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ABSTRACT

Diretion of arrival (DoA) estimation is an important �eld of study, being required in ivilian

and military appliations suh as in wireless ommuniations, searh and resue, law enforement,

sonar, and seismology. For all these appliations, it is neessary to know the angle of arriving of

an impinging radio signal on a reeiver for further proessing. Sine the number of aidents and

inidents involving unmanned aerial vehiles (UAVs) have inreased in the past years, a probable

appliation and also motivation for this study is the loalizing of intruding UAVs.

Previous works on DoA estimation via reeived signal strength (RSS) value used platoni solid

geometry assoiated with the multiple signal lassi�ation (MUSIC) algorithm. A DoA estimation

algorithm with less omputational omplexity than the MUSIC algorithm is hereby presented, in

whih the di�erenes of the RSS values measured between eah diretional antenna on the array

is ompared with the di�erenes between their diretivity gain pattern in order to estimate the

diretion of arrival of an inoming NTSC signal, whih are typially used in UAVs. Di�erent from

the traditional phase-based DoA estimation tehniques, whih rely on, among others, the phase

di�erene of the inoming signals, and thus need a previous time-onsuming alibration proess

between the antennas on the array, the proposed RSS-based algorithm has a straightforward plug-

and-play use, making it a simpler solution for appliations suh as the DoA estimation of UAVs.

After simulating the proposed tehnique and verifying its e�ieny, the best angular spaing

between the antennas on the array is omputed. Then, �eld experiments were held with o�-the-

shelf and low-ost equipment, for instane, the AD-FMCOMMS5-EBZ daughter board ontaining

the AD9361 reeiver, video amera, NTSC transmitter and Yagi-Uda antennas. Experiments that

aurately detet the diretion of arrival of signals emitted from an intruder UAV is desribed.

RESUMO

Estimação da direção de hegada (do inglês: DoA) é um importante ampo de estudo, sendo

requerido em apliações ivis e militares omo omuniações sem �o, busa e resgate, exeução de

leis, sonar e sismologia. Para todas essas apliações, é neessário saber o ângulo de hegada de um

sinal de rádio impingindo em um reeptor para pós-proessamento. Como o número de aidentes

e inidentes envolvendo veíulos aéreos não tripulados (VANTs) aumentou nos últimos anos, uma

possível apliação e também motivação para o presente estudo é a loalização de VANTs invasores.

Trabalhos anteriores sobre a estimação do ângulo de hegada a partir da potênia do sinal

reebido (do inglês: RSS) fez uso de uma geometria sólida plat�nia assoiada om o algoritmo

MUSIC (do inglês: Multiple Signal Classi�ation). Um algoritmo para a estimação da direção

de hegada om menor omplexidade omputaional que o MUSIC é apresentado neste trabalho,



no qual as diferenças das potênias dos sinais reebidos em ada antena direional do arranjo

são omparadas om as diferenças dos padrões de ganho de diretividade de ada antena para

a estimação do DoA de um sinal NTSC, tipiamente usado em VANTs. Diferente das ténias

tradiionais de estimação DoA baseadas na fase, as quais dependem, por exemplo, da diferença de

fase dos sinais reebidos e, portanto, neessitam de uma extensa alibração prévia entre as antenas

do arranjo, o proposto algoritmo baseado em RSS possui um uso mais direto e plug-and-play,

tornando-o uma solução mais simples para apliações omo a estimação do DoA de VANTs.

Após as simulações da ténia proposta e da veri�ação de sua e�iênia, o melhor espaçamento

angular entre as antenas do arranjo é omputado. Em seguida, experimentos em ampo foram feitos

om equipamentos de baixo usto, omo, por exemplo, a plaa ontroladora AD-FMCOMMS5-

EBZ que ontém o reeptor AD9361, vídeo-âmera, transmissor NTSC e antenas Yagi-Uda. São

desritos experimentos que preisamente detetam a direção de hegada de sinais emitidos de um

VANT invasor.
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Chapter 1

Introdution

1.1 Motivation

Reently, unmanned aerial vehiles (UAVs) have beome a widely available produt for the

general onsumer. In 2016, around 2 millions UAVs were sold for a variety of ommerial and

military appliations [1℄. The number of aidents and inidents involving them also inreased

in reent years [2℄, resulting in eonomial losses ranging from millions of dollars. Therefore, the

development of a ost-e�ient drone deteting system beomes neessary. A possible appliation

of the diretion of arrival (DoA) estimation tehnique proposed in this work is the detetion and

loalization of intruding UAVs.

Figure 1.1: Drone invading an airport.
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1.2 Objetive

The aim of this work is to simulate the proposed tehnique of reeived signal strength based

diretion of arrival estimation with diretional antennas in order to verify its validity, e�ieny,

and e�ay onerning the loalization of unmanned aerial vehiles. We also propose to obtain the

optimum angular spaing between the diretional antennas on the array. This is useful to the design

of an antenna array neessary for the motivation mentioned in Setion 1.1 and to the fabriation

of an optimum array arrangement apable of estimating the diretion of arrival of a transmitting

soure with minimal estimation error. Lastly, our objetive is to verify the performane of the

proposed tehnique with �eld experiments by using low-ost o�-the-shelf equipment.

1.3 Smart Antennas

Smart antenna systems onsist of multiple antenna elements at the transmitting and/or reei-

ving side of the ommuniation link, whose signals are proessed adaptively in order to exploit the

spatial dimension of the mobile radio hannel. Suh spatial proessing an inrease the apaity of

the wireless network by improving link quality through the mitigation of a number of impairments

of mobile ommuniations, suh as multipath fading and o-hannel interferene, and by inreasing

the data rate through the simultaneous transmission of multiple streams by di�erent antennas [3℄.

Some of the bene�ts of smart antennas an be summarized as follows [3℄:

• Inreased range/overage;

• Lower power requirements and/or ost redution;

• Improved link quality/reliability;

• Inreased spetral e�ieny.

An example of a smart antenna array with diretional antennas is depited in Figure 1.2.

Figure 1.2: Smart antenna system with uniform array of diretional Yugi-Uda antennas. The

distane between two onseutive antennas is 20m and they are angularly spaed at 40◦.
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The advantages mentioned earlier are due to the antenna array and the performane of digital

signal proessing (DSP) tehniques used in the system. Examples of DSP tehniques that play an

important role in smart antenna systems are the diretion of arrival (DoA) algorithms. They ensure

that the array is able to estimate the diretion of the inoming signal and use this information

for further deision-making, suh as pointing the array beam towards the estimated diretion with

the aid of adaptive beamforming in the ase of wireless ommuniation systems. In the present

work, the estimation of the diretion of arrival of the signal oming from an intruding UAV will

be important to loalize its position relative to the position of the array.

Some of the reent works on smart antennas are now presented. The authors in [4℄ present

a method for signal adaptive setor seletion, and develop two di�erent alternatives for setor

disretization. Also, they develop two novel methods for nonlinear interpolation based on non-

linear regression. One is derived from a nonlinear and nonparametri regression method alled

Multivariate Adaptive Regression Splines (MARS), the other approah extends the onepts of

General Regression Neural Networks (GRNNs). Sine arrays that have a Vandermonde or a left

entro-hermitian response are very hard to ahieve in real sensor array implementations, a mapping

between the true and desired virtual array response an be reated, and the reeived data an then

be interpolated into this virtual array. The array is divided into multiple regions to be interpolated

and there regions are disretized using a dense uniform grid. For eah of these regions, a separate

DoA estimation is performed.

In [5℄, the authors propose a framework omposed of a bank of frequeny invariant beamformers

(FIB) and an adaptive parallel fator analysis (PARAFAC) deomposition. Beamforming is an

array proessing tool that provides spatial separation of multiple soures sharing the same spetrum

band. It is a key tehnology to extrat a signal of interest (SOI) and mitigate interfering signals.

In [6℄, tensor based tehniques for antenna array based third generation GPS reeivers are

proposed. The authors onlude that the tensor based approahes, namely, Canonial Polyadi

Deomposition - Generalized Eigenvalue Deomposition (CPD-GEVD) and Higher Order Singular

Value Deomposition (HOSVD) ombined with the L1C signaling and TMBOC modulation on-

siderably outperform the state-of-the-art solutions and, thus, the inorporation of antenna array

in the third generation GPS reeivers and the inlusion of tensor based approahes are ruial to

ahieve aurate time-delay estimated in the presene of multipath omponents.

A high resolution framework with multipath mitigation for deteting and loating a signal

emitter randomly positioned within a region of interest is proposed in [7℄. The proposed framework

detets the signal of interest and provides the number of line-of-sight (LOS) plus non-line-of-

sight (NLOS) omponents by applying model order seletion shemes. Next the multipaths are

mitigated by exploiting the signal struture and estimating the DoA of eah omponent. Finally,

the estimated DoAs are triangulated, thus providing the soure position.

There are two types of antennas whih an be used to ompose an smart antenna array:

omnidiretional antennas or diretional antennas. Omnidiretional antennas are de�ned as antenna

elements that have equal radiation along the azimuthal diretions but varying radiation along the

elevation diretion. Diretional antenna elements are de�ned as the elements that are able to

3



onentrate the power primarily in ertain diretions or angular regions. The advantages of this

type of elements ompared with the omnidiretional ones are the ability to fous their power to

the desired diretion and to suppress noise signals simultaneously[8℄.

1.3.1 Yagi-Uda Antennas

The type of antenna used during this entire work is the Yagi-Uda antenna, whih is a para-

siti linear array of parallel dipoles. Parasiti arrays are array on�gurations where there is only

one element diretly onneted to a transmitter and/or reeiver while the other elements (alled

parasiti elements) reeive their exitation by near-�eld eletro-magneti oupling from the driven

element. By doing so higher gain an be ahieved. The typial on�guration of Yagi-Uda antennas

onsist of three elements: the driver, re�etor and diretor elements as shown in Figure 1.3.

Figure 1.3: Yagi-uda antenna on�guration.

1.4 Diretion of Arrival Estimation

Diretion of Arrival (DoA) estimation (or diretion �nding, angle of arrival estimation) is

essentially the estimation of the diretion of arrival of eletromagneti signals or aousti waves

impinging on a sensor or antenna array. As it an be seen in Figure 1.4 the signal is impinging on a

uniform linear array (ULA) with an angle θ0. DoA estimation algorithms are used to estimate the

value of θ. Some of the appliations of this estimation an be seen in teleommuniations, wireless

emergeny alls loation, searh and resue, radar, sonar, seismology [9℄.

4



Figure 1.4: Uniformly spaed linear array ontaining M omnidiretional antenna elements. The

inident signal wave oming from a soure loated in the far-�eld of the antennas is onsidered to

be a plane wavefront.

Diretion of arrival estimation algorithms are normally inorporated to smart antennas to

develop systems that provide aurate loation information for wireless servies. Together, smart

antenna and DoA algorithms an be used to enhane the mobile ommuniations overage, to

inrease system apaity and to spatially separate signals [9℄.

In general, the diretion of arrival estimation algorithms an be lassi�ed into:

• Beamforming tehniques;

• Maximum likelihood tehniques;

• Subspae-based tehniques.

The basi idea behind beamforming tehniques is to "steer"the array in one diretion at a time

and measure the output power. When the "steered"diretion oinides with a DoA of a signal,

the maximum output power will be observed. The development of the DoA estimation shemes is

essentially the design of an appropriate form of output power that will be strongly related to the

DoA. Some examples of beamforming tehniques are Capon and Linear Predition [10℄.

Maximum likelihood (ML) tehniques were some of the �rst tehniques investigated for DoA

estimation. Given a reeived data sequene x(tn), it is desired to reonstrut the omponents

of the data due only to the desired signals. The parameter values for whih the reonstrution

approximates the reeived data with maximal auray are taken to be the DoA [11℄.

Subspae-based algorithms are high resolution tehniques whih exploit the eigen-struture of

the input data or ovariane matrix. The Multiple Signal Classi�ation (MUSIC) algorithm was

one of the �rst to exploit the struture of the input data matrix for the ase of arrays of arbitrary

geometry. The Estimation of Signal Parameters via Rotational Invariane Tehniques (ESPRIT)

5



algorithm is a subspae-based tehnique appliable to arrays, suh as the uniform linear array

(ULA), that possess a displaement invariant struture [12℄.

The above mentioned tehniques are mainly lassi�ed as phase-based diretion of arrival es-

timation algorithms. When simpliity is required, that is, when no speial hardware is required,

signal strength or amplitude based algorithms are also preferred for DoA estimation [13℄.

1.4.1 RSS-based Diretion of Arrival Estimation

Di�erent from phase-based diretion of arrival estimation tehniques, that use the di�erene

in the phase of the inoming signals at the antennas on the array to estimate θ, reeived signal

strength (RSS) based tehniques use the signal strength or amplitude information to estimate it.

This is possible beause of the gain pattern of antennas, that are the angular desription of their

diretivity gain. In other words, this pattern provides us the information of how the diretivity gain

of an antenna angularly hanges, and diretion of arrival an be estimated through the knowledge

of this information.

Some of the works that use RSS-based DoA estimation are brie�y presented. In [14℄, the author

shows how an algorithm, whih employs reeived signal strength values in order to estimate the

DoA of impinging signals in wireless sensor network (WSN) nodes equipped with eletronially

steerable parasiti array radiator (ESPAR) antennas, an be improved by applying an interpo-

lation algorithm to radiation patterns reorded in the alibration phase of the DoA estimation

proess. The DoA estimation method used in this work is alled Power Pattern Cross-Correlation

(PPCC) algorithm [15℄, in whih only the reorded RSS values at the ESPAR antenna's output

is used for the estimation. This algorithm relies on ross-orrelation oe�ient that is alulated

between the antenna output reorded for di�erent main beam diretions and previously measured

antenna's radiation patterns. The author onludes that the proposed method made it possible

to estimate the diretion of the signal impinging on the antenna with similar RMS errors and

preisions while only having 30 alibration points per single radiation pattern, instead of 360 used

when no interpolation of radiation pattern is applied.

The authors in [16℄ propose a novel loalization sheme, alled Angle of Arrival Loalization

with RSSI Di�erenes (ALRD) to estimate angle-of-arrival (AoA) by omparing the RSSI values of

beaon signals reeived from two perpendiular-oriented diretional antennas installed at the same

plae. The RSSI values reeived from a diretional antenna are �tted into a parabola funtion of

AoA between 0◦ and 90◦ by quadrati regression analysis and the di�erene between the signals

RSSI values of the two perpendiular-oriented diretional antennas are �tted into a linear funtion

of AoA between 0◦ and 90◦ by linear regression analysis. This ALRD algorithm is based on

the RSSI-�tting funtions. After indoor experiments they onluded that the proposed algorithm

embedded in a sensor node an estimate its loation within 0.1 seond with an average loalization

error of 124 m.

In the work done in [13℄, the authors establish the theoretial framework of reeived signal

strength (RSS) based diretion �nding with an array of diretional antennas with normal density
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distribution in magnitude. The angle of arrival and the distane between the array and the emitter

are jointly estimated by means of maximum likelihood estimation (MLE). They alulate the

Cramer Rao Lower Bound (CRLB) for the joint estimation of angle of arrivel and inident signal

power, and the major omponent of the CRLB alulations is to model the radiation patterns

of diretional antennas as von Mises distributions (i.e. irular version of normal distribution).

They onlude that the CRLB is not a funtion of angle of arrival. That means that all angles

have the same level of error. It was also onluded that the CRLB is inversely proportional do

the diretivity of the antennas. By means of Monte Carlo simulations, they show that the plots

of MLE and CRLB overlap eah other and the estimation error of these RSS-based diretional

antenna systems are aeptable.

A proof-of-onept devie and method to estimate the DoA of a radio signal by a reeiver

that is suitable for wireless sensor networks (WSN) appliations is presented in [17℄. The devie

estimates the DoA by identifying the peak of reeived signal strength indiator measurements using

an atuated paraboli re�etor. When the re�etor is aligned in suh a way that the inoming

signal is foused at the reeiver antenna, a high RSSI value is observed, while at other orientations

of the re�etor a lower RSSI is observed. It is onluded in this work that it is possible to measure

DoA from RSSI with equally good performane both indoor and outdoor by using an atuated

paraboli re�etor as long as there are no moving objets in the viinity of the transeivers.

In [18℄, a single-antenna power measurements based diretion �nding tehnique that estimates

the diretion of arrival from a vetor of power measurements is proposed. This tehnique exploits

the diversity in the antenna radiation pattern that is aptured through the reeived power alula-

ted when the antenna is pointing at di�erent diretions. From a vetor of power measurements, the

mentioned approah �rst utilizes a linear transformation of the power vetor into a vetor of spe-

tral observations. The DOAs are then estimated as the solution to the spetral analysis. Through

simulations and experimental results, the feasibility of the proposed single power measurements

based diretion �nding is demonstrated.
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Chapter 2

Proposed RSS-based DoA Estimation

2.1 Introdution

In this hapter, the proposed reeived signal strength (RSS) based diretion of arrival estimation

tehnique is presented. After desribing the state-of-the-art and the proposed tehnique, the

algorithm for this RSS-based DoA estimation will be validated through simulation. The main

purpose of the simulation, besides the veri�ation of the validity of the proposed algorithm, is to

�nd the optimum angular spaing φopt between the antennas of the array. This hapter is divided

in the following setions: In Setion 2.2 the data model of this proposed tehnique is presented.

In Setion 2.3 the state-of-the-art is desribed. In Setion 2.4 the mathematial desription of this

algorithm is presented. In Setion 2.5 the results obtained from the simulation are shown, and the

best angular spaing is alulated.

2.2 Data Model

This setion presents the data model neessary for the subsequent derivation of the proposed

diretion of arrival estimation tehnique. First, the antenna array arrangement for the ase of M

antennas will be presented. Then, the vetor prx(θ) is de�ned, whih ontains the RSS values

measured in eah antenna of the array. At last, the M -antenna array diretivity gain pattern

vetor garray(θ) is de�ned.

The M -diretional-antenna array arrangement with the assoiated referene axes is shown in

Figure 2.1. The angular spaing between eah antenna is given by φ, the perturbation in this

spaing is given by σφ, and the transmitter diretion of arrival is given by θ.
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Figure 2.1: Graphial representation of the diretional antenna array and transmitter position.

For the alulation of the diretion of arrival estimation, the reeived signal strength at eah

antenna of the array is used. Aording to the Friis's Transmission Equation [19℄ the RSS Prx(θ)

at one diretional antenna with gain pattern g(θ) is:

Prx(θ) = Ptx +Gtx + g(θ) + 20 log10

(

c

4πRf

)

; (2.1)

where Ptx and Gtx are the transmission power and gain, respetively, c is the speed of light, R

is the distane between transmitter and reeiver, and f is the transmission frequeny. Thus, the

reeived signal strength vetor prx(θ) is omputed as follows:

prx(θ) =
[

Prx,1(θ) · · · Prx,M(θ)
]T

+ n, (2.2)

where Prx,i(θ), i = 1, · · · ,M is the RSS at antenna i and n = [n1 · · · nM ]T is a vetor

ontaining random variables with Gaussian distribution N (0, σ2
rss).

The M -antenna array diretivity gain pattern is obtained as follows:

garray(θ) =
[

g(θ + φ1) · · · g(θ + φM)
]

, (2.3)

where φi, i = 1, ...,M , is the angular shift of the loation of the antenna i. In the ase of

equally angular spaed antennas, φi = (i− 1)φ− (M−1)φ
2 , φ being the angular spaing between the

antennas. If an o�-the-shelf diretional antenna is used, it is also important to notie that there

is a positioning error σφ that alters the true positioning value φi. During the simulation the e�et

of this perturbation on the DoA estimation will be veri�ed.

2.3 State-of-the-Art

The work done in [20℄ presents the theoretial analysis and the experimental evaluation of a

new swithed beam antenna designed to operate at 2.45 GHz. The antenna enables diretion of
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arrival estimation using six diretional planar elements arranged in a platoni solid geometry. First,

for a target positioning using DoA information, their estimation is based on the RSS measured

on eah antenna element. To remove the dependene of the signal power inident at the antenna

array, the di�erenes in reeived power between any two faes of their array is omputed. The

reason why this is done lies in the Friis's Transmission Equation [19℄. Consider an omni-diretional

transmitter loated in the far-�eld from both reeivers. Thus, the term Ptx+Gtx+20 log10

(

c
4πRf

)

from Equation (2.1) is the same for the reeivers.

Prx,i(θ) = Ptx +Gtx + g(θ + φi) + 20 log10

(

c

4πRf

)

, (2.4)

Prx,j(θ) = Ptx +Gtx + g(θ + φj) + 20 log10

(

c

4πRf

)

, (2.5)

By subtrating Equations (2.4) and (2.5), only the dependeny on the antenna gains remains:

Prx,i(θ)− Prx,j(θ) = g(θ + φi)− g(θ + φj). (2.6)

Further on, the DoA of the target's messages are estimated by using the power di�erenes with

the multiple signal lassi�ation (MUSIC) algorithm [20℄. Their measurement results reveal that

their system is able to estimate the DoA with a good auray for the azimuth angle, while the

inlination angle showed an almost onstant bias.

2.4 Proposed Tehnique

In this setion a tehnique to estimate the diretion of arrival of one transmitting soure by

measuring the reeived signal strength in eah antenna of the array, omputing the di�erenes of

one RSS with another, and omparing them with the di�erenes of the diretivity gain pattern of

the antennas is proposed. The result of subtrating the reeived powers at two di�erent antennas

is the di�erene of their diretivity gains. The DoA is then estimated by omparing these RSS

di�erenes with the array gain pattern.

First, we de�ne the matrix P(θ) ∈ R
M×M

, whose elements [P(θ)]i,j are:

[P(θ)]i,j =



















Prx,i(θ)− Prx,j(θ), if i < j,

δ̄1(i, j)Prx,1(θ) + · · ·+ δ̄M (i, j)Prx,M(θ), if i > j,

0, otherwise,

(2.7)

where M is an even number, δ̄k(i, j) = (2δ(i−k)−1)(2δ(j−k)−1) and δ(x) is the unitary impulse

funtion returning 1 at x = 0 and 0 elsewhere. In the �rst line in Equation (2.7), whih is the

di�erene between the RSS in two di�erent antennas, the state-of-the-art is referred, and in the

seond line the M-tuple RSS di�erene between the M antennas is referred. The funtion δ̄k(i, j)

indiates the position of the negative sign aording to the ombination

(

M
M
2

)

.

Then, the di�erene vetor p(θ) is omputed:

p(θ) = vec(P(θ)), (2.8)
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where vec(.) is an operator that reates a vetor out of a matrix. However, in this proposed

tehnique, only the nonzero values of the matrix P(θ) are taken to ompute the di�erene vetor

p(θ).

Then, the spatial power response P (θ) is alulated, whih will arry the information on where

the DoA is by omparing the RSS with the array gain pattern.

P (θ) =
1

||g(θ)− p(θ)||22
. (2.9)

The vetor g(θ) ontains the di�erenes between the known antenna patterns g(θ), de�ned in the

same way as the di�erene vetor p(θ), by �rstly omputing a matrix G(θ) ∈ R
M×M

and then

vetorizing it by only taking the nonzero values:

[G(θ)]i,j =



















gi(θ)− gj(θ), if i < j,

δ̄1(i, j)g1(θ) + · · ·+ δ̄M (i, j)gM (θ), if i > j

0, otherwise,

(2.10)

g(θ) = vec(G(θ)), (2.11)

where gk(θ) = g(θ + φk), k = 1, ...,M for simpliity.

Subsequently, the maximum point of P (θ) will give the estimated DoA θ̂, whih an be esti-

mated via maximization of Equation 2.9:

θ̂ = argmax
θ

(P (θ)). (2.12)

2.5 Simulations

In this setion, simulations are arried in order to validate the algorithms shown in Setions

2.3 and 2.4. Also, the best antenna spaing φopt is found by means of Monte Carlo trials. Initially,

the signal power reeived in eah antenna Ptx,i(θ), i = 1, ...,M , for antenna i, is simulated by

using the Friis's Transmission Equation [19℄. Di�erent values of Ptx,i(θ) are obtained by varying

the transmitter position θ, the angular spaing φ between the antennas, and the perturbation σφ

in the angular spaing. To simplify the simulation the noise n (see Equation 2.2) will not be

onsidered. Subsequently, both vetors p(θ) and g(θ) de�ned in setion 2.4 are omputed in order

to estimate the diretion of arrival. Finally the error is omputed for every diretion of arrival

estimation. By plotting the errors, we an analyze the performane of this tehnique and alulate

the best angular spaing between the antennas.
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(a) (b)

Figure 2.2: (a) Diretivity gain pattern provided by the manufaturer of the diretional antenna

used during the experiments and (b) 4-antenna array diretivity gain pattern with an angular

spaing φ = 40◦.

The diretivity gain pattern of one of the diretional antennas used during the experiments

(Setion 3) was supplied by the manufaturer and it is simulated as shown in Figure 2.2(a). Sine

four diretional antennas will be used for the experiments, the array gain pattern is depited in

Figure 2.2(b).

The NTSC transmitter that is used for the �eld experiment detailed in Chapter 3 has an

output power of 200mW at a frequeny of 5.685GHz. After some alulation, it is found that the

transmitter should be at a distane at least 40m apart from the reeiving array in order to diminish

the di�erent angular inidene of the impinging plane wave on eah antenna. Thus, with these

parameters (Ptx, f , R) the reeived power at one antenna an be simulated and is shown in Figure

2.3.

Figure 2.3: Simulated reeived signal strength at one antenna for Ptx = 200mW, f = 5.685GHz,

and R = 40m.
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Now the values of reeived signal strength in eah one of the four diretional antennas on the

array an be simulated by taking into onsideration the perturbation σφ and the vetors p(θ)

and g(θ) are omputed. To illustrate how the tehnique works, onsider a soure transmitting at

θ = 0◦. The RSS vetor is prx(θ = 0◦) = [−59.3733 − 47.6079 − 47.1418 − 59.4613]T .

Then the di�erene vetor p(θ) is alulated and p(θ = 0◦) = [−11.7654 − 12.2315 0.0880 −

0.4661 11.8533 12.3194]T is obtained. The algorithm then ompares the vetor p(θ) with the

vetor g(θ) via Equation 2.9 in order to �nd the diretion of arrival.

Table 2.1: Table ontaining values for vetor g(θ).

θ g(θ)T

−90◦ [10.0413 11.5256 8.5000 1.4843 -1.5413 -3.0256℄

−60◦ [23.4318 17.7288 23.6000 -5.7031 0.1682 5.8712℄

−30◦ [-7.5381 3.8251 13.5000 11.3632 21.0381 9.6749℄

0◦ [-12.7393 -12.7393 0 0 12.7393 12.7393℄

+30◦ [-9.6749 -21.0381 -13.5000 -11.3632 -3.8251 7.5381℄

+60◦ [-5.8712 -0.1682 -23.6000 5.7031 -17.7288 -23.4318℄

+90◦ [3.0256 1.5413 -8.5000 -1.4843 -11.5256 -10.0413℄

As it an be seen in Table 2.1, the vetor p(θ) is near the vetor g(θ) at θ = 0◦. This an be

veri�ed by plotting the spatial power response P (θ) as shown in Figure 2.4.

Figure 2.4: Spatial Power Response for θ = 0◦. The absolute error |θ − θ̂| is 0.2◦.

Other examples of the alulation of the spatial power response are shown in Figure 2.5.

Now the absolute error is omputed for all values of θ between −90◦ and +90◦ and is shown

in Figure 2.6. From this �gure, it is notieable that the absolute error in the diretion of arrival

estimation for −90◦ ≤ θ ≤ 90◦ is mostly below 8◦, whih means that the proposed tehnique is

suitable for the detetion of UAVs with good e�ieny.
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Figure 2.5: Spatial Power Response for the ases: (a) θ = −25◦ with |θ − θ̂| = 2.6◦. (b) θ = +25◦

with |θ − θ̂| = 1.2◦. () θ = −50◦ with |θ − θ̂| = 0.4◦. (d) θ = +50◦ with |θ − θ̂| = 1.0◦

Figure 2.6: Absolute error omputed for values of θ between −90◦ and +90◦.

As a next step, the perturbation σφ will be varied while �xing the angular spaing φ to verify
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how the absolute estimation error responds. Sine this perturbation is essentially due to the

preision in the rotating of the antennas from one another, this part of the simulation is useful

for us to understand how badly the system worsens for a lesser rotation preision. We notie by

looking at Figure 2.7 that for a larger perturbation σφ, the estimation error also beomes larger

for all angular spaing φ. However, the more we rotate the antennas away from eah other, that

is, the larger we make φ, the less absolute error we an ahieve for a wider range of transmitter

position θ. From this result, we an already foresee that a wider φ is wanted for a better diretion

of arrival estimation, but how wide? This will be on�rmed later in this setion.
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(d) φ = 60
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Figure 2.7: Absolute error in degrees omputed for varying values of σφ while �xing φ.

A value of 2.5◦ is hosen for the perturbation σφ whih is roughly the ahieved preision with

the available equipment. In other words, after performing measurements with the protrator, we

onluded that there is an average error of 2.5◦. Thus, it is now possible to verify how the absolute

estimation error variates as we variate the angular spaing φ.
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Figure 2.8: Best angular spaing φopt

As we an observe in Figure 2.8(b), values of 35◦ ≤ φ ≤ 65◦ ahieve a root-mean-square

error less than 10◦. This is a desirable value for our purpose of loalizing the azimuth of UAVs.

Therefore, for the subsequent �eld experiments, a value of angular spaing φ inside this interval

ought to be hosen.
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Chapter 3

Experimental Results

3.1 Introdution

In this hapter, the �eld experiment neessary to validate the proposed RSS-based diretion of

arrival estimation tehnique and to show that this system works e�iently with relatively low-ost

equipment and o�-the-shelf diretional antennas is presented. This hapter is divided as follows: In

Setion 3.2, the equipments used in the experiment and the methodology are detailed. In Setion

3.3, the reeived signal strength indiator (RSSI) is de�ned and the onversion between RSSI and

dBm for the ase of the hardware in use is presented. Lastly, in Setion 3.4 the results and further

analysis of the �eld experiments are presented.

3.2 Experiment Desription

3.2.1 Equipment

For this experiment, the following equipment were used:

• AD-FMCOMMS5-EBZ and AD9361;

• Xilinx Zynq-7000 SoC ZC706;

• YE572113 Yagi-Uda antennas;

• 5.8GHz 200mW NTSC Transmitter;

• Custom built 5.8GHz LHCP antenna;

• Video amera;
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Figure 3.1: Xilinx Zynq-7000 SoC ZC706 arrier board (below) onneted with the AD-

FMCOMMS5-EBZ (above).

The AD9361 and the boards shown in Figure 3.1 are used for the RF reeption of the NTSC

signal emitted by, for example, an UAV. The AD9361 is an integrated RF transeiver with pro-

grammability and wideband apability for various transeiver appliations. It ombines an RF

front-end with a mixed-signal baseband setion and integrated frequeny synthesizers, and ope-

rates in the 70MHz to 6GHz range. The AD-FMCOMMS5-EBZ board ontains two AD9361s in

a 4 x 4 RF on�guration and possesses the features and apabilities of the hip. This board is

attahed to a arrier board for data aquisition ontaining a Xilinx Zynq-7000 SoC ZC706.
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(a) Yagi-Uda antenna used in the experiment.

(b) Diretional gain pattern of the Yagi-Uda antenna.

Figure 3.2: RF reeption hardware.

Four of the Yagi-Uda antenna shown in Figure 3.2(a) were used during the �eld experiments

and were onneted in the AD-FMCOMMS5-EBZ board shown in Figure 3.1. In Table 3.1 their

details and spei�ations are shown. It is a Laird YE572113 12.5dBi gain diretional antenna that

operates in the 5725-6000MHz band. It also ontains an artiulating arm mount whih enables us

to rotate the antennas in order to position them in the desired angular spaing φ. In Figure 3.2(b)
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the diretional gain pattern measured by the manufaturer is also shown.

Table 3.1: Spei�ations of the Yagi-Uda antennas

PARAMETER SPECIFICATIONS

Model YE572113

Frequeny Bands, MHz 5725 - 5850 5850 - 5925 5925 - 6000

Peak Gain, dBi (Avg) 12.5 13.0 12.7

Peak Gain, (Max) 13.2 13.2 12.9

VSWR, Avg 1.4:1 1.2:1 1.4:1

VSWR, Max 1.8:1 1.5:1 2.0:1

Nominal Impedane 50 Ω

Polarization Vertial or Horizontal

Azimuth 3dB Beamwidth 35◦

Elevation 3dB Beamwidth 35◦

Front-to-Bak Ratio 15 dB

Side Lobe 14 dB

Max Power (Ambient 25◦C) 25 Watts

Antenna Dimension (L x W) 149.1 x 58.6 mm

Weight w/ Braket 0.16 kg

Antenna Color White

Radome ASA, UV Stable

Wind Operational 160 km/h

Wind Survival 220 km/h

Operating Temperature −30◦C to +70◦

Storage Temperature −40◦C to +80◦

Ingression Protetion IP67

Material Substane Compliane RoHS
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Figure 3.3: Transmission equipment used in the �eld experiments.

In Figure 3.3 it is shown the video amera, the 5.8GHz 200mW NTSC transmitter, and the

ustom built 5.8GHz LHCP antenna used in the �eld experiments. Considering the non-planar

�ying movement of a drone and the fat that LHCP antennas are ommonly used, the LHCP

antenna was hosen as the transmitter antenna. Both the video amera and NTSC transmitter

were aquired in the same UAV set.

3.2.2 Methodology

(a) (b)

Figure 3.4: Environment where the experiment was held.

The loation where the experiment took plae and where both transmitter and reeiver were

is shown in Figure 3.4. A distane of 20m was alulated to plae the antennas separated from

one another on top of a wooden base. For the experiments, we positioned the antennas φ = 40◦

apart from eah other. Both transmitter and reeivers were mounted on a tripod 115m above the
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ground and were plaed 38m apart.

The transmitter sends NTSC signals aptured from the video amera at 5.685GHz uninterrup-

tedly during the experiment. In the �rst part of the experiment the reeiver base was rotated from

−90◦ to +90◦ every 10◦ with the help of a protrator as shown in Figure 3.5 while keeping the

transmitter base unhanged. The reeiver base was rotated instead of hanging the transmitter

position for pratiality reasons. This step is important to verify the estimation auray in a

stati situation. Data was aptured for approximately 20 seonds for every reeiver base position.

Later on, the real-time experiment was held, in whih the reeiver base was ontinuously rotated

and estimation proessing was onomitantly made. Following the data aquisition step, the post-

proessing of the stati experiment was performed to alulate the estimation of the diretion of

arrival of eah step of the rotation of the reeiver base.

Figure 3.5: Protrator used to verify the rotation of the reeiver base. There is a preision error

that beomes larger for larger values of |θ|.

3.3 RSSI Calibration

The AD9361 measures the reeived signal strength indiator (RSSI) by measuring the power

level in dB and ompensating for the reeive path gain. Equating the RSSI read-bak value to an

absolute power level (e.g., in dBm) requires a system fatory or benh alibration. To alibrate

the RSSI word to an absolute referene, a signal was injeted into the antenna port of the AD-

FMCOMMS5-EBZ board and the RSSI word was read with a spetral analyzer. Subsequently, a

orretion fator that equates the RSSI word to the injeted signal level at the antenna port was

generated. The result of this alibration proess is shown in Figure 3.6, where the blue dots are

the measured points and the red line is the linear approximation.
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Figure 3.6: Calibration of the RSSI value into a signal level in dBm.

The input signal generated by the AD-FMCOMMS5-EBZ was a 100Hz sine funtion modulated

at a frequeny of 5.685GHz. This signal was injeted in the same board to verify the orrespondent

RSSI value. Subsequently, the signal was injeted in the spetral analyzer to verify the orrespon-

dent signal power in dBm. The power of the sine wave was regulated by modifying the attenuation

value of the board output. By doing this repeatedly for di�erent attenuation values, the graph in

Figure 3.6 was plotted. Some examples of this proedure an be observed in Figure 3.7. As seen

in Figure 3.7(a) and 3.7(b), for an attenuation of 20dB, the RSSI value measured with the board

is 51dB, and the signal level read by the spetral analyzer is -25.05dBm.
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(a) (b)

() (d)

Figure 3.7: Reeived signal strength indiator alibration.

The alibration equation that relates the RSSI value to an absolute referene in dBm is:

y[dBm] = f(x) = −0.8345x + 15.6296, (3.1)

where x is the RSSI signal level in dB. This equation is used just after the RSS measurements with

the AD9361 to obtain power levels in dBm, whih are subsequently used to alulate the diretion

of arrival.
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3.4 Results and Analysis

In this setion a desriptive analysis of the results obtained after proessing the data aquired

during the �eld experiments is held.

Table 3.2: Mean and variane of the DoA estimation values and their respetive absolute error

θ E[θ̂] Var[θ̂] E[|θ − θ̂|] Var[|θ − θ̂|]

−90◦ 57.37◦ 438.54◦ 34.61◦ 299.94◦

−80◦ −60.45◦ 110.23◦ 21.04◦ 48.59◦

−70◦ −65.38◦ 37.52◦ 6.74◦ 12.96◦

−60◦ −65.59◦ 10.84◦ 6.31◦ 2.09◦

−50◦ −45.55◦ 0.46◦ 4.45◦ 0.46◦

−40◦ −40.34◦ 3.26◦ 1.40◦ 1.37◦

−30◦ −34.77◦ 8.34◦ 4.98◦ 6.27◦

−20◦ −22.77◦ 0.47◦ 2.77◦ 0.47◦

−10◦ −5.31◦ 0.15◦ 4.69◦ 0.15◦

0◦ −3.89◦ 0.47◦ 3.89◦ 0.47◦

+10◦ 12.59◦ 0.16◦ 2.59◦ 0.16◦

+20◦ 19.98◦ 0.23◦ 0.41◦ 0.06◦

+30◦ 16.41◦ 1.96◦ 13.59◦ 1.96◦

+40◦ 46.65◦ 13.03◦ 6.65◦ 13.03◦

+50◦ 90.46◦ 0.08◦ 40.46◦ 0.08◦

+60◦ 64.23◦ 132.53◦ 6.57◦ 106.70◦

+70◦ 69.74◦ 81.62◦ 7.55◦ 23.59◦

+80◦ 58.52◦ 59.00◦ 21.48◦ 59.00◦

+90◦ 82.22◦ 323.83◦ 4.38◦ 35.37◦
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Figure 3.8: Plot of the mean absolute error E[|θ − θ̂|].

The mean and variane in Table 3.2 were taken over 10 seonds of RSSI measurements. The

plot of the third olumn of the same table, representing the mean absolute error, is shown in Figure

3.8. From Figure 3.8 it is notieable that the average absolute estimation error of the diretion

of arrival was less than 10◦ for most ases of diretion of arrival. This result was ahieved after

proessing and alibrating the DoA estimation algorithm. In the next paragraphs I will analyze

the not preise estimation results and show how the alibration was performed.

To analyze the soure of error of the DoA estimations, it is important to observe Figure 3.9,

where the order of the RSS values in eah antenna for a orret DoA estimation is shown. To obtain

good estimations it is neessary for the RSS values to follow the same order as shown in Figure

2.2(b), beause when the vetors p(θ) and g(θ) are omputed (see setion 2.4), the algorithm

analyzes the maximum points of the spatial power response P (θ) with Equations (2.9) and (2.12)

(that is, the point with the least distane between p(θ) and g(θ)) to alulate the estimation θ̂.

The �rst soure of error in the estimation omes from the omputing of P (θ).
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Figure 3.9: Array diretivity gain pattern zoomed to highlight the points of +30◦ ≤ θ ≤ +90◦.

From this point, the DoA estimation for the ases θ = +90◦, θ = +80◦, θ = +70◦, θ = +50◦,

θ = +40◦, and θ = +30◦ will be individually analyzed, sine higher estimation error happened for

all of them in a �rst deployment of the estimation algorithm. The same analysis an be extended

to the ases θ = −90◦ and θ = −80◦.
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Figure 3.10: (a) DoA estimation and (b) RSS measurements for θ = +90◦.

As it an be seen in Figure 3.10, although for most samples of RSS the diretion of arrival is

estimated as approximately equal to −100◦, that is, there is an absolute estimation error lose to

180◦, there are some samples in whih their DoA estimation θ̂ is lose to +90◦ with an average

absolute error less than 2◦, whih is a preise result. By looking at Figure 3.10(b) the highest RSS

value is read at antenna 4, whih is in aordane with expetation as seen in Figure 3.9. The

preise DoA estimation ourred when the RSS values read by antennas 1, 2, and 3 are lose to

eah other. However, the possible soure of DoA estimation error lies in the RSS value read at

antenna 2. One an notie that this value is the seond highest one at the array after antenna 4,
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when it should atually be the lowest one, aording to Figure 3.9.
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Figure 3.11: (a) Measured RSS di�erenes and (b) expeted gain di�erenes for θ = +90◦. Only

the double di�erenes are onsidered for simpliity in the analysis.

The present analysis is further failitate with Figure 3.11. The RSS di�erene between eah

antenna (see Equations (2.7) and (2.8)) is shown in Figure 3.11(a), and the diretivity gains

di�erene between eah antenna (see Equations (2.10) and (2.11)) is shown in Figure 3.11(b). By

omparing both �gures it is onluded that the RSS at antenna 2 is the reason of a high absolute

estimation error. If the RSS at antenna 2 is ignored during the DoA estimation, the result obtained

is shown in Figure 3.12.
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Figure 3.12: DoA estimation for θ = +90◦ without onsidering the RSS at antenna 2.
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Figure 3.13: (a) DoA estimation and (b) RSS measurements for θ = +80◦.

The θ = +80◦ ase will now be analyzed. If the samples having high estimation error are

exluded, on average the estimated DoA θ̂ is approximately +60◦, with an average absolute esti-

mation error of 20◦. By analyzing the RSS at eah antenna in Figure 3.13(b), again the values

read at antenna 2 are one of the auses for the estimation error. Another possible ause is the

RSS at antenna 1, that is on average lower than expeted. Repeating the proedure made for the

θ = +90◦ ase without onsidering the RSS at antenna 2, the obtained result is shown in Figure

3.14. It is notieable that the estimation is overall better, but still not too preise.
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Figure 3.14: DoA estimation for θ = +80◦ without onsidering the RSS at antenna 2.
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(b) θ = +70
◦

Figure 3.15: (a) DoA estimation and (b) RSS measurements for θ = +70◦.

The RSS at antenna 2 is again a�eting the DoA estimation for the θ = +70◦ ase as shown

in Figure 3.15. Repeating the same proedure of exluding the RSS at antenna 2 as before, the

following result is obtained, as shown in Figure 3.16. Again the result is overall better than before.
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Figure 3.16: DoA estimation for θ = +70◦ without onsidering the RSS at antenna 2.
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Figure 3.17: (a) DoA estimation and (b) RSS measurements for θ = +50◦.

The θ = +50◦ ase is the one with the worse DoA estimation. If one ompare Figure 3.17(b)

with Figure 3.9, one an notie that it is expeted that the RSS at antennas 1 and 2 should be lose

to eah other while the RSS at antenna 3 should be higher than them. However, this is not what

happens in pratie, where the measured RSS at antennas 2 and 3 are roughly lose to eah other

while the RSS at antenna 1 is the lowest one. One more it is possible that the measurements at

antenna 2 is degrading the DoA estimation. To on�rm the ause of the present estimation error,

the measured RSS di�erenes and expeted diretivity gain di�erenes are showed in Figure 3.18.
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Figure 3.18: (a) Measured RSS di�erenes and (b) expeted gain di�erenes for θ = +50◦. Only

the double di�erenes are onsidered for simpliity in the analysis.

From Figure 3.18(a) one an see that the measurements at all four antennas are opposed to

the expeted ones as in Figure 3.18(b). The same error is not observed for the opposite ase of

θ = −50◦ as shown in Figures 3.19 and 3.20.
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Figure 3.19: (a) DoA estimation and (b) RSS measurements for θ = −50◦.
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Figure 3.20: (a) Measured RSS di�erenes and (b) expeted gain di�erenes for θ = −50◦. Only

the double di�erenes are onsidered for simpliity in the analysis.

The disussion now is for the θ = +40◦ ase. As observed in Figure 3.21(a) the DoA estimation

for this ase was preise for most olleted RSS samples, with an average error less than 7◦.

However, sine there are some really not preise estimation points, the mean absolute error was

high, as shown in Table 3.2. By omparing Figure 3.21(b) with Figure 3.9 there is a point around

+46◦ where the RSS at antennas 1 and 2 are lose to eah other, explaining the estimation at this

point, sine most olleted RSS samples present this pattern. However, there are also some points

where the RSS at antenna 2 is too low, ontraditing the expeted pattern and thus a�eting a

orret estimation. If a �lter is applied to the output of the DoA estimator to ut o� the high

error estimation points, the average estimation auray will inrease.
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Figure 3.21: (a) DoA estimation and (b) RSS measurements for θ = +40◦.

Lastly, the analysis is direted to the θ = +30◦ ase. Again it is observable that the RSS at

antenna 2 was lower than that of antenna 1, thus a�eting the estimation. Sine the opposite ase

θ = −30◦ does not present a similar estimation error (see Figure 3.23), it is possible that there

is either a hardware error that is a�eting the RSS measurements at the antennas or magneti

oupling is ausing a distortion in the diretional antennas sidelobes.
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Figure 3.22: (a) DoA estimation and (b) RSS measurements for θ = +30◦.
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Figure 3.23: (a) DoA estimation and (b) RSS measurements for θ = −30◦.

Conluding, the side lobes of the diretional antennas are not behaving as theoretially expeted

for all the ases with high estimation error. Possible reasons for this is either the mutual oupling

between the antennas, whih was not onsidered in the development of the tehnique proposed in

this work, or hardware issues.
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Figure 3.24: Array diretivity gain pattern zoomed to highlight the points of −20◦ ≤ θ ≤ +20◦.

The disussion now is for Figures 3.24 and 3.25, where the latter depits the θ = −10◦, 0◦,

and +10◦ ases. The analysis will be foused on only these three ases beause a good preision

estimation θ̂ was ahieved and all other ases follows the same idea. Sine all RSS measurements

were aordingly to the theoretial model as shown in Figure 3.24, the estimation was also preise,

with an average absolute error less than 5◦. If the reeiver base was rotated more preisely during

the experiment, it is possible that the estimation results would have been more aurate. Therefore,

the preision in the base rotation also aounts for the �nal estimation error. After some simple
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measurements, it was found that this preision is about 3◦, thus the averaged absolute errors in

Table 3.2 for θ = −10◦, 0◦, and +10◦ should be subtrated by this value. The preision gets worse

for larger values of |θ|.
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(b) θ = −10
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(f) θ = +10
◦

Figure 3.25: DoA estimation and RSS measurements for values of θ with a more preise estimation.
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3.4.1 Realtime Field Experiments

The disussion now is about the realtime �eld experiment, where the diretion of arrival of the

NTSC transmitter was estimated in realtime while rotating the reeiver base, starting from the

position where the antenna 1 is pointing to the diretion of the transmitter (θ = −90◦). In Figure

3.26 the results of this experiment are shown.
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(a) Reeived signal strength in eah antenna
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Figure 3.26: Realtime DoA experiment.

Theoretially, the graph in Figure 3.26(b) should resemble an inreasing step-like funtion

graph, from −90◦ to +90◦ as shown with the orange line. The absolute estimation error is depited

in Figure 3.27(a).
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Figure 3.27: (a) Absolute estimation error for the realtime DoA experiment. (b) Root mean square

error of (a).

By observing Figure 3.27(a) one an see that the absolute estimation error graph lies mostly

under the 20◦ line. Ideally, this graph should be as lose as possible to 0◦, beause it would mean

that the absolute error was near to zero. If the RMSE is alulated, it an be seen from Figure

3.27(b) that a onsiderably preise estimation was ahieved for values between −70◦ and +40◦,

with an RMSE less than 10◦. Otherwise, a less aurate θ̂ was obtained.

Another experiment was to show the realtime DoA estimation of a moving drone with the aid

of gauges. The estimation was aurate between θ = −60◦ and +60◦, when it was notieable

the onurrent movement of the needle of the gauge with the movement of the drone. However,

less aurate estimation was obtained otherwise, with the needle either stopping moving on the
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|θ| = 60◦ or pointing to wrong diretions.

Figure 3.28: Gauge showing the estimated loation of a moving drone. With the help of a plane

protrator, it an be onluded that the estimation is preise (approximately θ̂ = 35◦).
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Chapter 4

Conlusions and Future Work

The main purpose of this work was to develop an algorithm apable of estimating the diretion

of arrival of a transmitting soure (UAV) based on the reeived signal strength at the diretional

antennas on an array, to alulate the optimum angular spaing φopt between the antennas, and to

verify the e�ay and e�ieny of the proposed tehnique with low-ost o�-the-shelf equipment,

suh as the Yagi-Uda antennas and software-de�ned radio.

In Setions 2.2, 2.3, and 2.4 it was presented the fundamentals of the tehnique proposed in

this work for UAVs loalization. By omputing the di�erene vetor p(θ) whih ontains both the

double and quadruple di�erenes between the reeived signal strengths of any antennas and then

omparing it with the di�erene vetor g(θ) via Equation (2.9), the estimation of the diretion

of arrival θ̂ was alulated via the ost funtion (2.12). After analyzing the simulation results in

Setion 2.5 it was onluded that the optimum angular spaing φopt lies within the interval of

35◦ and 65◦ with a root-mean-square error less than 10◦. We proved through simulation that the

diretion of arrival estimation tehnique presented in this work is e�ient in the sense of loalizing

UAVs.

In Setion 3.2 the equipments used during the �eld experiments and the methodology followed

were desribed. The used equipments are the low-ost o�-the-shelf devies suh as the YE572113

Yagi-Uda antennas, AD-FMCOMMS5-EBZ board, and transmitter set. The ost of the equipment

was approximately US$2000. A brief desription of all devies were also presented. Sine the

hardware used for the reeption of the NTSC signal provides the power level of an input signal in

its ports in dB (reeived signal strength indiator), alibrating it to an absolute power level in dBm

beame needed for further omputing of the estimation algorithm. In Setion 3.3 the alibration

proess and its methodology is desribed. It is shown that, the larger the RSSI power level in

dB, the weaker is the signal (that is, small power level in dBm). The results obtained after �eld

experiments are analyzed in Setion 3.4. From table 3.2 the tehnique appears to be appropriate

for most values of the transmitter position θ after alibration. However, before alibration the

estimation was satisfatory for few positive values of θ. The tehnique to enhane the estimation

for these values is also detailed. After analyzing the reeived signal strength and their double

di�erenes at eah antenna for the unsatisfatory ases, it is thought that the �rst reason of
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estimation inauray is the distorted side lobes of the pattern of the diretional antennas, aused

possibly by magneti oupling between them.

To further enhane the preision of the present DoA estimation algorithm and also possibly

redue osts some points need to reeive attention.

• Calibration of the hardware and antennas. Although the present work was mostly plug-

and-play, better results are expeted if a thorough alibration of the hardware is performed.

The reeiving gain of the hardware in use and the antennas bandwidth, for example, must

be taken into aount.

• Measurements of the array gain pattern inside an anehoi hamber. The direti-

vity gain pattern of one diretional antenna was simulated from the measurements supplied

by the manufaturer in the YE572113 antenna datasheet. Then, the array pattern was om-

puted by only shifting a single pattern without onsidering mutual oupling between the

antennas. For this reason, preise measurements of the gain pattern of the array should be

done inside an anehoi hamber. In so doing, it is believed that the auray in the estima-

tion though Equation (2.9) beomes better sine the measured RSS values will be ompared

with the atual array gain pattern;

• Number of antennas used on the array. It is helpful to know how the number of

antennas on the array a�et the overall estimation algorithm. By reduing the number

of antennas, rotating them around their ommon axis and saving the orresponding gain

pattern, the vetor garray(θ) will possibly not su�er any hanges. Thus, the same tehnique

ould be applied with less antenna elements;

• Simulating the noise n (see Setion 2.2). The noise present in the hannel should be

inluded during the simulation to verify its e�et on the overall estimation preision;

• Controlling the transmitter side. The transmitter sends NTSC signal uninterruptedly.

However, this side of the ommuniation hannel should also be ontrolled in order to inves-

tigate other performane parameters suh as the bit error rate (BER). Instead of an analog

signal suh as the NTSC, a digital signal with an appropriate modulation and demodulation

sheme ought to be tested;

• Estimating the DoA with other tehniques. A omparison of the presented DoA

estimation tehnique with others is also enouraged. For example, the authors in [21℄ propose

a DoA estimation algorithm based on the Capon algorithm for the use with diretional

antennas array. The traditional MUSIC and MLE tehniques should also be veri�ed;

• Calulation of other parameters. When the estimated DoA θ̂ is found, other parameters

suh as the distane R between transmitter and reeiver an also be estimated by means of

the Friis Transmission Equation (see Eq. (2.1);

• Calulation of the Cramer-Row Bound (CRB);
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