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INTRODUCTION

Wireless ad-hoc networks have become of great interest to both research and industry sectors

in the last decade. Often, they are supposed to work autonomously for a long-term period

which presents several challenges.

Due to a low-cost node design, autonomous function and network lifetime, several limitati-

ons have to be considered during network design. Besides small memory, computational limits

and narrow bandwidth, the energy self-sufficiency is the most restrictive factor.

Despite the limitations mentioned, WSNs are in experts’ opinion a very promising tech-

nology expected to be one of the leading technologies in the 21st century. Dynamic progress

in MEMS (Micro Electrical and Mechanical Systems) and RF (Radio Frequency) technologies

has allowed the use of large networks of wireless low-cost devices with sensing capabilities in

a broad variety of application.

Many of WSN applications require the knowledge of a node’s position to ensure the proper

functioning of a network (e.g. [1]–[3]). The obvious reason for localization is a provision of

sensed data with a geographical meaning. In other words, to know the position of the data

origin in the area of interest. Considering mobile nodes in a network (for example logistic

applications), the position is the measure that is transferred as the data value. As an addi-

tional motivation, the sensor’s position can be used for a scalable geographical routing, data

gathering, hierarchical aggregation, object tracking, remote management etc. This makes au-

tomatic localization the key enabling technology in WSNs. The same or similar benefits lie

in the localization for other wireless networks such as 802.15.4/ZigBee, WiFi, DASH7, UWB,

CSS too.

This is a short version of the thesis focused on localization and distance estimation in

wireless networks with energy limited resources. The 2.4 GHz ISM frequency band is conside-

red which includes network technologies such as 802.11 Wifi, Cordless telephony, Bluetooth,

RFID and 802.15.4. This work directly addresses the problem of energy efficient distance es-

timation while fulfilling application specific accuracy requirements. Distances among nodes in

a network represent necessary input variables for many localization algorithms. This makes

the result of the position estimation highly dependent on the quality of the provided distance

estimations. There are several techniques for distance estimation varying in cost and accuracy

of the estimation but none which primarily respects the accuracy requirements of an appli-

cation and ambient RF conditions while keeping the energy consumption as low as possible.

An estimation technique based on received signal strength measurement is a widespread tech-

nique used in wireless applications providing sufficient accuracy of results while requiring lower

complexity of implementation which makes it favored in research and industry. Therefore, this

work is aimed at the technique based on the received signal strength. It analyses the problem

of energy efficient distance estimation in detail and presents a new method of achieving the

goal of efficient distance estimation while providing the required accuracy.

Due to stochastic conditions in a radio channel each measurement contains a certain degree

of uncertainty. To mitigate the level of uncertainty several measurements have to be conducted

5



which increases the energy costs of distance estimation. Depending on the application, and

thus, the required level of accuracy, the new method consumes just the minimal amount of

precious energy while respecting the accuracy requirements which increases the lifetime of the

entire application.

The benefits of the new estimation method are significant mostly in the area of applications

deployed in unstable stochastic radio conditions, frequently running position estimation which

is the case especially in networks with mobile nodes. The more often the localization runs the

more energy is saved by the new method. This method can be used in static wireless networks as

well, however, the significant improvement is achieved with the repetitive localization process.

In addition, the method can use the environment characteristic obtained from the previous

localization to set the initial parameters in the most efficient way and save even more energy.

This is a short version of the doctoral thesis, and therefore, it does not contain all the

details of the work. The complete description can be found in [15].
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1 OBJECTIVES

The main objective of the thesis is a proposal of an energy-aware distance estimation method

for a general use which is adaptable to predefined application accuracy requirements.

Location information is useful or even crucial information in a vast majority of wireless

applications such as logistic, environmental monitoring, agriculture etc. ([1]–[3]). Therefore,

several localization algorithms have been proposed in order to be able to obtain such infor-

mation about each node in a network ([4]–[8]). The majority of localization algorithms use

a distance between nodes as a primary and key input information to calculate the nodes’

position. Based on the distance relation of the nodes, first, their relative mutual position is

determined, and subsequently, their absolute position is derived. Certain algorithms use a set

of nodes with a known position as reference nodes and in order to localize the other nodes,

distances to the reference nodes are necessary, e.g. [5], [7]. Consequently, the accuracy of the

position estimation depends highly on the accuracy of the previously estimated distance.

Because of a broad range of WSN applications (or wireless Ad-hoc networks in general)

there are also considerably different requirements on the accuracy of the positioning. Some of

the applications require just rough position estimation of the nodes (agriculture) but other, to

the contrary, can have very strict demands (e.g. logistic and storage management applications).

Consequently, costs of the localization can also be different for each individual application.

And because of energy constrains in such networks, there is an intention to safe as much energy

as possible and not to waste it inefficiently. Therefore, this thesis addresses the issue of the

efficient use of energy resources for the distance estimation respecting specific application de-

mands. The proposed method must also respect different environmental conditions, especially

different radio channel characteristics, and must be invariant to them.

To that end, following supportive objectives were stated:

• detailed analysis of the distance estimation based on the received signal strength measu-

rement – There are several approaches to distance estimation viable in wireless Ad-hoc

networks, however, not many are well and efficiently adopted in current applications

[9]. The main reason for this is mostly the additional cost of the method added to the

manufacturing of nodes and the execution of the estimation in a network. The most

widespread method is a method based on the received signal strength since it is re-

latively easy to implement at most of the commercial off-the-shelf (COTS) products.

Therefore, this work focuses on the received signal strength approach respecting the

general use requirements of the primary objective. The secondary goal contains also an

investigation of radio environment affecting the distance estimation method. WSNs are

deployed in many various environments mostly characterized by their radio properties.

This has a significant influence on the distance estimation based on the received signal

strength [11]. To achieve the accomplishment of accuracy demands independently on dis-

tinct radio conditions, these conditions have to be respected. Therefore, the investigation
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of radio characteristics affecting the estimation method has to be conducted.

• analysis of an energy consumption and determination of an energy model used in the

investigation – In order to implement energy awareness in the new method it is necessary

to define and implement methods of energy consumption evaluation corresponding to

energy dissipation during localization.

• proposal of a new distance estimation method – This partial objective contains a detai-

led proposal of the new distance estimation method and its integration into a network

structure.

• verification of the proposed method – After the proposal of the new method, it has to

be verified in simulations and experimental testbed to proof its benefits to wireless ad-

hoc applications. For the simulations an appropriate simulation tool will be chosen. The

testbed verification will be done with COTS products.
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2 EXPERIMENTAL ANALYSIS OF LOCALIZATION

AND ENERGY CONSUMPTION

Several methods for distance estimation (ranging) have been proposed and used. However,

just some of them gained higher attention because of their viability in real applications. In

this section, an investigation of different aspects regarding the most promising and most used

ranging method based on received signal strength method is presented.

IN order to analyse the RSS method of ranging, an experimental testbed was designed.

The measurement concept was proposed with the intention of general and commercial product

independent investigation of localization using signal propagation. Therefore, the measurement

was not affected by individual transceiver characteristics of different sensor nodes and can be

repeated with any signal analyzing device. The measurement testbed was designed with respect

to both indoor and outdoor scenarios. An example of outdoor measurements is presented in

Fig. 2.1.
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Fig. 2.1: Received signal power measurement – outdoors.

Radio channel and its model are closely related to the particular environment and the

placement of communicating nodes. In the performed experiments the flat-earth model was

used and adjusted based on the values measured between two given nodes. This way we got

parameters of the flat-earth model which fit best to the particular radio channel. To explore

the accuracy, we conducted ten in-place measurements at each determined point between the

nodes and calculated the mean value. The difference of the mean and the flat-earth model

value gives the error of the estimation. For better understanding relative MAE is used. See

the results in Fig. 2.2. Most of the errors are up to 30–40 %. However, in the range from 20 to

25 m the error is reaching 100 %. At one point the measurement gives a totaly wrong position.

Particularly in this case the error is about 320 % and it is necessary to employ a certain

procedure to eliminate this false estimation. The results confirm the experiment performed by

Whitehouse et al. [14] that the RSS based estimation method can be used only up to a certain

part of the radio range and not in the entire range.
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Fig. 2.2: Error of the distance estimation using RSS method in outdoor measurement.

The next step in the research was aimed to investigate the estimation of the distance with

COTS network devices. Therefore, sensor nodes were employed in a new set of measurements.

IRIS nodes from Crossbow were used for this purpose.

It can be concluded that both sets of measurements (generic and COTS based) show

the significant variance of consecutive RSS values. The standard deviation is about up to

2.5 dB for generic and up to 9 dB for measurement with IRIS nodes. The uncertainty is more

considerable outdoors than indoors. It confirms the assumption that the fast fading has more

significant impact outdoors because of the higher dynamics of the electromagnetic field. The

static obstacles did not have a noticeable influence on RSS variance. Variance increases with a

distance in generic measurements but the same was not experienced in COTS measurements.

The variance was rather unpredictable which complied with its described stochastic character

influenced, besides other, by the interference with other wireless communication and EM

emission.

Limited energy resources of nodes in wireless sensor networks require a careful consideration

of energy consumption of all processes during the application lifetime. To analyze energy con-

sumption and to predict the lifetime of a network, a comprehensive energy model based on

commercial products is necessary. For localization, energy dissipated during RF communi-

cation and computation is determining the overall localization energy consumption. For that

reason, the analysis of energy consumption during RF communication with particular 802.15.4

compliant nodes was carried out. The experimental testbed was designed and a scenario of

node association and data transmission explored. For the measurement IRIS sensor nodes with

802.15.4/ZigBee protocol stack and shunt connection were used. For a rough estimation a da-

tasheet could be used. However, as the results of the experiment show, more precise energy

consumption cannot be calculated only from datasheet values of current drain and length of

a packet but intervals of listening and waiting between transmissions play an important role

as well. The respective work was published in [27].
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The current drained by the end node after start-up is depicted in Fig. 2.3.
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Fig. 2.3: Power consumption of IRIS node during RF communication.

In phase 1 the end node is turned off and the consumption is certainly zero. After being

switch on, the sensor node performs association and binding phases exchanging information

with the PAN Coordinator and initial packet transmission (phase 2). Then, following the

implemented function, the end node waits in a sleep mode (phase 3) draining minimum of

energy until periodic packet transmission takes place in phase 4. The required current in a

sleep mode is 2 mA approximately which depends on the sleep mode of a microcontroller.

Phase 5 represents a waiting for next periodic packet transmission in the sleep mode, however,

the end node is turned off (phase 6).
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3 PROPOSAL OF NOVEL DISTANCE ESTIMATION

METHOD

Distance estimation together with the energy moderation is a crucial prerequisite for locali-

zation in wireless networks with energy constrains. Depending on the application and further

use of position information, the requirement of the accuracy of estimation can differ. Location

information used only for geographical routing and data gathering [32]–[33] does not need to

be as accurate as applications for precise object tracking or similar applications.

Since wireless networks can be deployed in different environments, the radio conditions can

be also significantly different. It means that in some situations we have to be aware of a high

level of the RSS uncertainty while in others the RSS uncertainty is low. Moreover, the situation

can change and we can experience totally different RF conditions in the same environment

during a certain time period due to the stochastic character of the RSS uncertainty. To mitigate

the uncertainty several repetitive measurements can be taken. However, we then collide with

the prerequisite of the energy moderation. But even if we accept a higher load at the beginning

of the network deployment when the nodes are localized (which is not a high portion of total

communication), the same can not be acceptable in a network with mobile nodes and repetitive

location update. In this case a traffic load related to localization is substantial and significantly

influences the network lifetime.

A novel method of distance estimation addresses the issue by introducing an adaptive

mechanism of RSS measurement control. It is a method allowing a node to control the num-

ber of RSS measurements in a response to current RF conditions and required level of RSS

uncertainty mitigation.

The proposal rises from the publications [23] and [31].

3.1 Method definition

The proposed novel method of ranging is called Adaptable Energy-aware Distance Estimation

(AEDE) and its key feature is an energy awareness. The method allows to control energy

spent by ranging while mitigating the RSS uncertainty as desired. And this is the adaptability

aspect of the method. Despite keeping the energy consumption under control, it allows to

invest more energy in the case of an unstable environment and higher application accuracy

needs.

The AEDE ranging method consists of three phases: RSS request, RSS response and RSS

improvement (Fig. 3.1). There are certain assumptions that are considered for the method

description as follows.

An initial state of a network deployment or location update in a network with mobile nodes

is considered. At the beginning a node does not know either its coordinates or its neighborhood.

To find its location it uses a distributive range-based localization algorithm with distances as

a input. Therefore, it performs a ranging method first. Let me call this node as U node.
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Fig. 3.1: Time diagram of AEDE method.

The AEDE method progresses in the following phases:

Phase 1:

The U node sends a packet RSS request with a one-hop broadcasting address in order

to get to know its neighborhood and contact possible anchor nodes. The packet contains an

initial number of measurements (N0) required for the first RSS estimation.

Phase 2:

In the second phase all the nodes in the U node’s neighborhood that have received the

message and have a known position (anchor nodes) react1. They transmit N0 successive packets

(RSS responses) with a time space RIS (RSS Interleaving Space). The RIS has to be larger

than an interframe spacing (IFS)2 or a coherence time for the particular RF channel in order

to get uncorrelated measurements:

RIS > Max {IFS, Coherence time} . (3.1)

1Depending on the subsequent localization algorithm the U node can require distances to all nodes (even

with unknown location) but this work considers only anchor nodes for now.
2The interframe spacing (SIFS) following after a MAC frame (MPDU) smaller than 19 Bytes is at least

192 µs long. Longer interframe spacing LIFS is required for larger MPDU. The LIFS should exceed 640 µs.

[13]

13



The coherence time can be also set generally for the environment. The RSS response packet

contains ID of the node, transmission power level and its coordinates. The uncertainty of the

location can be also part of the packet if the localization algorithm requires it.

Phase 3:

The third phase consists of RSS analysis and RSS measurement expansion. When the

U node has collected all the measurements it can perform the RSS analysis. In the RSS

analysis the most probable RSS value (RSS) is calculated together with its uncertainty (uRSS).

These are calculated for each anchor node. uRSS represents the RSS uncertainty of the channel

estimated from the standard deviation of the measurement samples collected. Based on this

information and the number of samples an expected RSS estimation error εexp is identified

in an RSS lookup table which contains values of a statistical mean error. If the εexp is larger

than the required estimation error εreq, the U node requests another RSS responses from the

particular anchor node. In other words, it sends an RSS request to a specific anchor with a

required number of RSS responses (NR).

If there are more anchors to be asked for RSS responses, the RSS request can be cumulative.

This means that the U node can create a RSS request addressing several anchors at the same

time. The RSS request then contains several pairs: Anchor ID - NR. The request is addressed

to the entire one-hop neighborhood and the responses come only from the specified nodes.

Subsequently, the U node gets another set of RSS measurements which is processed in the

RSS analysis and it updates the RSS together with the uRSS. Then, searching in the RSS

lookup table follows. This step is repeated until the required precision is reached.

All the RSS values are used together with the signal propagation model resulting in a

distance estimation processed further by a certain localization algorithm.

To make the ranging method even more efficient the link layer ACK is not transmitted

since it is arbitrary in the low-power networks [13]. The reliable packet transmission is not

necessary in this case. Regarding the RSS request, the recipient that does not receive the

request (or the request is corrupted) is considered as inexistent. If the recipient receives the

request correctly, it answers with the RSS responses.

If the RSS response is not delivered correctly the U node takes into account only the

received number of RSS responses. To prevent waiting for undelivered RSS responses, the U

node introduces a waiting time τw, the longest time before performing the RSS analysis.

Therefore, to disable ACK, the sixth bit in the Frame Control field of the 802.15.4 frame

is set to zero.

The transmission of NR RSS responses is the most energy efficient if the transceiver is

switched on only during the time necessary for the transmission and then switched off for the

RIS period again. The burst transmission can be accomplished only if the node uses GTS

(guaranteed time slot). Otherwise, the CSMA-CA method is used before each transmission

which is less energy efficient. When using GTS, the superframe period has to be considered. A

long period could significantly prolong the localization phase or make it even unfeasible. This
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issue has to be further investigated but is out of the scope of this work.

3.2 Signal strength measurement analysis

Repetitive measurements give a bigger set of data from which the RSS value for the distance

estimation is calculated. Supposing a log-normal distribution of measurements (as concluded

from several works e.g. [10][12]), the larger the set we have the more precisely the mean

value of the measurement can be determined. The precise mean value of the measurements

is important since it represents the channel without any fast fading, and thus, also a desired

output of the repetitive measurements. Fig. 3.2 presents a simulation with a different number

of measurement samples in the set and the error of the estimated mean from the true value.

The simulation was conducted for several RF channels with different characteristics of RSS

uncertainty. The simulation was repeated 10 thousand times and the results of this simulation

were used to create a RSS lookup table which is used as a reference RSS estimation error table

in the AEDE method.

It is obvious that the precision increases with a larger dataset. The increase is exponential,

and thus, the precision increases the most with a lower number of samples. Additional samples

have a bigger influence on a smaller dataset than on a larger one. In other words, the marginal

improvement of the new measurement decreases like the total number of samples increases.

The tendency is the same for all the modeled channels but the error of the estimation is

smaller for smaller RSS uncertainty. It means that the RSS estimation is more precise for a

channel with less interference caused by fast fading.
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Fig. 3.2: Mean error of the RSS estimation with various number of measurement samples and

under various channel uncertainty u.
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It could be concluded from the simulation that the precision is given exclusively by the

number of measurement samples. However, the simulation presented just an average value

of the estimations. In fact, the estimation of each measurement set3 with the same number

of samples can be different. This can be seen in Fig. 3.3. The same number of measurement

samples can result in quite a different error. It can be very precise or, on the other hand,

as large as a multiple of the average value (dashed line) showed previously. Therefore, it is

not possible to ensure the maximum error of the estimation based on Fig. 3.2. The values in

Fig. 3.2 are the mean of the expected error with the normal distribution and a certain standard

deviation. The expected error together with its standard deviation for the channel uncertainty

u = 9 can be seen in Fig. 3.4. It means that, if we have for example 20 measurements samples

from the channel with u = 9, the error of the estimation will be most probably 1.6 dBm but

can reach up to 2.8 dBm in some cases.

The mean calculation can be taken again to improve the RSS estimation. If we have several

sets of measurements we can take their means and average them again which results in more

precise estimation.

If the constant channel uncertainty is taken into account the mean of all the measurements

together is calculated. However, the uncertainty can change with each measurement set. As

the conditions change dynamically the channel properties can also vary and influence each

measurement set. Therefore, the characteristics of actual measurement should be considered

as well. Degradation of the RF channel condition can result in larger standard deviation of

the measurement set and subsequently less accurate RSS estimation (see Fig. 3.2).

Therefore, in the AEDE method the actual channel properties are included into the cal-

3Measurement set, dataset, measurement samples refer to the set of measurements obtained from the

neighbor after one RSS request
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Fig. 3.4: Mean error of the RSS estimation with various number of measurement samples

together with its standard deviation. Channel uncertainty u = 9.

culation as well. Kalman filter is used for that purpose. Considering we have two sets of

measurement N (µ1, σ1) and N (µ2, σ2), we determine the new RSS estimation using Kalman

filter as:

RSS =
σ21µ2 + σ22µ1
σ21 + σ22

(3.2)

and the update of the standard deviation is

σ =

√√√√ 1
1
σ21

+ 1
σ22

. (3.3)

For example if we consider two datasets of 20 samples; one with σ1 = 9 dBm and the other

with σ2 = 3 dBm. With the classical approach (not considering the standard deviations of the

dataset) we would get an average error of approximately 0.83 dBm while with the Kalman

filter we obtain a value 0.53 dBm. Further improvement could be obtained with additional

datasets.

When the initial set of RSS responses (N0) is received at the U node, it collects all the RSS

measurements and processes the RSS analysis. The purpose of the analysis is to find the most

probable RSS value not affected by the time variation and its uncertainty. If the expected

error is larger than a predefined threshold it requests other RSS measurements.

The initial estimation of RSS from an anchor i is given as

RSS0,i = RSSi =
1
N0

N0∑
k=1

RSSi,k (3.4)
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with an uncertainty

u0,i = ui =

√√√√ 1
N0(N0 − 1)

N0∑
k=1

(RSSi,k −RSSi)2. (3.5)

Based on the uncertainty and number of RSS packets the expected statistical mean error

is looked up in the RSS lookup table for each anchor (εexp,i). The RSS lookup table contains

the mean error for the estimation based on the number of samples and the RSS uncertainty

of the channel calculated from the standard deviation of the measurement set.

The decision whether to ask for additional RSS response packets or not is based on the

condition

εexp,i > εreq, (3.6)

where εreq is a threshold given by accuracy requirements. If the condition (3.6) is fulfilled

the U node sends an RSS request to the i-anchor with Nn,i value indicating requested number

of RSS responses. Index n indicates the n-th round of the process. The number of requested

responses determines the accuracy of the new RSSn,i and un,i derived from the collected

measurement set.

When the new measurement set for anchor i is received and the new RSSn,i and un,i are

calculated (using formulas 3.4 and 3.5) the composite RSS estimation and its uncertainty are

updated using Kalman filter:

RSSn,i =
RSSn,i · u2n−1,i +RSSn−1,i · u2n,i

u2n−1,i + u2n,i
, (3.7)

un,i =

√√√√ 1
1
u2n,i

+ 1
u2n−1,i

. (3.8)

The total number of RSS measurement samples is updated as well:

Nn,i = N0 +
n−1∑
k=1

Nk,i. (3.9)

Nn,i and un,i are used as indices in the RSS lookup table and the new εexp,i is found. The

condition 3.6 is applied again. If it is fulfilled, the whole phase repeats again. Otherwise the

value RSSn,i is taken as the RSS estimation for i anchor.

To conclude, the AEDE method aims to reflect the actual conditions in the RF channel by

adaptive RSS measurement control in order to meet the accuracy requirements of an appli-

cation. The RSS estimation and exploited energy is controlled by the number of transmitted

packets used for the RSS measurement. The decision making process in the AEDE is build on

the statistical values of expected error provided the given number of measurements and their

variance which is implemented in the RSS lookup table. The complete method description can

be found in the original thesis [15].
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4 EVALUATION OF NOVEL METHOD

Every new algorithm, protocol or method has to be tested first in order to see if the initial

assumptions were correct and the new method performs as expected before its implementation

into real applications.

In this chapter, the evaluation of the novel method using Matlab simulator and a real

network with Waspmote nodes is presented.

The AEDE method is a method designed for a network use, however, it focuses on the

node’s one-hop neighborhood. The distance estimation always takes place between two nodes.

And the RF channel influences the distance estimation the most. Therefore, the simulation of

the AEDE method is focused on the RF channel between two neighboring nodes.

The implementation follows the proposal described in the previous chapter 3 with initial

conditions set as described below.

First, and most importantly, the RF channel characterization has the biggest impact on the

simulation results. The signal propagation reflecting the channel properties can be described

by a signal propagation model. For the AEDE simulations the Path loss model of signal

propagation has been chosen and implemented since it reflects the most important path loss

and fast fading. The fast fading is expressed as a log-normal random variable, which was used

in the same manner in the channel model.

Then, the AEDE was implemented in phases corresponding to the logical phases of the

AEDE development. The performance metric of the method consists of the final RSS esti-

mation error and the number of packets transmitted to achieve that. The RSS estimation

improves with each additional round of the AEDE while the number of packets grows accor-

dingly.

Fig. 4.1 presents the results of the AEDE performance in comparison with the classical

method using a fixed number of measurements (20 and 40 in this case) for the RSS estimation.

The figure combines both metrics. The error of the RSS estimation is on the left y-axis and the

number of required packets (determining the energy consumption) on the right side. For the

AEDE method both RSS request and RSS response packets were considered. For the classical

approach measurement packets together with the acknowledgment packets were taken into

account since the acknowledgment is a significant part of the energy consumption.

The simulation was performed for the distance of 15 m in the channel characterized by

the Path loss model with the fast fading distribution N (0, σ). The σ is a standard deviation

of the channel uncertainty determined by fast fading. The middle precision and 20 sample

measurement sets were chosen in the AEDE initial setting. The maximal number of the RSS

response packets was limited to 100 in total since it is a reasonable limit for most of the

applications.

One can see in the figure that higher uncertainty of the channel implies also a higher con-

sumption (given by number of transmitted packets) in order to meet the initial conditions.

The smaller error is obtained with less effort for RF channel with the smaller standard devi-

ation of the uncertainty. The error of the RSS estimation obtained from the classical approach
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Fig. 4.1: Performance of the AEDE method together with the classical approach.

with a constant number of measurement samples is depicted by red and green circles in the

same figure. Apparently, the AEDE outperforms the classical approach with 20 measurement

samples in all the cases while the consumption is even smaller than the classical approach in

the environment with u up to 5 dB of the RSS uncertainty approximately. In the rest of the

cases more energy is depleted but better estimation results are achieved.

Considering the classical approach with 40 samples for RSS estimation, the AEDE has

better or similar accuracy if u > 4 dB. The precision of the classical approach is better only

for RF channels with a smaller uncertainty. However, the consumption is unreasonably high

in that case. In all the cases the AEDE features smaller consumption although it outperforms

the classical approach by approximately 30 % in the RF channel with high uncertainty.

The conducted comparison has to be seen in terms of application requirements. If an

application does not require high precision the lower number of packets can be transmitted,

and thus, less energy is consumed. On the other side, if the application benefits from the

higher precision of the estimation and it can afford to spend more energy the AEDE allows

high precision estimation even in environments with a strong fast fading effect.

Possible performance of the AEDE method under different application requirements are

depicted in Fig. 4.2. As an example, three levels of accuracy were presented – low, middle and

high. Taking this as initial requirements the AEDE progresses accordingly. The RSS estimation

error is depicted with markers and related to the left y-axis while the vertical bars represent

the number of packets needed for the estimation which is enumerated on the right y-axis.

For applications with high accuracy needs, it is possible to improve the RSS estimation by

70 % in comparison with classical approach with 20 measurement samples in highly unstable

environmets. In applications using the classical approach with 40 measurement samples, the

improvement of the AEDE is still around 55 %.

The figure shows that based on the application requirements the AEDE method gives dif-
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Fig. 4.2: Example of three accuracy levels of AEDE and its performance.

ferent results and allows to spend less energy when low accuracy of the estimation is sufficient.

If an application does not need high accuracy of the estimation, the RSS estimation error is

higher but energy spent during the estimation is low. On the other hand, the accuracy can

be significantly better when required which as a logical consequence results in higher energy

consumption.

The simulations show that the AEDE method is able to meet the accuracy requirements

of the application while taking into account the uncertainty of the channel. At the same time

it respects the energy constrains of the nodes and it uses just minimal necessary number

of transmissions. One can see from the presented results that the new method outperforms

the classical approach with 20 measurements by 70 % in environments with high uncertainty,

provided a high accuracy of the application is required. In environments with lower uncertainty

the improvement is not so enormous but it is still significant. More importantly, the AEDE

reflects the lower uncertainty and reduces the number of transmitted massages while still

keeping a high accuracy.

After the evaluation of the AEDE method in a simulator implementation on COTS devices

and testing in the network under real conditions followed. Waspmote sensor nodes1 were chosen

as a platform for the AEDE assessment. The AEDE was implemented as described in chapter

3 for the evaluation purposes.

Several measurements with Waspmotes programmed with the AEDE method were con-

ducted to evaluate the functionality of the AEDE. The testbed was deployed in a laboratory

with a random movement of objects and persons. Several networks operating in the 2.4 GHz

band were detected in the laboratory as well. However, their presence impacted mostly the

data packet loss ratio and not RSS. The most significant RSS variation was observed during

movement in the laboratory.

1Libelium http://libelium.com
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Fig. 4.3: Evaluation of the AEDE with Waspmotes (detail).

During the experiment the nodes in the network were set to run the AEDE process in-

definitely. For comparison, the estimation of the RSSI using classical method was conducted

and reported as well. Several results of measurement are presented in Fig. 4.3. The classical

method is referred to as a method collecting a fixed number of measurement samples under

all conditions (20 samples in this case).

The uncertainty in the radio channel was not the same over the whole experiment. The-

refore, in some cases the AEDE method gives the same results as the classical approach. In

the rest of the cases, when higher uncertainty of measured dataset was detected, the EADE

method resulted in more transmitted packets and higher accuracy. The number of transmitted

packets is depicted on the right side of the figure.

The improvement of the RSSI estimation in the presented measurement can be seen in

Fig. 4.4. If the uncertainty of the measurement exceeds the determined threshold, the AEDE

method triggers an extra measurement and the estimation of the RSSI improves. In the mea-

surements where the uncertainty is under a given threshold the AEDE performs as a classical

method without any extra energy cost. This is depicted in the figure as zero values.

It can be concluded that the AEDE method performs well also under real conditions. The

proper functionality was confirmed by implementation in a network with Waspmote nodes

where the AEDE was run hundreds of times. The method was implemented as an application

based on the proposal from chapter 3. The nodes ran the application indefinitely repeating

the AEDE method in 10 s intervals after the initial setup of the network and application
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Fig. 4.4: Improvement of RSSI estimation and extra cost using AEDE.

parameters. The nodes were placed in various distances respecting the accuracy range of RF

modules.

The presented figures show RSSI value resulting from both the classical method and the

AEDE method for comparison. When the uncertainty of the RF channel, and the measured

dataset, is below a given threshold, the AEDE method provides the same results as the classical

method without higher energy expenses. However, when the RSS uncertainty exceeds the

threshold the AEDE method improves the RSSI estimation by providing more samples in the

dataset. The improvement of the estimation of certain measurements can be seen in Fig. 4.4

where the AEDE method provides improvement up to almost 7 dB in some cases.
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5 CONCLUSION

This diploma thesis is devoted to localization in wireless networks with a focus on distance

estimation since the distances between nodes are key input parameters for many localization

algorithms. Thus, the accuracy of the distance estimation directly influences the accuracy of

the localization. Several methods of distance estimation have been proposed but up to the

author’s best knowledge none of them addresses the energy consumption and adaptability as

a response to ambient conditions.

Therefore, a proposal of the energy-aware distance estimation method for general use

adaptable to ambient conditions and application requirements was stated as the primary

objective of the thesis.

First, a brief introduction into the topic was presented. Several distance estimation methods

together with their role and influence in the localization process were described. Because of

the further focus of the thesis on the estimation method using received signal strength, the

signal propagation was addressed as well.

Before the proposal of the novel method, an extensive experimental analysis of the loca-

lization method based on received signal strength and radio characteristics influencing this

method was performed. Furthermore, an experimental analysis of energy consumption of com-

mercial ZigBee devices was carried out, too. Both analyses resulted in an efficient proposal of

the new method.

It was observed from the performed analysis that radio environment is not stable but

stochastic and current signal propagation models are not capable to adapt to the uncertainty

of the received signal strength measurement. The significant variation of the received signal

strength measurement is caused by common multipath and fast fading effect of the signal

propagation. The standard deviation of measurement variation observed was up to almost

9 dBm in certain cases and 2 dBm in average. It resulted subsequently in erroneous position

estimation. Therefore, the uncertainty of the measurement is addressed in the new proposal.

The slow fading can be combat using proposed frequency diversity as observed during the

investigation of the signal propagation. Although, it is a different approach to minimizing

the ranging error, it is an important contribution that implies almost 50 % improvement of

position estimation in applications operating in frequency band with sufficient frequency span

(e.g. 2.4 GHz ISM band).

The main contribution of the thesis consists of the proposal of a novel method for distance

estimation (AEDE) presented in chapter 3. The method is adaptable to radio channel conditi-

ons and application requirements while respecting low energy consumption during the process.

The proposal includes the description of the three phases of the method, time scheme and also

specific packets’ formats.

The novel method was subsequently evaluated in a simulator and experimental testbed

under real conditions. Both evaluations proved the proper function of the method and its

benefits in environment with radio unstable conditions.

24



BIBLIOGRAPHY

[1] BECKER, M., WENNING, B.-L., GÖRG, C., JEDERMANN, R., TIMM-GIEL, A., Lo-

gistic applications with Wireless Sensor Networks. In: Proc. of HotEmNets 2010. 2010.

[2] CORKE, P., WARK, T., JURDAK, R., WEN, H., VALENCIA, P., MOORE, D., Environ-

mental wireless sensor networks, Proceedings of the IEEE, vol. 98, no. 11, pp. 1903—1917,

2010.

[3] KWONG, K. H., WU, T., GOH, H., STEPHEN, B., GILROY, M. P., MICHIE, C.,

ANDONOVIC, I., Wireless sensor networks in agriculture: cattle monitoring for farming

industries. Electrical Engineering, 2009 ,Vol. 5, pp. 31–35.

[4] PRIYANTHA,N. B., CHAKRABORTY, BALAKRISHNAN, H., The Cricket Location-

Support System, Mobile Comp.and Networking, Boston, MA, pp. 32-–43, Aug. 2000.

[5] DIL, B., DULMAN S. O., HAVINGA, P. J. M., Range-Based Localization in Mobile Sen-

sor Networks. In Proceedings of Third European Workshop on Wireless Sensor Networks,

Feb 2006.

[6] PRIYANTHA, N. B. ,BALAKRISHNAN, H. , DEMAINE, E. D. , TELLER, S. J.,

Anchor-free distributed localization in sensor networks, in SenSys, pp. 340–341, 2003.

[7] KANNAN, A., GUOQIANG MAO,VUCETIC, B., Simulated Annealing based Wireless

Sensor Network Localization, Journal of Computers, Vol. 1, No. 2, pp 15–22, May 2006.

[8] HE T, Huang C, BLUM B M, et al. Range-free localization schemes for large scale sensor

networks, MobiCom2003, San Diego, pp. 81–95, 2003.

[9] MAO G., FIDAN, B., ANDERSON, D.O., Wireless sensor network localization tech-

niques, Computer Networks, Volume 51(10), pp. 2529–2553, 2007.

[10] STOYANOVA, T., KERASIOTIS, F., PRAYATI, A., PAPADOPOULOS, G., A Practical

RF Propagation Model for Wireless Network Sensors, Sensor Technologies and Applicati-

ons, SENSORCOMM ’09, pp. 194–199, June 2009.

[11] RAPPAPORT H.L., Wireless Communications: Principles and practice, 2nd Edition,

Prentice Hall, 2001.

[12] CHO, H., KANG, M., PARK, J., PARK, B., KIM H., Performance Analysis of Location

Estimation Algorithm in ZigBee Networks Using Received Signal Strength, Advanced

Information Networking and Applications Workshops, AINAW ’07, vol. 2, pp. 302–306,

May 2007.

[13] IEEE, IEEE std. 802.15.4 – 2006: Wireless Medium Access Control (MAC) and Physical

Layer (PHY) specifications for Low Rate Wireless Personal Area Networks (LR-WPANs).

25



[14] WHITEHOUSE, K., KARLOF, CH., CULLER, D. E., A practical evaluation of radio

signal strength for ranging-based localization. Mobile Computing and Communications

Review 11(1),pp. 41–52, 2007.

Selected author’s bibliography

[15] MORÁVEK, Patrik Localization in wireless energy-constrained networks: doctoral thesis.

Brno: Brno University of Technology, Faculty of Electrical Engineering and Communi-

cation, Ústav telekomunikací, 2012. 123 p. Supervised by doc. Ing. Dan Komosný, PhD.

[16] MORAVEK, P., Measurement of Signal Power for the Purposes of Localization, In Student

EEICT 2010, 2010, pp. 27–31, ISBN978-80-214-4079-1.

[17] MORAVEK, P., GALERA, J., Investigation of Localization Based on Received Signal

Strength in the 2.4 GHz ISM band, In Proceeding of Poster 2010, 2010, pp. 1–5, ISBN978-

80-01-04544-2.

[18] MORAVEK, P., KOMOSNY, D., SIMEK, M., JELINEK, M., GIRBAU, D., LAZARO,

A., Signal Propagation and Distance Estimation in Wireless Sensor Networks, In The

33rd International Conference on Telecommunication and Signal Processing, 2010, pp.

35–40, ISBN978-963-88981-0-4.

[19] SIMEK, M., NOVACEK, A., KOMOSNY, D., MORAVEK, P., Impact of Different

Distance Estimation Methods on Anchor-Free Localization Accuracy, In The 33rd In-

ternational Conference on Telecommunication and Signal Processing, 2010, pp. 57–62.

[20] MORAVEK, P., KOMOSNY, D., SIMEK, M., GIRBAU, D., Accuracy of Ultrasound

Based Ranging Method with Cricket System, In Proceeding of International Conference

on Teleinformatics, 2011, pp. 26–29, ISBN978-80-214-4231-3.

[21] MORAVEK, P., KOMOSNY, D., SIMEK, M., GIRBAU, D., Measurement with the

Cricket localization system, Elektrorevue – online journal (http://www.elektrorevue.cz),

2011, 9(2), pp. 13–18, ISSN 1213-1539.

[22] MORAVEK, P., KOMOSNY, D., SIMEK, M., JELINEK, M., GIRBAU, D., LAZARO,

A., Investigation of radio channel uncertainty in distance estimation in wireless sensor

networks, Telecommunication systems, 2011, 2011(47), pp.1–10, ISSN 1018-4864.

[23] MORAVEK, P., KOMOSNY, D., GIRBAU, D., LAZARO, A., Received Signal Strength

Uncertainty in Energy-Aware Localization in Wireless Sensor Networks, In 9th Internati-

onal Conference on Environment and Electrical Engineering 2010, 2010, pp. 538–541,

ISBN978-1-4244-5371-9.

26



[24] SIMEK, M., FUCHS, M., MRAZ, L., MORAVEK, P., BOTTA, M., Measurement of

lowPAN Network Coexistence with Home Microwave Appliances in Laboratory and Home

Environments, In Proceeding of BWCCA 2011, 2011, pp.211–219.

[25] LAZARO, A., GIRBAU, D., MORAVEK, P., VILLARINO, R., Localization in Wireless

Sensor Networks using diversity for multipath effects mitigation, In Proceedings of the

RFID SYSTECH 2010 - European Workshop on Smart Objects: Systems, Technologies

and Applications, 2010, pp. 1–6, ISBN978-3-8007-3282-1.

[26] LAZARO, A., GIRBAU, D., MORAVEK, P., VILLARINO, R., A Study on Localization

in Wireless Sensor Networks using Frequency Diversity for Mitigating Multipath Effects.

Electronic and Electrical Engineering, ISSN 1392-1215 – to be published (No. 3(129),

March of 2013).

[27] MORAVEK, P., KOMOSNY, D., SIMEK, M., MRAZ, L., Energy demands of 802.15.4/Zi-

gBee communication with IRIS sensor motes, In Proceeding of 34th International Confe-

rence on Telecommunications and Signal Processing, 2011 2011, pp. 69–73, ISBN978-1-

4577-1409-2.

[28] SIMEK, M., MORAVEK, P., Positioning Simulator Using Global Energy Ratio Metric in

Wireless Sensor Networks. Elektrorevue - Internet journal (http://www.elektrorevue.cz),

2010(104), pp. 1–8, ISSN 1213-1539.

[29] SIMEK, M., MORAVEK, P., Analytical Simulation of Wireless Sensor Network Lifetime,

In Proceeding of International Conference on Research in Telecommunication Technolo-

gies 2011, pp. 54–59, ISBN978-80-248-2261-7.

[30] SIMEK, M., MORAVEK, P., Modeling of Energy Consumption of Zigbee Devices in

Matlab Tool, Elektrorevue – Internet journal (http://www.elektrorevue.cz), 2011, vol. 2(3),

pp. 41–46, ISSN 1213-1539.

[31] MORAVEK, P., KOMOSNY, D., SIMEK, M., GIRBAU, D., LÁZARO, A., Energy Ana-

lysis of Received Signal Strength Localization in Wireless Sensor Networks, Radioengi-

neering, 2011, vol. 10(4), pp. 937–945, ISSN 1210-2512.

[32] MULLER, J., KOMOSNY, D., BURGET, R., MORAVEK, P., Advantage of Hierarchical

Aggregation. International Journal of Computer Science and Network Security, 2008(8),

pp. 1–7, ISSN 1738–7906.

[33] SIMEK, M., KOMOSNY, D., BURGET, R., MORAVEK, P., SA SILVA, J., SILVA, R.

Data Gathering Model for Wireless Sensor Networks Based on the Hierarchical Aggre-

gation Algorithms for IP Networks, International Journal of Computer Science and Ne-

twork Security, 8(11), pp. 200–208, 2008, ISSN 1738-7906.

27



Curriculum Vitae

Patrik Morávek

Affiliation Brno University of Technology, Brno, Czech Republic

Contact Zdislav 37, 53854 Luže

moravek@phd.feec.vutbr.cz

+420776029231

EDUCATION

2008–2012 Department of Telecommunications

Brno University of Technology, Czech Republic

Doctoral program, Research on localization in wireless networks

10/2011–5/2012 Institute of Computer Engineering

University of Lübeck, Germany

Research on localization of moving objects

05–06/2011 Institute for Technical Informatics

Graz University of Technology, Austria

Research on localization algorithms simulations

2009–2010 Dep. of Electronics, Electrical, and Automatics Engineering

Rovira i Virgili University, Spain

Research on signal propagation for distance estimation

2006–2008 Brno University of Technology, Czech Republic

Faculty of Electrical Engineering and Communication

Master’s program, Graduated with honors

2003–2006 Brno University of Technology, Czech Republic

Faculty of Electrical Engineering and Communication

Bachelor’s program, Graduated with honors

PARTICIPATION IN PROJECTS

active FR-TI2/571: Adaptive Wireless Sensor Networks with Data

Visualization for Crisis Management. Holder: prof. Vrba

active 1780/2012/F1: Implementation of security topic into a Network

operation systems subject. Holder: Assoc. prof. Komosný

active FEKT-S-11-15: Research on electronic communication systems.

Holder: prof. Vrba

active 2056/2012/G1: Innovation of laboratory assignments addressing

28



wireless sensor netowrks. Holder: Ing. Vajsar

2009–2012 CZ.1.07/2.3.00/09.0222: Educational Center for Increasing the

Interest of Young People in Research into Information and

Communication Technologies. Holder: Ing. Kubánek

2011 467/2011/G1: Including the topic of modern network services

into a Network operation system subject. Holder: Ing. Morávek

2008–2011 MSM21630513: Electronic communication systems and techno-

logies of novel generations (ELKOM). Holders: Prof. Z. Raida,

Prof. K. Vrba, Prof. J. Jan

2010 1773/2010/F1: Extension of Cisco lab assignments. Holder:Ass.

prof. Komosný

INVITED REVIEWS

Journal of Electromagnetic Waves and Applications

Radioengineering journal

Elektrorevue – internet journal

19th European Signal Processing Conference 2011

33–35th Int. Conf. on Telecommunications and Signal Processing

14th Int. Conf. on Research in Telecommunication Technologies

7th International Conference on Teleinformatics

RESULTS IN TOTAL

Paper reviews: 14

h-index according to Web of Science: 2

Publications: 43

In international journals with Impact Factor: 6

In proceedings of international conferences: 24

In other journals: 13

AWARDS

2010 The best paper award at Int. Conf. on Telecommunication

and Signal processing

2010 EEICT 2010 student conference and competition – 3rd prize

2009 EEICT 2009 student conference and competition – 2nd prize

29



ABSTRACT
The doctoral thesis is devoted to localization in wireless networks, and particularly, distance esti-
mation. The localization is an important process in many wireless networks with both static and
mobile nodes since it provides a position knowledge which can be further exploited during the
application lifetime. The thesis presents a novel method for distance estimation based on received
signal strength measurement. The method respects both the application accuracy requirements
and dynamic ambient radio conditions while performing with minimal energy costs.
Before the design of the novel method an experimental analysis of signal propagation for loca-
lization and energy consumption was performed. Based on the results of the analysis the novel
Adaptive Energy-aware Distance Estimation method was proposed and subsequently evaluated in
both simulator and experimental testbed under real conditions.
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