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Abstract— In Wireless Sensor Networks (WSN) power 
consumption has a crucial influence on the network 
performance. It affects the network’s availability, reliability and 
lifespan and therefore must be kept at minimum. Conducting 
experiments involving real devices and networks can be too 
expensive and complex, so a simulator can be used as an 
alternative in order to simplify the research environment. The 
simulator used in this paper is Cooja simulator that runs 
ContikiOS which is commonly used by the WSN hardware 
platform. The consumed energy was measured using four 
parameters and in five different tests, varying the number of the 
sensor nodes, not changing the position of the sink node. The 
results show that the average power consumption per node is not 
necessarily connected to the lowest number of nodes, as well as 
how energy consumption is increased if the node is acting not 
only as a collector node, but also as a transit node for its 
neighbouring nodes.   

 
Keywords— wireless sensor network, energy consumption, 
Cooja, simulation, ContikiOS 

I. INTRODUCTION 

Since it was first coined in 1999, the term “Internet of 
Things” (IoT) has been widely spread and used with not one, 
but many definitions describing it [1]. The general idea 
revolves around interconnecting various heterogeneous 
devices in different geographical areas in order to 
communicate, exchange, store or analyse data using the 
Internet [2]. However, it can also be considered as the point 
where multiple technological advances from various domains 
intersect or as a network connecting people and objects, 
Anytime, from Anyplace with Anyone or Anything, while, 
ideally using Any network or Any service (6A connectivity). 
This can only be achieved with proper discovery, 
identification, configuration and manipulation of 
interconnected devices and sensors [3]. 

IoT has many applications both in business and technical 
domains, as it is possible to use various technologies such as 
TCP/IP, RFID, sensor, mobile and home networks, etc. as one. 
A few of its most popular uses are in security, transportation, 
e-Health, manufacturing, industrial supply and provisioning, 
and many more. Depending on the application, there are 

different requirements that need to be fulfilled for network and 
processing. An example could be found in sensors which are 
used for video surveillance, that need to have enough 
bandwidth in order to stream video if there is a security breach 
while keeping the energy consumption at minimum [1]. 

The widely spread use of IoT has initiated many researches 
concerning IoT devices, communication and connectivity or, 
in other words, networks, smart services and data. In [4], there 
are many recent trends in IoT research considered, which are 
roughly divided into subcategories concerning publications on 
networks and connectivity, data, devices, smart services and 
applications, and many other research domains about energy 
efficiency, artificial intelligence, augmented reality, IoT 
architectures, standards, simulation platforms, etc. 

This paper focuses on wireless sensor networks as a part of 
IoT, and their nodes (or motes; both used in the paper) which 
are either battery operated or energy scavengers. This 
characteristic of the sensor nodes highly affects network 
performance. Such devices and their performance can be 
simulated and evaluated through the Cooja simulator [4][5] 
Therefore, in this paper, simulations were run using TmoteSky 
nodes running ContikiMAC [6].    

Section II presents different research papers and their 
results that used the Cooja simulator while simulating IoT 
networks. Section III explains why and how the simulations 
were conducted and section IV shows the results. The paper 
concludes this research in section V, while future work is 
discussed in section VI. 

II. RELATED WORK 

This part of the paper presents a number of research works 
that are related to the work conducted in this paper. All of the 
mentioned research papers involve simulating WSN nodes in 
the Cooja simulator. Results in [7] show how transmission 
power consumption can be reduced by using an aggregator 
node which reduces the number of packets before sending 
them to the sink node. They also show the interoperability 
between Contiki operating system and TinyOS in 
Cooja/MSPSim. In the cross-level simulation run in [8] it is 
shown that the Cooja simulator can simulate different types of 
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nodes, operating systems, interfaces, etc. at many levels of the 
system. 

Research conducted in [9] is based on Zolertia Z1 sensor 
platform and the routing protocol standard called IPv6 
Routing Protocol for Low-Power and Lossy Networks (RPL). 
Power consumption measurements were first done on real 
Zolertia Z1 motes, and later compared with the results gained 
with simulation. The results show that energy usage is directly 
related to the signal strength, which is indirectly related to the 
distance between the motes. Also, the energy consumed in 
listening mode is found to be more than that of any other 
mode. 

Different scenarios were conducted in [10]: the first 
observed the energy consumption when using different 
network topologies, and the second observed the energy 
consumption of each node depending on the transmission ratio. 
This research was also conducted on Zolertia Z1 motes while 
using RPL as the routing protocol. In [11], simulations ran in 
the Cooja simulator were conducted in order to evaluate the 
performance of RPL in ContikiOS while using static 
randomly-positioned Sky motes. 

All of the papers mentioned above did not take into 
consideration varying the number of nodes while simulating, 
considering that it does not have much effect on the 
simulation results. 

III.  SIMULATION 

A. ContikiOS and Cooja Simulator  
ContikiOS is an open source operating system for the 

Internet of Things that connects tiny low-cost low-power 
microcontrollers to the Internet [12]. As a part of the Contiki 
operating system, Cooja, a flexible Java-based simulator, has 
become very popular in the WSN research community due to 
its ability to program IoT sensors. There are over one hundred 
publications available on IEEE Xplore having the simulator’s 
name in their title [4].  

There are many advantages in using Cooja over a few other 
simulators. First, Cooja can simulate sensor networks 
consisting of different types of nodes, whether they differ in 
on-board software or in the simulated hardware. There are 
three types of nodes that can be simulated in Cooja: emulated 
nodes, where the entire hardware of every separate node is 
emulated, Cooja nodes, where the Contiki code for the node is 
compiled for and executed on the simulation host and Java 
nodes, where the behavior of the node must be implemented 
again as a Java class [13]. The difference between the nodes is 
shown through their advantages and disadvantages. Emulated 
nodes provide more fine-grained execution details compared 
to Java-based nodes or nodes running native code, but in 
exchange they use more simulation time. Java nodes use less 
simulation time but do not run deployable code, while Cooja 
nodes are more efficient than emulated nodes while still being 
able to run deployable code [8]. 

Second, in comparison to other simulators, Cooja is not a 
strictly network simulator, but a simulator capable of 
simulating different protocols on different layers of the 
network [4] and it allows simultaneous simulation at the 

network level, the operating system level and the machine 
code instruction set level [8]. This can be treated as a big 
advantage since the key to reducing power consumption is 
based on the Layer 3 awareness of the lower-level parameters 
rather than treating the lower layers as a black box [14]. 
Additionally, new radio mediums and interfaces can easily be 
developed in Java and added to the Cooja simulation 
environment. Cooja also allows researchers to reproduce 
realistic scenarios that include running popular application-
layer protocols over standards made for sensor networks such 
as 802.15.4 and IPv6 over low-power wireless personal area 
networks (6LoWPAN). 

B. Energy Measurement in Cooja Simulator 
There are many factors that can affect node power 

consumption in wireless sensor networks. In research papers 
[9] and [10], it is shown how network topology and 
transmission ratio of each node affect the energy usage while 
in [14] it is discussed how different types of transmission 
affect the energy usage such as broadcast or unicast 
transmission, as well as synchronized and non-synchronized 
transmission. Although the communication device is typically 
the most power-consuming component, limiting the 
transmission would not be enough to achieve low power 
consumption, because the radio may consume as much power 
in listen mode as when actively transmitting [14] or more [9]. 
In order to reduce energy usage as much as possible, the radio 
must be switched off completely when it is not sending or 
receiving data. This technique is called Radio Duty Cycling 
[6], and by applying it the lifetime of a device operating on a 
common button battery may last a few years which is very 
important in wireless sensor networks [14]. 

Cooja simulator uses the plugin of Powertrace to monitor 
the use of energy in the sensor mote. There are four different 
parameters that can be measured and they include the energy 
of Central Processing Unit (CPU), energy of Low Power 
Mode (LPM), energy of Radio Transmit and energy of Radio 
Listen. Energy of CPU refers to the total energy used for 
computation process by CPU, while LPM energy refers to the 
total energy used when the sensor mote is in the power saving 
condition or the idle state. Energy of Radio Transmit and 
energy of Radio Listen refer to the total energy used by the 
radio devices to send and receive data packages, where Radio 
Transmit energy is connected to the power consumed while 
the monitored node is sending data to its neighboring nodes, 
and the Radio Listen energy is connected to the power 
consumed while the monitored node is ready and is waiting to 
receive data from its neighboring nodes [10]. 

C. Simulation Scenario 
In this paper, the simulation scenario has been conducted 

using one type of sensor node while increasing the number of 
nodes in the network from 10, with the step 5, until 30 was 
conducted. Each simulation test was repeated five times and 
the simulation time was 30 minutes. The nodes in the network 
are TmoteSky motes running ContikiMAC protocol for radio 
duty cycling in order to save energy. It uses periodical wake-
ups to listen to packet transmissions from neighboring nodes. 
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ContikiMAC is a sender-initiate asynchronous mechanism 
which doesn’t require any signaling messages or additional 
headers [6] therefore being suitable for sensor networks. The 
original network consisting of 10 nodes, as shown in Figure 1, 
used random positioning for the first simulation. Later, every 
simulation had the same node positions for the existing nodes, 
while new nodes were added using random positioning again.  

The transmission range of every node is 50 meters (green 
circle in Figure 1), while the interference range is 100 meters 
(gray circle in Figure 1). ContikiMAC protocol uses the wake-
up frequency of 8 MHz, which results in a wake-up interval of 
125 μs. All packets are 23 bytes long, including preamble, 
start of frame delimiter, and length field, which leaves 16 
bytes of packet date. This means that the bitrate is 250 kilobits 
per second. 

 

 
Figure 1. Original 10-node network in Cooja environment 

 
Node sink is the node that acts as the information receiver 

from all nodes in its network. In this case, that is node 1, while 
all other nodes are collector nodes, that send all the collected 
data to the sink node. Figure 1 shows the Cooja simulation 
model with one sink node and nine transmitting nodes 
randomly positioned. It can be noticed that only nodes 5 and 9 
are within transmission range of the sink node so it can be 
presumed that the other nodes will be using them as transit 
nodes in order to send the information to the sink node. 
 

IV.  SIMULATION RESULT 

The energy consumption measurement in the Cooja 
simulator was based upon four parameters that include CPU 
Power, LPM Power, Listening Power and Transmit Power. 
They were calculated by using the data received by the sink 
node. Figure 2 shows average power consumption per node 
depending on the number of nodes used in each simulation test. 

It can be noticed that CPU and LMP power consumption are 
not affected if the number of nodes is increased.  

 

 
Figure 2. Average power consumption per node 

 

 
Figure 3. 15-node network in Cooja environment 

 
However, it does affect power consumption while listening 

or transmitting, therefore affecting the total energy usage. 
Figure 2 also shows that the smaller number of nodes does not 
necessarily mean the lowest power consumption in the 
network. In the first test in which the network consisted of 10 
nodes, since node 5 is receiving packets from other nodes and 
forwarding them to the sink node, it uses up the most energy. 
Therefore, by adding more nodes to the network, a balance is 
established, so node 5 is no longer the only node that acts as a 
transit node. Figure 3 shows the new network with the added 
nodes, where nodes 13 and 14 have become transit nodes apart 
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from node 5. This changes not only the average power 
consumption of node 5 (reduced by 27.5% in comparison to 
the average power consumption in the first test) but also the 
average power consumption per node (reduced by 1.94% in 
comparison to the average power consumption in the first test). 
It can also be noticed on Figure 2 that the minimum value of 
the average power usage is for the network consisting of 15 
nodes, and when the number of nodes was doubled (30 nodes), 
the energy usage was increased by 8.4%. 

Figure 4 shows average power consumption for node 5 as 
the node that has the maximum total average power 
consumption in the original network with 10 nodes.  

 

 
 

Figure 4. Average power consumption for node 5 

 

 
Figure 5. Average power consumption for node 9 

 
It can be noticed that if the number of nodes is increased 

from 10 to 15 the average power consumption of this node is 
reduced by 27.5%. In contrast to node 5, node 9 was chosen as 

the node closest to the sink node but is not used as a transit 
node. It can be seen in Figure 5 that even though in the first 
test node 9 only communicated with the sink node, its energy 
usage was affected by the increased number of nodes.  

As the number increased to 20 nodes, its energy usage was 
reduced by 2.79%, showing that every network has an optimal 
number of nodes which does not necessarily have to be the 
smallest number. Node 9 did not actively participate in the 
original 10-node network (as a transit node) but it was in 
listening mode, which made it consume more energy. 

  

V. CONCLUSIONS 

Based on the simulation tests run in the Cooja simulator, it 
can be concluded that every wireless sensor network has an 
optimal number of nodes as far as energy usage is concerned, 
depending on the position of the sink node and the number of 
transit nodes. The number of nodes mostly affects the 
listening power consumption. Using common sense, one can 
arrive to the conclusion that by increasing the number of 
nodes, energy consumption would also increase. However, in 
this paper, varying the number of nodes did not present a 
significant difference in the average power consumption per 
node, due to many other factors that affect energy 
consumption in sensor nodes. Therefore, the solution to 
minimazing the power consumption lies elsewhere.  

VI.  FUTURE WORK 

Since the number of sensor nodes is not the only factor 
infulencing the energy usage of the nodes, others should be 
taken into consideration. Changing the network topology, 
transmission range, transmission ratio, distance from the sink 
node, number of sent packets, etc. should be the focus of any 
other future research. Also, in order to test the routing 
protocol, more simulations should be conducted while 
removing node 5 in the original 10-node network. This way, it 
could be seen how the network would deal with loss of 
packets, how much time it would take for it to recover, and 
perhaps choose node 9 as a transit node. The results of this 
paper should be considered as a basis for all other future 
simulations mentioned. It is mentioned in [4] that the Cooja 
simulator supports mobility and even cyber-attack simulation, 
so the next step would be to see how the energy usage would 
change if a few of the nodes were mobile or if there was a 
threat involved, which can happen in real-life situations.    
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