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MEASUREMENT BASED
AIR TO AIR AND AIR TO GROUND
DRONE COMMUNICATION CHANNEL MODELING

SUMMARY

Unmanned aerial vehicle (UAV) has become widespread and has brought various
communication problems. Especially the wireless communication area receiver
and transmitter design is of great importance for UAV-Ground and UAV-UAV
scenarios. Furthermore, powered by the advances in microelectronics technologies,
UAVs provide a vast variety of services ranging from surveillance to delivery in
both military and civilian domains. It is clear that a successful operation in those
services relies heavily on wireless communication technologies. Even though wireless
communication techniques could be considered to reach a certain level of maturity,
wireless communication links including UAVs should be regarded in a different way
due to the peculiar characteristics of UAVs such as agility in 3D spatial domain and
versatility in modes of operation. Such mobility characteristics in a vast variety of
environmental diversity render links including UAV different from those in traditional,
terrestrial mobility scenarios. Furthermore, UAVs are critical instruments for network
operators in order to provide basic voice and short messaging services for narrow band
communication in and around disaster areas. It is obvious that such widespread use
of UAVs under different scenarios and environments requires a better understanding
the behavior of the communication links that include UAVs. In addition to, drones are
emerging as a rapid solution to enable or support communication services in various
scenarios such as sports events, natural disasters, macro base station malfunctions.
Any operation scenario for drones requires a reliable, secure, and resilient wireless
link to guarantee capacity and performance for users, which can only be achieved by
obtaining detailed knowledge about the propagation channel.

Therefore, in Chapter 3, different measurement systems have been tried to be created
for UAV channel modeling, but it has become difficult to obtain measurement based
results due to physical problems arising from UAV and design of mobile measurement
system. In addition, channel measurement systems with Universal Software Based
Hardware (USRP), one of the software based radio devices and challenges will be
mentioned.

In Chapter 4, details of a measurement campaign designed to collect data for
large-scale propagation characterization of air—to—ground links operated by UAV at
446MHz are given. Data collection, post-processing, and measurement results are
provided.

Chapter 5 investigates the large-scale channel propagation statistics for the LOS A2A
drone communications. We conducted a measurement campaign at 5.8 GHz, using
software defined radio based channel sounders and commercially available drones. To
determine the path loss exponent, frequency-based, time-based and time—frequency

XX1



based methods are utilized. Accuracy of the proposed method is verified under
ideal conditions in a well-isolated anechoic chamber before the actual measurement
campaign to verify the performance in a free space path loss environment. The
path loss exponent for A2A wireless drone channel is estimated with these verified
methods.
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OLCUM TABANLI
HAVADAN HAVAYA VE HAVADAN YERE
DRONE ILETISIM KANALI MODELLEME

OZET

[HA’larin savunma sanayisinden turizme kadar genis bir yelpazede kullanilmaya
baslandig1 giiniimiizde, [HA lar arasinda haberlesme ihtiyaci biiyiik nem tagimaktadr.
Buna gore kablosuz haberlesme tekniklerinin de kendisini buna adapte etmesi
beklenmektedir. Kablosuz haberlesme teknolojileri agisindan IHA’larin yayginlagmast
ve bircok yonden daha i1yi ¢oziimler sunmasi, haberlesme alaninda calismay1 zorunlu
kilmistir.  Bu nedenle IHA’lar icin bu anlamda yapilan calismalar son yillarda
hizla artmaktadir. Ozellikle 4G ve 5G teknolojilerinde ve temelleri atilmaya devam
edilen 6G teknolojilerinde, IHA haberlesmesine uygun bir alic1 ve verici tasarlamak
icin THA kanal modellerinin olusturulmas: gerekmektedir. Bu baglamda kablosuz
haberlesme alic1 ve verici tasarimi IHA-Yer ve IHA-THA senaryolari igin bityiik 5nem
tasimaktadir.

Ayrica, mikro elektronik teknolojilerindeki gelismelerden giic alan IHA, hem
askeri hem de sivil alanlarda gozetimden teslimata kadar ¢ok cesitli hizmetler
sunmaktadir. Bu hizmetlerde bagarili bir operasyonun biiyiik Ol¢iide kablosuz
haberlesme teknolojilerine dayandigi agiktir. Kablosuz haberlesme tekniklerinin
belirli bir olgunluk diizeyine ulastig1 diisiiniilebilse de, IHA'nin 3 boyutlu uzaysal
alanda ceviklik ve calisma modlarinda ¢ok yonliiliik gibi kendine 6zgii 6zelliklerinden
dolay1, IHA’y1 igeren kablosuz haberlesme baglantilarina farkli bir agidan bakilmalidur.
Cok farkli gevresel kosullarindaki bu tiir hareketlilik 6zellikleri, geleneksel, karasal
hareketlilik senaryolarindakilerden (Mesela IHA'lar icin) farkli haberlesme baglan-
tilar1 olusturmaktadir. Ayrica IHA, afet bolgelerinde ve cevresinde dar bant haberlesme
icin temel ses ve kisa mesajlasma hizmetleri saglamak amaciyla sebeke operatorleri
icin kritik araglardir. IHA’nm farkli senaryo ve ortamlarda bu kadar yaygin bir
sekilde kullan1lmasinin, IHA’y1 igeren haberlesme baglantilarinin davramiginin daha iyi
anlasilmasini gerektirdigi aciktir. Bahsedilen kullanim sorununun iistesinden gelmek
icin geleneksel strateji, kaynaklarin miimkiin oldugunca sik yeniden kullanilmasidir.
Hiicre bolme, anten boliimleme ve kiiciik hiicre kavramlari, mevcut bant genisliginin
etkin kullanim1 yoluyla kapasiteyi artirmanin, iletim giiciinii ve giiriiltiiniin etkisini
azaltmanin One ¢ikan ornekleridir. Piyasada kiigiik hiicreli (mikro hiicre, piko hiicre,
metro femtohiicreleri anlaminda femtocell, genel erisim femtohiicreleri, kurumsal
femtohiicreler ve smif 3 seviye femtohiicreler, vb.) c¢oziimleri ile ilgili olarak,
cogunlukla sabit dagitima dayanan iiriinler bulunmaktadir. Ancak IHA’larin ortaya
cikmasiyla birlikte kablosuz haberlesme topluluklarinda bir¢ok yonden bir paradigma
kaymas1 yasanmistir. 3B uzaysal alandaki ¢evikligi ve caligma modlarindaki cok
yonliiliigii goz oniine alindiginda, IHA’lar ¢agdas kablosuz mobil radyo haberlesme
sistemlerinde neredeyse tamamen yeni bir bakis acgis1 getirmektedir. Acil durum
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iletisiminden yonlendirme ve aktarmaya kadar uzanan [HA'lar, gesitli kablosuz
haberlesme senaryolarinda umut verici ¢oziim adaylar1 olarak kabul edilmektedir.
Ek olarak, ortaya cikan IoT kavrami, kablosuz radyo kapsamini cesitli (ve nispeten
zorlu yayilma) ortamlarina genisletmeyi zorunlu kilmaktadir. Cok cesitli yayilma
ortamlarinin varliginda, basarili bir kablosuz haberlesme baglantisi, genisletilmis
Olciimlere ve karsilik gelen tasarimlara dayanan alici-vericilere baglidir.

Bunun yani1 sira spor karsilagsmalari, dogal afetler, makro baz istasyonu arizalar1 gibi
cesitli senaryolarda haberlesme hizmetlerini etkinlestirmek veya desteklemek i¢in hizli
bir ¢oziim olarak IHA’lar ortaya ¢ikmaktadir. IHA'lar igin herhangi bir operasyon
senaryosu, kullanicilar icin kapasite ve performansi garanti etmek i¢in giivenilir,
giivenli ve esnek bir kablosuz baglanti gerektirir; bu ise, yalmizca yayilma kanal
hakkinda ayrintili bilgi edinerek elde edilebilmektedir.

Bu nedenle Boliim 3’de IHA kanal modellemesi icin olusturulan olgiim sisteminde
kullanilan USRP’den mobil alici-verici tasarimina; kullanilan yiikselticiden Raspberry
P1’ye; GPS modiiliinden uzaktan 6l¢iim alma yazilimina kadar bir¢ok alanda sorunlar
gozlenmekte ve buna uygun coziimler Onerilmeye calisilmaktadir. USRP’lerde
merkez frekans kaymasi, DC kagagi, 1/Q dengesizligi gbzlenmis buna ¢oziim olarak
sirastyla frekans kaymasi kesitiriminden sonra alicida frekans kaymasi diizeltilmesi,
DC sizintisina 0zgii siizgeclerin tasarlanmasi, I/Q dengesizliginde matrise dayali
dengesizlik kestirimi ve diizeltilmesi veya ikinci derece 1/Q istatistiklerine bakarak
diizeltme gibi coziimler Onerilmektedir. Ayrica mobil 6lglim sistemi olusturmada
kullanilan yiikselticilerde dikkat edilmesi gereken hususlar, bunlara uygun DC-DC
cevirici ile gii¢ kaynagi secimi, uzaktan kontrol etmek icin Raspberry Pi 4B nasil
kullanildigina ve alict ve vericinin konumunu takip etmek i¢in GPS modiiliiniin
nasil kullanildigina da yer verilmektedir. Ayrica bahsedilen cihazlarin birbiriyle
nasil haberlesecegi, kanal modeli i¢in hangi yontemin kullanilacagi, uzaktan
nasil baglanilacagi ve Olciimiin parametrik olarak nasil kontrol edilecegine dair
ifadelere yer verilmektedir. IHA kanal modellemesi yapilabilmesi icin farkli dl¢iim
sistemleri olusturulmaya calisilmis, ancak IHA’dan kaynaklanan fiziksel problemler
ve mobil dl¢iim sisteminin tasarimi nedeniyle dl¢iim tabanli sonuglarin elde edilmesi
zorlagmigtir.  Ayrica yazilim tabanh telsiz cihazlarindan USRP ile kanal ol¢iim
sistemlerinden ve zorluklarindan bahsedilmektedir.

Bolim 4’te, dar bant varsayimi altinda 446 MHz’de [HA tarafindan isletilen
havadan yere baglantilarin biiyiik 6lcekli yayilma karakterizasyonu icin veri toplamak
lizere tasarlanmig bir Olcliim sisteminin detaylari verilmektedir. Veri toplama, son
isleme ve Olciim sonuglart saglanir. UHF bandinin yeniden diizenlenmesinin acil
durum durumlar i¢in yeni firsatlar sunacag1 gerceginden dolayi, 446MHz’de THA
havadan karaya kanallar icin bir dl¢iim sisteminin sonuclar1 sunulmaktadir. Olciim
verilerine dayanarak, cevre ile birlikte yiiksekligin dikkate alinmasi gereken énemli
bir faktor oldugu gosterilmistir. Bu nedenle, gelecekteki calismalarda, farkli konum
ve topografyalardaki cevre etkisini de dahil ederek sonuclarimizi ¢oklu frekans
araliklarina genisletilmesi diistiniilmektedir.

Bolim 5, biiyiikk olgekli goriis hatti yol kaybi bilesenlerinin kati bir Ol¢iime
dayali modellemesini sunarak, IHA’lar arasindaki havadan havaya (H-H) kablosuz
haberlesme kanallarinin 6zelliklerinin daha iyi anlasilmasi ic¢in yapilan c¢alisma
sunulmaktadir. Bu boliim, bdyle bir amag icin saglam bir dl¢iim diizeni gelistirmenin
zorluklar1 hakkinda bir fikir vermekte, ancak daha da 6nemlisi, yiiriitiilen kapsaml
ol¢iim sistemi, kirsal alanlarda 5.8GHz de iletisim kuran algak irtifa IHA’lar icin biiyiik
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Olcekli bir H-H goriis hatt1 yol kayb1 modeli sunmaktadir. Dogrulama ve istatistiksel
modelleme amaglariyla hem yankisiz oda hem de dis ortamda ol¢iimler yapilarak,
[HA’larin ve H-H kanallariin kendine 6zgii 6zelliklerinin, bos alan yolu kaybindan
daha az bir yol kaybr iisseli ile sonu¢landig1 gosterilmistir. Arastirilan kanal dinleme
yontemi, dier kanal dinleme yaklasimlarina kiyasla nispeten cok diisiik maliyetli
olmasina ragmen Onemli kanal bilgisi sagladig i¢in ilerlemeye deger goriilmektedir.
Onerilen kanal dinleme sistemi, gelecekteki ¢alismalarda daha ileri analizler igin bir
temel saglamaktadir, mesela daha genis bantlar icin kanal darbe yanitinin tahmini ve
daha yiiksek mertebeden kanal istatistikleri (6rnegin, asir1 gecikme yayilimi, Doppler
spektrumu) arastirma imkani olabilecektir. Ayrica, golgeleme ve diger soniimleme
ozelliklerini modellemek icin NLOS senaryolar1 da kurulabilecektir. Tanitilan 6l¢iim
yontemi, IHA ucus siiresini, frekans alani tahminini ve kablosuz kapsama analizini
optimize etmek icin de kullanilabilir. Ayrica, bu sistem, IHA govde hareketinin ve IHA
govde kaymasinin kablosuz sinyal alimi tizerindeki etkisini anlamak i¢in kullanilabilir.
Buna ilave olarak, IHA'larin hizla hareket ettigi yayilma ortamim tahmin etmek
icin Ol¢lim prosediirleri gelistirilebilir, mesela hizli kanal karakterizasyonu gerektiren
durumlarda kullanilabilir.
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1. INTRODUCTION

Ubiquitous access has become an essential part of modern daily life. Services,
applications, devices, and even products are equipped with wireless communication
interfaces in such a way that diverse fields and domains are connected anywhere,
anytime. In parallel with the escalating demand for high data rates, everywhere
connectivity with mobility support becomes an indispensable design requirement for
both contemporary and emerging wireless technologies. Although, it is expected
that these wireless technologies should support crystal clear audio for voice,
high—definition video downstreaming, very—low latency and 4K online gaming,
low-power consumption transmission, and so on, it iS more important to provide
service on mission critical scenarios. Obviously, such an aggressive set of requirements
comes at the expense of several conflicting list of parameters. Furthermore, realization
of these requirements necessitate utilization of crucial resources such as bandwidth
and power.

UAVs also known as drones are expected to cause a paradigm shift in wireless
communications due to their peculiar characteristics such as agility in 3D spatial
domain and versatility in modes of operation to act as flying base stations and
relay nodes. Such versatility could be facilitated in various ways. Some of the
prominent examples of possible use of drones include load balancing of wireless
traffic in overpopulated zones and providing service in emergencies [1]. On the
other hand, dynamic mobility patterns of drones pose serious concerns in modeling
the overall performance of the wireless networks, which employ drones. It is
clear that performance of such dynamic networks depends heavily on the statistical
characteristics of the propagation channels among different wireless network elements.
Since the propagation channels for fixed networks are well studied, main focus of
Chapter 5 work is drone channels.

UAV channel models can coarsely be categorized in two classes: air—to—ground
(A2G) and A2A channel models [2]. Each category can further be elaborated based

on several other criteria such as dependence on measurement— or simulation—based



data used or deterministic/stochastic models employed. A comprehensive model
should be based on real-world measurement data and fortified with appropriate
simulation models. Studies on UAV — ground channel modeling are given in [3-6].
In [3], channel characteristics are given for long distance air ground connections,
depending on the measurements taken at 915 MHz. Compact receiver and transmitter
structure is used in the measurement setup. There is an field-programmable gate
array (FPGA) and frequency synthesizer in the structure. In [4], the channel
properties of the UAV—to—ground connections on multi—path urban environments are
examined. The channel model was obtained as a result of simulations using the
ray tracing technique. In [5], channel parameters and channel impulse response
at 850 MHz center frequency were obtained by using Space-alternating generalized
expectation-maximization (SAGE) [7], which is a high resolution spectrum estimation
algorithm. On the UAV side, a global positioning system (GPS)—disciplined oscillator
capable of delivering 10MHz and 1 pulse per second (PPS) is connected to the USRP.
In addition, a mini—-computer was used to control the USRP and save data. On the
ground station side, there is a USRP, a GPS disciplined oscillator, a power amplifier
and a half—directional packaged vertical cone antenna. Finally, in [6], path loss
properties for the air—to—ground radio channel are extracted using data generated by
deterministic dispersion modeling for an urban operational scenario. In addition, the
exponential value of the path loss at different UAV heights was calculated, as well as
the distance—dependent path loss model and ray tracing estimates depending on the
LOS and nonline—of—sight (NLOS) conditions.

In the literature, there has been a significant attention in UAVs and measurement
campaigns including several modes and scenarios. Considering the transmission
modes akin to terrestrial ones, A2G and A2A are the two prominent classes [8]. Among
these two, A2A class needs further investigation due to the aforementioned reasons
relevant to UAVs modes of operations [9, 10]. On the other hand, air—to—ground could
be considered to be a transition class since it contains both terrestrial elements and
UAVs simultaneously. Air-to—ground class consists of LOS, NLOS, and obstructed
line—of—sight (OLOS) [11]. Of course, a comprehensive A2G model requires the
probabilistic transitional states for LOS, NLOS, and OLOS cases to be defined as

well [12-14]. It is obvious that further analysis is required to have an extended



model which takes into account shadowing as an additional parameter [15-17]. A
very detailed collection of studies present in the literature could be found in [18].
Beside statistical models which depend heavily on theoretical derivations [19], there
are exact [20] and numerical approaches in determining the propagation characteristics
as well. Especially ray tracing method that runs in downtown scenarios with the
extension of building heights is employed very frequently [10,21].

In the UAV-UAV channel model studies, results such as the received signal strength
indicator (RSSI) of the signal using the 802.11-based UDP data and the packet
loss are shown in [22]. EP-N8508GS 150 Mbit/s mini wireless 802.11n USB
adapter is used with Raspberry Pi 3b on the receiver and transmitter sides. In
addition, two VK2635U7GS5LF GPS modules were used. In [23], a three-dimensional
(3D) non-stationary geometry-based stochastic model (GBSM) is proposed for
communication between UAVs.

For A2G propagation channels, in the literature, as mentioned above, there exists
multiple studies covering both measurement and simulation-based models. [2] and
references therein. In contrast, studies related to A2A channel modeling are limited.
Hitherto A2A models are generally based on simulations [24]. In [25], an A2A channel
model is provided for low altitude UAVs without considering channel characterizations
in physical layer i.e., parameter extraction is carried out via user datagram protocol
(UDP) packets. In [26], large—scale fading model between UAVs and base stations are
studied for 800 MHz band. A recent study facilitates machine learning methods to
predict path loss via ray tracing simulation software for A2A scenario [27].

In most of the channel modeling studies in the literature, simulation data are used
instead of real field data, and it is seen that existing measurement studies are performed
by using off-the—shelf products. Sufficient information was not given about the
problems encountered in measurements made using off-the—shelf products on the
shelf. For this reason, in Chapter 3, the problems arising in the measurements made
by using a test setup using Software Based Radio USRP and a suitable antenna and
amplifier have been studied. Despite the difficulties encountered, the reason why
the USRP is preferred is that it is both lightweight and plug—and—play applicability
and easily programmable. Although there are radio frequency (RF) products that

are more successful than USRPs and provide solutions to problems such as center



frequency shift, DC component and in—phase/quadrature (I/Q) imbalance at the
hardware level, the reason why they are not preferred is because they are extremely
complex programming structures and end—user products that are generally intended to
meet a specific need. is that they cannot offer flexibility.

The conventional strategy to tackle the aforementioned utilization problem is reusing
of resources as frequent as possible. Cell splitting, antenna sectoring, and small cell
concepts are prominent examples to increase capacity via effective use of available
bandwidth, reduce transmit power and impact of interference. There are products
in the market regarding small cell (microcell, picocell, femtocell in the sense of
metro femtocells, public access femtocells, enterprise femtocells and class 3 level
femtocells, efc.) solutions which mainly rely on fixed deployment. However, with the
emergence of UAVs, a paradigm shift has been experienced in wireless communication
communities in many aspects. Considering its agility in 3D spatial domain and
versatility in modes of operation, UAVs bring about almost a completely novel
perspective in contemporary wireless mobile radio communication systems. Ranging
from emergency communications to routing and relaying, UAVs are considered to
be promising solution candidates in various wireless communication scenarios. In
addition, the emerging concept of Internet of Things (IoT) mandates extending the
wireless radio coverage to diverse (and relatively harsh propagation) environments. In
the presence of such a vast variety of propagation environments, a successful wireless
communication link depends on transceivers which rely on extended measurements
and corresponding designs [28].

In the mission critical scenarios, where the utilization of UAV base stations
(BSs)/access points (APs) such as disaster/public safety regions, rural areas and
downtown areas where the total failure of communication infrastructure would lead
to catastrophic events in terms of wireless communication, finding a rapid and
cost—effective recovery solution that utilizes narrow band voice channels will be
an important task. There have been some commercial services offered by cellular
operators which claim to employ drones as hovering base stations in order to provide
coverage in emergency scenarios and/or when disaster strikes. However, one of such
operators which claimed to have UAV base stations could not provide service for a

while after an earthquake of magnitude of 5.8 hit Istanbul, Turkey, on September 27th,



2020 [29]. This instance revealed that establishing communication via UAVs in a
disaster scenario is a challenging task which has multiple dimensions including careful
propagation channel analysis, detailed network planning, and spectrum management
for first responders [30-32].

A critical factor in propagation modeling efforts is the overall cost and complexity
of the campaigns for measurement-based studies. When UAVs are considered, extra
constraints are imposed to measurements and traditional methods and equipment
become inapplicable. For instance, vector network analyzer (VNA)-based channel
sounding methods requires wiring between transmitter—receiver pair, which is not
possible during measurement campaigns solely utilizing UAVs. Furthermore, VNAs
are generally heavy-for UAVs to carry and quite expensive. Considering their limited
payload and battery capacities of UAVs, utilizing software defined radio (SDR)
solutions for propagation characterization is favourable. An example of an SDR-based
channel sounding method is presented in [33]; for indoor environments.

Considering the contemporary A2A channel modeling activities and physical
restrictions, first, an SDR-based channel measurement system is developed for A2A
links of UAV to UAV wireless communications; a channel sounder at 5.8 GHz to
capture A2A transmissions. Although over-the-air UAV communications exhibit
many fundamental propagation behaviors, LOS large-scale characteristics are first
to be analyzed considering the A2A UAV to UAV link topologies. To this end,
an investigation of large-scale LOS channel characteristics is conducted through the
estimation of path loss exponent using three different techniques. Thus, an accurate
comparison of path loss exponent estimations which encompasses several path-loss

modeling methods is provided.






2. CHANNEL MODELLING

2.1 Large-Scale Path Loss

Path loss refers to the reduction in power density (attenuation) of an electromagnetic
wave as it propagates through space. For example, if there is 40 dB path loss in
the system, a power level of -40 dbm is expected for O dbm transmission power.
Factors affecting electromagnetic wave propagation are called reflection, refraction and
scattering. Due to multipath reflections from different objects, electromagnetic waves
travel by following different paths depending on varying distances. The interaction
between these waves causes multipath attenuation at a certain point, and the amplitude
of the waves decreases as the distance between the transmitter and the receiver
increases. Despite the developed physical theories, it is difficult to predict the path loss.
Various propagation models have been developed for this purpose. Propagation models
are generally based on estimating the average signal level received at a particular
point far from the transmitter. Propagation models based on randomly selected
transmitter-receiver distance and estimating average signal strength are very important
in calculating the transmitter coverage area. These models are known as large-scale
propagation models because they describe the behavior of the signal intensity over
large transceiver ranges, typically a few hundred or thousand meters. They are used to
characterize the signal strength at different distances from the transmitter, taking into

account factors such as the environment and the presence of obstacles.

2.1.1 Free space path loss

Free space path loss (FSPL) refers to the loss of signal strength that occurs as an
electromagnetic wave propagates through free space (i.e., a vacuum). It is caused by
the natural spreading of the wavefront and is proportional to the square of the distance
between the transmitter and receiver. The power density of the wave (in watts per

square meter) at a distance d from the transmitter can be calculated using the following



equation:
b
S= Andl 2.1
where P, is the power transmitted by the transmitter (in watts) and S is the power per
unit area at distance. The factor of 47d? in the denominator represents the surface area
of a sphere with radius d. Also, the receiving antenna’s aperture, describes how well an
antenna can pick up power from an incoming electromagnetic wave. For an isotropic

antenna, this is given by
_ SA?
" 4n

where P, is received power in watts and A is the transmitted wavelength in meters. The

(2.2)

free space path loss is given by the ratio:
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2.1.2 Path loss

Path Loss (PL) is a generalized form of FSPL. By using 2.1 and 2.2 received power is:
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where G, and G; are the gains of the receiver and transmitter antennas, respectively.

For expressing in dB:

P.(dB) = P,(dB) + G,(dB) + G,;(dB) +20log (é)

P.(dB) = P,(dB)+ G,(dB) + G:(dB) — 201og, (%) 2.5)
PL(dB) = P,(dB) — P.(dB) = 20log,, (?) — G, (dB) - G,(dB)

The majority of radio propagation models are created by combining analytical and
empirical methodologies. Fitting curves or mathematical formulae to reproduce a
collection of observed data is the empirical technique. In addition, the empirical
approach makes it possible to indirectly consider all the propagation parameters that
may occur with the real field measurements. However, additional observed data in
the new condition at the requisite communication frequency is required to verify the

effectiveness of an empirical model at communication frequencies or settings different

8



than those used to create the model. Over time, a number of classic propagation
models have been developed to predict the coverage and signal-to-noise ratio (SNR)
of mobile communication systems. These models are used by engineers to design
and optimize the performance of such systems. For example, the two-ray model is
a classic propagation model that was used to estimate the spread spectrum system
capacity before it was deployed. This model takes into account the distance between
the transmitter and receiver, as well as the environment and other factors, to predict the
received signal intensity and overall system performance. These models are important
for ensuring that mobile communication systems have adequate coverage and signal
quality.

In addition to the two-ray model, there are many other classic propagation models
that are used in mobile communication system design. These include the free-space
model, the log-distance model, the Hata model, and the Okumura-Hata model, among
others. Each model has its own strengths and limitations, and the appropriate model
to use depends on the specific characteristics of the communication system and the
environment in which it will be deployed. These models are typically validated through

field measurements and simulations to ensure their accuracy and reliability.

2.1.2.1 Log-distance path loss model

Path loss models have been widely used in the literature and can be derived from
theoretical or measurement-based approaches. The average large-scale path loss is
expressed using a path loss exponent, n, which represents the rate at which the
signal strength decreases as distance increases. The value of n is determined by
the propagation environment and is typically 2 in free space but can be higher in
environments with obstructions or other factors that can affect the signal. Accurate
predictions of path loss require choosing a suitable reference distance for the
given propagation environment. These models are commonly used in wireless

communication systems to predict the signal strength at a given distance.

- (2)

PL( dB) = PL (do) + 10nlog (g)
0

(2.6)

where n denotes the path loss exponent, which represents the rate at which path loss

grows as distance increases and the close-in reference distance, d, is calculated using



measurements taken closer to the transmitter, and d is the Tx-Rx separation distance.
The bars in for a given value of d, equation 2.6 signifies the average of all possible
path loss values The predicted path loss follows a linear relationship with a slope of
10ndB per decade when plotted on a log-log scale. The value of n is determined by the
propagation environment. In free space, for example, n equals 2, but when obstructions
are present, n increases. It’s critical to choose a free space reference distance that’s
suitable for the propagation environment. 1km reference lengths are often employed
in high coverage cellular systems, although significantly shorter distances (such as
100m or 1m) are utilized in microcellular systems. To avoid the influence of near-field
effects on the reference path loss, it is important to ensure that the antenna is in its far
field region when the reference distance is chosen. This will ensure that the reference
path loss is not affected by near-field effects and that the predictions of path loss
are accurate. By carefully selecting the reference distance and operating the antenna
in its far field region, we can improve the accuracy and reliability of the path loss
measurements and model. In other words, the reference distance should be sufficiently

far away from the antenna so that the near-field effects are negligible.

2.1.2.2 Log-normal shadowing

Equation 2.6 ignores the reality that the surrounding environmental clutter at two
distinct positions with the same Tx-Rx separation may be drastically different. The
observed signal strength at a given site deviates significantly from the average
value predicted by the log-distance path loss model. This is because the path loss
at a given site is random and follows a log-normal distribution around the mean
distance-dependent value. In other words, the path loss at a given distance is not
always exactly the same and can vary from the average value predicted by the model.
This is confirmed by measurements of the signal strength at various distances from the

transmitter. That is
_ - d
PL(d)[dB] = PL(d) + Xo = PL(dy) + 10nlog (d_> + X5 2.7
0

The random shadowing effects that occur over many measurement locations with the
same transmitter-receiver separation but different amounts of clutter on the propagation
path are described by a log-normal distribution. This is known as log-normal

shadowing. In other words, the observed signal levels at a given transmitter-receiver
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distance have a Gaussian distribution around the mean that depends on the distance,
with measured signal levels in decibels (dB). The standard deviation of the Gaussian
distribution representing shadowing is also expressed in dB. The random variable
describing shadowing is given by X, where o is the standard deviation of the Gaussian

distribution in dB. This equation can be expressed as:
Xo~ A (0,67) (2.8)

where ./ (i, 6?) denotes a normal distribution with mean u and variance 6. The
Gaussian distribution is used to model the random effects of shadowing and can be
easily analyzed. The path loss model for a specific transmitter-receiver separation is
statistically described by the close-in reference distance dj, the path loss exponent n,
and the standard deviation ¢. This model can be used in computer simulations to
generate received power levels for random locations in communication system design
and analysis. In practice, the values of n and ¢ are calculated from observed data
using linear regression, with the goal of minimizing the mean square error between
the measured and predicted path losses across a range of measurement locations and

transmitter-receiver separations.

2.2 Small-Scale Fading and Multipath

Small-scale fading, or fading, refers to the fast variations of a radio signal’s amplitudes,
phases, or multipath delays over a short period of time or travel distance. This type of
fading is caused by interference between two or more copies of the transmitted signal
arriving at the receiver at slightly different times. These waves, known as multipath
waves, combine at the receiver antenna to produce a signal with a range of amplitudes
and phases. The exact distribution of these amplitudes and phases depends on the
intensity of the waves and their relative propagation times, and the transmitted signal
bandwidth. This thesis does not investigate small-scale fading but instead focuses on

large-scale characteristics of the signal.

2.2.1 Small-scale multipath propagation

Small-scale fading is a result of multipath in the radio channel. Multipath occurs when
multiple copies of the transmitted signal arrive at the receiver at slightly different times,

interfering with each other. These interfering waves combine to create a signal with
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varying amplitudes and phases, depending on the intensity and relative propagation
times of the waves. This phenomenon is known as small-scale fading and can affect the
performance of wireless communication systems. To mitigate the effects of small-scale
fading, communication systems frequently employ methods such as diversity or error
correction codes to improve the reliability of the received signal. The following are the

three most significant factors:
e Rapid variations in signal intensity over a short travel distance or time interval

e Random frequency modulation because of differing Doppler shifts on separate

multipath signals
e Multipath propagation delays generate time dispersion (echoes)

Fading happens in densely populated areas because there is not a single route that
provides a direct line of sight to the base station. This is because the height of mobile
antennas is much lower than the height of the surrounding buildings. Due to reflections
off the ground and other objects, multipath may occur even when there is a direct line
of sight between two points. Because radio waves travel in all directions, the time it
takes for them to arrive at their destination might vary significantly. At each point in
space, the mobile device has the potential to pick up a huge number of plane waves
with amplitudes, phases, and angles of arrival that are all randomly scattered over the
spectrum. These multipath components collect vector when they reach the receiving
antenna, which causes the signal resulting in fading or deterioration of the signal
received by the mobile device. Even if a mobile receiver is kept in a fixed position,
there is still a chance that the received signal may weaken because of the movement
of surrounding objects that are inside the radio channel. Fading in a radio channel can
be a spatial event, where the receiver experiences changes in the signal while traveling
through the multipath environment. This can cause the receiver to go through multiple
fades in a short period of time, and in severe cases, the received signal may be stuck
in a state of severe fading, making communication difficult. Antenna space diversity
can reduce the effects of deep fading nulls from occurring by decreasing the likelihood
of the received signal staying in a deep null for an extended period of time. For the
most part, fading is a spatial phenomenon that happens when everything in the radio

channel remains still except for the receiver. As a signal travels through a multipath
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Figure 2.1 : Path loss, shadowing and small scale fading is varying over distance.

environment, the receiver will experience what seem to be temporal fluctuations due
to the spatial changes in the received signal. The constructive and destructive actions
of multipath waves at distinct sites might cause a receiver traveling at a high speed
to experience many fades in a very short amount of time. It is possible for a receiver
to get stuck in a region with very weak signal strength. Although the movement of
surrounding things like automobiles or people may disturb the field pattern and lessen
the possibility of the receiver being in a deep null for a lengthy amount of time, this
can make maintaining excellent communication challenging. Deep fading nulls may be
avoided with enough antenna diversity. Small-scale fading, as seen in Figure 2.1 [34],
causes rapid variations in the strength of the received signal when the receiver travels
across only a few meters in distance. Because of the movement of the receiver and
transmitter relative to each other, the apparent frequency of each multipath wave is
different. Doppler shift describes this change brought on by the receiver’s own velocity.
When a multipath wave is received, its Doppler shift is dependent on the receiver’s
speed and the direction of motion with respect to the multipath wave’s direction of
arrival. Doppler shift is essential in radar and navigation for calculating the relative
velocity between a sender and a receiver. It helps determine the speed at which an
object is moving in relation to an observer, allowing accurate radar measurements

and precise navigation calculations. By analyzing the frequency shift caused by the
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Doppler effect, valuable information about the object’s motion, including speed and

direction, can be obtained.

2.2.2 Time dispersion characteristics

The multipath channel is characterized by a number of parameters that are used to
evaluate different multipath channels and provide basic design principles for wireless
systems. These metrics, such as mean excess delay, RMS delay spread, and excess
delay spread (X dB), are calculated using a power delay profile. The mean excess delay
and RMS delay spread are often used to measure the temporal dispersive properties
of wideband multipath channels. The mean excess delay is the first moment of the
power delay profile, while the RMS delay spread is the second central moment of the
power delay profile. These delays are measured from the time that the first discernible
signal reaches the receiver. In outdoor mobile radio channels, the RMS delay spread is
typically on the order of microseconds, while indoor radio channels have RMS delay
spread on the order of nanoseconds.

To obtain a statistical description of the multipath channel over a large area for a mobile
communication system, multiple measurements are taken at many small locations.
This allows the calculation of the RMS delay spread and mean excess delay using
a single power delay profile, which is the temporal or spatial average of sequential
impulse response measurements collected and averaged over a limited region.

The maximum excess delay (X dB) of the power delay profile is the time delay during
which multipath energy decreases to X dB below the maximum. The maximum excess
delay (X dB) indicates the temporal extent of the multipath over a certain threshold.

It is important to note that the Fourier transform relates the power delay profile
and the magnitude frequency response of a mobile radio channel. By analyzing the
channel’s frequency characteristics, an equivalent frequency domain representation of
the channel can be obtained. The coherence bandwidth is used to characterize the
channel in the frequency domain, in a manner similar to the delay spread parameters
in the time domain. The relationship between RMS delay spread and coherence
bandwidth varies depending on the specific multipath topology. However, in general,
these two parameters are inversely proportional to each other. This means that as the

RMS delay spread increases, the coherence bandwidth decreases, and vice versa.
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Figure 2.2 : Direct RF pulse measurement system.

2.3 Channel Sounding Methods

There are many channel sounding methods have been specified in the literature. A few

main methods will be discussed in this section.

2.3.1 Direct RF pulse system

The direct RF pulse system (see Figure 2.2 [35]) is a simple channel sounding
technique. As proved by Rappaport and Seidel, this approach facilitates quick
calculation of the power delay profile for any channel by engineers. This technology,
which is essentially a wideband pulsed bistatic radar, sends out a T;,s wide repeated
pulse and employs a receiver with a wide bandpass filter. An envelope detector
detects the signal, which is subsequently displayed and recorded on a high-speed
oscilloscope. The square of the channel impulse response is combined with the probing
pulse through convolution, and the resulting output is immediately measured. This
system may produce a local average power delay profile if the oscilloscope is set
to an averaging mode. Another appealing feature of this system is its simplicity, as

off-the-shelf equipment may be employed.

2.3.2 Sliding correlator channel sounding

A sliding correlator channel sounding system is a technique used to measure the

characteristics of a wireless communication channel, such as its impulse response or
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Figure 2.3 : Spread spectrum sliding correlator channel sounding measurement
system.

frequency response. In this system, the transmitter uses a spreading signal, typically
a pseudo-random noise (PN) sequence, to spread the signal over a wide bandwidth.
This spreading allows the signal to be transmitted over a wide frequency range, which
improves the dynamic range and sensitivity of the receiver.

At the receiver, a similar PN sequence is used to despread the signal and recover the
original data. The receiver chip clock is typically slightly slower than the transmitter
chip clock, which creates a "sliding" effect between the two PN sequences. As the
transmitter chip clock catches up to the receiver chip clock, the two PN sequences will
be almost exactly matched, resulting in maximum correlation. This allows the receiver
to filter out unwanted signal power and noise, improving the signal-to-noise ratio.
The block design of a sliding correlator channel sounding system is illustrated in the
following figure:

In Figure 2.3 [35], the transmitter generates a spreading signal, typically a PN
sequence, and mixes it with the data signal to spread the signal over a wide frequency
range. At the receiver, the incoming spread spectrum signal is mixed with a similar PN
sequence to despread the signal and recover the original data. The receiver chip clock is
slightly slower than the transmitter chip clock, which creates the sliding effect between
the two PN sequences. When the two PN sequences are almost exactly matched, the
maximum correlation is achieved, which allows the receiver to filter out unwanted

signal power and noise.
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In summary, a sliding correlator channel sounding system employs a clever technique
known as a spreading signal, which enables the transmission of signals across a
wide frequency range. At the receiver end, a corresponding pseudo-noise (PN)
sequence is utilized to efficiently extract the original data while effectively suppressing
unwanted signal power and mitigating the impact of noise. This innovative approach
brings about notable benefits, such as enhancing the dynamic range and sensitivity
of the receiver, thus surpassing the capabilities of a conventional direct RF pulse
system. By leveraging the sliding correlator technique, the system achieves improved
signal fidelity and greater resilience to interference, resulting in enhanced overall

performance and reliability.

2.3.3 Frequency domain channel sounding

The channel transfer function (CTF) is computed in the frequency domain using the
frequency hopping (FH) approach. As excitation, the Tx uses a variation narrowband
signal: a sinusoidal signal with constant peak amplitude but discrete frequency changes
at predetermined time intervals. The sequence is also known by the receiver. It
determines the amplitude of the received signal for each specific frequency and then
calculates the CTF throughout the frequency range based on the transmitted signal
[36]. A frequency domain sounder is a tool that enables detailed analysis of wideband
channel propagation statistics, such as delay spread, power delay profiles (PDPs), and
correlation bandwidth. This sounder can also be used to study the frequency selectivity

of channels using a swept-frequency channel sounder.
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3. DEVELOPMENT OF THE SOFTWARE DEFINED RADIO BASED
CHANNEL MEASUREMENT SYSTEM

In this section, the measurement campaigns created for UAV channel modeling, the
difficulties encountered and the solutions brought to them will be discussed. While
designing measurement campaigns, structures and updates that change over time will

be explained separately.

3.1 Challenges Encountered in Measurements

3.1.1 Difficulties in hardware

In this section, general definitions and results of regarding the center frequency
shift, local oscillator (LO) leakage, I/Q imbalance, harmonics and undesired signals
observed in the measurements made with the USRP B210 and the efforts to correct

them will be examined.

3.1.1.1 Center frequency offset

Local oscillator LO is used in conjunction using a mixer to shift the frequency of a
signal. The process of frequency conversion, also known as heterodyning, involves
combining the input signal’s frequency with that of a LO to generate new frequencies
that are the sum and difference of the two. This process allows for the manipulation and
analysis of the input signal in various ways. Oscillatory crystals are not perfect because
they do not oscillate at the exact specified frequency. Due to defects and tolerances
in the manufacturing process, oscillatory crystals typically have 20 or 50 parts per
million (ppm) defects guaranteed by the manufacturer. These values are at the level of
about £2 ppm in USRP E312 [37] and B210 [38]. Even relatively small differences
in the center frequency in the communication traffic between the transmitter and
receiver can prevent the receiver from decoding the transmission. In eliminating
the central frequency shift problem, devices such as USRP provide a solution to the

specified problem by providing clock source input. Also, one way to solve the center
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frequency shift can be achieved by connecting the frequency synchronization between
the transmitter and receiver to the common clock output.

In the first test scenario related to the center frequency shift, a sample of 200000
was taken with 200 kHz sampling rate in the 5.8 GHz frequency band, which was
considered for B210 UAV channel measurement studies, and a single tone was sent
and recorded with the help of Rohde & Schwarz FSW26 Signal Analyzer. Then, the
recorded signal is processed with the help of Matlab and the center frequency shift is
corrected. The results are given in Figure 3.1.

Since the center frequency of the signal sent in the measurement scenario considered
for channel measurements is known, the shift of the observed center frequency in the
received signal is determined by calculating the difference between them. When the
determined difference is multiplied as a complex signal in the time zone, it is shifted
by the error in the frequency zone and the center frequency is pulled to where it should
be. As an alternative way, as stated in Section 3.1.1.1, it shows an error in the range
specified in the data sheet of the device as the frequency shift is due to LO and occurs
depending on the device. This value is a fixed value for the device, and the offset
values can be predetermined depending on the frequency. Accordingly, the center shift

is corrected according to the value found.

3.1.1.2 Leakage in center frequency components

If the RF signal is hit with the carrier in the receiver, the RF signal will return to the
baseband (BB). In this process, center frequency components go to DC (0 Hz) in BB,
which can saturate the low noise amplifier (LNA) or receiver components or affect
receiver performance. This situation can also be expressed in terms such as carrier
suppression, LO leakage, DC leakage and center frequency leakage. Local oscillator
leak, transmitted uncorrected, causes unwanted emissions in transmission. Because the
unwanted component in the multiplication process occurs due to the deficiencies in its
mixer structure. Ideal mixers have two input ports and one output port. The ideal mixer
produces an output that is the product of two inputs. In terms of frequency, the output
to be generated should be Fj;pu + Fro and Fipye — Fro [39]. If Fypye is considered
for the case of 1 MHz, the baseband frequency will be Fgp,,; and in the case of a
5800 MHz LO, the frequency will be F7o. is set. Ideally, a mixer would produce two

tone signals at the output, one at 5799 MHz and the other at 5801 MHz. However, in
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Figure 3.1 : Center frequency offset signal recorded in the 5.8 GHz frequency band
and corrected signal.

practice, a mixer will generate some energy at Fgp,,s and Fy . The energy at Fgpgnq 18
usually insignificant because it is far from the intended output and can be filtered out
by the RF components downstream of the mixer. This energy can be ignored because

it does not affect the performance of the mixer. However, the energy at F; o must be
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carefully managed to avoid degrading the performance of the mixer. This energy is
problematic because it is close to or within the intended output signal, and it is difficult
or impossible to remove by filtering without also affecting the desired output. The
energy at Fyp, however, can be problematic. Fy is close to or inside the target output
signal and cannot be easily removed by filtering without also removing the target
signal. Fyo is called the local oscillator leak (LOL) and is unwanted energy. It arises
from the local oscillator (LO) driving the mixer leaking to the mixer’s output port. In an
intermediate frequency (IF) architecture that only transmits one sideband, the LOL can
be addressed using radio frequency (RF) filters. In a zero-IF architecture that transmits
both sidebands, the LOL is positioned at the center of the target output, making it more
challenging to manage. Unlike in a traditional intermediate frequency (IF) architecture
where only one sideband is transmitted, filtering is no longer an effective solution
because it would also remove part of the desired transmission. To avoid this issue,
new methods must be used to prevent the inclusion of the LOL in the transmission,
otherwise, the intended transmission may be contaminated with an unwanted broadcast
signal. In the simulation studies related to DC offset, DC component removed with the
DC Blocker block provided by GNURadio software with the observed DC component
at 5.8 GHz center frequency with 10 MHz sampling rate and 4096 FFT rate when the
USRP B210 device is used as a receiver in tests related to DC leakage is shown in

Figure 3.2.

3.1.1.3 Inphase/Quadrature imbalance

Direct conversion receivers that use in-phase/quadrature (I/Q) processing have
become increasingly popular in recent years because they offer a simpler and more
cost-effective alternative to superheterodyne architectures [40]. In principle, these
receivers have the advantage of not requiring image filtering to remove the image
band. However, in practice, it is difficult to achieve the two conditions necessary for
the complete removal of the image band: (1) the LO must generate signals that are
phase-shifted by exactly 4- 90 degrees, and (2) the I and Q branches must have matched
gains and phase responses. In reality, analog components often have imbalanced gain
and phase responses, which makes it impossible to fully remove the image band [41].
Ideally, the receiver’s I and Q outputs could be expressed as I(t) = cos(@t) and

QO(t) = sin(wr). Here o represents the baseband frequency of the tone signal. Typical
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Figure 3.2 : The signal on the receiver where the DC component is observed and the
signal that occurs after the DC component is removed.

erroneous [ and Q values in direct conversion system receivers can be expressed as:
I'(t) = accos(wr) + B, O'(t) = sin(wt +8) + o (3.1)

0, phase error due to Q component; o denotes the amplitude error caused by the I
component, and §; and By denote the DC component for each path. Averaging I/ (¢)
and Q/(t) over a period to remove f8; and Bo components from given paths is enough.
In this case, I” and Q" expressions remain and this expression can be expressed in

matrix format as follows;

{ g;’((tt)) } - [ sin0(65) coso(a) } [ é((?) } (3.2)

The expression is obtained using the equation sin(wt + §) = sin(wr)cos(d) +
cos(wr)sin(8). The following expression can be obtained as a result of rearranging

the obtained matrix to reach the smoothing matrix:

[ é((tt)) } - [ OC_IOf[;Ill(5) seco(g) } [ gjl((tt)) } (3.3)
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So it is necessary to find the terms o ve O to solve the equation. The following

expression can be used to find o’:
<M (t) >= a*(3+3cos(2wt)) = ;0> (3.4)
(3.4) after rearranging the expression, the following expression can be obtained:
< ()0 (1) >= %az sin(8) (3.5)

statements can be written. Therefore, using Equation (3.4), & and Equation (3.5) are
used to find sin(8). Also, assuming |8| < m/2 , which is provided for any phase
imbalance, the expression cos(d) can be derived directly from the expression sin(d).
In summary, solving the following matrix equation will correct the I/Q imbalance:
o] =1 ][0l ] e
where A =1/, C = —sin(6)/(acos(d)) and D = 1/cos(9) are denoted.
In addition to the problems caused by the specified USRP hardware, oscillations were
observed while the amplitudes of the sent channel sounding signals were expected to
be constant. In the simulation studies related to I/Q imbalance, the results obtained in
the test scenario created with 200 kHz sampling rate in Matlab environment are shown
in Figure 3.3. The I and Q signals produced are broken in line with the parameters
o=35,0=m/5and By =2.5, Bp =4 and Figure 3.3 It is corrupted as in the second
graph in. The third graph is obtained by inserting the broken signal into the correction
algorithm as explained in the section 3.1.1.3. Another point to note here is that the
generated signal is valid under the assumption of a linear time invariant signal (LTT).
Different solutions have been developed for I/Q correction in systems that change over
time. One of them is demonstrated using the feed forward correction method in the
I/Q correction model of Moseley [40]. In addition, as a more advanced method, an

adaptive algorithm using Antilla [42] second order I/Q statistics is proposed.

3.1.2 Amplifier, converter, power supply, GPS module and raspberry pi 4b

3.1.2.1 Amplifier selection

While designing the UAV channel measurement system, an amplifier was used to

strengthen the signal from the USRP. One thing to note here is how much gain will
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Figure 3.3 : Created, distorted and corrected signal to indicate I/Q imbalance.
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Figure 3.4 : Transceiver block diagram for channel modeling.

be provided in the frequency band to be studied. The amplifier shown in Figure 3.4
operates in the 2 — 18GHz band and gains 32 decibel(dB). Although it consumes about
280 mA as power consumption, it requires a power supply in the range of 12 — 15V.
Since it does not have a separate cooler structure on it, an additional cooler was added

to the riser.

3.1.2.2 Power supply

A 11.1V Lithium-Polymer (Li-Po) battery with a 6000 mAh capacity is used as the
power source of the system. The reason why such a battery is preferred is that it allows

high current to be drawn and offers long-term use.
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3.1.2.3 DC-DC converter selection

Since the measuring system operates with its own power source independent of the
environment, it is necessary to feed the system with a single power source. It is
a amplifier with Raspberry Pi 4 fed directly from the power supply, but DC - DC
converters are needed because the power they draw and the voltage ranges they operate
are different. For this reason, since Raspberry Pi 4B operates at 5.1V and draws up
to 3 A current, a DC - DC step—down converter circuit that drops it to 11.1V at 5V
is used. In addition, since the amplifier operates at the previously specified voltage
values, a DC - DC step—up converter circuit has been used. Another point that should
be considered here is that the converters must be resistant to the maximum current
drawn by the devices specified, and the maximum current capacity of the converters

must be a certain amount above the maximum current level that the devices will draw.

3.1.2.4 GPS module

Since the measurement system will be on the UAVs, the U-Blox Neo 7m GPS module
was used to detect the measurement points made. It has been tried to communicate

with Raspberry Pi 4 via serial port by connecting it with pin outputs on it.

3.1.2.5 Raspberry pi 4b

The Raspberry Pi1 4B 4GB model has been used to control the USRP, to power the
USRP, to communicate with the GPS module and to control the measurement system
remotely. It is used because of its features such as its lightweight structure, powerful
processor, wireless dual band operation (2.4 and 5 GHz), and Bluetooth support, and
having an open source Linux distribution. That is why this device has been chosen as

the brain of the measuring system.

3.1.3 Challenges on the software and algorithm side

Two methods have been considered for channel measurements. The first is Channel
Sounding method. The impulse response of the channel is extracted as a result of
the correlation process with the same random sequence in the receiver by sending
signals from the transmitter with the help of a random array of a certain length.
Correlative sequences can be binary or non-binary. Typical binary arrays are so-called

noise sequences. Generally, maximum length sequences are used for this purpose.
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Arrays of different length have been tried in the measurement studies. It is also
available in specially designated series. One of them is the Gold series used by LTE.
Due to the oscillations in the peaks caused by the correlation in USRP, the desired
impulse responses could not be achieved with this method. In the second method,
the frequency impulse response of the channel is extracted by shifting the frequency
at certain intervals in the specified frequency band. When the correlation sequence
method was not successful, the frequency impulse response of the channel was found
by shifting the frequency. A suitable measurement scenario has been created by testing
different frequency ranges in different frequency bands. During the tests, the duration
of each slip caused by the LO in the USRP was tried to be optimized. GNURadio, an
open source software based radio programming tool, is used to control USRP. UHD
software has been installed for the drivers of the USRP. To control the GPS module,
GPSD service has been installed and the necessary parameters have been entered and
communication with the GPS module has been provided. In addition, GPS data was
recorded with the received signal to determine the location of the point taken in the
measurements. In order to connect to Raspberry Pi while on UAV, remote access is

provided with iPad.

3.2 Measurement Campaign and Measurement Setup for Air-to—-Ground

e Location: The measurements are collected in the test field which is shown in Figure
4.3(b) of The Scientific and Technological Research Council of Turkey (TUBITAK)

in Gebze.

e Transmitter: The signal is a PN-sequence with a length of 4095 and it is

transmitted with 30 dBm power in 446 MHz center frequency on the UAV side..

e UAV: DIJI Matris 600 Pro is flied up to obtain measurement and it is used as a air
station since its payload capability and durability in extreme conditions. It is shown

in Figure 4.3(a).

e Receiver: On the other hand, a channel sounder in Figure 4.1, is used as a ground
station to receive the transmitting signals. It is configured in center frequency 446

MHz and 50MHz bandwidth for receiving PN-sequence signals.
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e I/Q Record: All receiving signals are recorded with a period of 100 ms on an SSD

which supports high-speed data transmission.

e Antenna: Furthermore, a monopole antenna which a frequency range from
400MHz to 470MHz is used for the ground station to receive the signals. The
antenna has an omnidirectional radiation pattern and it has 3.3dBi antenna gain at

433MHz.

e Results: After the calculation of received powers of each point, then path loss

model are extracted as it will be explained in Section 4.3.

3.2.1 Measurement methodology air-to—ground

o All the field measurements are conducted in the 446 MHz frequency band by using
a channel sounder developed by HISAR Lab. attached to a commercial UAV and

all the signals are captured by the ground station with 50 MHz bandwidth.

e The measurements are collected from 60m to 80m heights with step size 10m

vertically.

e Height limitation: Local regulations allow UAV to operate up to 120m in height,
however, due to the topographical conditions and the high wind speed after 80m in

height, measurements are performed for 60m to 80m in height.

o Flight regulations: Moreover, the only allocated location for UAV flight is, where
the measurement is taken, is shown 4.3(b) in TUBITAK, Gebze.

e Also, for each vertical measurement point, UAV move between 10m to 410m
horizontally. The overall grid consists of total of 800 determined location points

with 60m to 80m vertically and 10m to 400m horizontally.

e Both the transmitting and receiving Software-Defined Radios (SDRs) within
the system are meticulously synchronized using a highly accurate 10 MHz
clock signal sourced from a Global Positioning System Disciplined Oscillator
(GPSDO). This synchronization ensures precise alignment between the transmitter
and receiver, facilitating seamless communication and minimizing timing

discrepancies. Additionally, the GPS receiver integrated into the system provides
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exceptional levels of accuracy in determining the geographic location, enabling
the transceivers to leverage high-precision location measurements for various
applications. By harnessing the power of this synchronized setup and leveraging
the precise location data provided by the GPS receiver, the system attains superior

performance, robustness, and reliability in wireless communications.

3.3 Measurement Setup for Air-to-Air

3.3.1 Measurement environment

e Antenna test: To verify antenna pattern and free space path loss performance, a
measurement setup is constructed in the Antenna Test and Research Laboratory
(ATAM) of TUBITAK BILGEM as shown in Figure 5.1(a). The dimensions of
the anechoic chamber is 17m x 18 mx 14m (LXxWXxH) and frequency range is

0.5 GHz - 40 GHz.

e Location: Field measurements are taken at the TUBITAK BILGEM Gebze campus
(as shown in Figure 5.1(b)) which consists of a rural area with trees causing ground
reflection signal to drastically lose its power, hence the reflected signal power falls

below the noise level.

e Path: The location of the stationary receiver and the route followed by the

transmitter during the measurement on a 3D map are also exhibited in Figure 5.1(b).

3.3.2 Measurement equipment

e UAVs: As shown in Figure 5.2, two identical DJI Matrice 600 Pro hexacopter

drones are used as receiver and transmitter.

o Measurement Box: The channel measurement box contains the TX and RX

modules are attached to drones.

e Transceivers: Each TX and RX channel measurement box consist of one bladeRF

2.0 micro xA9 transceiver,

e Amplifiers: a Lucix S020180L3205 RF power amplifier to boost signal for both

side,
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Figure 3.5 : Illustration of the measurement campaign in which two commercially
available hexacopter are used as transmitter and receiver. Note that two
drones are ready to take—off with mounted channel measurement box.

e Mini Computer: as a mini-computer Raspberry Pi 4B,

e Antenna: circularly polarized (CP) antenna which Antenna radiation pattern is
shown in Figure 5.3 The coupling effect of the drone on the radiation pattern of
the antenna is analyzed, and in this regard, the measurements are taken under the
presence and absence of the drone at the anechoic chamber. It can be seen that the
coupling effect of the drone can be considered negligible level as shown in Figure

5.3(a) and Figure 5.3(b) for elevation and azimuth directions, respectively and

Power: 28600 mAh powerbank which has high current capability is used as

battery.

Remote Computer: Also an Android cellular phone is utilized to control both

Raspberry Pi 4 from the ground.

Measurement system: The measurement system block diagram is depicted in
Figure 5.4 and channel sounding equipment is given in Figure 5.5. Note that
back—to—back calibration is employed with RF cable connections so that the

impairments stemming from the aforementioned devices are compensated.

3.3.3 Measurement methodology

The measurement experiments are firstly performed in Anechoic chamber measure-

ments are taken for separation distances of 1 m, 2m, 3 m and 4 m, respectively as seen

in Figure 5.1(a) and secondly real-world measurements:
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Table 3.1 : Measurement Parameters.

Parameter Symbol Value
Sample Rate fs 8 MHz

Start Frequency Sstart 5.82045 GHz

Stop Frequency Sstop  5.82755GHz
Discrete Sweep Step Interval Af 50kHz
Total Bandwidth Swept B 7 MHz
Delay Time Resolution At 125ns

Real world measurements are taken between 25 m — 425 m TX-RX separation with

the same altitude at 50 m.

Number of measurement locations is 21 and each point includes four data sets to

take the average, as given in Figure 5.1(b).

Location and timestamp of each measurement point are also saved at Raspberry Pi

4 which help obtain the exact location of the Tx—Rx via UAVs GPS data.

To protect the hardware of the measurement equipment, RF power amplifiers are
not used while taking the measurements at the anechoic chamber, which leads to

linear received power offset between two measurements settings of Figure 5.6.

Sweeping: The transmitter sends a sweeping chirp signal continuously between
5.82045GHz and 5.82755GHz with 50kHz step size. Sweeping between

frequencies has 1.448 millisecond duration.

Interference: Before the measurements, RF spectrum is monitored with a
Rohde&Schwarz FSW26R spectrum analyzer in order to ensure that there is no
interference within the measurement frequency of 5.82045 GHz and 5.827 55 GHz.
It is seen that the remote controller of UAVs uses frequency band up to 5.82 GHz.
Thus, we select 5.82045 GHz and 5.82755 GHz to avoid contamination.

I/Q Record: During the measurement, Raspberry Pi 4 controls the bladeRF by
using a bash script to receive the signal when UAV reaches the next point on the
grid. At each measurement point, the script on Raspberry Pi 4 runs on an Android
device, and 8 MHz bandwidth measurements with a central frequency of 5.824 GHz

are taken for 1 second.
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— Raspberry buffer size: The reason for choosing 16 MS/s sample rate is the

constraints of Raspberry Pi 4 buffer size in terms of I/Q saving on a file.

— ADC digital filter: It is observed that receiver SDR’s ADC digital filter has the side
effect that actual bandwidth is less than desired bandwidth, so actual bandwidth is

selected as 8 MHz bandwidth although desired bandwidth is 7 MHz.

— DC offset: Furthermore, in order to eliminate the effect of DC offset in the receiver,
the center frequency is selected as 5.824 GHz and that frequency intentionally left

blank in the transmitter. Measurement parameters are listed in Table 3.1.

The captured data is saved on the Raspberry Pi 4. Furthermore, data is fed into a

desktop computer running Matlab to analyze the captured received signals.
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4. MEASUREMENT BASED STATISTICAL CHANNEL ANALYSIS OF
AIR-TO-GROUND PATH LOSS MODEL IN LOW ALTITUDE UAVS

Despite all of the measurement campaigns, results, and theoretical analyses present
in the literature which are mostly focused on 800 MHz-850 MHz, 960 MHz-977 MHz
and 5030 MHz-5091 MHz for the UAV communication, a generic and comprehensive
propagation model for emergency case communications focusing specifically on UAVs
operating at UHF bands is still required. Therefore, in this chapter, a single—frequency
path loss measurement campaign at 446 MHz is proposed. Air—to—ground link
is established via a channel sounder system mounted on UAV. Measurements
are collected within a suburb district, which is located close by to an inner sea.
Measurement site is of hilly terrain structure with foliage. Considering the fact that
such topographical layouts are difficult to reach and collect measurement data, this
section paves the way for incorporating various terrain profiles into the channel models

and obtaining a more comprehensive air—to—ground propagation link.

4.1 General Large Scale Characteristics of Air-to—Ground Link for UAV

In a general air—to—ground wireless communication link scenario, it is frequently
reported in the literature that the propagation mechanism at large scale is governed
by the following statistical path loss equation:

The general equation for a path loss model that includes both shadowing and fading on
a dB scale is typically expressed as:

4rd d
PL(d) =20 x log 7; 0 +10nlog;, <d_) + X5 4.1)
0

—_———
PLy

Here, PL(d) represents the average path loss at distance d, and PL(dy) represents the
reference path loss at a reference distance dy. The value of 1 represents the path loss
exponent, which is dependent on the environment. X4 represents the shadowing loss.

X5 1s typically modeled for Air—to—Ground systems as random variable with Gaussian

distribution. Shadowing loss occurs due to phase shifts of signals arriving via multiple
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Figure 4.2 : Block diagram for measurement setup.

paths and is a slow process. Note that all losses (path loss exponent, shadowing loss)

are expressed in dB.

4.2 Measurement Campaign

4.2.1 Measurement setup

The measurements are collected in the test field at the Scientific and Technological
Research Council of Turkey (TUBITAK) in Gebze, as illustrated in Figure 4.2. This
field provides a realistic scenario for studying wireless communication systems and
their performance in a real-world environment. A channel sounder signal is used to
transmit a PN sequence with 4095 length in 446 MHz center frequency on the UAV
side. DJI Matris 600 Pro is flown up to obtain measurements and it is used as an air
station for its payload capability and durability in extreme conditions. It is shown in
4.3(a).

On the other hand, the same system on the transmitter in 4.3(b) in the car, is used as a

ground station to receive the transmitting signals. Signals have SOMHz bandwidth and
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(b) Receiver system on ground station

Figure 4.3 : Transceiver system for real.

50ns time resolution. Furthermore, a monopole antenna which a frequency ranging
from 400MHz to 470MHz is used for the ground station to receive the transmitted
signals. The antenna has an omnidirectional radiation pattern and it has a 3.3 dBi
antenna gain at 433MHz. After the calculation of the received powers of each point,

the path loss model is extracted as it will be explained in Section 4.3.

4.2.2 Measurement methodology

To begin with the transmitter side, the software-defined radio (SDR) is configured by
the single-board computer (SBC). The carrier frequency and bandwidth are set to 446
MHz and 50 MHz, respectively, and a predefined pseudo-random noise (PN) sequence
of length 4095 is continuously generated by the SBC from the solid-state drive (SSD)
to support a data transmission rate of 1.6 Gbps. The SDR processes the IQ data and
converts it to radio frequency (RF) signals, which are amplified up to 30 dBm before
being transmitted via the antenna.

On the receiver side, the SDR is configured with the same parameters as the transmitter,
including the carrier frequency and bandwidth, before starting the measurement
recording. The antenna collects the over-the-air signals, which are then processed by
the SDR to convert the RF signals into IQ data. The SBC stores the IQ data, consisting
of 81900 samples, periodically to the SSD every 100 ms. Both the transmitting and
receiving SDRs are precisely synchronized with a 10 MHz clock from the Global
Positioning System Disciplined Oscillator (GPSDO), and the GPS receiver provides
high-precision location measurements for both drone and ground station. To ensure
consistency in post-processing analysis, the measurements are recorded by combining
the locations of the measurement points for the same scenario. The measurements are

collected from 60m to 80m heights with step sizes 10m vertically. Local regulations
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allow UAV to operate up to 120m in height, however, due to the topographical
conditions and the high wind speed after 80m in height, measurements are performed
for 60m to 80m in height. Moreover, the only allocated location for UAV flight, where
the measurement is taken, is shown in Figure 4.3(b) in TUBITAK, Gebze. Also, for
each vertical measurement point, UAV moves between 10m to 410m horizontally.

In this air-to-ground channel measurement system, a PN-sequence based channel
sounder with a 50 MHz bandwidth is utilized for the purpose of path loss calculations.
The system is capable of accurately determining the path loss in the 50 MHz band,
which is a crucial parameter in the design of wireless communication systems. Path
loss measurements are performed using a variety of techniques, including signal
strength measurements, distance measurements, and modeling approaches. In this
particular system, the PN-sequence based channel sounder provides a direct method of
measuring path loss by transmitting a known signal and measuring the received signal
strength. The results of the path loss measurements are then analyzed to determine the
optimal signal strength and frequency range for wireless communication in the 50 MHz
band. Overall, this system provides a valuable tool for evaluating the performance of
wireless communication systems in the 50 MHz band, and can help to optimize their

design and implementation.

4.3 Measurement Results

The measurement campaign focuses on the relationship between the received power
of a narrowband signal and the distance between the transmitter and receiver (Tx—Rx
separation), taking into account both horizontal and vertical distance. This relationship
is illustrated in Figure 4.4, which shows that the received power decreases with
increasing Tx—Rx separation, as expected. In Figure 4.4, the measurement results are
given together with the figures of the free space path loss and the path loss log-distance
model obtained as a result of least-squares estimation. Using least-squares estimation

on the measurement data, we can derive the following path loss models:

2.0516 x d +25.23, a = 60m
PL(dB) = { 1.9119 x d +28.15, a = 70m 4.2)
1.9554 x d +27.15, a = 80m

where d is the transmitter-receiver separation and a stands for the altitude of UAV.
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Figure 4.4 : Measurement results for path loss at different altitudes.

For the sake of brevity, the path loss coefficients for specific frequencies and altitudes
are listed in Table 4.1. Overall mean path loss exponent is found to be n =
2.0516,1.9119,1.9554 for the altitudes of 60 m, 70 m, and 80 m, respectively. Another
important observation, which is also in conformity with the results presented in the
literature in different frequencies [2]. Furthermore, the shadowing results are given in
Figure 4.5, 4.6, 4.7 to explain the possible reason for the path loss fluctuates.

It shows the residual value when the log-distance path loss value is subtracted from the
shadowing effect path loss expression expressed in Equation 4.1. In Figure 4.5(a),
the shadowing effect was obtained for 60m altitude, and when the CDFs of the
experimental results and the reference signal with o = 3.1947 dB standard deviation
were compared to the zero-mean Gaussian distribution, it was observed that it fit into
the zero-mean Gaussian distribution as shown in Figure 4.5(b).

For the case of 70m altitude, the residual value can be obtained by subtracting the

log-distance path loss value from the shadowing effect path loss expression expressed
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Figure 4.5 : Measurement results for shadowing at 60 m altitude.

in Equation 4.1. Figure 4.6(a) shows the resulting shadowing effect, and the CDFs
of the experimental results and the reference signal with ¢ = 3.4566 dB standard

deviation were compared to the zero-mean Gaussian distribution and were found to

Shadow Loss(dB)

b: CDF

closely follow the distribution, as depicted in Figure 4.6(b).

Similarly, for the case of 80m altitude, the residual value can be obtained by subtracting
the log-distance path loss value from the shadowing effect path loss expression
expressed in Equation 4.1. Figure 4.7(a) shows the resulting shadowing effect, and
when the CDF of the obtained shadowing signal was examined, it was observed that the

CDFs of the experimental results and the reference signal with o = 3.632 dB standard
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Figure 4.6 : Measurement results for shadowing at 70 m altitude.

deviation were compared to the zero-mean Gaussian distribution, as shown in Figure

4.7(b).

The shadowing results in such topology illustrated in Figure 4.3(b) are expected
because there are many trees and a few buildings with metal structures in the
measurement environment. It is worth emphasizing the significance of the standard
deviation values associated with log-normal shadowing, as they demonstrate excellent
agreement with the values reported in the existing literature [43]. Specifically, within
the range of 3 dB to 5 dB, our findings align closely with the documented values. This

concurrence reinforces the validity and reliability of our measurements, validating the

consistency and accuracy of our research methodology.

39



15
10 1
II
g w‘ | %
= 5 | J
2 | J‘If lﬁw H\M‘W
gl LY R W
5 | .
J,, JuMﬁ \
sb W\
—1D 1 1 1 1 1 1 1
19 20 21 22 23 24 25 26
Distance [dE]
a: 0=3.632dB
1 T T
Empirical CDF _,,y-"_'
Standard Mormal CDF (zero-mean Gaussian)
0.8 a j{'
E //
8 06 Vavd
e /S
T 04 /
E y
3 /
0.2 f:".}/
_ ~:i]5/

-15 -10 -5 1} 5 10 15
Shadow Loss(dB)

b: CDF
Figure 4.7 : Measurement results for shadowing at 80 m altitude.

Table 4.1 : Values for Dy, and Path Loss Exponent, 7 and Shadowing for 446 MHz
at different altitudes.

Altitude (m) 60 70 80
PL. Exp. (1) 2.052 1912 1.955
Shadowing ¢ (dB) 3.195 3.457 3.632

4.4 Summary

In this work, the results of a measurement campaign for air-to-ground channels of
UAV at 446 MHz are presented due to the fact that refarming of UHF band will

enable new opportunities for emergency case situations. The path loss models for
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specific altitudes were derived using least-squares estimation on the measurement
data. The shadowing results were given for different altitudes, and it was observed
that the CDFs of the experimental results closely follow the zero-mean Gaussian
distribution. These results are expected due to the many trees and few buildings with
metal structures in the measurement environment. The standard deviation values of
log-normal shadowing are compatible with the values reported in the literature. Finally,
in future studies, we will extend our results to multiple frequency ranges by also

incorporating environmental effects in different locations and topographies.
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5. AIR-TO-AIR CHANNEL MEASUREMENTS AND MODELING IN
RURAL ENVIRONMENTS FOR LOW ALTITUDE UAVS

In this section, a channel measurement system is developed for UAVs at 5.8 GHz.
BladeRF 2.0 micro xA9 SDR based channel sounder is employed to capture over the
air transmission. Although over the air UAV communication exhibit many fundamental
propagation behaviors, LOS state should be the first analyzed due to the fact that
LOS provides the basic yet not well-established characteristics. To accurately model
the wireless channel, it is important to first conduct a thorough investigation of the
LOS measurements. This will provide a solid foundation for developing a systematic
and comprehensive statistical channel model. In this section, we present detailed
discussions of the measurement setup and provide large-scale channel propagation
statistics, such as the path loss exponent, to support our analysis. Comparison of results
which encompasses several other methods for path—loss modeling is also provided.

The 5.8 GHz frequency band is a highly suitable option for UAV communication due
to its high data rate, low atmospheric attenuation, and unlicensed usage. In order
to optimize and analyze the communication channel characteristics between UAVs,
it is important to perform measurements at the 5.8 GHz band. These measurements
allow for the analysis of critical parameters such as path gain, Doppler spectrum, and
time-frequency correlation function. Additionally, measuring at the 5.8 GHz band is
necessary to evaluate the impact of UAV mobility and trajectory on the communication
channel. In particular, scenarios involving UAVs with varying speeds and directions
in both horizontal and vertical planes require non-stationary channel assumptions.
Finally, measuring at the 5.8 GHz band is beneficial for developing a realistic and
efficient UAV channel model. This model can be used to simulate and improve the
performance of UAV communication systems, ultimately leading to more effective

and reliable UAV operations [24], [44].

5.1 Transmitted Signal and Analysis Methods

Driven by the measurement scenario, campaign, and relevant constraints, transmit

signal is constructed as a windowed stepped frequency sweep:
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K
x(t) = Z eI QL) (t —By) (5.1
k=1

where K is the total number of bursts to be swept; wi(¢) denotes the windowing
function which is operational for r € [0,7] where T is the observation time; By
stands for the sum of all time gaps and burst durations up to kth burst; f; and @
represent the carrier frequency and initial phase of the kth burst, respectively. For the
sake of ease in representations, let frequencies to be swept be given as a set where
fi € {f1, /2.3, -+, fp} where p denotes the total number of available frequencies.
Without loss of generality, the windowing function could be considered to be a

rectangular function given as:

- 1, te [(k—l)Th,kTh)
wi(t) = { 0, others (5:2)
where 7, is the burst duration. Considering the time-invariant system, the generalized

channel model can be represented as,

L

h(t) = Za,ﬁ(t —ti) 5.3)

i=1
where L denotes the number of paths, a; stands for the channel coefficient of the ith

multi—path, and #; represents the propagation delay of the ith multi—path. The received

signal can be written as,

r(t) = h(r) x(1) +n(7) (5.4)

where * is the convolution operator and n(r) stands for the complex additive white
Gaussian noise (AWGN) in this case, the I and Q components are independent and
identically distributed (i.i.d.) random variables with a normal distribution having mean

0 and variance /2.

5.1.1 Time analysis

The power calculation of the received signal with the time analysis method is the
classical power calculation method depending on the time samples of the received
signal without any post—processing. The average power can be achieved by averaging

the instantaneous powers of the r(¢) and can be calculated as,
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1 (T 2
Pa=7 [ Iratt) dr (5.5)
0

where r;(t) is the equivalent received signal for dth distance. Among the wireless
impairments, there are such physical effects as the randomness of the drone movements
and of the weather conditions that might cause fluctuations in the power of the received
signal. These effects are averaged-out by taking several measurements for each

distance as,

1 M
E{Pr,d} = M Z Pr,d,m (5.6)
m=1

where E{-} is the spatial averaging operator and M denotes the number of

measurements for each distance.

5.1.2 Frequency analysis

Considering the frequency domain properties, the signal power concentrates on each
center frequency of the swept signal. Defining the R(f) is the Fourier Transform of the

r(t), power of the received signal in frequency domain can be calculated as,

p
Pe=Y IR(fi) (5.7)
i=1

where i represents the center frequencies of the swept signal. Note that averaging
process is included to achieve R(f) from r(¢). Therefore, only sum operation is
used to calculate the power. Additionally, spatial averaging is considered for power

calculation.

5.1.3 A novel perspective of time—frequency Analysis

Because of the wireless impairments that affect the received signal, the statistical
characteristics of the signal might change. Ensemble averaging can be used to suppress
these impairments so that the statistical characteristics of the signal can be preserved.
To overcome this issue, it is necessary to extract each burst from the wideband
spectrum and estimate the parameters of the sweep signal. One way to accomplish this
is by using time—frequency analysis, such as short time Fourier transform (STFT), to
estimate several temporal parameters, such as the duration and start/stop time of each

burst, as well as the center frequency of the signal. The STFT is computed by applying
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a time—varying window to the captured signal and then taking the discrete Fourier
transform (DFT) of the windowed signal. This allows for accurate estimation of the
temporal and frequency characteristics of the bursts in the wideband spectrum [45,46].
Since the received signal contains more than one period of the signal waveform during
the observation time, the bursts having the same center frequencies are clustered into
same classes. Then, each of these bursts in the same class is extracted from the received
signal for a specified time interval, or time window. After extracting each burst, the
ones with the same center frequencies sum up to achieve the ensemble average of
the signal. Imperfections in the estimation of the parameters that occur in the burst
extraction process yield differences in transition effects. Ensemble averaging also
eliminates these effects. Let Z;(t) be the averaged version of ith frequency channel

and can be represented as,

Z t+Biipj) X g(t) (5.8)

where r(t) is the received signal, N represents the number of bursts that occur in ith
channel frequency during the observation time, and g(¢) = u(t) — u(t — T;,) where u(t)
is step function and 7}, denotes the estimated duration of the burst.

To improve the resolution of the signal, it is necessary to remove the gaps in time
between hops. To do this, we can define a concatenated function, f(z), which combines
or "stitches" together the individual hops to create a continuous signal. This allows for

more accurate estimation of the temporal and frequency characteristics of the signal,

it—(—1)Tp). (5.9)

I M'u

By combining Equations (5.8) and (5.9), the overall reconstruction process from r(r)

to £(r) can be expressed as:

1 &AS
NZZ (t=(i—= )Ty +Biypj) x gt — (i—1)T}) (5.10)

and the average power of the ensemble—averaged signal is calculated,

1

Ty )
PA_?f/O |f(0)|" ar (5.11)
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where T is the sum of the bursts duration. Note that, spatial averaging is considered

for power calculation.

5.1.4 Large scale characteristics

Large scale characteristics for A2A wireless communication link can be described by

the following path loss equation:

4rd
A(d) = 20 x log ~220

—_——
PLy

+10n log (d/d()) + CLOS; (5.12)

In the equation above, d represents the distance between the transmitter and receiver.
This distance is a key factor in determining the received power of the signal, as it
directly affects the path loss, 7 denotes the path loss coefficient which depends on
the environment, dy stands for the reference distance for path loss measurements,
and PL represents the free—space path loss, and ;g contains all of the large-scale

characteristic losses for LOS.

5.2 Measurement Setup

5.2.1 Measurement environment

To verify antenna pattern and free space path loss performance, a measurement setup
is constructed in the Antenna Test and Research Laboratory (ATAM) of TUBITAK
BILGEM as shown in Figure 5.1(a). The dimensions of the anechoic chamber is
17m x 18mx 14m (LxWxH) and frequency range is 0.5 GHz — 40 GHz. Field
measurements are taken at the TUBITAK BILGEM Gebze campus (as shown in Figure
5.1(b)) which consists of a rural area with trees causing ground reflection signal to
drastically lose its power, hence the reflected signal power falls below the noise level.
The location of the stationary receiver and the route followed by the transmitter during

the measurement on a 3D map are also exhibited in Figure 5.1(b).

5.2.2 Measurement equipment

As shown in Figure 5.2, two identical DJI Matrice 600 Pro hexacopter drones are used
as receiver and transmitter. The channel measurement box contains the TX and RX

modules are attached to drones. Each TX and RX channel measurement box consist of
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(a) Anechoic chamber measurements for analysing the coupling effect (left). Guaranteeing the free space
LOS conditions by using an anechoic chamber for isolation (right).

Receiver

o
ey

Staritf.ﬂ(*)int =

(b) The location of the stationary receiver and the route followed by the transmitter during the
measurement on a 3D map.

Figure 5.1 : Two perspectives of the measurement campaign.

one bladeRF 2.0 micro xA9 transceiver, a Lucix S020180L3205 RF power amplifier
to boost signal for both side, as a mini computer Raspberry Pi 4B, CP antenna and
28600 mA h powerbank which has high current capability is used as battery. Antenna
radiation pattern is shown in Figure 5.3. The coupling effect of the drone on the

radiation pattern of the antenna is analyzed, and in this regard, the measurements
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Figure 5.2 : Illustration of the measurement campaign in which two commercially
available hexacopter are used as transmitter and receiver. Note that two
drones are ready to take—off with mounted channel measurement box.

are taken under the presence and absence of the drone at the anechoic chamber. It
can be seen that the coupling effect of the drone can be considered negligible level
as shown in Figure 5.3(a) and Figure 5.3(b) for elevation and azimuth directions,
respectively. Furthermore, to facilitate seamless control of both the Raspberry
Pi 4 units from the ground, an Android cellular phone serves as a central control
device. This Android phone effectively acts as a remote controller, enabling convenient
management and coordination of the Raspberry Pi 4 devices. The comprehensive
measurement system employed in the experiment is illustrated in Figure 5.4, providing
a visual representation of the system’s architecture and components. Additionally,
Figure 5.5 showcases the dedicated channel sounding equipment utilized in the study.
It is important to highlight that a back-to-back calibration approach is implemented,
incorporating RF cable connections. This calibration methodology compensates
for any potential impairments introduced by the aforementioned devices, ensuring
accurate and reliable measurement results. By employing this meticulous calibration
technique, the measurement system achieves enhanced performance and mitigates the
impact of inherent device-related imperfections, further bolstering the credibility and

precision of the experimental measurements.

5.2.3 Measurement methodology

Measurement campaign is performed as two—folds as anechoic chamber and real
world measurements. (a) Anechoic chamber measurements are taken for separation
distances of 1 m, 2m, 3 m and 4 m, respectively as seen in Figure 5.1(a) and (b) real

world measurements are taken between 25 m—425 m TX-RX separation with the same
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Figure 5.3 : The result of the antenna pattern measurement for both presence and
absence of the drone.
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Figure 5.4 : The block diagram of channel sounder for both transmitter and receiver
(arrows are in the reverse direction) used in measurement campaign and
equipment.
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Figure 5.5 : Actual picture of the channel measurement box operating at 5.8 GHz.
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altitude at 50 m. Number of measurement locations is 21 and each point includes
four data set to take average, as given in Figure 5.1(b). Location and timestamp of
each measurement point are also saved at Raspberry Pi 4 which help obtain exact
location of the Tx—Rx via UAVs GPS data. To protect the hardware of the measurement
equipment, RF power amplifiers are not used while taking the measurements at
the anechoic chamber, which leads to linear received power offset between two
measurement settings of Figure 5.6 and Figure 5.7.

The transmitter sends a sweeping chirp signal continuously between 5.82045 GHz
and 5.82755 GHz with 50kHz step size. Sweeping between frequencies has 1.448
millisecond duration. Before the measurements, RF spectrum is monitored with
a Rohde&Schwarz FSW26R spectrum analyzer in order to ensure that there is no
interference within the measurement frequency of 5.82045 GHz and 5.82755 GHz.
It 1s seen that the remote controller of UAVs uses frequency band up to 5.82 GHz.
Thus, we select 5.82045 GHz and 5.82755 GHz to avoid contamination. During the
measurement, Raspberry Pi 4 controls the bladeRF by using a bash script to receive
signal when UAV reach next point on the grid. At each measurement point, the script
on Raspberry Pi 4 run on Android device and 8 MHz bandwidth measurements with a
central frequency of 5.824 GHz are taken during 1 second. The reason for choosing 16
MS/s sample rate is constraints of Raspberry Pi 4 buffer size in terms of I/Q saving on
a file. It is observed that receiver SDR’s ADC digital filter has side effect that actual
bandwidth is less than desired bandwidth, so actual bandwidth is selected as 8 MHz
bandwidth although desired bandwidth is 7 MHz. Furthermore, in order to eliminate
the effect of DC offset in the receiver, center frequency is selected as 5.824 GHz and
that frequency intentionally left blank in the transmitter. Measurement parameters are
listed in Table 3.1.

The captured data is saved on the Raspberry Pi 4. Furthermore, data is fed into a

desktop computer running Matlab to analyze the captured received signals.

5.3 Measurement Results

In this section, measurement results are analysed first starting with anechoic chamber
results. Figure 5.6 shows the signal powers versus log-distance for time—based method,
time—frequency method, and frequency method. According to received signal powers,

the least-squares estimation is utilized to estimate the PLE and signal power offset. The
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Figure 5.6 : PLE, 1, comparison for the anechoic chamber measurements and FSPL
exponent for time, time—frequency, and frequency methods, respectively.
Due to not using RF power amplifiers, the initial power value is lower.
Log—distances are calculated through 10 x log;,(d) where d is in meter.

results demonstrate that PLE can be estimated by time—based method, time—frequency
method, and frequency method as 1.995, 2.046, and 1.932, respectively. Therefore,
these methods are thought to be utilized trustfully for A2A measurements. Recalling
that the frequency method only uses the peak power of each center frequency, signal
power offset for the frequency—based method is appeared lower. Time— frequency
based power estimation model aims to avoid the time transition anomalies whereas
the time based model calculates the average of the entire STFT matrix. Since the
aforementioned models focus on the different portions of time-frequency data, the
power averages calculated by the models tend to variate from each other. Once we
have verified that the proposed method can accurately estimate the PLE of the A2A
communication system, we can post-process the raw time data to estimate the PLE of
the system. This is accomplished by applying various algorithms and techniques to the
data to extract the necessary information and improve the accuracy of the results. The

received signal powers are calculated for each distance and each method at 5.8 GHz.
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Figure 5.7 : PLE, 1, comparison for the real world A2A measurement results and
free space path loss exponent for time, time—frequency, and frequency
methods, respectively. Due to using RF power amplifiers, the initial
power value is higher. Log—distances are calculated through 10 x log,,(d)
where d is in meter.

Subsequently, all 84 measurement points are used to fit a line in log—log graph. Results
of this procedure for each method are given in Figure 5.7. A2A path loss model is

estimated as,

1.817 x 10log;((d) +6.74, Time
PL(dB) =¢ 1.773 x 10log;((d) 4 19.4862, Time—Freq. (5.13)
1.903 x 10log;y(d) +29.573,  Frequency

In the equation above, d represents the distance between the transmitter and receiver.
Besides, dj is selected 28 m for this scenario. The RMSE values of fitting for the time
based, time—frequency based, and frequency based are respectively 0.5161, 0.5388,
and 0.6885. These measurement results also comply with the analytical works of [2]
and [47], thus provides a solid foundation for A2A channel characteristics. Note that
the reason behind the difference between the power levels of Figure 5.6 and Figure 5.7

is that RF power amplifiers are used in the A2A measurements.
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6. CONCLUSION AND FUTURE DIRECTIONS

From the USRP used in the UAV channel modeling measurement system to the
mobile transceiver design; from the used amplifier to the Raspberry Pi; problems
have been encountered in a variety of areas, ranging from the GPS module to remote
measurement software, and suitable solutions have been suggested. Center frequency
shift, DC leakage, and I/Q imbalance were observed in USRPs, respectively, frequency
shift correction in the receiver after frequency shift cross-section, design of filters
specific to DC leakage, matrix-based imbalance estimation and correction in 1/Q
imbalance or second order I/Q. Based on the statistics, solutions such as correction
have been proposed. In addition, the issues that need to be considered in the amplifiers
used in creating a mobile measurement system, the selection of power supply with
the appropriate DC-DC converter, how the Raspberry Pi 4B is used for remote control
and how the GPS module is used to track the location of the receiver and transmitter.
Finally, in the algorithm section, the statements about how the described devices will
interact with one another, the channel model system will be used, how to link remotely,
and how the measurement will be managed parametrically To summarize, identifying
the problems mentioned and suggesting suitable solutions is critical in developing a
clear UAV channel measurement system.

In Chapter 4.1, the results of a measurement campaign for air-to-ground channels of
UAV at 446MHz are presented due to the fact that refarming of UHF band will enable
new opportunities for emergency case situations. Based on the measurement data, it is
shown that altitude along with the environment is an important factor that needs to be
considered. Due to the increase in the elevation, the channel condition gets better and
the path loss exponent tends to decrease in general. Thus, in future studies, we will
extend our results to multiple frequency ranges by also incorporating environmental
effect in different locations and topographies.

In Chapter 5, presents the initial work for a better understanding of the characteristics
of A2A wireless communications channels between UAVs by introducing a solid

measurement—based modeling of large-scale LOS path loss components. The work
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provides insight into the hardnesses of developing a robust measurement setup
for such a purpose, but more importantly, the extensive measurement campaign
conducted introduces a large-scale A2A LOS path loss model for low altitude UAVs
communicating in rural areas at 5.8 GHz. By performing measurements in both the
anechoic chamber and outdoor environment with validation and statistical modeling
purposes, it is shown that peculiar characteristics of the drones and A2A channels result
in a PLE less than that of the free space path loss. The investigated channel sounding
approach is shown to be worth being progressed since it has provided substantial
channel knowledge despite being relatively very low-cost when compared to other
sounding approaches. The proposed channel sounder provides a baseline for further
analyses which is the future work, i.e., estimation of channel impulse response and
higher-order channel statistics (e.g., excess delay spread, Doppler spectrum) for wider
bands. Moreover, NLOS scenarios will be set up also to model shadowing and other
fading characteristics.

The introduced measurement framework can also be used to optimize UAV flight
duration, frequency domain estimation, and wireless coverage analysis. Further, this
system can be exploited to understand the impact of drone body movement and drone
body shift on wireless signal reception. Finally, measurement procedures can be
developed to estimate the propagation environment in which drones are rapidly moving

e.g., cases that require fast channel characterization.
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