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LOCALIZATION OF RADIO SOURCES USING AUTONOMOUS
UNMANNED AERIAL VEHICLES FOR SEARCH
AND RESCUE APPLICATIONS

SUMMARY

In this thesis, the utilization of unmanned aerial vehicles (UAV) in the search
and rescue operations is studied based on the radio frequency (RF) signal sources.
Considering the significant improvements on the unmanned systems over the last
twenty years, the usage of the UAVs can be convenient in terms of operational risks,
cost and human resource requirements in the search and rescue operations. Particularly,
the searching time of the target can be critically decreased with utilization of the UAVs.
Taking advantages of the UAVs, an efficient and low-cost searching and localization
algorithm is presented based upon the searching target emits the RF signals.

In the proposed solution to the search and rescue problem, each UAV is equipped with
software defined radios (SDR) in order to receive the RF signal emitted from the RF
signal source. Based on the conditions of the given problem, a frequency detection
algorithm is presented using signal processing techniques to measure correct received
signal strength (RSS) values in the propagation frequency of the RF source. In addition
to that, free-space signal propagation model is modified with experimental signal
strength measurements and it is utilized in the conversion from the signal strength to the
approximated distance between the RF source and the UAVs for position estimation.

The estimation of the position of the RF source is performed by using recursive
state estimation methods. At the beginning, deterministic localization methods are
investigated. However, these techniques such as trilateration do not perform good
localization results due to the RF signal noise. For this reason, an extended Kalman
filter (EKF) based position estimation method is developed for multiple UAVs. Since
this method requires multiple measurements from at least three UAVs, another position
estimation method based on the particle filter (PF) is proposed for single UAV to make
the elapsed time in the searching of the target more efficient.

In order to test the developed localization process, two software-in-the-loop (SIL)
environments are developed with different specifications. These environments are
supported with experimental tests and the models running in the environments are
improved using the experimental tests to get more realistic simulation results.

At the end of the study, a genuine complete architecture of the system with
hardware and software components is given to implement the proposed searching
and localization methodology. In addition to the given hardware architecture which
consists of completely commercial-off-the-shelf (COTS) devices, the developed
software architecture proposes an efficient, easy to use solution to the search and
rescue problem. Finally, the SIL test results are conducted in order to test the proposed
methodology.
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ARAMA VE KURTARMA UYGULAMALARI ICIN
OTONOM INSANSIZ HAVA ARACLARI ILE RADYO KAYNAKLARININ
KONUMUNUN TESPITI

OZET

Otonom sistemler konusunda gelismeler ile birlikte insansiz hava ara¢larinin kullanimi
ciddi bir artis gostermektedir. Ozellikle son 20 yildaki gelismeler dikkate alindiginda,
insansiz hava araclari askeri uygulamalardan sivil uygulamalara ¢cok genis bir kullanim
alanina yayilmistir. Giiniimiizde uygun maliyetli ve ¢ok ¢esitli boyutta hava araglarinin
tiretimi ile birlikte, insansiz hava araglar1 bir¢ok noktada geleneksel hava araclarina
gore cok daha avantajli hale gelmektedir.

Tarihte insansiz hava araglarinin bilinen ilk kullanimi 19. yy. 1 sonlarina
dayanmaktadir. Baslangicta askeri egitimlerde hedef olarak kullanilan insansiz
hava araclari, 6zellikle ikinci Diinya Savasi ile birlikte farkli bir 6nem kazanmustir.
1950’1erin sonunda baglatilan programlarla birlikte insansiz hava araglarinin istihbarat,
gozetleme ve kesif gorevleri icin uygun hale getirilmesi planlanmustir. Ozellikle Soguk
Savas doneminde, insan kaybi riski yerine insansiz araglarin tercihi hem daha giivenli
hem de daha az maliyetli askeri operasyonlari miimkiin hale getirmistir.

Insansiz hava araclarinin kullanimi, 21. yy. 1n gelisi ile birlikte farkli bir boyuta
ulasti. Hem askeri alandaki insansiz hava araglariin silahlandirilmasi konusundaki
caligmalar hem de sivil alandaki yeni kullanim alanlarinin olugmasi insansiz hava
araglar liretiminin artmasina ve ¢ok daha uygun maliyetli yeni tasarim ve sistemlerin
cikmasina yol acti. Bu gelismeler yiiksek maliyete sahip olan, egitilmis insana
ihtiyac duyan ve insandan kaynaklanan hata ve risklere sahip arama-kurtarma
operasyonlarinin da seyrini degistirdi. Bu durum, 6zellikle ¢oklu hava aracina sahip
insansiz hava araglart sistemlerinin arama-kurtarma operasyonlarinda kullanilmasi
konusunda yeni ¢alismalarin ¢ikmasina neden oldu.

Arama-kurtarma operasyonlarinda en ¢ok one ¢ikan problemlerden birisi hedefin tespit
edilmesidir. Genellikle arama bolgesi genis mesafelere yayildiginda hedefin tespiti
ciddi anlamda zorlasmaktadir. Ayrica, arama-kurtarma operasyonlarinin genellikle
zamana kargs1 yarisilan durumlar olmasi hedefin bir an 6nce bulunmasini daha 6nemli
hale getirmektedir. Dolayisiyla hedefin tespiti ciddi ve coziilmesi gereken bir
problem haline gelmektedir. Bu problemin ¢6ziimii olarak literatiirde en ¢ok sunulan
yontemlerden birisi goriintii tizerinden hedefin tespitini iceren yontemlerdir. Bu
yontemlerde insansiz hava araglarindaki normal veya termal kameralar yardimiyla
alan taranarak hedefin tespit edilmesi amaclanmaktadir. Fakat, bu yontem 6zellikle
arama alan1 genig bir bolgeye yayildi§inda verimsiz hale gelmektedir. Daha genis
bir bolgenin taranmasi amaciyla insansiz hava araclarinin yiiksek irtifada u¢gmasi
gerekmektedir.  Bu durum elde edilen goriintiilerin ¢oziiniirliigiiniin artirilmast
gerekliligini ortaya c¢ikarmaktadir. Fakat, insansiz hava araglarinin yiik tagima
kapasiteleri ve ucus siireleri goze alindiginda, hava araglarinin iizerindeki kullanilan
cihazlarin hesaplama yetenekleri kisithdir. Buna alternatif olarak bazi ¢aligmalarda
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elde edilen goriintii, yer istasyonuna gonderilerek burada hedef tespiti sunulmus fakat
bu ¢oziim de genis alana yayilmis insansiz hava araglar ile haberlesme problemi
oldugunda verimsiz kalmaktadir. Bir bagka alternatif olarak cok sayida hava aracinin
kullanilmas1 gerektigi ortaya ¢iksa da bu durum hem maliyet acisindan hem de
tasarlanacak sistemin kontroliiniin karmasiklig1 agisindan ¢ok tercih edilebilir degildir.

Arama-kurtarma operasyonlarinda hedefin tespiti konusunda once ¢ikan bir diger
yontem ise radyo sinyalleri kullanilarak hedefin konumunun belirlenmesini saglayan
yontemlerdir. Arama-kurtarmada aranilan hedefin radyo sinyali yayabilecek bir cihaz
tasidig1 (cep telefonu, telsiz vb.) kabul edilen bu tarz calismalarda, insansiz hava
araclarina yerlestirilen 6l¢iim cihazlar ile birlikte radyo sinyali izerinden a¢1 (yon),
zaman ve mesafe gibi niceliklerinin hesaplanmasi ile ¢esitli yontemler gelistirilmistir.
Bu yontemlerden zaman bazli olanlar, GPS’in ¢alisma manti§ina benzer olarak,
sinyalin vericiden aliciya varig zamaninin kestirimine dayanmaktadir. Birden fazla
referans noktasindan zaman kestirimi kullanilarak hedefin konumunun kestirimi
gerceklestirilmektedir. Ayrica bu tarz yontemler, 6zellikle referans 6l¢iim noktalarinin
(insansiz hava araglarinin) birbirleri senkronize oldugu kabuliine dayanmaktadir.
Fakat, bu noktalarin birbirlerinden uzak oldugu durumlarda senkronizasyonu saglamak
haberlesme ag¢isindan zor oldugu gibi radyo sinyalinin goriis alaninin agik ve net olmasi
gerekliligi, bu tarz yontemler i¢in bir diger 6nemli kisittir.

Hedefin konumunun tespiti konusunda ©One c¢ikan bir diger yontem ise radyo
sinyalinin yoOniiniin tespit edilmesine dayanan ¢oziimlerdir. Genellikle yonlii antenler
kullanilarak Olciilen radyo sinyalinin yOnii/acist tespit edilerek, cesitli geometrik ve
yaklagim yontemleri ile radyo sinyal kaynaginin tespiti amaglanmaktadir. Sinyal
acisina dayanan yontemlerde géze carpan en onemli problem, konum kestirim hatasi
mesafe arttik¢a ciddi oranda artmaktadir. Bununla birlikte, tek bir a¢1 kestirimi bile
oldukca uzun zaman alabilmektedir. Bu durum, arama-kurtarma operasyonlardaki
tespit siiresinin dnemi ile ¢celismektedir.

Radyo sinyallerinin kullanimi ile konum kestirimi konusunda ¢ok tercih edilen bir
diger alternatif ise sinyal giiciine dayanan yontemlerdir. Alici tarafta ol¢iilen sinyal
giiclinii kullanan bu yoOntemler, sinyal yayilim modellerinin yardimiyla hedef ile
alici/alicilar arasindaki mesafenin kestirilmesi mantigina dayanir. Diger yontemlere
gore karmagik Olciim sistemi veya senkronizasyon gerekliligi olmayan bu teknikteki
en onemli problem sinyal yayiliminin modellenmesinin zor olmasidir. Radyo sinyali
cevresel bir ¢cok etkenden etkilenebilecegi gibi, verici ve alici taraftaki kaynaklanan
giiriiltiiler de sinyal giicii lizerinde oldukca etkilidir. Giiriiltiilii sinyaller iizerinden
konum kestirimi basarisinin artirrmi amaciyla en ¢ok tercih edilen yontemler ise
yinelemeli durum kestirim yontemleridir. Ozellikle bu alandaki Kalman filtrelerinin
oldukca basarili is ¢ikarmasi, konum kestiriminde bu tarz filtrelere dayanan pek ¢ok
yontemin ortaya ¢ikmasina neden olmustur.

Bu tez calismasinda, yukarida bahsedilen arama-kurtarma problemlerinin ¢oziimii
amaciyla ¢oklu insansiz hava araci sistemi ve radyo sinyallerinin tespitinden yola
cikilarak etkili ve uygun maliyetli bir arama ve konum tespit yontemi sunulmustur.
Sunulan ¢alismada, insansiz hava araglari sistemlerinin kalkistan operasyonun sonuna
dek tamamen otonom olarak hareket etmesiyle birlikte, gelistirilen yap1 piyasadan
hazir temin edilebilen malzeme donanim pargalarindan ve 6zgiin olarak gelistirilen
yazilim parcalarindan olugmaktadir.
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Calismada, oOncelikle sinyal Olciimiindeki belirsizlikler ve problemlerin ¢oziimii
amaciyla gelistirilen algoritmalar sunulmugstur.  Temel alinan arama-kurtarma
operasyonuna gore arama hedefinin bir el telsizi tasidig1 ve bu telsizden radyo
sinyalleri yaydig1 kabul edilmistir. Buna gore, her insansiz hava aracina radyo
sinyalinin Ol¢iimii amaciyla bir adet yazilim tabanli radyo yerlestirilerek, bu
radyolar hava araglarina bulunan Raspberry Pi gorev bilgisayarlarina baglanmugtir.
Hesaplama gereklili§i olarak verimli ve hafif oldugu i¢in RTL-SDR V3 cihaz1
tercih edilmistir. Bununla birlikte, RTL-SDR V3 farkli programlama dillerinde
gelistirilmig bir¢ok acik kaynakli yazilim tarafindan desteklenmektedir. Yazilim
tabanl radyo alicilar kullanilarak 6lciilen radyo sinyalinden, Hizli Fourier Doniistimii
gibi sinyal igleme teknikleri kullanilarak sinyal giicii hesaplanmaktadir. Ayrica,
kabul edilen arama-kurtarma senaryosuna gore sinyal kaynaginin frekansi bilinmedigi
icin frekans spektrum analizine dayanan bir radyo sinyali frekans tespit algoritmasi
da gelistirilmigtir. Buna ek olarak bu ¢alismada, konum kestiriminde kullanilmasi
amaciyla elde edilen sinyal giicii degerlerinin mesafeye doniistiiriilmesini saglayan
bir sinyal yayilim modeli sunulmustur. Serbest uzay yayilim modeli baz alinarak
gelistirilen bu yayilim modelinde, serbest yayilim modelinin icermedigi radyo sinyali
ozelliklerini (yerden yansima, golgeleme etkisi vb.) dahil etmek amaciyla sinyal 6l¢iim
testleri yapilmis ve sinyal modeli buna gore modifiye edilmistir.

Sinyal giicii Ol¢iimii kullanilarak radyo sinyal kayna8imin konumunun kestirimi
amaciyla, baslangi¢ olarak deterministik yontemler denenmisg fakat bu tarz yontemler
sinyal giictindeki giiriiltiiniin ¢ok fazla olmasi nedeniyle basarili sonu¢ vermemistir. Bu
nedenle, konum kestirimi i¢in Bayes filtre teorisine dayanan yinelemeli durum kestirim
yontemleri kullanilmistir. Onerilen ¢oziimde coklu insansiz hava aracinin bulunmasi
avantajindan faydalanilarak, genisletilmis Kalman filtresi yardimiyla Olciilen sinyal
giicii degerleri, sinyal modeli ve her insansiz hava aracinin konum bilgisi kullanilarak
konum kestirim yontemi gelistirilmistir. Gelistirilen bu ¢oziim en az {i¢ insansiz hava
aracindan, sinyal ol¢iimii alabilmesine dayanmaktadir. Fakat, sinyal 6l¢iim testlerinde
farkedildigi iizere kullanilan yazilim tabanli radyonun belirli mesafeler iizerinde
saglikli sonuglar vermemesi iizerine insansiz hava araglarinin dl¢iimleri limitlenerek
yanlig Ol¢iimlerden kaynaklanan hatalarinin Oniine gec¢ilmesi planlanmistir.  Bu
kisitlama konum kestirimi a¢isindan basarimi artirmasina ragmen tespit siiresinin kritik
oldugu arama-kurtarma operasyonlarina {i¢ insansiz hava aracinin da sinyal menziline
girmesini beklemek oldukca zaman alan bir siirectir. Bu nedenle, tek bir insansiz
hava araci ile sinyal konum tespitini miimkiin kilmak ve diger insansiz hava araclari
sinyal menziline girene kadar gecen siireyi verimli kullanmak amaciyla parcacik filtresi
kullanilan bir diger konum kestirim yontemi gelistirilmistir. Sonug olarak, gelistirilen
her iki konum kestiriminin ortak ¢alisabilecegi ve hem tek insansiz hava arac1 hem de
birden fazla insansiz hava aracinin sinyal menzilinde oldugu durumlar icin gecerli bir
arama ve lokalizasyon algoritmasi gelistirilmistir.

Geligtirilen sistemin dis ortam ucus testleri Oncesinde test edilmesi ve ucus
testlerindeki ortaya cikacak sorunlarin minimize edilmesi amaciyla farkli 6zelliklere
sahip iki yazilimsal benzetim ortami tasarlanmigtir. Tasarim siirecine X-Plane 10 ugus
simulatorii kullanilarak insansiz hava araglarinin gorsellestirilmesi saglanan kompleks
fakat gorsel kalitesi yiiksek bir benzetim ortami ile baglanmigtir. Calismanin ilerleyen
donemlerinde, bu tasarimin en az ii¢ yiiksek sistem gereksinimlerine sahip bilgisayara
ihtiyac duymas1 ve test hazirlik siirecinin karmagsik ve uzun olmasi sebebiyle ¢ok
daha kompakt ikinci bir tasarima gidilmigtir. Gelistirilen alternatif tasarimda, tek bir
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Windows isletim sistemli bilgisayarda Ubuntu sanal makineler kullanilarak insansiz
hava araclarinin simiile edilmesi saglanmig ve hem test baglatma zamani hem de
donanimsal gereklilik acisindan ilk versiyondan daha verimli bir yazilimsal benzetim
ortami elde edilmistir.

Bu tez calismasinda, yazilimsal benzetim ortamlarina ek olarak, gelistirilen arama
ve konum belirleme algoritmasin1 gergeklemek icin tasarlanan donanimsal mimari
verilmistir. Donanimsal mimari, hemen hemen biitiin parcalar1 piyasadan hazir olarak
temin edilebilen aviyonik tasarima sahiptir. Bununla birlikte kullanilan donanimsal
mimari iizerinde calisan 0zgiin bir yazilimsal mimari de sunulmustur. Yazilimsal
mimari, gelistirilen sinyal Ol¢ciimii ve tespiti ile tiim siireci otomatize hale getiren
arama ve konum belirleme algoritmasinin gerceklemesini de icermektedir. Ayrica,
istenilen insansiz hava aracindan canli goriintii almak amaciyla goriintii aktarim ve
alim yazilimlar da gelistirilerek biitiin sistemin yer istasyonunda yine 6zgiin olan bir
kullanict arayiizii tarafindan takibi amac¢lanmistir. Calismanin sonunda, gelistirilen
algoritmalarin tasarlanan yazilimsal benzetim ortamindaki test sonuglar1 verilmisgtir.
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1. INTRODUCTION

With the development of autonomous systems, the autonomous vehicles that can
localize itself in an environment become more important. In addition to that, not only
the localization of an autonomous vehicle but also the environmental awareness of the
vehicle is essential in order to survive in an unknown environment or to accomplish
searching missions. As a part of unmanned systems, unmanned aerial vehicles or
drones have more advantage than other types of unmanned vehicles in terms of
having more sensing range and freedom of movement. On the other hand, unmanned
aerial vehicles have important drawbacks such as flight (mission) time and payload
insufficiency. In order to cope with these handicaps, there are a lot of studies from
efficient aircraft designs to optimized flight path plannings in order to increase flight
time and payload capacity or diversity. Based on these improvements, UAVs have been

gaining significant popularity in various application areas.

From the beginning of the 1900s to 1950s, UAVs were generally used as shooting
decoy in military personnel training. After World War II, the U.S. Air Force started
a new program with intent to use unmanned aircraft in Intelligence, Surveillance
and Reconnaissance (ISR) missions [5]. Despite having high loss rate and limited
survivability according to most manned aircrafts, the unmanned aircrafts were actively
used in the ISR missions since they are cost efficient. Also, taking the risk of losing an
unmanned aircraft is more acceptable than losing pilot with manned aircraft in terms

of both cost and losing trained personnel.

The 21st century has been brought more application areas to unmanned aircraft world.
At the beginning of the 2000s, UAVs are weaponized and used to strike critical enemy
targets in military operations [6]. Currently, armed unmanned aerial vehicles have been
used actively in service by some countries such as the USA, China, Turkey and being

developed by many others [7].

With the beginning of the 2000s, another massive development of the unmanned aerial

systems is civil and commercial applications. Particularly, the innovations on UAV's



bring new aspects of usage and the technological developments make cost-efficient and
reliable UAVs or drones possible. As a result of research and development studies on
UAVs, many utilization opportunities show up from logistics to aerial photography [8].
Therefore new solutions are developed with the utilization of the UAVs and proposed
in order to solve some generic problems such as search and rescue problems by adding
more sensing capabilities to UAVs [9], [10] or wildlife tracking problems [11], [12],
[13].

1.1 Motivation

Currently, the search and rescue operations are mostly performed using airplanes
and helicopters. However, the utilization of the human controlled aircrafts has some
operational risks and significant cost [14]. For this reason, the UAVs can be utilized
particularly in the searching stage of the search and rescue operations. Since they
require less operational cost than the human controlled aircrafts, it is possible to
perform more cost efficient searching operations. Also, they have more acceptable
operation risks and they are more preferable in the bad weather conditions with proper
UAV type instead of risking a human controlled aircraft. The work presented in this

thesis contains the utilization of the UAVs in the search and rescue operations.

One of the main objectives of the search and rescue operations is the localization of the
searching target. Based on the sensing and payload capability of unmanned aircraft,
many methods are developed with utilization of the related hardware equipment.
One of the most preferred methods is vision-based methods by using onboard visual
or thermal cameras (e.g., IR cameras) [15], [16], [17]. However, the vision-based
methods become infeasible in the perspective of computational cost and searching
time particularly when the searching area is large. In such a scenario, the searched

area must be maximized in a short time period due to the flight time of the UAVs.

Another approach in the localization of the searching target is using RF signals as the
RF signals can be propagated to kilometers away. The systems relies on RF the signal,
have two main sides such as transmitter and receiver. In these systems, the searching
target or signal source usually represents the transmitter and UAVs receives this RF

signal with onboard RF measurement units.



1.2 Literature Review

In the RF-based localization, current approaches are separated from each other in
terms of some key aspects such as the utilization of the RF signal and the preferred
techniques to estimate the position of the RF source. One of the most important key
points in the RF-based localization is the obtainment of the raw signal data based on the
preferred type of sensor. The first option is the measurement of the arrival time of the
RF signal using time measurement sensors. Using the time measurements, time-based
methods are proposed to locate the RF signal. These methods have similar working
principle as the Global Positioning System (GPS). Since the radio waves propagate
at the speed of light, the distance between receiver and transmitter can be estimated
using the time information of the RF signal arrival. Based on this concept, one of the
leading techniques is the Time of Arrival (ToA) localization technique which relies
on the arrival time of the RF signal which travels from the RF source to at least 3
reference receiver points [18]. Although the TOA technique offers highly accurate
localization results in theory, it is hard to ensure the time synchronization between the
source and the receivers in the real world applications. To overcome this drawback, the
Time Difference of Arrival (TDoA) technique, which is similar to ToA, is presented.
This technique uses the time differences between the detection of the RF signal at the
synchronized receivers [18]. Also, the source doesn’t have to be synchronized with the
receivers which makes TDoA more feasible than ToA in the real world applications.
Based on this technique, there are some studies about the RF-based localization in both
indoor [19] and outdoor applications [20]. However, the synchronization requirement
between the receivers becomes a very important issue particularly in the long-range
UAV applications where there are communication constraints between them. Also,
the line-of-sight (LOS) condition between the source and the receivers has another

important effect on the TDoA localization results [19].

Another option is the estimation of the bearing angle or the direction of the RF signal.
The localization of the RF sources with direction based approach is highly popular
both indoor [21], [22] and outdoor applications [11], [13]. This concept is also called
as direction finding problem which can be considered from different perspectives.
Preferred direction finding technique is generally correlated with the used hardware

equipment mounted on the UAV. Using a group of mounted antennas and the phase



difference of the received signal, a common direction finding technique is called as
pseudo-Doppler direction finding is presented. This technique is implemented on
UAVs with a constellation of four rapidly switched onboard antennas to measure the
line of bearing [23]. In addition to that, it is possible to estimate the bearing angle using
the polarization property of the directional antennas. As the antenna gain is higher in
the direction, where the antenna is pointing at, the received signal strength will also
be higher in that direction. Therefore, change on the received signal strength can be
used in the bearing estimation. This technique is applied on both ground [21], [24] and
aerial robot applications [25], [26]. Realization of the bearing estimation is generally
performed using multiple antennas. Furthermore, some researchers have studied about
the estimation of the bearing angle using yaw control of a quadrotor [22]. In this case,
the quadrotor keeps rotating at a constant altitude and estimates bearing angle using
signal strength measurements from a directional antenna. The constant rotation of the
quadrotor removes the requirement of using a gimbal mechanism to rotate the antenna.
However, this makes the control loops more complicated and limits the translational

movement and range of the quadrotor.

The most important drawback on the direction based approaches is the error becomes
bigger when the distance between the RF source and the UAVs are large if the direction
finding system has lower precision [27]. Also, some works showed that long time
might be required to make a single bearing estimation [13]. This makes the mission
planning and the flight time of the UAVs more important in the search and rescue
applications. Therefore, the optimization of the searching path planning is also another

addressed problem in the literature [11], [28], [29], [30].

Received signal strength is used not only to estimate bearing angle, but also to estimate
the distance between the RF source and the UAVs. In theory, the distance can be
calculated using the RF propagation principles with knowledge of some parameters
such as signal frequency, transmitter power etc. However, the RF propagation is a
complex phenomenon and highly affected by the environmental conditions [2], [28].
Further, this complexity makes the modeling of the RF signal propagation harder if
the environment is complex. In order to cope with the hardness of the modeling
issues, a base path-loss or propagation model is utilized and improved with generally

experimental measurements [31]. The irregularities of the RF signal propagation can



be added to the model as additive noise in Gaussian, Rayleigh or Rician distribution
[32]. Also, the optimization of the measurement hardware is another addressed issue

to get unique signal strength measurements from corresponding distances [33].

On the other hand, some researchers prefer signal strength mapping technique instead
of using strength modeling in the literature. This technique is also called as scene
analysis or RSS fingerprinting and consist of two main stages such as the offline and the
online phase. In the offline phase, the RSS values are measured from known distance or
positions and a database is generated based on these measurements. These values are
compared to new RSS measurements in the online phase and each new measurement is
assigned to the closest known distance or positions. Some examples of this technique

can be found in outdoor GSM applications [34].

In the RF-based localization, the most common challenge is noisy measurements.
Independent from the preferred RF sensing technique, the RF signal measurements
are mainly suffered from the environment and the process noise. This reality makes
the usage of the conventional geolocation techniques such as trilateration infeasible
to locate the RF source due to huge localization errors [3]. Therefore, the filtering
techniques have an important role in the proposed localization studies to minimize
the localization error with proper sensing models. In the literature, Bayesian filters
are the most popular filtering/estimation technique to perform the localization. There
are many presented works that use Kalman filter (KF) [35], extended Kalman filter
(EKF) [36], [37], unscented Kalman filter (UKF) [31], [36] and particle filter (PF)
[22], [25], [12].

1.3 Thesis Contribution

In previous works of the author, some solutions are presented on the basis of different
search and rescue problem conditions. The first work was about the localization of
the RF emitting targets using multiple UAVs in the case of the transmitter power of
the RF signal is an unknown parameter [3]. Trilateration results for a set of possible
transmitter powers were analyzed based on the RSS measurements obtained from three
UAVs. Then a neural network model was used in order to classify the transmitter
power of the RF emitting target. Using this info, the position of the RF emitting

target was estimated with a combined solution consist of the trilateration and the
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EKF. In another work, the localization of an RF source was performed using only
one UAV and PF. The measurement model of RF signal strength is improved using
experimental measurement tests. Also, an antenna model is developed to get more

realistic simulation results [2].

This thesis concentrates the conceptual approach behind the proposed solution tested
in the previous work to solve the searching and localization problem [1]. Before
performing the localization, the RF signal strength measurement technique is described
in detail. Based on the RF signal strength, PF and EKF based position estimation
methods are used together for single and multi-UAV cases. Also, from the localization
algorithm to complete hardware and software architectures are given more detailed.
With intent to perform realistic simulation tests, the SIL system is improved and its
more generalized version is also presented with the development process. Algorithms
and components of the whole localization system is discussed and reconsidered in the
perspective of the search and rescue problem. This thesis does not include the testing of
the algorithm since the experimental testing has already given in the previous work [1].
Except that, only SIL tests are performed and the results are given in order to provide

the verification of the presented architecture.

The proposed work in this thesis has a hardware architecture which consists
of completely commercial-off-the-shelf (COTS) devices and it is supported with
distinctive software architecture. As a result, an efficient, easy to use searching and
localization solution to solve search and rescue problems with UAVs is proposed in

this thesis.

1.4 Problem Assumptions

The problem discussed in this thesis is defined under some assumptions and the
solution is presented with considering defined problem. First of all, the searching
environment is n X n km? area with flat terrain (0 < n < 10). Therefore, the target
and the UAVs have always clear LOS. The searching target is stationary and emits
the RF signal using a handheld radio. Although the exact propagation frequency is
unknown, the lower and upper bounds of propagation frequency band is known and
the propagation band is in the Very High Frequency (VHF) band (30-300 MHz). This

is the only knowledge about the searching target. Also, it is known that there is no
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Figure 1.1 : Visual representation of the defined problem.

other active RF source at VHF band in the searching area. In addition to that, the
autonomous UAV system consists of three fixed wing UAVs and each UAV can only
gather the RF signal strength by onboard measurement sensor. However, the onboard
sensors have predefined measurement range. The visual representation of the problem

is given in Figure 1.1.

1.5 Organization of Thesis
The rest of the thesis is organized as follows.

Chapter 2 presents the RF signal strength measurement technique with the frequency
detection algorithm and signal measurement hardware. Also, the modified signal
propagation model which is developed based on the free-space propagation model and

the experimental tests, is given.

Chapter 3 introduces the position estimation methods attempted in this thesis. In
addition to that, the complete localization algorithm to solve search and localization

problem is presented.

Chapter 4 describes the developed SIL environments to test the localization algorithm

with detailed software models.

Chapter 5 presents complete architecture to perform proposed localization algorithm.

The hardware and software architecture is given with the preferred UAV platform.



Chapter 6 concludes the thesis and gives the insight about future work.



2. MEASUREMENT OF THE RF SIGNAL

Measurement of the RF signal propagated by the RF source is one of the most crucial
stages in the localization. Since the RF signal does not carry extra information and it
is assumed that the UAVs can only gather the raw RF signal, the transformation of this
raw signal to more convenient information is highly important. Also, the definition of
the search and rescue problem brings the requirement of a frequency detection system.
In this chapter of the thesis, developed frequency detection and RSS measurement
technique is presented with hardware details. Furthermore, conversion between the

measured RSS and the distance between the UAVs and the RF source is explained.

2.1 RF Measurement Hardware

RF signal measurements are performed using commercial-off-the-shelf (COTS)
software defined radios (SDR). Although there are many commercially available
SDRs, RTL-SDR V3 is used to measure signal strength due to its low-cost (<$ 25
USD) and lightweight (< 50 g) advantages. Also, there are some open-source libraries
available written in C and Python programming languages which makes this device
easy to use. RTL-SDR devices have the RTL2832U chipset which originally designed
as a Digital Video Broadcasting-Terrestrial (DVB-T) module.

RTL-SDR.COM

ot QUICKSTART SETUP GUIDE: RTI-SBR.COM/USE
| DVB-T+DAB+FM+SOR
RTL2832U RE20T2 TCXO+BIAS T+HF

Vi

Figure 2.1 : RTL-SDR v3.



In addition to the chipset, it is possible to access raw I/Q (in-phase and quadrature)
data by a proper tuner. RTL-SDR devices have different tuner options which change
some specifications of the device such as frequency range. The RTL-SDR V3 has
Rafael Micro R820T tuner dongle and 24 - 1766 MHz operating frequency range.
Although it provides maximum 3.2 MS/s (mega samples per second) sample rate, in
other meaning 3.2 MHz scanning bandwidth, the device has instability issues after 2.4

MHz bandwidth [38].

In order to measure RF signal strengths, each of the UAVs was equipped with an
RTL-SDR V3 connected a Raspberry Pi 3 B+ via USB connection. An omnidirectional
antenna is connected to each RTL-SDR V3 devices via their SMA connector. An

example of the RTL-SDR V3 is shown in Figure 2.1.

2.2 Frequency Detection Algorithm

The RTL-SDR V3 provides raw I/Q data which is a complex signal consists of an I
signal in cosine waveform and Q signal in sine waveform. These two signals have
the same frequency but they have 90° phase difference between each other. Since it is
already a complex sinusoid, its sine and cosine components that have opposite signs
will cancel each other in the frequency domain. Therefore, Fast Fourier Transform
(FFT) of measured I/Q data will have one peak in the frequency domain. Using
the FFT, a searching method is developed based on the frequency spectrum analysis
with overlapping searching intervals in the lower and upper bound frequencies of the

propagation band.

At the beginning of the frequency detection, the propagation band is split into small
(<2MHz) sub-bands. While passing from the previous sub-band to the next one, the
center frequency of the sub-band is shifted by half of the sub-band size. Thus, it is
ensured that the measurement of the signal is performed twice by shifting with half
of the sub-band size in sequential scanning. At each searching sub-band, the FFT is
used to get the frequency response of the measured raw RF data and the maximum
amplitude with its corresponding frequency bin is saved in a list. At the end of the
searching process, if the found frequencies that belong to the largest two amplitudes

are the same, it is decided that the frequency of the RF emitting target is found and the
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Algorithm 1 Frequency Detection

. procedure FREQScAN

1
2 initialize()
3: repeat
4 windows|] « divide(frequencyBand)
3 for i=1to lenght(windows[]) do
6: spectrum «— abs(fft(windows|[i]))
7: Iss ¢ max(spectrum)
8: freq « frequencyof(rss)
9: list(Freq,RSS) « freq.rss
10: sortHighestAtEnd(list. RSS)

11 until list. RSS(end).Freq # list. RSS(end-1).Freq
12: return list. RSS(end).Freq

Figure 2.2 : The algorithmic representation of the frequency detection process [1].

frequency scanning process is terminated. The detection process is given in the Figure

2.2.

Figure 2.3 depicts an illustration belongs to a frequency detection test. In this
test, the frequency of the RF signal is assumed in 136-155 MHz frequency band.
This propagation frequency band is divided into sub-bands and the bandwidth of
the sub-bands is set as 2 MHz based on the stability issues of the RTL-SDR V3 in
bandwidth over 2 MHz. The frequency response of each sub-band is shown as different
colors and the maximum amplitudes belong to each sub-band is also shown. As it can
be seen in Figure 2.3, the frequency of the RF signal has the highest amplitude and it
is detected twice by the result of the frequency scanning algorithm.
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Figure 2.3 : An illustration of a frequency detection test.
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2.3 Signal Strength Calculation with Detected Frequency

The RTL-SDR V3 provides raw 1/Q data which is not an appropriate data type to
use in RF-based localization. For this reason, the preprocessing on the measured
RF signal data is required before using it. As it is described in Section 2.2, the
amplitudes of the frequency spectrum can be calculated via FFT. On the contrary of the
frequency detection process, the measurement bandwidth of the RTL-SDR is selected
as a narrower band to eliminate the signal interferences and harmonic effects of the RF

signal.

At the beginning of signal strength measurement, the center frequency of the RTL-SDR
is set as the detected frequency from the frequency detection. At each measurement,
the amplitude values of the frequency response are converted to log scale. Also, the
amplitude of the sample in the middle of the frequency spectrum is compared with a
threshold which is determined based on experimental RF measurement tests to identify
whether the received signal is under the noise floor or above. If the amplitude value
is higher than the threshold, the value of the maximum amplitude and its neighbors
are averaged to get rid of the effects of centered frequency sampling errors. If the
amplitude value is greater than the threshold, this amplitude value is defined as an
acceptable one. Otherwise, the obtained signal strength values are marked as noise
floor values of the spectrum. The aim of this decision process is gathering reliable
signal strength measurement to use in position estimation. The spectrums of RF
measurement tests when the RF signal source is active or passive are shown in Figure

2.4.

2.4 Obtaining Distance from RF Signal Strength

RF signal strengths can be converted to the distances between the RF source and the
UAVs using signal propagation models. In theory, the path loss of the RF signal
while traveling from the transmitter to the receiver can be calculated based on some
parameters such as transmitter power, propagation frequency, distance etc. Using the

free space path loss model, the mathematical representation of the received power at
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Figure 2.4 : Frequency spectrum of measured RF signal for 500 measurement steps
whether RF source is propagating (red) and not propagating (blue).

the receiver antenna can be described as follows [39]:

P,G,G,A?

P.= ”Tr 2.1)
4med?

where d is the distance between the receiver and the transmitter, F; is the transmitter

power, P, is the received power, A is wavelength, G; and G, are the transmitter and the

receiver antenna gains. Using Equation 2.1 (also called as Friis Transmission Equation

[39]), the distance between the receiver and the transmitter can be found as follows:

(2.2)

5 T

Friis Model
+ Measurement

RSSI (dBm)

-50 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400
Distance (m)

Figure 2.5 : Comparison of received signal strength values from experimental results
and theoretical free-space model with respect to distances [2].
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However, the free space path loss model assumes that the environment is a free space
environment and does not consider some effects such as multipath fading, shadowing

or ground reflections [40].

As described in Section 1.4, the searching environment is assumed as flat terrain and
have a clear LOS. In addition to that, the previous works show that the problems and
complexity of RF propagation modeling [28], [2], the free space path loss model is
selected as a base model, then it is modified with experimental RF measurement tests
and the modified version is given as follows:

P.G,G\?

Pr(d, My, M) = A

M+ M, 2.3)

where M| and M, are modification factors.
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3. SEARCHING AND LOCALIZATION OF THE RF SOURCE

Depends on the RF measurement technique, the position of the RF target can be found
using geolocation techniques such as trilateration, triangulation etc., with multiple
measurements from reference points. However, these deterministic methods are not
sufficient to locate the RF source due to noise characteristics [2], [28]. In this chapter
of the thesis, starting from trilateration which is one of the deterministic methods,
developed approaches depending on the number of the UAVs are given using recursive
state estimation techniques such as EKF and PF. Finally, the four-stage searching and
localization algorithm is presented including the searching of the area with offline

generated trajectory, the PF and the EKF based estimation stages.

3.1 Deterministic Localization Using Trilateration

Using geometry, the position of an object can be calculated with some known
information. Trilateration is an old geometric method and relies on the relationship
between 3 or more known reference points and their distances to the target
object. Normally, 3-dimensional trilateration requires at least 4 measurements [41].
Nevertheless, the restricted version of the trilateration method was used in the early
stage of this thesis. To simplify the problem, it was assumed that the UAVs are flying at
the same constant altitude and the target is positioned on a 2-dimensional surface. This
assumption allows finding position of the target with 3 distinct measurements [42].
This methodology is depicted in Figure 3.1 with the temporary cartesian coordinate
system. The origin of the new coordinate system defined at the position of the first

UAV and the second UAV is positioned on the x-axis.

Based on these modifications, a set of formulas is given as follows to find the position

of the target:
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Figure 3.1 : Applying trilateration method with modified axes [3].

predefined paths.

e,=(Pr—P)/||P,—Py,
a=e(P;—Py),

ey = (P3 —P1 —aex)/||P3—P1 —anH,

€, = € X €y,
d=|Py—P,
b:ey(P3 —Pl),

Xnew = (D} —D3+d?) /2d,
Ynew = [(D] — D3 +a* + b*) /2b] — (axXnew/b),
Znew = \/| D% _x%ew _y%ew |7
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UAV; where k = 1,2,3, e,, e, and e, are the basis unit vectors.

3.1
(3.2)
(3.3)
(3.4)
(3.5)
(3.6)
(3.7)
(3.8)
3.9

(3.10)

where Py is the position vector of UAV, and Dy is distance between the target and

The trilateration technique is implemented on simulation with 3 UAVs following their

Based on the measurement test, additive Gaussian white noise

(AWGN) is applied to the signal strength measurements.
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One of the simulation results is given in Figure 3.2 where blue points represent
consecutive positions of the UAVs at each simulation step, red points represent

trilateration results and the green point shows the real position of the target.
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Figure 3.2 : Effect of high magnitude noise on trilateration.

Figure 3.2 depicts that the noise effect on the trilateration results. Since trilateration is
a pure geometric method, it is highly sensitive to dramatic changes on measurements.
In this example, the localization error can reach 5-6 km at some simulation steps for a
10 x 10 km simulation area. Therefore, using trilateration alone is not enough to locate

the RF target effectively.

3.2 Localization Using Recursive State Estimation

The results of early works in this thesis and some works in the literature indicate the
necessity of state estimation methods with proper system models. The main idea
behind these methods is the estimation of the state variables from the data. Based
on the probability theory, the state estimation algorithms compute belief distributions
which are the posterior probabilities over state variables conditioned on the available

data. Belief over a state variable x; can be denoted as [4];
bel(x:) = p(xt|z1:0, 1) (3.11)

where 77, 1s the past measurements and u;.; is the past control inputs.
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3.2.1 Bayes Filter Algorithm

Bayes filter algorithm is the most generic algorithm to calculate belief distribution and
consists of two main stages. In the first stage, the state is predicted at time ¢ from the
previous state posterior, before incorporating the measurement at time #. This stage is
generally called as the prediction stage. The second stage of the Bayes filter algorithm
includes calculation of the final belief at time ¢ using the current measurement and this
stage is also called as the correction or the measurement stage. These two stages take
part in most of the state estimation algorithms generated from the Bayes filter algorithm
such as Kalman filters. The pseudo-algorithmic form of the Bayes filter algorithm is

given in Figure 3.3.

Algorithm 2 Bayes filter.
1: procedure BAYESFILTER

2: for all x; do

3: bel(x,) = [ p(x; |uy, x,_1)bel(x,_,)dx
4: bel(z;) = n p(z |x¢) bel(x;)

5 end for

6: return bel(z,)

Figure 3.3 : The algorithmic representation of the Bayes filter algorithm [4].

3.2.2 Position Estimation Based on Extended Kalman Filter

In the literature, the Kalman filter is one of the most studied Bayes filter
implementations and represents belief distribution by the mean and the covariance for
Gaussian systems [4]. Since the measurement model is not a linear model, extended
version of the Kalman filter which is called as extended Kalman filter is used for this
nonlinear problem with Gaussian assumption on RF signal uncertainty [3]. As the
target is assumed as a stationary target, the filter states consist of the position of the

target:
Xiv1 = fiu(Xi) = AX, (3.12)

where X represents the state of the filter X; = [x, yx, zx], and the position of the target
is in cartesian coordinates. The measurement model gives the distance between UAV's

and the RF emitting target. The location of UAV is obtained from onboard inertial
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navigation system (INS) in practical implementation of this method.

=\ Gt =302 + Ok =902+ a — 202, (3.13)

where x,i, Vi, Zur are position of kth UAV and ry is distance between the RF source

and krh UAV. The Jacobian matrix can be calculated from this distance equation:

dry Iy dry =) uy) (zur—2)
dx dy dz " " "
H, = % % % — | _ (Xuz *x) _ ()’MZ*}’) o (ZuZ*Z) (3 14)
k ox dy Jz ) [ r .
% % % _ (xu3 —X) _ (y”3 _y) _ (Zu3 _Z)
ox dy dJz r3 r3 r3
D,
Ziy1= | D2 (3.15)
Ds

Measurement matrix Z; | includes the distance values D, D;,D3 for each of UAVs

are calculated with the distance equation. The EKF update equation is given as:
Xit1 = X + Ki1[Ziv1 — Hie1], (3.16)

o3 0 0
Re=|0 o3 O (3.17)
0 0 op,

Where K}, is the gain matrix and Ry is the covariance matrix of the measurement
noise computed by Glz)uk which represents precalculated variances of each distance. It

is important to note that these variances of each distance values are modeled with the

outdoor flight data [1].

In the previous work [3], EKF was initialized with the result of the trilateration method.
However, as the trilateration results are too noisy and faulty, the convergence of the
EKEF algorithm was a little bit problematic. Therefore, the initialization of the EKF

algorithm is supported by another estimation algorithm based on the particle filter for

single UAV.

3.2.3 Position Estimation Based on Particle Filter

The EKF algorithm given in the previous section (Section 3.2.2) requires three
measurements from three UAVs. However, it is important to make the time-efficient
until all UAVs enter the RF signal range. Therefore, a position estimation algorithm

was proposed based on the particle filter in the previous work [2].

19



PF is an alternative non-parametric implementation of the Bayes filter. The posterior
is represented by a set of random state samples drawn from this posterior. The samples

of a posterior distribution are called particles in particle filters.

The procedure of the position estimation using PF is given as follows in detail [2].

1. At the beginning of the estimation, all the particles x; are uniformly distributed into
the field in front of the UAV according to its heading angle and their initial weights

are equal to each other.

wil = 1/Nyn=1,2,...,N, (3.18)
[] [n]

where n-th particle at time ¢ is shown by x; ', and its weight is shown by w; .
Also, N, represents the total number of the particles which is equal to 2500 in this
application. This number of particles do not cause too much work load for the
processor. It is needed to be 2500 or more in order to keep the density of particles

high enough for operating in such a large area.

2. Iterations for 0 < t < Tyrival, € Z wWhere Tyyival represents the time when all UAVs

receive RF signal.
(a) Sample the particles xtn] from the proposal distribution q(x,["] |xt[n_}1 ,us ), where
u; is the control input which is zero because of stationary RF emitting target.
(b) Update weights wl"],

o PP )
Wt o< szl

OIND G-19)
q(x x5 2)

where z; is the measured signal strength value at time ¢. For proper weighting,
the standard deviation of noise (Ors) on signal strength sensor should be
converted properly to the standard deviation of distance (0;) by using the
signal propagation model as described in Section 2.4. Moreover, to make
estimation more realistic, the measured signal strength values gathered from
outdoor flight tests are used to model and find exact standard deviation of

noise.

(c) Normalize the weights:

NP
wil =Wy Wl (3.20)
n=1
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(d) Resample all particles uniformly according to the weights and replace the
(]

w; - = 0 particles with the new particles derived from weighted particles.

(e) Obtain the result of the particle filter given by,

N[’
x=Y w' (3.21)
n=1

3.3 Four Stage Searching and Localization Algorithm

The searching and localization algorithm proposed in this thesis includes four
consecutive stages which involve elapsed time between takeoff and landing. The whole

process is executed fully autonomous and the flowchart of the process is given in Figure

3.4.

3.3.1 Stage 1: Tracking Offline Generated Searching Trajectory

The first stage is tracking offline path to ensure that at least one UAV enters the RF
signal range. Based on the Figure 2.4, the signal measurement equipment has a limited
range which does not contain all the searching area. Thus, the receiving signal strength
values are limited and only the measured signal strengths above some threshold are
defined as acceptable signal strength. The threshold is specified using experimental
measurement tests. As the searching area is much bigger than this measurement
range, a trajectory is generated offline based on the parameters of the environment
such and the range threshold of the measurement equipment. After generating these
trajectories for three UAVs, the UAVs start to tracking this trajectory until at least one
UAV enters the RF signal range. In addition to that, if a UAV that can receive the
signal in acceptable limits exits the RF signal range, all UAVs are guided to the last
maximum signal strength receiving location. During this process all UAVs scan the

whole frequency band since the exact propagation frequency is unknown.

3.3.2 Stage 2: First Signal Measurement and the Particle Filter Estimation

Initialization

After the first signal measurement above the acceptable limits, the frequency of the
received signal is detected and this process is repeated several times to ensure correct

detection. Using the detected frequency, the signal strength measurement is started and
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PF based position estimation is initialized based on the heading angle of the UAV as
mentioned in Section 3.2.3. This stage is the shortest stage in terms of elapsed time

during the stage.

3.3.3 Stage 3: Particle Filter Based Position Estimation

The first correct measurement of the RF signal triggers the other UAVs to cancel their
searching trajectory and fly over the location of the measurement. At the same time,
the UAV entered the RF signal range is carry out the PF based position estimation.
At each estimation followed by measurement, the waypoint of the UAV is updated
with some delay based on the estimation result. The reason of delayed guidance is the
prevention of the effects of the unstable estimation results. With the delayed update, the
system act as a low pass temporary filter for the target position. Thus, reasonable target
changes, which is suitable for smooth trajectories, can be obtained. As a consequence,
the localization duration is extended with this delay. However, insistent measurements
towards a wrong temporary target while flying a smooth trajectory makes the particle
filter to eliminate the particles causing that wrong estimation. Smooth trajectories meet

the long sampling time requirement which eliminates the effect of noise.

The PF based estimation stage continues until all UAVs enter the RF signal range. In
order to make the elapsed time before the arrival of the third UAV more efficient, two

UAVs work together in the PF based estimation.

3.3.4 Stage 4: Extended Kalman Filter Based Position Estimation

When all UAVs enter the RF signal range, the EKF based position estimation is
initialized using the last estimation performed by the PF. At each measurement, the
EKF estimates the RF source location and all UAVs follow a circular trajectory around
the estimated target position. The main idea behind the circular trajectory is to
guarantee that the UAVs don’t interfere with the signal strength measurements of other
UAVs. Also, this trajectory locates each UAV after the target location in the different
angles at different altitudes, thus the collision between the UAVs can be avoided and

operation is performed safely.

The main reason of using PF and EKF together, make the elapsed time more efficient

until all UAVs enter the signal range. After that obtaining better estimation results
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using EKF from multiple UAVs since each of them fly in three different angles of

the RF source. Therefore, interference on the signal strength measurements can be

prevented. The flowchart of the proposed localization algorithm is depicted in Figure

3.4.
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Figure 3.4 : The flowchart of the proposed localization algorithm.
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4. SOFTWARE-IN-THE-LOOP ENVIRONMENT

The creation of a software simulation environment is one of the most important
development phases not only to minimize possible errors in outdoor flight tests, but
also to test the software modules to be used in the outdoor flight tests. Therefore,
it is important to develop a simulation system including software modules and
the software/virtual models of the hardware equipment. For this reason, two
different versions of software-in-the-loop (SIL) environment are created based on the
visualization type and hardware requirement. These SIL environments are used in the
development of the localization algorithm given in Chapter 3. In this chapter of the

thesis, the developed SIL environments are explained in detail.

4.1 SIL System Version I

Early tests of the localization algorithm were performed using MATLAB/SIMULINK.
However, that simulations were not realistic in terms of both the visualization and
operational reality of the localization system. Since it is planned to control the UAV's
with ArduPlane autopilot in the outdoor flight tests, the SIL system was designed based
on the ArduPlane autopilot [43].

In this SIL system, the UAVs are visualized using X-Plane 10 Simulator and each UAV
runs on different computers. Each simulator runs a UAV model and communicates with
ArduPlane SIL autopilot via Transmission Control Protocol (TCP). The connection
between the autopilot and the ground station is provided by a UAV guidance and
communication script was written in Python. In addition to that, this script emulates
the measured RF signal strength using the free space propagation model with the
addition of high magnitude Gaussian noise. All UAVs (PCs) communicate with the
ground station computer via User Datagram Protocol (UDP) and they are guided by
Mission Planning Software based on the localization results. The architecture of this

SIL system is given in Figure 4.1.
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Figure 4.1 : The architecture of the SIL Version L.

4.1.1 UAV Model, Control and Visualization

In the SIL System Version I, the UAVs are visualized using X-Plane 10 simulation
game [44]. X-Plane 10 includes many detailed aircraft models and allows realistic
simulations with different environmental conditions. In addition to that, the aircraft
flies on the X-Plane 10 can be controlled via both a remote controller (RC) and an
autopilot via TCP/UDP. On the other hand, ArduPlane SIL software is compatible
with X-Plane 10 simulator and this combination promises more realistic simulation

tests.

As can be seen in the Figure 4.1, a UAV instance has three main modules. The
first module of the UAV instance is a UAV model runs on the X-Plane 10. In this
module, the HiLStar UAV model is preferred because of it is a lightweight UAV
model which is given in the Figure 4.2. In order to control the UAV model runs on
X-Plane 10, ArduPlane autopilot is connected via TCP connection. The last module
of the UAV instance is guidance and RF signal strength generation script written in
Python programming language. The first task of this module is communication with

the autopilot via TCP and execution of the path planning outputs coming from the
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ground station via UDP. Execution of commands and data transaction is performed
using Dronekit module which is a Python wrapper for MAVLink message formats [45].
Another main task of the guidance module is the generation of the signal strength
measurements based on the Free Space Propagation Model given in Section 2.4 using
the real location of the simulated target and the location of the UAV runs on X-Plane
10. To get more realistic measurements, additive Gaussian white noise is added on
the generated signal strength value based on the experimental RF measurements. In
this system, each of the UAV instances is running on different computers due to

compatibility and hardware requirement reasons.

Figure 4.2 : HiLStar UAV model flies on the X-Plane 10 simulator.

4.1.2 Ground Station Model

In addition to three computers represent UAVs, a fourth computer is utilized as the
ground station to gather all data coming from the UAV's and guide the UAVs using the
localization results. The ground station model has two main sub-modules developed on
MATLAB. First module, a ground station interface is developed in order to visualize
the location information coming from the UAVs on a map. This module collects the
signal strength values with the location information of the UAVs and shares them with
mission planning software which is the second module of the ground station and runs

the localization algorithm given in Section 3.3.

An image of the SIL System Version I was taken from one of the SIL tests is given in

Figure 4.3. Three UAVs run on three different computers and the coming information
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from the UAVs is visualized both on a map and on Windows consoles in the ground

station computer.

-

Figure 4.3 : An image of the SIL System Version I during a SIL test.

4.2 SIL System Version II

The previous SIL system given in Section 4.1 allows the more realistic simulations
in terms of the visualization and communication. However, this system requires at
least three different computers with high system requirements. In addition to that,
the SIL System Version I requires some preparation time and this makes SIL testing
time inefficient. For these reasons, a second SIL system was developed considering
performance requirements. The main idea of this developing process was the creation
of a SIL system can run single PC and simulates at least 3 UAVs. This idea realized

using three virtual machines running on a host computer.

The SIL System Version II consists of a Windows 10 host computer and three Ubuntu
14.04 virtual machines represent the UAVs. In the experimental flight tests, it is
planned to use Raspberry Pi 3 B+ mounted and connected to Pixhawk autopilot in the
UAV. Therefore, Ubuntu is selected to keep environment similarity as it is a version
of Linux operating systems like Raspbian OS that runs on the Raspberry Pi. Also,
each virtual machine is designed to have ArduPlane SIL connected to Mission Planner
ground station software for 2-dimensional visualization [46]. In addition to that, the

UAV Guidance Script and RF Measurement Model completes all sub-modules of a
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Figure 4.4 : An image of the SIL System Version II during a SIL test.

virtual machine. On the other hand, the host machine has Message Proxy Software
to organize communication between the ground station and the UAV's, Graphical User
Interface (GUI) and Mission Planning Software. The communication between the host
and the virtual machines is provided via UDP communication with port forwarding
technique using network adapter. The whole structure of the SIL System Version II is
depicted in the Figure 4.5. In the Figure 4.4, an image of the SIL System Version II

was taken from one of the SIL tests is given.

One of the most important advantages of the SIL System Version II is modularity as
each UAVs runs on own virtual system. In other meaning, each component of the
SIL environment is isolated from each other. Therefore, this SIL system allows hybrid
flight tests that the real and the virtual UAVs can be tested together. Also, it has much

shorter preparation time than the previous version.

4.2.1 UAV Model, Control and Guidance

A six degrees-of-freedom (6-DOF) RC aircraft model is used as the UAV model and
it is controlled with ArduPlane autopilot. Similar to the SIL Version I, a Python script
is used to provide communication between the UAV and the ground station. Instead of
the X-Plane 10, the ArduPlane SIL is connected to the Mission Planner ground station
software and 2-dimensional visualization of the UAV is performed. Also, Mission

Planner shows many parameters of the UAV in the screen.
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4.2.2 RF Measurement Model

In addition to the visualization difference from the previous version, one of the
most important changes in this version is more realistic RF measurement and signal
generation model. Since the emulation of the frequency detection requires the
generation of the whole spectrum, the RF Measurement Model doesn’t include the
frequency detection stage. In order to emulate the RF signal strength, the modified
propagation model given in Section 2.4 is used. To get more realistic measurement
including RF noisy effects, additive white Gaussian noise (AWGN) is added to the
calculated signal strength with covariance R which is adjusted based on the RF
measurement test results given in Figure 2.5. The generated final signal strength value

can be shown as follows,

RSS, = RSSmodifiedmadel + ,/V(O,R). 4.1)

In RF signal propagation, antenna gains is also important in addition to the RF signal
noise. During the flight, the angle between the UAV and the source is continuously
changing, thus the propagation and receiving gains of antennas will be affected. In
addition to the assumption of the all components have omnidirectional monopole
antennas in the proposed system, it is also assumed that antenna mounted on UAV
is oriented towards the direction of the gravity and the antenna of the RF source
is oriented towards perpendicular to the ground. Practically, the antenna orientation
changes while UAV is in pitch or roll motion. However, it is assumed that the antenna

orientations don’t change depends on the motion of the UAV.

The modeling of the antennas is performed using MATLAB Antenna Toolbox. The
gain of a monopole antenna is calculated as a function of azimuth and elevation
angles of the UAV depending on the RF source antenna based on the physical
characteristics of the antennas used on the experimental tests. Although the gain is
not affected by the azimuth angle, the elevation angle has an effect on it since the
antenna is omni-directional. This relation between the elevation angle and antenna

gain is non-linear. So, this relation is discretized and simplified as a look-up-table
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Figure 4.6 : Relation between elevation angle and antenna gain [2].

function in the simulation stage. The modeled non-linear function and its discretized

approximation are depicted in the Figure 4.6.

4.2.3 Communication Model

The communication between the ground station and the UAVs is provided with a
wireless communication network established using Wi-Fi modems in the real system.
To emulate this communication, a local area network (LAN) is established between
the virtual machines and the host machine using a virtual wireless network adapter
with port forwarding technique. Thus, the virtual machines and the host machine have
unique IP addresses. Using these IP addresses, all message transaction is performed

with socket communication in TCP and UDP protocols.

4.2.4 Ground Station Model

The ground station model used in the SIL System Version II has three main
sub-modules. These sub-modules are exactly the same as the experimental test
software in order to make the SIL simulations compatible with hybrid flight tests. The
first sub-module is the Message Proxy Software written in Python and uses the UDP
communication. Its main task is the reorganization of the received message packets
from the UAVs and it conveys these reorganized messages to the related sub-module.

Thus, it is planned to reduce network traffic by collecting and organizing in one main
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unit instead of listening to data coming from the UAVs in sub-modules separately.
However, some critical commands such as the waypoint commands of the UAVs
generated by Mission Planning Software is sent directly to the UAVs without using

an intermediary software.

The other sub-module of the ground station model is the Graphical User Interface for
monitoring the status of the UAVs and controlling mission process and it is shown in

the Figure 4.7. The GUI is designed in MATLAB and it has 6 main parts such as:

1. Interface control tab: Interface start/stop and tracking the connection status with the

UAVs.

2. UAV guidance tab: Setting a click-and-go mission or fully autonomous search and

rescue mission for a selected UAV or for all UAVs.

3. Video streaming tab: Start/stop the video stream for the selected UAV (This tab
is active only the real flight tests since the SIL system doesn’t include any video

streaming simulation).

4. RF measurement control tab: Monitoring the RF measurement modes of the UAVs,

the frequency detection results and instantaneous signal strength measurements.

5. Map screen: Visualize the locations of the UAVs, the estimated location of the target

on the map.

6. Interface termination and date information tab.

The last but not least part of the ground station is the Mission Planning Software
sub-module which is the MATLAB implementation of the Four Stage Searching
and Localization Algorithm given in the Section 3.3. This sub-module includes
whole autonomous mission management during the elapsed time between take-off and
landing of the UAVs. Within that period, the Mission Planning Software is responsible
to manage the UAVs to accomplish all stages of the searching and localization
algorithm including the searching of the area and the position estimation of the RF

source.

33



"goejIou] Jos) [eoydern) : £y dangi|

ﬁu:gmaq
5062 SP0°6T P62z SE0'62 €062 Sz0'EE 206z SH0'6E ez 500'6% ;4
. : 2|BOOEyT *IDIEHOI0 Snai; S3ND 8100 ebew ] 7 4" 0 d 8pOW 4 aBuBLD

dois 3y pEIS Iy

I o

ZHi %4 baiy

i veoLv

@ nd apoly
£ SjusLaINSEap 4y

B0y
apop Jy sbueyn

dois 4y HELS dd

. -

ZHI OF ) baig
2014 m
{ W (2 md apo
ﬂ % Z sjuswinsesy 4y
B oL
¥ spop Ju sbueys
SOl Ly dojg 4y Yels 4d
; m
[
P oo o ZHIN OV baig
) W apow
| sjuswaJnsesp 4y
(1584 -H.n
0
AN (2HIW) Aousnbaigles
m._. sBumyes Aouan w«tu -
Zr65GL uonsod a0 195 I omle AN Wodfepies EAVN® e - .
e H ZPEEZO6EZ 1LGEOL 1Y I onl Z AN O R N IdO MO uolIauLoD MO uoiaauIeD %O UoBUeD 177 Yosau 11
# ) s0d 123190 11 oni L AN@® 1 s e | AYAOTT ino®, UOLOBLLID £ AV uonosuOD Z AWA voussuaos  nvir [

0 wadoys ! mn Buissaoalg/uieans abeu|’ i sBunjsg juiodiep) SMIEJS UORIBULOD
7 X = uoners punoin Dy Nl [#)




S. COMPLETE SYSTEM ARCHITECTURE AND VERIFICATION OF THE
ALGORITHM ON THE SIL TESTS

The methodology of the proposed solution is explained in previous sections from RF
signal analysis to the theoretical explanation of the position estimation. In this chapter
of the thesis, the implementation of the methodology is given in terms of both hardware
and software. In order to verify the proposed searching and localization algorithm,
the hardware details such as UAV platform, avionics architecture and the software
implementation with full software architecture is given in this chapter. Since this thesis
includes only the background of the previous work [1], the flight tests are not a part of
this thesis. However, some of the RF measurements tests and its results are proposed

to support the RF signal measurement approach which is given in Chapter 2.

5.1 UAV Platform and Hardware Architecture

The selection/design of the UAV platform is one of the most critical parts of the
searching and localization applications as the utilization of the UAV directly affects the
flight time. It is very important that the UAVs can fly as for as long as possible due to
the uncertainty of the searching time to find the target. Therefore, a gasoline-powered
UAV platform is preferred to carry proper payload over long flight time under the
unfavorable weather conditions. Three Aeroworks 20cc-30cc Trainer GT ARF-QB
UAV platforms were used in the experimental tests [47]. Figure 5.1 depicts an image

of the UAV platform and Table 5.1 indicates its specifications.

Table 5.1 : Specifications of the Aeroworks Trainer GT UAV platform.

Wingspan 223 cm
Wing area 0.85 m*
Fuse length 187 cm
Take-off Weight S4kg
Engine 22 cc
Elevator movement up/down 410 mm
Ailerons movement up/down +6 mm
Rudder movement right/left +15 mm
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Figure 5.1 : The gasoline-engine UAV platform used in the tests.

Considering the maximum weight of the UAV for take-off and the requirements of the
search and localization algorithm, an avionics architecture is developed which consists
of mostly COTS devices and it is given in the Figure 5.2. The architecture simply
has three main parts. The power avionics consisting of batteries and regulators is the
first main part. The second part is the flight avionics which includes the required
components for a healthy and stable flight. As mentioned in the previous sections, the
Pixhawk with ArduPlane autopilot was used to perform autonomous flights and the
low rate telemetry connection between the ground station and the autopilot is provided
by the RFD900x radios. The power and flight avionics are basic proportion of the
architecture since they are essential for normal flight. The last but not the least part is
the mission avionics consisting of the RF measurement sensor, the mission computer
and wireless radio for high-speed communication. As it is given in the Section 2.1, the
RTL-SDR V3 was used to measure the RF signal. In the designed architecture, it is
connected to the mission computer which is a Raspberry Pi 3 B+ single board computer
and Linux based Raspbian Stretch operating system runs on the mission computer. In

addition to the RTL-SDR V3, the mission computer is also connected to a Raspberry
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Pi Camera Module V2 to stream live video to the ground station. A Bullet M5 Wi-Fi
modem is utilized to provide high rate communication between the mission computer

and the ground station.
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Figure 5.2 : Avionics architecture of the UAVs.
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5.2 Software Architecture

The software architecture of the proposed solution is presented in Figure 5.3 and it can

be summarized under two groups: the UAV software and the ground station software
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Software Software |
J
(1)
Ground ( ] ) ~ CEs l
Station E Z . igna
Computer ource

Message Proxy Software

Graphical User I Mission I Video Receiver

Planning

Interface (GUI) Software
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Figure 5.3 : Software architecture of proposed solution.

5.2.1 UAV Software

According to the proposed searching and localization solution, each UAV is
responsible to perform three main tasks. The first of these tasks is to provide high rate
communication between the Pixhawk autopilot and the ground station computer. This
task is assigned to the flight management software in the mission computer. The flight
management software is a script written in Python and it takes the current position

and orientation information from the autopilot and sends this information to the GUI
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using the USB connection between the mission computer and the autopilot. Since the
Pixhawk autopilot uses the MAVLink message protocol, it is required the transform
messages into proper message format. However, MAVLink message protocol has long
and complicated message frame and this makes the development process a little bit
harder especially during the implementation of different messages. To simplify this
process, the Dronekit library was used to wrap MAVLink messages in Python as it
is referred in the SIL system. Likewise, the received waypoint commands from the
ground station are sent to the autopilot using this software. UDP socket communication

is used to communicate the flight management software with the ground station.

Another task of the mission computer is frequency detection and signal strength
measurement using the RTL-SDR V3. Given solutions for detection and measurement
problem in Section 2.2 and 2.3 are implemented as RF signal measurement software in
Python. Accessing to the RTL-SDR V3 is carried out using Pyrtlsdr Python wrapper
over USB [48]. Similar to the flight management software, the RF signal measurement

software is also communicates with the ground station via UDP.

The last task of the mission computer is live video stream to the ground station. As it
is given in the previous Section 5.1, a Raspberry Pi Camera Module V2 is connected
to the Raspberry Pi 3 B+ with CSI connection. To stream video, a video sender script
is written in Python and in order to capture images from the camera module, Picamera
Python library is used [49]. Using socket communication, captured images from the

camera are streamed to the ground station in the MJPEG format.

5.2.2 Ground Station Software

Monitoring the UAVs is a very important task in the flight mission. In this point, the
ground station design becomes very important. Therefore, modularity and robustness
are taken as the main purpose in the design stage of the ground station software. Also,
it is considered that the ground station design is independent from the UAV's to make
hybrid flight test possible with virtual and real UAVs. For this reason, the ground
station software is the same as the ground station in the SIL Version II given in the
Section 4.2. The only exception is the ground station used in the real tests, has video

receiver software to receive video streams from the selected UAV.
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The ground station software includes four main software modules and the first module
is the message proxy software which is written in Python and it is responsible to
arrange message traffic between the UAVs and the ground station. The reason behind
this structure, it is hard to control and monitor the divided message communication
into different ports in socket communication. Therefore, a message proxy software
is developed to receive periodic messages from UAVs and transfer them to related
software modules. On the other hand, the waypoint commands is directly sent from
the mission planning software to the UAVs in order to prevent delays on critical

commands.

Status of the UAVs and the mission process is monitored in the Graphical User
Interface which is designed in MATLAB and depicted in 4.7. The GUI used in the
real tests, is exactly the same as the GUI in the SIL Version II. In addition to the
SIL System, the video streaming control from the selected UAV is possible in the real
flight tests. The GUI allows the waypoint commands sent from the mission planning
software and it is possible to remove or addition selected UAV to the autonomous
mission process from the GUI. The mission planning software is also written in the
MATLAB and it is basically the implementation of the algorithm given in the Figure
3.3.

As it is mentioned above, the last part of the ground station software is the video
receiver software which is the equivalent to the video sender software in the UAVs.
Using this software, received MJPEG stream is parsed and shown in the ground station

computer screen.

All software modules of the ground station are separated and communicates with each
other with UDP protocol. In this way, the ground station has a modular structure
and a problem on one of these softwares, does not block the whole ground station
functioning. As a result, it is planned to design reliable and redundant ground station

architecture and to perform the developed search and localization algorithm efficiently.

5.3 SIL Test Results of Four Stage Searching and Localization Algorithm

In the SIL tests of the Four Stage Searching and Localization Algorithm, the searching

environment is selected as a 5 x 5 km? area and the range of the RF measurement
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equipment is limited as 1 km. In addition to that, it is assumed that the propagation
frequency is already known since the SIL system doesn’t include the frequency

detection stage.
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Figure 5.4 : Screens of the second and third virtual machines during the SIL test.
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Figure 5.5 : An image of GUI screen in searching stage of the SIL testing.

The whole process of the developed algorithm is monitored using Mission Planner
ground station and developed ground station algorithms. After virtual take-off of the
UAVs, all UAVs start loitering around some arbitrary points. This pre-localization
period is given in the Figure 5.4 which show the screens of the second and the third

virtual machines.

After the initialization stage, the searching of the RF source is started by the Mission

Planning Software. As it is given in the Section 3.3, the environment is divided into
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sub-areas based on the number of the UAVs and each UAV tries to measure the first

acceptable RF signal. This stage is shown in the Figure 5.5.
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Figure 5.6 : An image of GUI screen when the first UAV measure the RF signal
strength in the SIL testing.

When at least one UAV enters the RF signal range, the second stage of the developed
algorithm begins. At this stage, the position estimation with PF is initialized. The GUI

screen of the first measurement is shown in Figure 5.6.
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Figure 5.7 : An image of GUI screen when the PF based position estimation was
being performed in the SIL testing.
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Figure 5.8 : Particles distribution in the PF based position estimation stage in the SIL
testing.

The third stage of the developed localization algorithm is the PF based position
estimation stage. At this stage, the position of the RF source is estimated with PF

using the measurements from the UAVs.
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Figure 5.9 : An image of GUI screen when the EKF based position estimation was
being performed in the SIL testing.
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An image of GUI screen when two UAVs measure the RF signal strength is shown in
the Figure 5.7. The result of the PF position estimation is also shown in Figure 5.7 and

the MATLAB figure of the distribution of the particles is depicted in Figure 5.8.

When all UAVs enter the RF signal range, the last stage of the localization begins.
In this stage, all UAVs measure the RF signal strength, send these measurements to
the ground station and EKF based position estimation is performed by the Mission
Planning Software. Based on the estimated position, a circular path around this
estimated location is calculated and corresponding waypoints is sent to the UAVs. An
image of the GUI screen when this process was being performed is shown in the Figure

5.9.
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6. CONCLUSIONS AND RECOMMENDATIONS

In this thesis, an efficient and low-cost localization solution is proposed to solve the
search and rescue problem based on the RF signal sources and the multi-UAV systems.
Over the last twenty years, unmanned system technologies have shown significant
improvements and the efficiency of the UAVs has increased in terms of both the cost
and the flight time by these technology improvements. Considering the operational
cost, the requirement of qualified human resource and risk factor of the current search
and rescue operations, utilization of the UAVs can be convenient especially in the
searching and localization part of these operations. For this reason, a fully autonomous
architecture is developed to search and localize RF signal sources using multi-UAV

systems.

At the beginning of the work, the RF signal measurement techniques are studied with
the localization techniques. Based upon the RF signals emitted from a handheld
radio carried by the searching target, each UAV is equipped with an SDR device.
Since it is computationally efficient, lightweight and easy to use, RTL-SDR V3 is
mounted on each UAV. Also, there are many open source software compatible with
SDR devices and they are available on different programming languages. Utilization of
these devices and single-board computers on the UAVs, the raw signal measurements
are converted to the signal strength values using signal processing techniques such
as FFT. In addition to that, a frequency detection algorithm is presented based on
the frequency spectrum analysis. Using the developed measurement technique, RF
signal measurement tests are performed and the modified signal propagation model is

presented based on the free-space propagation.

In order to estimate the position of the RF source from signal strength measurements,
the deterministic techniques are studied at first. However, these techniques such as
trilateration do not perform good localization results due to the RF signal noise. For
this reason, the position estimation problem is solved using recursive state estimation

methods. Taking advantage of multiple measurements from the UAVs, an EKF based
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position estimation technique is developed using three distance values obtained from
the signal strengths and three reference position information from the UAVs. This
solution can be applied after three UAVs enter the RF signal range which is determined
in order to measure appropriate signal strengths based on the measurement tests. On
the other hand, the elapsed time during the searching is very crucial in the search
and rescue operations. Also, the flight time of the UAV is limited due to its size and
payload. Considering these points, another position estimation method based on the
PF using single UAV to accelerate the search and localization process. The main idea,
when a UAV enters the signal range, it starts the localization with PF based position
estimation, other UAVs are directed to that signal received area and the localization
can be completed after all UAVs measurements. Using this idea, a searching and

localization algorithm is presented in this thesis.

Before conduct the flight tests, two different SIL testing environments are developed
in order to test the localization algorithm. Starting from a complex environment
design with good visuality, a compact, fast but efficient solution is preferred in the SIL
environment design process. Although the first version proposes good visual quality
with X-Plane flight simulator, it is required at least three different computers with high
hardware requirements. Also, the initialization process takes a long time. Hence, a
second SIL environment is designed in order to make fast and efficient testing possible.
The second SIL environment has more compact structure and it is easier to use. In
addition to that, the second version can run a computer since it uses virtual machines

to simulate UAVs.

In addition to the SIL environment, hardware and software architectures are proposed
in order to substantiate these presented algorithms. The proposed architectures include
the required hardware equipment, the avionics of the UAVs and the implementation of
the developed algorithms. Using these implementations, the SIL tests are conducted

as part of this thesis and the test results are presented.

For the future work, the proposed solution can be extended to more generalized search
and localization problem such as mobile target with improvements. Since this thesis
includes only the conceptual background of the previous work [1], the improvements
can be tested with more experimental tests. In addition to that, the target localization

technique can be supported with vision-based target detection. Since each UAV is
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equipped with a camera, the localization of the target can be improved using computer

vision techniques in the searching and rescue operations.
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