maximum accuracy is selected for ADC and VDD is taken as the
reference voltage, then from equation (4.5), PPF can be derived as below:

PPF =

Vdigital × VDD
15

2

( μ mol / m 2 .s )

(4.9)

4.4.3 Thermistor Temperature Sensor
The thermistor temperature sensor, ST-100, from Apogee can be used as one of the external
sensors attached to the end nodes. This sensor has a ceramic weatherproof and water resistant
housing and can measure air and soil temperatures with a datalogger. Thermistor’s resistor
changes with temperature and results in change in Vout. Figure 20 shows a picture of this sensor
while Figure 21 shows its wiring.

Figure 21. Thermistor Temperature Sensor

Figure 20. Thermistor Temperature Sensor

Wiring
Wiring: Blue and transparent: GND, Black: Vout, Red: Vex or VDD
It can measure from -50 to 70 C. m-2s-1 of temperature and its output voltage ranges from 0V to
2.5V. Since the ADC input in CC2430 can digitize voltages from zero up to VDD, and VDD is 2.7V
in worst case, we can directly connect the sensor to one of the pins of port zero (ADC port) of
CC2430. However, for Vex, 2.5V is recommended in datasheet, and since the measured
temperature depends on Vex, it is recommended to use a regulator circuit to bring exact 2.5V to
Vex.
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Similar to other sensors, Vout of sensor should be connected to port zero of CC2430, and in the
software the ADC is called to convert the voltage to the temperature value in a determined period
and send it to sink node.
Note that the temperature sensor’s current consumption should be tolerable for the sensor board.
The maximum current consumption can be calculated from excitation voltage and maximum
resistance of thermistor. Assuming a constant excitation voltage, maximum resistance happens
when Vout is maximum; and Vout is maximum when temperature is maximum (70C). In +70C, Vout
is 2.35V, and resistance is 1.695KΩ which means a current of 1.5mA. Hence, the maximum
current load of this sensor which should be tolerable by sensor board is 1.5mA.
The transfer function for this sensor is as below:

RT = 24900(
Tk =

Vex
− 1)
Vsensor

1
A + B ln( RT ) + C (ln( RT ))3

Tc = Tk − 273

(4.10)
(4.11)

(4.12)

Where Vsesnor and Vex are in units of volt and Tk and Tc are in units of Kelvin and Celsius
respectively. Since transfer functions are complicated they cannot be implemented on CC2430.
Hence, Vdigital will be reported to sink node. However, the above transfer functions should be
called at user’s computer to retrieve real temperature value. For this reason a Matlab code
[Appendix A] was written that will be attached to “WSN Control and Management Program”
designed in our lab.
It should also be noted that the advantage of using this temperature sensor instead of the internal
temperature sensor of CC2430 is that it can measure a larger ranges of temperature, and provides
more accuracy. In addition, this sensor can be put under the soil or any place in the air which may
not be reachable by CC2430 because of its restricting operating conditions.
4.4.4 UV Radiation Sensor
The ultraviolet radiation sensor, SU-100 from Apogee can be used as one of the external sensors
attached to the end nodes. This sensor can measure the UV radiations of between 250 and 400
nanometers. Figure 22 shows a picture of this sensor while Figure 23 shows its wiring.
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Figure 23. Sensor's Wiring

Figure 22. UV Radiation Sensor

This sensor is self-powered and do not need any input voltage and does not consume current. The
only thing is to connect black and clear wires to GND and red wire to port zero of ADC.

Figure 24. Spectral Response of UV Sensor vs. Wavelength [37]
As shown in Figure 24, the sensor’s response is non-zero only for UV wavelengths of between
250nm and 400nm. It means that it can measure the radiation of waves with frequencies of
between 2.5 and 4MHz. So it measures the total UV radiation and mainly UV-A and UV-B.
The sensitivity of this sensor is 0.15mV/µmol.m-2 s-1. Hence the transfer function is as below:

Radiation =

Vsensor
0.15

(4.13)

Where radiation is in units of µmol.m-2 s-1 and Vsensor is in units of mV. Since the sensor’s output
(Vsensor) ranges from 0 to 60mV, the reference voltage for this sensor can be chosen to be VDD/3
which is 1.1V.
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As mentioned before, using the maximum accuracy supported by CC2430, the transfer function
can be derived as below:

Radiation = 4.4684Vdigital

(4.14)

4.4.5 Conclusion
As illustrated in this section, when adding sensors to a sensor node many design issues should be
considered. Some of these issues can be listed as below:
•

The accuracy and range of sensory data of selected sensor should match the application
needs

•

The range of input voltage should match the power source provided by sensor board or a
solution should be thought of to provide required power source

•

The range of output voltage should match the range of input voltage into the ADC of
CC2430 and if not appropriate attenuator circuits should be used

•

The sensor’s maximum current consumption should be tolerable by in/out ports of
CC2430

•

The appropriate accuracy for digitizing the analog output voltage of sensor should be
chosen

•

The transfer function should be driven from the sensor’s datasheet and been implemented
either on sensor node or on the end user side

•

Required interface for the communication between the node and sensors should be added
to the software implemented on sensor nodes
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Chapter 5
Implementation of a Cognitive WSN
As mentioned before, one of the main concerns of WSN is maximizing the lifetime of energyconstrained nodes in sensor networks by computing optimal values of parameters such as
transmission power or rates. Here a cognitive method is presented which aims to maximize
lifetime of the network by dynamically changing transmission rates, and selecting the best node
to forward data based on the redundancy of nodes in the coverage area. In addition, this CWSN
should take into account user preferences and prominence of sensed data and hence not lose
critical data.

5.1 Main Characteristics of a CWSN
The main characteristics of a CWSN can be divided to three parts:
-

Awareness

-

Decision making

-

Taking appropriate action

As a WSN consists of limited battery devices while the network lifetime and performance highly
depends on each node’s lifetime, it is more preferable to add separate nodes called Cognitive
Nodes (CNs) to take care of cognitive processes.
Awareness means that a CWSN should have knowledge of:
-

Surrounding environment

-

Targets in the monitored area

-

Network’s topology and node placements

-

Dynamic status of the network

-

Application goals and user preferences

-

Any other important factors related to the application

Cognitive Awareness
Cognitive awareness can be done in two phases:
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1. Initial Phase (before deployment): all the available and useful information is uploaded to
CNs. This information can be total number of nodes and their IDs, types of sensors on
SNs, coverage areas, etc.
2. Second Phase (after deployment): after deploying the network, CNs should be
dynamically updated of the current information of the network such as nodes’ battery
levels, the usefulness of data sent by SNs, user preferences, etc.
Cognitive Decision Making
CN also has reference tables which will be used to make decisions. These reference tables are
uploaded before deployment and should be designed based on the application goals.
Cognitive Action
CN has a set of actions which will be taken as a result of cognitive decision. In fact, CN should be
able to send commands to related nodes.
Cognitive cycle is shown in Figure 25 while Figure 26 shows a summary of cognitive tasks.

Figure 25. Cognitive Cycle
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Figure 26. Cognitive Tasks
In addition to adding CNs, some changes are needed to be made to achieve CWSN. For example,
involving nodes in the cognition should be able to communicate with CNs, send needed
information to it, and act based on commands received from CNs.

Figure 27. Cognitive Network’s Topology and CN’s
knwoledgebase
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5.2 The Communication Architecture Setup
In the implementation presented in this work, the CN is introduced into the network, which can
schedule tasks among sensor nodes such that more critical data is acquired and extend the lifetime
of sensor nodes. Figure 27 shows topology of a CWSN. CN and also the cognitive
knowledgebase have been shown in the same figure. The knowledgebase in such a network
includes a reference table constructed before deployment and uploaded into the CN.

5.3 Functions and Implementation Details of the CN
In this application, the CN’s duty is planning to achieve an improved lifetime by scheduling
sensor nodes’ tasks based on the gained awareness. In addition, CN should take care of failed
nodes or nodes which have been failed for a temporary reason and have now come back to their
normal operation. It tries to prohibit transmission of redundant data by being aware of the number
of redundant nodes in one coverage area and concurrent redundancy status of active nodes. It
schedules nodes such that more critical nodes or nodes at more risk of losing power can save
more energy and instead convey their task to sensor nodes having more power. The cognitive
algorithm should also be designed such that the network’s coverage is maintained at an
acceptable level. In this section, the details of the implemented algorithm on CN are explained.
Awareness
-

CN is aware of the number of coverage areas and the number of common nodes for one
target:
#define nofSNinSubClus 3
#define ClusterID 0 //0-5

-

Total number of nodes in the network and their application IDs:
#define nofSNinCluster 9 //0-25
uint8 bat_level[nofSNinCluster]={5};
uint8 crtcl_fac[nofSNinCluster]={4};
uint16 sourceaddr[nofSNinCluster]={0};

-

Application goals: the goal in the implemented cognition is to maximize the network’s
lifetime by imposing dynamic Sensory Data Transmission rates on SNs. CN achieves the
goal by changing sensor nodes’ SDT rates dynamically based on four pieces of
information: 1. SN’s battery level, 2. The SN’s place in the coverage area, 3. The user
preference, and 4. Redundancy state of data of each SN
uint8 SNtoSend;//previous sensor node that is called to start sending
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uint8 bat_level[nofSNinCluster]={5};
uint8 crtcl_fac[nofSNinCluster]={4};

-

CN introduces itself to the corresponding nodes when it starts and also sensor nodes will
ask the cognitive node to introduce itself whenever they lose the address of CN. This loss
can be due to disjoining and joining the network, resets, or due to address change of CN.
CN:
void zb_StartConfirm( uint8 status )
{
uint8 IamCN[2]={1,ClusterID};
// If the device sucessfully started, change state to running
if ( status == ZB_SUCCESS )
{
myAppState = APP_START;
zb_SendDataRequest( ZB_BROADCAST_ADDR, CN_ADDR_CMD_ID, 1, IamCN, 0, 0,
MAX_HOP );
}
else
{
// Try again later with a delay
osal_start_timerEx( sapi_TaskID, MY_START_EVT, myStartRetryDelay );
}
}

SN:
void zb_SendDataConfirm( uint8 handle, uint8 status )
{
uint8 IamCN[1]={10};
// uint8 IamSink[1]={20};
if ( status != ZSuccess && handle==0 )
{
if (handle==0)
{ //SN has lost its sink
// Remove bindings to the existing collector
zb_BindDevice( FALSE, SENSOR_REPORT_CMD_ID, (uint8 *)NULL );
myAppState = APP_START;
myApp_StopReporting();
// Start process of finding new collector with minimal delay
osal_start_timerEx( sapi_TaskID, MY_FIND_COLLECTOR_EVT, 1 );
}
else if (handle==1) //SN has lost its CN
{
zb_SendDataRequest(ZB_BROADCAST_ADDR, CN_ADDR_CMD_ID, 1, IamCN, 0, 0,
MAX_HOP );
}
}
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}

Dyanamic Updates
-

SNs start to send their battery level together with their current utility factor (which is the
combination of their current redundancy state and user preference) to CN:
if ( event & MY_REPORT_BATT_EVT )
{
// Read battery value
// If battery level low, report battery value
pData[0] = BATTERY_REPORT;
pData[1] = myApp_ReadBattery();
pData[2]=nodeglobid;
//*********************send to sink just for display
zb_SendDataRequest( SinkAddr, SENSOR_REPORT_CMD_ID, 3, pData, 0,
AF_ACK_REQUEST, MAX_HOP );
//*************************
switch(pData[1])
{
case BAT_LEVEL0:bat=0;break;
case BAT_LEVEL1:bat=1;break;
case BAT_LEVEL2:bat=2;break;
case BAT_LEVEL3:bat=3;break;
case BAT_LEVEL4:bat=4;break;
case BAT_LEVEL5:bat=5;break;
default:
if(pData[1]>BAT_LEVEL0)bat=0;
else if(pData[1]<BAT_LEVEL5)bat=5;
break; //no bat_level will be sent
}
pData[1]=bat;
pData[2]=nodeid;
pData[3]=NODE_CRTCL_FAC;
zb_SendDataRequest( CNAddr, SENSOR_REPORT_CMD_ID, 4, pData, 1,
AF_ACK_REQUEST, MAX_HOP );
osal_start_timerEx( sapi_TaskID, MY_REPORT_BATT_EVT, myBatteryCheckPeriod );
}

-

CN starts to get this information from all nodes, and build up, complete, and update its
database:
void zb_ReceiveDataIndication( uint16 source, uint16 command, uint16 len, uint8 *pData )
{
uint8 nodeid;
uint8 sid;
uint8 IamCN[2]={1,ClusterID};
if (command==CN_ADDR_CMD_ID && pData[0]==10)
{
zb_SendDataRequest( source, CN_ADDR_CMD_ID, 1, IamCN, 0, AF_ACK_REQUEST,
MAX_HOP );
}
if ( pData[0] == BATTERY_REPORT )
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{
nodeid=pData[2];
sid=(pData[2])/nofSNinSubClus;
bat_level[nodeid]=pData[1];
crtcl_fac[nodeid]=pData[3];
Cg_sendcommand(sid);
}
}

Decision Making
-

CN has a reference table in which battery levels, redundancy state of each sensor, and
user preferences are mapped to an appropriate SDT rate.
uint16 zDB[30]={713,781,1677,2172,5895,32767,1043,1145,254,…}

-

CN makes decisions based on the current information and reference table:
void Cg_sendcommand(uint8 sid)
{
uint8 ztosend[3];
uint16 z=65535;//1/SDT Rate
uint8 zArrayNum;
uint8 i;
for (i=sid*nofSNinSubClus;i<((1+sid)*nofSNinSubClus);i++)
{
zArrayNum=(crtcl_fac[i]*7)+bat_level[i];
if(z>zDB[zArrayNum]){z=zDB[zArrayNum];SNtoSend=i;}
}

-

It then sends appropriate command, which is new SDT rates, to involving SNs:
ztosend[1]=(uint8)z;
z=z>>8;
ztosend[0]=(uint8)z;
ztosend[2]=SNtoSend;
zb_SendDataRequest( ZB_BROADCAST_ADDR , SENSOR_TASK_SCHL_CMD_ID, 3, ztosend, 1,
AF_ACK_REQUEST, MAX_HOP );
}
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Taking Action
SNs will extract CN commands and act accordingly, (they either change their SDT rate or go to
sleep):
void zb_ReceiveDataIndication( uint16 source, uint16 command, uint16 len, uint8 *pData )
{
uint16 tempperiod;
uint8 cid;
cid=nodeid%10;
if (command == CN_ADDR_CMD_ID && pData[1]==ClusterID)
{
if(pData[0]==1)
{
CNAddr=source;
}
}
if (command == SENSOR_TASK_SCHL_CMD_ID)
{
if(source==CNAddr)
{
if(pData[2]==nodeid)
{
ReportTemp=1;
tempperiod=myTempReportPeriod;
myTempReportPeriod=pData[0];//pData[0] is msb and pData[1] is lsb
myTempReportPeriod=myTempReportPeriod<<8;
myTempReportPeriod|=pData[1];
if(tempperiod>myTempReportPeriod)
myTempReportPeriod=tempperiod;
}
else if(nodeid/nofSNinSubClus==sid)
{
ReportTemp=0;
}
}
else if(source==SinkAddr)
{
NODE_CRTCL_FAC=pData[0];
}
}
}

5.4 Cognitive Tasks before Deployment
As mentioned before, a reference table should be constructed and uploaded on cognitive node
before deploying the network. We define six states indicating battery level and five states
indicating utility factor of each node. Hence, there could be thirty states mapping different values
of battery level and utility factor to sleep time and SDT rate. Sensor nodes send their utility factor
to CN whenever it changes. Sensor nodes are primarily programmed with a utility factor based on
their number of sensors and their importance. Throughout the network’s operation, the change in
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utility factor can be sent from sink node, which has all data patterns of sensor nodes and can
receive data from user, to each individual node when needed. The user interface designed for
WSN can be used to send new utility factors to sink node via GPRS modem or any other
communication method used between sink and user.
5.4.1 Extracting Battery States
To decrease the amount of actions forced to the network by cognition, CN makes decision only at
defined battery levels. Figure 28 shows characteristics of the battery used (AA energizer NickelMetal Hydride (NiMH), NH15-2300 model). Using the characteristic figure, six critical points are
recognized. Critical points are those which make a distinctive change in percentage of life time
remained.

Figure 28. Discharge characteristic of sensor nodes’ battery
Table 6 has been drawn from Figure 28. This table shows critical points with their mapping in
cognitive network which depict the percentage of node’s lifetime remained. Each battery level is
multiplied by two because sensor nodes utilize two batteries.
Table 6. Battery level states table
X.State

X
(battery level)(volts)

2X (volts)

1
2
3
4
5
6

1.3
1.27105
1.226315
1.2
1.1
1

2.6
2.54
2.45
2.39
2.20
2
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X(x)
(percentage of
life time remained)
89.071
75.41
19.399
12.568
2.7322
0.001

Hence the remained lifetime is as below:

r (t ) = (lifetime) × X ( x (t ))

(5.1)

Where r(t) is the remained lifetime, and X(x(t)) is the percentage of remained lifetime based on
the current battery level (x(t)).
5.4.2 Node Utility Factor (u(t))
Regardless of the type of redundancy check, utility factor is a mapping of redundancy state and
user preference. The mapping of redundancy state and user preference to utility factor should be
determined by the user and based on the specific applications. This process is done at end user
side and can also be designed in the user interface software. At the cognitive node side, however,
we only deal with the final utility factor for each node. Table 7 shows utility factor and its
interpretation. These Values are used for giving more priority to node’s life time or to the
environment being monitored. In general, more utility factor, either means that the node should
be sending as least data as possible to reserve its power for other or future tasks or is sending
redundant data and should change to a less SDT rate.
Table 7. Utility factor table
u.State Interpretation
1
Best SDT rate
2
Good SDT rate
3
Life time and data acquiring balanced
4
Good life time
5
Best life time
5.4.3 Reference Table
As mentioned before, reference table helps CN to make appropriate decisions. The reference table
in the experiments is shown in Table 8. Each sensor node starts sending sensory data with a
primary SDT rate (which is the best SDT rate requested by the user). Then based on the cognitive
decision it will dynamically change its SDT rate. Reference table has been designed such that CN
will decide to assign less SDT rate to those nodes having less battery level or less utility factor. In
addition, SDT rate has an upper bound limit which is determined while designing the reference
table. Here, we put the upper bound limit to 32765 milliseconds which is basically the maximum
value which can be saved on a 16 bits variable. This is because the new SDT rates are sent from
cognitive node(s) to sensor nodes through a 16 bit variable. If in other applications, the upper
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bound limit should be more than that, then still a 16 bit variable can be used, however, sensor
nodes can multiply the received value to an appropriate one if needed. In fact, in that case, the
steps on the SDT rate will be larger and not one millisecond.
Table 8. Reference Table to be implemented on cognitive node
X
(Battery
state)
1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5
6
1
2
3
4
5
6

U (Utility
factor)

Sensory Data Transmission
Rate

1
1
1
1
1
1
2
2
2
2
2
2
3
3
3
3
3
3
4
4
4
4
4
4
5
5
5
5
5
5

713
781
1677
2172
5895
32767
1043
1145
2546
3352
9865
32767
1547
1705
3972
5341
17279
32767
1965
2172
5236
7144
24479
32767
2339
2592
6421
8860
31600
32767

5.4.4 Network Coverage
The coverage problem can be classified into the following two classes [38]:
1. Area coverage: the objective is to sense or monitor one or a set of areas
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2. Point coverage: the objective is to monitor a set of target points
In the implemented cognition, the coverage maintenance method is applicable when point
coverage is considered or when the area coverage is mapped to point coverage by an algorithm.
Since each sensor have a specific sensing range, the areas of coverage are divided into circular
areas with the sensing range radius. We will clear that out later in this section with more
examples.
We benefit from the method presented in [20] to formulate the coverage problem. However,
instead of considering individual targets, we map each parameter to be sensed to a set of targets in
an environmental monitoring WSN. Consequently, the network can be divided into different
classification of nodes based on each target set. Each target set is shown by ri where i represents
one certain parameter to be sensed. Each sensor node is shown by sn where n is the node ID. Now
suppose that, in an environmental monitoring application, targets are as shown with set R
(Targets set).
, , , ,

,
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Where S is the Sensor nodes’ set. Each sensor node has a certain communication range and a
certain sensing range. Sensing range of each sensor node also depends on the respective target.
Hence S can be divided into different subsets based on each target. Sk is a set of subsets of S
where k represents the target number associated with this set of subsets. For instance, S1 is a set
of subsets of S such that sensor nodes in each subset are covering the same sensing area if
considering set r1 as the target. Table 9 shows variables and their definitions.
Table 9. Variables and their definitions
Variable

Definition

ri

One target set where i represents the type of target such as temperature

R

Set of all targets

si

One sensor node with ID i

Sk

Set of all sensor nodes

rij

One specific target, e.g. temperature of one subclass where i represents the type of
target and j represents the subclass number

K

Degree of coverage requested by the user
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(1) Maintaining Coverage in CWSN
Cognitive node should be able to schedule sensor nodes such that the network coverage is
maintained at an acceptable level. It achieves this goal by combining sub-classifying and target
classifications. The acceptable level of network coverage should be determined by the user before
deployment. In some applications, only one sensor node is sufficient to cover one target in the
coverage area. However, in k-coverage applications [39], there might be a need for more sensor
nodes to monitor a specific target. If the degree of network coverage is shown by k, k represents
the number of sensor nodes in the sensing range of one target that should be active at each
specific time.
For example, suppose that the sensing range for temperature and UV sensors are 1km and 100m
circular respectively. Also suppose that sets r1 and r2 (representing temperature and UV target
areas) contain the following elements:
,

,

and

,

,

,

,

,

,

Assume that the degree of network coverage is 1 (k=1). Now suppose that the nodes’ and targets’
distribution is as shown in Figure 29.

Figure 29. Distribution of temperature targets
Figure 30. Distribution of UV sensors and
and sensor nodes in one class dividing it into
sensor nodes in one class dividing it into seven
three subclasses
subclasses
The cognitive network is divided into subclasses based on each set of targets and the degree of
coverage. First, the network is divided to subclasses such that all the nodes in one subclass are
monitoring the same target. Then this sub-classifying is uploaded to CN in the initial phase.
Hence, the CN is aware of the target sets, sensor nodes’ set, and consequently their respective
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subclasses. Benefiting from this kind of sub-classifying, cognitive node can make sure that the
required coverage is preserved.
Now if k=2, cognitive node will keep two nodes active in each subclass if possible and if not as
more nodes as possible. For example, in Figure 29 which considers target set r1, cognitive node is
able to schedule two active nodes in each subclass at each time. However, for target set r2,
cognitive node can only schedule one active node for some subclasses.
To sum up, Cognitive node schedules sensor nodes such that for each target there is at least k
sensor nodes sensing and transmitting if there is enough nodes available in the target area, and it
checks back with active nodes to make sure that all the nodes which are supposed to be active are
really active and sending data. It also optimizes the scheduling based on the remained level of
energy and criticality of sensor nodes. In addition, this information can later on be used for other
decision making procedures in a cognitive network. This is the main benefit of integrating all
these tasks on one node which is cognitive node.
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Chapter 6
Experimental Results and Evaluation
This chapter illustrates the details of the experiments on implemented CWSN. Firstly, a general
WSN is implemented and then cognition is added to the system by adapting the SDT rate with
battery levels and utility factors of sensor nodes. Battery level represents the remained lifetime at
each sensor node while utility factor represents the redundancy state of the sensory data and the
node’s importance determined by the user. However, before evaluating the CWSN performance
by comparing the lifetime of cognitive and non-cognitive networks, a series of experiments and
measurements are done to estimate lifetime of these networks. After presenting the results of the
first experiment setup which contains only one cognitive node, another technique is proposed to
enhance the cognition by classifying and sub-classifying the nodes based on the network
coverage method presented in chapter 5. Then multi-cognitive node topology is proposed and the
results of experiments are explained.

6.1 Evaluation Parameters
6.1.1 Network’s Lifetime
As classified in [40], definitions of lifetime are categorized in three main classes:
1. Time to which percentage of failed sensor nodes drops below a threshold
2. Time to emergence of first partition in the network
3. Time to which the packet delivery rate falls below a threshold
At this stage, implemented cognition focuses on sensor nodes so the second and third classes are
beyond the scope of this research. Hence the first class of definitions was used to obtain the
results. However, the first class itself includes several definitions such as First Node Death, Last
Node Death, and x-percent Death. Since normally, a WSN has a long lifetime of at least several
months, it is not possible to measure the real lifetime of the network by waiting for the network to
reach its end. Instead, we use a theoretical method to estimate lifetime.
This method consists of measuring Power consumption in two phases. First phase calculates the
power consumption of all “non-transmission” durations in one day:
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PCnon −trans = 24 I non − trans (1 −

ttrans
) (mAH / day )
T

(6.1)

Where Inon-trans is total current drained during non-transmission mode (mA/seconds), ttrans is
duration of transmitting one sensory data (milliseconds), and T is SDT period in units of
milliseconds. Second phase calculates the power consumption of all transmission cycles in one
day:
PCtransmission =

24 I trans
× ttrans (mAH / day )
T

(6.2)

Where Itrans is total current drained transmission mode (mA.milliseconds). Hence total power
consumption is:
PCT = 24 I non − trans (1 + (

I trans
I non − trans

− 1) ×

ttrans
) (mAH / day )
T

(6.3)

Where PCT is the total power consumption. If the total capacity of battery is shown by Ct, then
total life time of the node can be computed as below:
LT =

Ct
24 I non − trans (1 + (ttrans / T )( I trans / I non − trans − 1))

(6.4)

Where LT is total node’s lifetime (days), and Ct is total capacity of battery (mAh).
6.1.2 Cost
Another evaluation parameter is the cost added due to extra nodes in a cognitive WSN. Please
note that the cost evaluation provided in this work only considers the cost overhead due to
additional required hardware and assuming that the sensor node’s infrastructure is used for the
cognitive node. In the next section, with the implemented architecture, we will show that the
overall added cost will be no more than 4.7% of the whole network’s cost. With the current
implementation, one cognitive node will be as costly as one sensor node. Table 10 can be used to
estimate each device’s cost while Table 11 summarizes the cost of each sensor.
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Table 10. Nodes’ costs
Device

Approximate Cost

Sink node*

225$

Router

225$

Sensor node**

150$

Cognitive node

150$

GPRS Modem

200$

Sensor

16.7$ – 207$

GPS module

119$

Packaging

50$

* half of a (CC2430DK-CC2430EMK) +
2XCC2430+CC2591= (299-49)/2+99=225
**SOC_BB + CC2430+ CC2591= 49+99

Table 11. Sensors' costs
Sensor

Price*

Dust

16.7$

Pressure

19.5$

Quantum

207$

Thermistor Temperature

42$

UV Radiation

174$

*Prices depend on the type, precision, company and other
parameters of sensor. These prices are driven from sensors
used in WISIP lab.

6.2 Initial Measurement for Estimation of Lifetime
Before the experiment, some initial measurements were done to find the theoretical estimation of
node’s lifetime. Based on the formula of lifetime in equation (6.4), some variables such as power
consumption during transmission, power consumption during non-transmission, time of
transmission, and SDT rate should be measured. For determining these variables, the power
consumption measurement method presented in [41] is taken as a guideline. For the
environmental monitoring network, nodes send data with determined sensory data transmission
period and go to sleep in between the cycles if no other task is scheduled.
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In CC2430, there are many different power modes and the network will choose to go to each
power mode based on the future expecting tasks and the time intervals. Since, in a general case,
there might be several sensors mounted on one sensor node, or some other environmental
parameters cause the node to behave differently, we consider two different most probable
scenarios:
1. Send data with rate 1/T and go to sleep (Power Mode 2 (PM2)) in between the sending cycles.
For instance, the sensor node is assigned to send sensory data every T=5 seconds to sink node and
go to sleep between transmitting cycles to save power. In fact, this mode is what is mostly
implemented in real WSNs.
2. Send data with rate 1/T and NOT go to sleep and remain in active mode (Power Mode 0
(PM0)) in between the sending cycles. For instance, the sensor node is assigned to send sensory
data every T=5 seconds to sink node and it remains in active mode between transmitting cycles.
Scenario 2 is useful in experiments since it gives the user a better understanding of power
consumption by decaying the battery level more rapidly. In the following experiments in future
sections, we will also benefit from “data requests” established by sensor nodes to shorten the
nodes lifetime and hence estimate lifetime of the previous scenario. Data request is a special
packet sent by sensor node to its parent to poll for any data which might be waiting for it. This is
because in a ZigBee network, packets do not go from FFD devices to RFD devices directly but
FFD device should wait for the RFD device to claim its readiness to receive data by a “data
request” packet. The rate of “data request” packets is determined when programming sensor
nodes. More rate of “data request” means more power consumption and less delay in receiving
packets.
For estimating lifetime we need to measure the following parameters:
-

The node’s current consumption when it is not transmitting any data: Inon-transmit

-

The node’s current consumption when it is transmitting one packet: Itrans

-

The time needed for transmission of one packet: ttrans

-

and the total capacity of batteries used for sensor nodes: Ct

We use the results of the second scenario to estimate lifetime of a more realistic WSN. After
measuring the above parameters, we calculate lifetime using the formula for the second scenario.
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Then we implement the second scenario and wait for the network to reach the end of its lifetime.
The error between the implementation and calculation is measured and the required shift can be
used to estimate the lifetime of a real WSN (first scenario).
For this purpose, a non-cognitive WSN was implemented with the following description.
•

Chip revision: CC2430 rev. E

•

Z-Stack version: Z-Stack core 1.4.3

•

Compiler and debugger: IAR Embedded Workbench v7.50A

•

Transmission Period= 1 second

•

Sniffing SW: Packet Sniffer version 2.13.2

Sensor node goes to sleep mode in between transmissions. An oscilloscope measuring the voltage
over a 40Ω resistor in series with power supply is used to measure the time and voltage. The
following figures were captured from Packet Sniffer, and oscilloscope respectively:

Figure 31. Data packets exchanged between one sensor node and its parent
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PM2 current

Figure 32. Current Consumption of sensor node

PM0 current

Figure 33. Active mode of CC2430 with data requests and sensory data transmissions
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Transition from PM0 to PM2

Figure 34. Transition from active to sleep mode

Transition from PM2 to PM0

Figure 35. Transition from sleep to active mode
As seen in Figure 32-35 the current consumption is not consistent. The DC current consumption
represents the sleep mode current which is around 0.5 mA as mentioned in the datasheet and is
acceptable. But we expect a peak every 1 second for transmissions while there are unknown
current consumptions in between.
After investigating into the problem, we found out that there is some current leakage due to
unattended input/output pins on CC2430 and also turning on and off the LED is consuming some
power. In addition, data requests were assigned to be sent by default by Z-Stack. Hence, it should
be noted that there are other agents than transceiver unit consuming power. In addition, since
sensor node is operating in “Power Saving” mode, the transitions between sleep and wakeup is
consuming some power. After taking care of all them by connecting all the pins, turning LED
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indicator off, and changing the data request to a large value (e.g. greater than 10 seconds), and
turning the power saving off we were able to capture a clearer signal from oscilloscope. This
experiment, however, was very useful to eliminate extra power consuming agents, understand the
system’s operation in power saving mode and the transitions (first scenario), and build the
experiment setup based on the second scenario.
Figure 36 were captured when all the other power consuming agents are off and sensor node
remains in active mode always.

Transmission current consumption

Figure 36. Second Scenario, transmissions current consumption for z=1 second

1

5

3

2

4

Figure 37. Second Scenario, one transmission zoomed, Scope in AC mode(DC voltage
eliminated)
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As illustrated in figures, in this case, the node only has two different operating modes. In active
mode, node is awake, sensors are on, and no power saving mode is required. This node only
sends sensory information every second and does not send data request packets to its parent node
(Poll rate was set to a large value).
In Figure 37, it can be seen that there are five intervals during transmission. Table 12 shows
details of each interval.
Table 12. Details of Transmission intervals
Interval
Description
Current Duration
1
Radio in RX mode
28 mA
1.6 ms
2
Switch from RX to TX 18 mA
0.19 ms
3
Packet transmission
23 mA
1.5 ms
4
Switch from TX to RX 18 mA
0.11 ms
5
Reception of ACK
28 mA
1.1 ms
In this case, the average current consumption can be calculated as below:
16
28

1.6

18

115.5

0.19
4.5

23

1.5
25.6

18

0.11

28

1.1

/

Hence, the following measurements are derived from this experiment:
Inon-transmit=16 mA, Itransmit=25.6 mA, ttransmit=4.5 ms, Ct=2300 mAH
Now by substituting the above parameters in the lifetime equation, lifetime can be estimated for
the second scenario. Please note that if the RF amplifier is also used, the current consumption will
be more. Based on the CC2591 datasheet, the added current consumption at highest level of
transmission is 100 mA, and at high gain mode of receiver is 3.4 mA.
Based on CC2430 datasheet, for the first scenario, some of the above parameters change. In fact,
Inon-transmit is less because this time, sensor node is in power mode 2 (sleep mode) not in active
mode. According to the datasheet, Inon-transmit is 0.5 μA. Other parameters are the same as the
second scenario. The above values will be used in next section for theoretical estimation of
lifetime.

6.3 Experiment I: Single Cognitive Node Topology
Figure 38 shows the implemented CWSN.
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Figure 38. Cognitive Wireless Sensor Network for Environmental Monitoring Purposes
The hardware used in this test includes sensor boards designed in our lab (WISIP lab, ECE dept.,
Queen’s University), sensor boards provided by Texas Instruments [28], and CC2430ZDK[42].
For all nodes, CC2430EMK[43] was mounted on top as the transceiver.
For sensor nodes, routers, and cognitive node, sensor boards were used. However for the sink
node and sniffer node the CC2430ZDK boards were used.
Other test conditions are listed below:
•

Chip revision: CC2430 rev. E

•

Z-Stack version: Z-Stack core 1.4.3

•

Compiler and debugger: IAR Embedded Workbench v7.50A

•

Sniffing SW: Packet Sniffer version 2.13.2

Figure 40-Figure 45 show the results of this implementation. Recalling from section6.1, the first
definition of lifetime was used. The first class itself includes several definitions such as First
Node Death, Last Node Death, and x-percent Death. For all the definitions the implemented
system had almost similar results.
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Figure 39. Data packets received from sensor nodes and displayed at end user side
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Figure 40. Lifetime when utility factor remained 5 for all sensor nodes (Experimental results
based on second scenario)

Figure 41. Theoretically calculated lifetime when utility factor remains 5 for all sensor nodes
The following figure compares experimental results with theoretical ones for a non-cognitive
network.

Figure 42. Theoretical noncognitive vs. experimental noncognitive lifetimes
It can be seen that the error between experimental and theoretical lifetime is not significant but it
should be taken into account for more accuracy. The difference is due to unpredicted conditions
in real experiments, other non-considered sources of power consumption, or shorter battery
capacity in the operating temperature and condition, etc.
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Now we repeat the test for the cognitive network and compare experimental and theoretical
results.

Figure 43. Theoretical cognitive vs. experimental cognitive lifetimes
From the above results experimental lifetime can be estimated for other cases by shifting the
graph with the amount of error. The following figures show the lifetime of more realistic
cognitive and non-cognitive WSNs based on the first scenario explained in section 6.2 and using
the theoretical method of calculating lifetime provided by equation (6.4) and measurements in
section 6.2.

Figure 44. Theoretically calculated lifetime when utility factor remains 5 for all sensor nodes
(Based on first scenario)
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Figure 45. Theoretically calculated lifetime when utility factor changes randomly (Based on first
scenario)
It can be seen that, lifetime has been improved in the cognitive network as expected. Both
networks have more lifetime when SDT rate is less and this is because more SDT rate means
more transmissions and since transmission is the most power consuming activity, it reduces the
residual power in the nodes and hence reduces the network lifetime. It can also be interpreted
from the figures that since cognitive network has an adaptive SDT rate, it provides an improved
lifetime.

6.4 Experiment II: Multi Cognitive Node Topology
The idea of cognition is applicable to all topology types of WSNs. It is specifically beneficial for
a network in which there are several sensor nodes covering a single area to be monitored. In this
case, cognitive node can schedule tasks among sensor nodes such that more critical data is
acquired and more sensor nodes remain alive. Suppose that, from nine sensor nodes in the
previous experiment, using the coverage method presented in chapter 5, every three sensor nodes
target one single area. Hence, it is not necessary that all the three nodes operate at the same time.
Some of them may be off at some point or send data less frequently than others. We can
categorize these nine sensor nodes, the two routers and the cognitive node into one class. Each
group of three sensor nodes are classified as one sub-class. Then there can be other classes in the
network similar to this one. So each class is comprised of several sensor nodes, several routers,
and one cognitive node. The reason why one cognitive node is considered for each class is that,
the resources such as available memory, available power, and the ratio of cognitive requests that
it can handle is limited. In addition, by having one cognitive node in each class, sensor nodes can
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deliver their requests to cognitive node with less delay and less overall load on routers. The multi
cognitive node architecture is shown in Figure 46.

Figure 46. A multi cognitive node topology
Reasons of having one cognitive node in each class:
-

More efficient management conducted by Cognitive node

-

More reliability (Since cognitive node is not overloaded to miss some requests)

-

Less added traffic load in the network due to cognition

-

Simpler and less expensive cognitive nodes

-

Easier deployment

-

Only maximum of 4.7% additional cost for networks of any size (will be shown in
6.4.2)

In a class-based network considering subclasses as a single target area, and assuming that all
sensor nodes in one class have at least one common sensor, cognitive SDT rate assignment can be
very beneficial. Suppose that a network shown in Figure 46 is deployed. There are several sensor
nodes in each subclass targeting the same area. Each of these sensor nodes is utilizing a specific
type of sensor such as pressure, UV radiation, GPS, or quantum. However all sensor nodes are
equipped with one or more common sensors such as temperature and humidity. Hence, the
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common sensors can be scheduled by cognitive node such that nodes in more risk of losing life
and nodes in higher ranks of prominence send less temperature or humidity data. This can assure
a longer life for whole subclass and subsequently for the whole network. CN uses the reference
table to calculate each node’s corresponding SDT rate and from the nodes in each subclass, the
node having the higher SDT rate is selected because higher SDT rate means that this node has
more priority for sending data.
The network’s lifetime is defined to be the time to which the percentage of failed sensor nodes in
one subclass drops below a threshold. This threshold should be determined based on the quantity
of each type of sensor on each subclass. In this experiment, we consider a subclass failed when all
its sensor nodes are failed, i.e., there is no data available anymore from one of the target areas.
Figure 47-50 show real pictures of implemented network.

Figure 47. Implemented network
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Figure 48. Sink node while receiving and displaying data

Figure 49. Cognitive node
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Figure 50. Subclass0 and its sensors
This experiment was repeated with different number of nodes in each subclass and lifetime was
considered the time in which no data is received from one of the subclasses. For the two first
ones, i.e., for number of nodes in one subclass equal to 2 and 3, two cognitive nodes were
implemented. Utility factor of nodes were assigned to randomly change throughout network’s
lifetime and before deployment sensor nodes were assigned to send the data of each of their
sensors every 1000 milliseconds. However excessive data requests and deactivating power-saving
were used to drain the batteries more quickly. Figure 51 shows the experiment setups while
Figure 52 shows the results.
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Figure 51. The experiment setups for multi-cognitive node topology, n is number of nodes per
subclass
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Figure 52. lifetime vs. number of nodes per subclass for both cognitive and non-cognitive
networks
It can be seen that the lifetime of a non-cognitive network is almost constant and consequently
does not depend on the number of nodes in each subclass. However, for the cognitive network,
lifetime increases when number of nodes in each subclass increases. This is because cognition
can be more useful when more nodes are monitoring the same area. Since when there are more
redundant nodes in the monitored area, CN can schedule them more efficiently, and nodes will
last for a longer time because more nodes are undertaking the same task and they can share the
task to maintain more lifetime.
Now suppose an example cognitive network in which each node has two sensors. In each
subclass, there is one unique sensor attached to one of the nodes but all nodes have one common
sensor. In each subclass, each node should transmit its unique sensor’s data with rate 1/T while all
the nodes share the task of sending the common sensor’s data. So every nT seconds, each node is
undertaking n+1 transmissions, n transmissions for its unique sensor and 1 transmission for the
common one. So in average, each node, is conducting one transmission every (n/n+1)T. Hence it
can be said that, this cognitive network containing n nodes in each subclass, is equivalent to a
non-cognitive network in which each node sends sensory data every (n/n+1)T. Inserting the
cognitive transmission rate in equation (6.4), if cognitive network follows the same rate, lifetime
vs. number of nodes per subclass will be as shown in Figure 53.
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Figure 53. How lifetime of a CWSN changes by increasing number of nodes per subclass
6.4.1 Study of Lifetime vs. SDT Rate for 2 Cognitive Nodes
Using equation (6.4) for the non-cognitive network lifetime based on SDT rate and the theoretical
justification of the multi-cognitive node network’s performance presented in Figure 53, the
comparisons of lifetime for cognitive networks with 2 cognitive nodes can be studied. Equation
(6.4) is used to measure how lifetime changes when SDT rate changes. For the non-cognitive
network it is assumed that each node has two types of sensors hence the SDT rate is doubled to
calculate lifetime and then (n/n+1) of the same SDT rate is inserted into the equation to estimate
the lifetime of the cognitive network.

Figure 54. Comparison of Lifetime for cognitive and non-cognitive networks with 2 cognitive
nodes and 2 number of nodes per subclass

Figure 55. Comparison of Lifetime for cognitive and non-cognitive networks with 2 cognitive
nodes and 3 number of nodes per subclass
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Figure 56. Comparison of Lifetime for cognitive networks with 2 cognitive nodes, n is number of
nodes per subclass
It can be seen that, the cognitive network has an improved lifetime in comparison with noncognitive network when number of nodes per subclass is 2 and 3 as shown in Figure 54 and
Figure 55. However the improvement is more when number of nodes per subclass is increased as
seen in Figure 56. This is because more redundancy is observed in the network and cognitive
node can schedule sensor nodes more efficiently. Another thing is that the lifetime of both
cognitive and non-cognitive networks start from the same point which is because when SDT rate
is very low, it means that almost no data is transmitted in the network and hence the network has
its maximum lifetime and hence the maximum lifetime is the same for both networks in terms of
SDT rate. It also is observed that since transmission is the most power consuming activity in the
network, lifetime of both non-cognitive and cognitive networks decrease when SDT rate
increases. Because more SDT rate means more transmissions of sensory data and hence more
number of transmissions in the network.
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6.4.2 Cost Evaluation
To evaluate the cost of adding cognition, the cost of adding cognitive nodes should be compared
to the cost of the whole network. To calculate each device’s cost, tables described in section 6.1.2
are used. For example, for a non-cognitive network of three classes the cost will be
approximately:
1sink +1gprs+ 3*(3routers+9sns+all types of sensors+1gps+12packaging)+5% other costs=9960$
When adding cognitive nodes, 450$ will be added to the above price which is 4.5% additional
price. Added price due to cognition in a class-based network vs. Number of nodes is shown in
Figure 57.

Figure 57. Cost of adding Cognition
It can be seen that the added price converges to 4.7% for higher number of nodes. So the added
price due to cognition will not be more than 4.7% of the whole network’s cost.
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Chapter 7
Conclusion and Future Work
7.1 Conclusion
In this thesis, firstly, an environmental monitoring WSN with different types of sensors is
implemented. Then an implementable cognitive method aiming to maximize lifetime by the
means of cognitive nodes is proposed and added to the network. The goal of a cognitive system is
to increase the awareness about the surrounding environment and concurrent conditions of the
network; then make appropriate decisions to improve the network’s performance and forward
actions to involving nodes. Several experiments are established to compare the results of both
networks. It can be concluded that cognition can help improve the network’s performance. To
reduce the overall load of cognition on the network, new nodes, namely, cognitive nodes are
introduced and added to take care of most of the cognition processes. These new nodes can use
the same infrastructure as other nodes of the network to reduce the added cost and benefit from
previous developments in their design.
Furthermore, this work has opened a new vision to the future CWSNs by providing real
implementation of such networks. However, it is still an open interesting area of research. Some
of the future works which can be done following this work are provided in the next section.

7.2 Future Work
In terms of implementation, a step further can be adding mobile sensor nodes and utilizing from
GPS information to detect the current place of each node and classifying the nodes based on their
current position.
Another future work is to design a user interface for CWSN which is able to send commands to
the device which is making the communication between sink node and end user. So the user
interface should be able to depict the current status of network, and give the user the ability to
send commands to cognitive nodes. Furthermore, intelligent algorithms can be embedded to CNs.
However, it should be noted that the added algorithms should not be very power consuming and
should not make the cognitive node so busy that it is not able to handle the process with a sensor
network’s node infrastructure. If it is necessary and proved to be very useful to have such
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intelligent algorithm, other infrastructures such as FPGA may be beneficial. In addition, CN can
be designed such that it can learn from previous decisions. For example, it can save the outcome
of its decisions on its knowledgebase or to adjust its reference tables.
Next open issue, is the problem of network coverage for applications where the first definition of
network coverage mentioned in section 6.1 is more appropriate. In this case, the number of sensor
nodes which should be active can be determined using the area coverage problem by mapping the
area coverage problem to point coverage or an algorithm can be implemented on CN which is
able to decide on the number of nodes that should be active at each stage.
Another approach to the problem of cognition is to use dynamic programming to construct
reference tables on cognitive nodes. Since CN should decide on the next stage’s action
dynamically, it might be very useful to benefit from this approach while designing CN. For
instance, one sample has been solved here using dynamic programming to give the reader the
intuition of what the author means by applying dynamic programming on CNs. In the next
section, the idea of dynamic programming is explained in more details.
7.2.1 Cognitive Dynamic Programming
Suppose that the objective is to optimize lifetime and data acquiring while the total amount of
energy available at each sensor node is limited; there are unpredicted sources of power
consumption which consume the sensor nodes’ capacity throughout the network’s lifetime; and
data acquiring depends on the criticality of data, and its redundancy which is known only after
deploying the network and throughout its lifetime. So the question is how much power at each
stage, each sensor node should consume (which means how much data it should send), and how
much power it should save for the future. The details and equations are provided in Appendix B.
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Appendix A
Matlab Codes
Thermistor Temperature Sensor Transfer Function
%This program gets Vdigital in 2 bytes from sensor node running
thermistor temperature sensor and converts it to celsius
clc
clear all
Vex=2.5;
Vdigital= 17675; %ranges from zero to 2^15 however because Voutmax=2.5,
it ranges from 0 to 24824
Vout=Vdigital*3.3/(2^15);
A=1.129241E-3;
B=2.341077E-4;
C=8.775468E-8;
R=24900*((Vex/Vout)-1);
logRtprecise=log(R);
Tkprecise=1/(A+B*logRtprecise+C*(logRtprecise)^3);
Tc=Tkprecise-273;
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Appendix B
Dynamic Programming
State Space: (battery levels)

S = {x0 , x1 ,..., x5}
System’s dynamics: (model of power consumption)

Ct +1 = max{αt Ct − pt .C0 ,0}

(7.1)

Cost function: (beneficiary of data sent)

w( pt ) = ln(1 + pt .C0 )

(7.2)

Decision variable: (how much power to consume at each stage, i.e., how much data to send at
each stage) pt
We will benefit from dynamic programming to solve the problem [44]. Each node has total
battery capacity of C0 which will be used till the end of its lifetime. We divide the node’s lifetime
into 6 stages (x0, x1, …, x5). At each stage the node’s battery level and hence the remained battery
capacity (Ct) is known. The node consumes pct amount of power due to its transmissions of
sensory data. The amount of power that the node consumes at each stage due to sensory data
transmissions can be calculated based on the SDT period of that stage (Tt). However, there are
other sources of power consumption. Some of them are known and constant and others are
unpredicted. So the remained battery capacity of next state (Ct+1) can be shown with the following
equation:

Ct +1 = f (Ct , A,α ) − pt C0

(7.3)

Where A is a constant representing known sources of power such as solar panel or known sources
of power consumption such as indicators and 0<α<1 represents unpredicted sources of power
consumption.
Now suppose that the model of node’s power consumption is as below:

f (Ct , A, α ) = α t Ct − A

(7.4)

A and α should be measured by experiments on the WSN before deployment.
The utility function is the amount of useful and non-redundant data acquired due to transmissions
(Data acquiring) which can be shown as below:
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utility = w( pt )

(7.5)

Based on requirements mentioned in [44], w(pct) should be bounded at each time, continuously
differentiable, strictly increasing, and strictly concave. The relationship between consumption
(pc) and data acquiring is not directly proportional. It is obvious that when consumption is more,
more data is being sent, and hence, data acquiring is increasing. However, data acquiring takes
smaller steps for larger values of consumption because not always more data means more useful
data. When more data is sent, the probability of getting more useful data decreases. So dw/dpct
should also be decreasing when pct increases. From the above conditions w can be defined as
below:

w( pt ) = ln(1 + pt c0 )

(7.6)

It is observed that w(pct) satisfies the required conditions. Also, assume that the end user is
impatient and values data of future less than now. In other words, the data received from WSN is
more beneficial when arriving sooner. So, the value of data, received from WSN, decreases by
the factor of 0<β<1. β also will help the network to value data from more powerful nodes more,
and consequently ask more data from nodes with higher battery level and less data from those
nodes which have less remained battery.
CN (decision making unit), should decide how much power the sensor node consume at each
stage and how much to save for the future. The decision problem can be written as follow:
T

T

max{∑ w( pt } = max ∑ β t .ln( pt c0 )
pt

t =0

pt

t =0

Subject to:

Ct +1 = α Ct − A − pt c0 ≥ 0 for all t
By the means of dynamic programming, the above problem can be divided into smaller decisions
by defining a value function. The value function (the value of having Ct remained battery
capacity at stage t can be calculated by backward induction using the Bellman equation.

Vt (Ct ) = max(ln(1 + pt .C0 ) + β .u.Vt +1 (Ct +1 ))
pt

(7.7)

In addition, as mentioned before, the user should be able to control the system using a variable
named u(t); where u(t) is the node’s utility factor. When user determines more utility (u(t)) for
one sensor node, he/she is requiring better lifetime and consequently less data acquiring for that
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node. Hence, when u(t) increases, the value of saving more Ct for the next stage increases. Hence
we define another discount factor to represent u(t). This factor should be less than 1; otherwise,
the system will lead to an unsteady state.

u=

u (t )
6

(7.8)

Since 1<u(t)<5, u<1;

β ′ = u.β

(7.9)

Combining u and β, the value function can be written as follow:

Vt (Ct ) = max(ln(1 + pt .C0 ) + β ′.Vt +1 (Ct +1 ))
pt

(7.10)

Subject to:

Ct +1 = α Ct − A − pt c0 ≥ 0 for all t
So CN decides about pct at each time stage instead of planning everything from the start point of
network’s lifetime. Since at each time stage, Ct and u(t) is known, CN only needs to choose the
current stage’s pct.
Working backwards from the last state (x5) to the first state (x0), the optimal value for pct can be
calculated for each state.
From pct set, the optimal values of Tt can be calculated using equation (6.4).
For having the above idea implemented, first it is necessary to model the nodes power
consumption and utility accurately. This can be an interesting subject for future researchers.
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