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ABSTRACT

RADAR DATA ACQUISITION AND PROCESSING
SYSTEM FOR UAV POSITIONING APPLICATIONS

Small drones have started to be utilized by researchers for applications such as
object tracking, imaging and remote sensing as they become more available, inexpen-
sive and capable with the advancements in sensor and UAV technologies. Drones can
be equipped with sensors such as cameras and radars. Radars can be used onboard for
navigation aid by detecting range and velocity, as well as for radar imaging applica-
tions. Although the latter is common, they can be useful in navigation since they are
barely affected by weather conditions or smoke. FMCW radars are fitting devices for
drones since they are relatively simple and can be lightweight. Therefore, following a
broad FMCW radar survey, a custom drone system and a radar system are designed
and implemented for UAV positioning applications. A postprocessing algorithm for
detecting the altitude above ground level and ground reflection is developed, and a

range compensation method is proposed to improve the performance of the algorithm.

Results of a field experiment showed that the radar system can be used for air-
borne positioning applications. Detected altitudes show similarity to the flight video.
Reflections coming from the metal objects are distinguished from those coming from
the ground. Range compensation method enabled detecting much lower altitudes, and
magnitude of ground reflections obtained from different altitudes became similar. The
system can be used in landing aid applications with a proper autopilot software and in

SAR imaging with a position sensor more accurate than GPS.



OZET

ITHA KONUMLANDIRMA UYGULAMALARI ICIN
RADAR VERI TOPLAMA VE ISLEME SISTEMI

Duyucu ve IHA teknolojilerindeki geligmelerin kiiciik ucan robotlar: daha ucuz,
erigilebilir ve kabiliyetli kilmasiyla bunlar arastirmacilar tarafindan imgeleme, nesne
takibi ve uzaktan algilama gibi uygulamalarda kullanilmaya baglamigtir. Ucan robot-
lar kamera ve radar gibi duyucularla donatilabilirler. Radarlar ugan robot iizerinde
mesafe ve hiz tespiti yaparak yongiidiime yardimci olabilirler ya da radar imgeleme
uygulamalarinda kullanilabilirler. Bunlardan ikincisi yaygin olsa da, radarlar hava
kogullarindan ve dumandan oldukca az etkilendiklerinden yongiidiimde kullanimlar:
faydali olabilir. FMSD radarlar nispeten basit yapida olduklarindan ve hafif ola-
bildiklerinden ucan robotlar i¢in elveriglidirler. Bu durum {izerine, genis bir FMSD
radar arastirmasindan sonra, IHA konumlandirma uygulamalar: i¢in ozel tasarim bir
ucan robot sistemi ile bir radar sistemi tasarlanip gerceklenmigtir. Yer seviyesine gore
yiiksekligi ve yerden gelen yansimalar: tespit etmek icin algoritma gelistirilmis ve bu

algoritmanin performansini artiracak bir menzil telafi yontemi ileri siirtilmiigtiir.

Saha deneyi sonuglari radar sisteminin hava kokenli konumlandirma uygulamala-
rinda kullanilabilecegini gostermistir. Tespit edilen yiikseklikler ugusun goriinti kayit-
lar1 ile benzerlik gostermektedir. Metal nesnelerden gelen yansimalar yerden gelen
yansimalardan ayirt edilebilmigtir. Menzil telafi yontemi ¢ok daha diigtik ytiksekliklerin
tespitini miimkiin kilmig ve farkl yiiksekliklerde edinilen yerden gelen yansimalari ben-
zer biiyiikliiklere ulagtirmigtir. Sistem, uygun bir otomatik pilot yazilimai ile inig yardimi
uygulamalarinda ya da KKS (GPS) duyucusundan daha dogru bir konum duyucusu

kullanilarak SAR gortintiileme uygulamalarinda kullanilabilir.
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1. INTRODUCTION

Unmanned Aerial Vehicles (UAV), or commonly known as drones, are flying
robots which are either piloted remotely or able to fly on varying degrees of auton-
omy in order to fulfill a wide variety of missions. They are used in tasks that endanger
human lives or are mundane [1]. They have seen a rise in popularity during previous

few decades as they have become cheaper than ever.

Although their usage in military applications remains since their existence, UAVs
are now used in commercial and scientific applications as well as in everyday life [2].
They are used in the areas such as aerial photography & movie making, agriculture, ar-
chaeology, glaciology, infrastructure and building inspection, logistics, military assault
& reconnaissance, mine detection, object tracking, remote sensing, search & rescue,

surveying & mapping, urban traffic analysis [2-4].

1.1. Application Areas of Modern Drones

Early development of UAVs aimed military usage such as assault and recon-
naissance missions as they eliminate the necessity of an onboard human pilot. They
required heavy engines to be able to carry heavy payloads. As the size and weight of
the equipment reduced with technological advancements, size and cost of the UAVs

have shrunk over time, allowing their area of utilization to spread [2].

Modern UAVs come in a wide range of forms, sizes and capabilities. They are
designed to meet the needs of their mission. Medium and large UAVs are designed to
fly at altitudes as high as kilometers, can fly for tens of hours for ranges of hundreds of
kilometers. To meet these specifications, they need to be big in size and weight, hence
they are very costly. Small and very small UAVs, however, do not need to carry heavy

payloads or to fly long ranges, which makes them lightweight and hence, cheaper.



Multicopters are types of drones with multiple rotary-wings which let them to
have simpler controllers, which allows flexible design, and high maneuver capability
than fixed-wing drones, and the ability of vertical takeoff and landing. They can travel
to otherwise inaccessible areas. Combining these features with the low cost that comes

with small size and their ease of use, they have become popular.

In addition to their commercial use-cases such as filmmaking and logistics, mil-
itary applications such as surveillance [5], modern UAVs have started to be used in
research. Some of the application areas of UAVs in research are search and rescue [6],
forest monitoring [7], object tracking [1, 3], ground observation and mapping [4], ur-
ban traffic analysis [8], precision agriculture [9], remote sensing applications such as
in glaciology [10] and archaeology [11], non-destructive testing (NDT) and buried ob-
ject detection [12-18], civil infrastructure and building inspection [19], radar imag-
ing [20-23], antenna measurements [24,25]. Some of the utilization areas of UAVs are

illustrated in [2] as well.

1.2. Sensor Systems for Drones

Drones are equipped with many sensors. Certain types of the sensors are com-
mon in most drone systems, especially the ones which provide information critical for
navigation. Combining the information obtained from these sensors, altitude and ge-
ographic orientation and position of the vehicle can be determined. Typical examples

for these sensors are as the following:

e GPS (Global Positioning System) sensors are used to detect the geographical
position of the vehicle by evaluating signals received from multiple satellites.

e An IMU (Inertial Measurement Unit) uses gyroscopes, accelerometers and mag-
netometers to obtain linear velocity and attitude of the vehicle.

e Compass is another type of sensor that uses the magnetic field of the Earth to

obtain the orientation of the vehicle.



e Barometric pressure sensor is used to extract altitude of the vehicle using atmo-

spheric pressure.

In accordance with its task, a drone may be equipped with other types of sen-
sors to collect information about its environment. Ultrasonic sensors, lidars, cameras,

thermal cameras, hyperspectral cameras, radars are examples of such sensors.

Ultrasonic sensors emit and collect ultrasound waves to detect distance and mo-
tion of the objects. They are used in obstacle avoidance applications on many robots

and vehicles [26].

Cameras collect the visible light reflected from the objects to obtain an image
of the area. They are widely used on drones as they provide useful information for
applications of mapping and surveillance, in addition to more direct applications such
as aerial photography, and there are relatively cheap options. Images obtained by
camera-based sensors also make it easier to explain the data collected by other sensors

which may be harder to be interpreted on their own.

Cameras sensors provide images understandable easily by humans, but their op-
eration depends on the scene to be illuminated. Without the existence of another light
source, like Sun in daytime, they cannot provide useful information. Opaque obstacles
would block the view of cameras. Moreover, transparent objects such as glass cannot

be detected by cameras as the visible light passes through them.

Thermal cameras use infrared radiation instead of visible light which is used by
traditional cameras. As objects with higher temperature emit more infrared radiation,
thermal cameras are useful in detecting objects hotter than its surrounding, such as

living beings, overheating parts and fires.

Hyperspectral and multispectral cameras use continuous and spaced bands of the

spectrum, respectively, to create images. They are useful in detection of the type of



material as they are able to use information coming in form of electromagnetic radiation

outside of the visible spectrum.

Hyperspectral and multispectral cameras give more detailed information about
the objects’ reflection properties than that given by ordinary cameras, but they are
very complex systems and therefore they are very expensive. They are also prone to

the disadvantages of traditional cameras.

Lidars use the time of flight of visible light to detect the range of the objects.
They are highly directional as they use lasers, which have very narrow beam. Lidars
give extremely highly accurate range information and resolution. However, they cannot
work under challenging weather conditions like heavy rain and fog due the the light

being refracted. Transparency of objects is also a preventive issue.

Radar is another type of sensor that can be used on a drone. They use radio waves
to detect the distance of objects. Radars can be used as altimeters or in Synthetic

Aperture Radar (SAR) imaging applications on UAVs.

Radars eliminate the shortcomings of using visible light by using radio waves.
Most importantly, they can work under challenging weather conditions. They can see
through some types of materials and detect transparent objects [27]. Since radars
illuminate their scene, they do not require an external radiation source. They are not

affected by daylight and can work at night as well as at dark areas.

There are different radar technologies with different use cases. Some examples

can be as following:

e Pulse radars emit pulses with a short duration, and wait for a longer duration
so that echoes from further objects can reach before another pulse is sent. The
distance of the object can be determined by detecting the time difference between

the sent and received pulses.



e Continuous wave (CW) radars radiate radio signals continuously at a constant
frequency. Reception of a signal at the frequency of interest shows existence of
an object. Since the objects in motion would cause a Doppler frequency shift in
the received signals, radial velocity of the object can be measured. Distance to
the object, however, cannot be determined by purely this method as the signal is
transmitted continuously and without any change in time.

e Frequency modulated continuous wave (FMCW) radars modulate the frequency
of radio waves in time, allowing measurement of distance of the objects. Velocity

of the objects can also be determined by comparing successive pulses.

FMCW radars have become very common and available. Since they have rela-
tively simpler circuits than other types of radars, they can be small in size and cheap.
They can also provide images by synthetic aperture radar (SAR) method [28-33] and
can be used in terrain mapping applications [20,21]. As they can provide both distance
and velocity information, they are used as automotive radars [34]. They can be used
in automotive applications such as blind-spot detection, lane change and park assis-
tance, as well as secondary applications such as occupancy detection and driver vital
sign monitoring [35]. Using the penetration capability, FMCW radars can be used in
applications such as ground penetrating radar (GPR) [11,16-18] and see-through-wall
(STW) radar [36,37]. There are a number of remote sensing applications which use

FMCW radars in literature as well [27,38,39].

1.3. Drone Applications using FMCW Radar

FMCW radars are suitable to be used onboard small drones since they also can be
small and lightweight. Moreover, they are also cheap as they do not require complicated
circuits. They are able to extract distance and velocity information which may help the

navigation of the drone, just as they do in automotive applications described before.

Lately, FMCW systems are started to be used onboard UAV systems. Exploiting

the high-resolution imaging capabilities of FMCW radars on such mobile platforms en-



ables various monitoring applications. There are several studies where SAR technique
is used with FMCW radars on drones, some of which only involves the design of a
radar system as such while others are aimed at terrain mapping and imaging applica-
tions [20,21,30-33,40]. There are also studies that use FMCW drone systems for GPR
applications [11,16], some of which uses SAR technique as well [17,18]. However, apart
from a few commercial drone systems that use the radar for obstacle avoidance, there is
no drone system that uses an FMCW radar system in positioning or navigation. This
may stem from the fact that small drones that can carry a radar system with sufficient
computational power are newly developing. The systems mentioned before mostly use
FMCW radars to obtain radar data and transfer the measurements to a ground station
for processing, instead of involving an onboard processing platform. In this work, a

drone system equipped with radar is proposed to be used for positioning applications.



2. FMCW RADAR THEORY

Radar is an acronym for “Radio Detection and Ranging”. As the name suggests,
radar systems are used to detect if there is any object in its field of view, and estimate
the distance between the radar and the object, if it exists. Radars use radio waves,
typically between 3MHz and 100GHz, for this purpose. Using the time of flight of the
radio waves and the speed of propagation in that medium, mostly air, the distance

between the target and the radar can be calculated.

Radar systems are designed to detect at least one of the properties among the
existence, motion, distance, velocity, angular position of the targets of interest, depend-
ing on the technique they use. For example, CW radars cannot detect static objects
as their operation relies on Doppler shifts caused by their relative velocity. They can-
not detect distance to an object since they have no way of knowing the time of flight,
whereas FMCW radars modulate the frequency with time, hence they are able to detect
the range of an object by detecting time delay using the frequency difference between

the transmitted and received waves.

2.1. FMCW Radar Theory and Basics

2.1.1. Theory of Operation

FMCW radars modulate the frequency of the signal over time as in Figure 2.1
to obtain a chirp signal which enables target detection at range. Conventional pulse
radars determine the time delay of outgoing and incoming pulses to determine the

target range.

The time delay between the transmitted and received wave can be calculated by

2R
tg = — 2.1
d c ) ( )



where R is the range, t, is the time delay between transmitted wave and received radar
echo and c is the speed of light. Detection of this time delay between the outgoing wave
and the incoming wave requires advanced electronic equipment. The most important
reason why FMCW radars have become popular in recent years is that this time delay
makes it possible to detect with simpler circuits. Figure 2.2 shows basic building blocks

of a typical FMCW radar implementation.
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Figure 2.1. Frequency vs. time plots of transmitted and received chirps and resultant

IF signal in a FMCW radar.
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Figure 2.2. Building blocks of a simple FMCW radar.



In FMCW radar, the wave emitted by the transmitter can be defined as
fo— fi
T

[

x, (1) = cos(2m(f1 +

), (2.2)
whereas the received wave is

fo—fi
T

Trep(t) = cos(2m(f1 +

(t —ta))t), (2.3)

where f5 represents the highest frequency of the chirp and f; represents the lowest
frequency, T, represents the pulse width or a period of the wave, and t; represents the
delay of the received wave. The bandwidth of the system B can be defined as f; — fi.
Mixing the outgoing and incoming waves and then applying a low pass filter (LPF) to
eliminate high frequency components, the output will become

fo—h

[

Tout(t) = cos(2m( ta)t). (2.4)

Thus, a single tone sinusoidal is obtained at the output of FMCW radar circuitry. The
frequency of this signal is proportional to t; which can be used to determine the range

of the target. Using Equation (2.1) to replace t4, o, becomes

Tous(t) = cos(QW(sz R)Y). (2.5)

The linear relationship between the frequency of the signal and the range is also ob-

tained as

2B

fout(R> = CTC R7

(2.6)

where B/T, term is an important parameter in FMCW radar systems, showing the
frequency slope, hence it is mostly expressed as S. Finally, range of an object can be

determined by solving Equation (2.6) for R, resulting in

cT,
=< . 2.
R 5 Sout (2.7)



10

2.1.2. Maximum Radar Range

There are different parameters that limit the radar range in theory and in practice.
The theoretical limit of the system is equal to the maximum range that the wave can

travel during one period of the FMCW signal, RTe  given by

R cl.,

max: 2 °

(2.8)

While creating the FMCW equations, it is assumed that the outgoing and incoming
waves are in the same period. Considering practical values of the pulse duration,
corresponding maximum range value becomes very high, hence this range value is

limited by other parameters. Therefore, the assumption made before is valid.

Another parameter that limits the maximum range is the sample rate of the
receiver. The maximum value that the frequency of the IF signal can reach is B,
bandwidth. According to the Nyquist-Shannon sampling theorem, sampling frequency,
F, of the ADC(Analog-to-Digital Converter) has to be at least twice this value so that
no information is lost. Although ADCs with very high sampling rates are expensive, the
range value that corresponds to the frequency value equal to the bandwidth in FMCW
radars which work at relatively high frequencies becomes so high that in practice, other
limitations on the maximum range value takes affect. Still, sampling rate of the receiver
sets an upper limit on the frequency of the IF signal whereby on the range value that

can be detected, RYs  which can be shown as

max?

I, F.
REs = —<_ %
max QB 2

(2.9)

The radar range equation is also an equation used to calculate the maximum

range of the radar based on the frequency, the power of the transmitted wave, antenna

SNR

max

gains and the minimum detectable power level. This maximum range, R can be

stated as

RSNR _ a PG*N\o

mar =\ Py (A7) (2.10)

where P, is the transmitted power, G is the antenna gain, A is the wavelength of the
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signal, o is the radar cross-section (RCS) value of the object and P, is the minimum

power value at the receiver that can be detected.

The actual maximum range value is set by the most effective of these upper limits.

Hence, the final value can be obtained by

R = min(Re  REs RSNE

max? max? max ) °

(2.11)

2.1.3. Range Resolution

Range resolution is the minimum difference of distances to a FMCW radar of two
objects for them to be distinguishable. Since the distance is related to the frequency in
FMCW radars, this corresponds to a frequency value. According to the Fourier trans-
form theory, for two frequency components that are distanced by Af to be resolvable,
they need to be observed for at least 1/Af. Substituting for Af by Equation (2.6),

the chirp duration 7, can be stated as

1 a1
 Af 2B Ry

T, (2.12)

where R,.s is the range resolution. Simplifying this equation, R,.s is obtained as

C
res — a5 - 2.1
R 5B (2.13)

This equation shows that range resolution depends only on the bandwidth in a FMCW
radar. The frequency components of sampled IF signal can be calculated by using a
Fast Fourier Transform (FFT) algorithm. Since the FFT output is in discrete form,
resolution would be affected by the bin width of the transform. This can be surpassed

by using FFT length of at least the number of samples per chirp.

2.2. Radar Survey

Small drones’ strength comes from being inexpensive and easy to control. This,

however, brings along some disadvantages. They cannot carry heavy or large payloads.
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Large area of a payload can deteriorate aerodynamics of small drones. Heavy payloads
require rotors to work at higher speeds, increasing power dissipation, thus shortening

the flight duration.

A radar system needs to obey these limitations to be usable onboard a small
drone. It needs to be small and lightweight. Furthermore, its power dissipation should
be low as well since high power dissipation would necessitate the radar’s battery to

have large capacity, which means an increase in weight.

A literature survey is carried out in order to determine the approach to the radars
used onboard UAVs. Researchers in [12-14,22, 23] used UWB radar modules for UAV
GPR, imaging and SAR applications, some of which were not available on market.
In [21], an evaluation board of an automobile FMCW radar is used on a drone for
terrain mapping with SAR techniques. A software defined radio (SDR) based radar
is used in landmine detection in [15]. Researchers designed RF frontend for a FMCW
radar and used a commercially available baseband board to test the antenna they have
designed and manufactured for possible UAV applications in [40]. Custom-designed
FMCW radars are used in [11,16-18,20,29-33] for UAV GPR and SAR applications.

A comprehensive market survey about commercially available FMCW radars fol-
lowing the literature survey. Aim of this survey was to find radar systems which can
be used in drone applications, with range detection capability, and can be used in
radar signal processing applications. While all available products include RF frontend,
they differ in specifications such as radar technology, detection capability, center fre-
quency and bandwidth, output power, number of transmitter (TX) and receiver (RX)
channels, data output and availability of raw data, requirement of additional circuits,

prices. Some of these radar products can be summarized as below:

e [VS-362 is a radar sensor module which works between 24.00GHz and 24.25GHz
frequency band using FMCW principles. It needs a control voltage input and

outputs [-Q signals. This sensor involves 1 TX, 1 RX antenna with approximately
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40° beamwidth. Output power is 15dBm. Additional circuitry to generate control
voltage for frequency modulation and sampling is needed to use this sensor.
K-LD7 is a Doppler radar sensor which works at 24GHz center frequency and
6dBm output power. It can detect distance of the moving objects using FSK
(Frequency Shift Keying) technique, velocity and direction of moving objects
using Doppler technique and angle of arrival as there are 2 RX antennas. Infor-
mation about detected objects can be reached using serial data interface, as well
as radar parameters can be changed. K-LD7-EVAL is the evaluation board of
K-LD7 which allows raw data and FFT data to be stored and visualized via a
GUL

K-MC4 is a Doppler radar with 18dBm output power at 24.00GHz - 24.25GHz
frequency band. It has 1 TX, 2 RX antennas with 30°x12° beamwidth. This
sensor produces analog output in I-Q form and allows FSK and FMCW techniques
via its frequency modulation input. Sampling and control voltage generation
circuitry are required.

OPS243-C is a Doppler/FMCW radar with a start frequency of 24GHz and 20°
beamwidth. It is capable of detecting range, velocity, motion and direction. Via
UART-USB interface and a simple API, radar parameters can be changed and
reports of detected objects can be collected. Raw and FF'T data are available via
APT as well.

Position2GO is the evaluation board of BGT24MTR12 FMCW transceiver 1C,
working around 24GHz start frequency. It can detect range, velocity, and angle
of arrival of objects using 2 RX antennas with 76°x19° field of view. Opera-
tions such as PLL control and signal processing are done on its ARM Cortex-M4
based microcontroller. Communication is done using USB interface. Using a GUI
which works on Windows, user can visualize the output of the radar and develop
algorithms. Source code of the radar algorithms and firmware are available.
IWR1843BOOST is an evaluation board of an industrial FMCW radar transceiver
IC. The frequency band of this radar is between 76GHz and 81GHz with 4GHz
continuous bandwidth and 12dBm output power. There are 3 TX, 4 RX antennas
with 56°x28° beamwidth. This radar board has an integrated ARM R4F-based
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MCU and an integrated DSP. It is capable of detecting range, velocity, angle of
arrival information of detected objects. An API, firmware source code, examples
and documentation are available. UART/USB can be used for communication,
although there are many other interfaces. Raw data is streamed via LVDS inter-
face, which can be converted to Gigabit Ethernet via an additional board.

e EV-RADAR-MMIC2 is a development board which involves transmitter, receiver
and PLL ICs. RF frontend is designed to operate using FMCW technique at
24GHz start frequency with 250MHz bandwidth. Another circuit board is re-
quired to program the ICs. There are 2 TX, 4 RX channel connections on the
board. To put the fine FMCW performance of the frontend to good use, a sam-
pling circuit with matching quality and external antennas are required, therefore
this option would be expensive.

e sR-1200e is a CW/FMCW radar which works at a frequency interval between
24.00GHz and 24.25GHz, with output power between 10dBm and 19dBm. It
makes range, velocity and angle of arrival measurements possible. It has 1 TX, 2
RX antennas with a beamwidth of 65°x24°. Power over Ethernet (PoE) interface
is used for transmission of power and data. A GUI tool which eases tasks such
as configuring the radar, visualizing data and declaring user functions, as well as
examples and expert support becomes available with additional charges, although
using API is without these is also possible. Even without the GUI, this is an

expensive radar compared to others.

Some of the radars found are removed from consideration since the effort of design-
ing and testing additional circuit necessities were too high. Likewise, radars without
antenna or analog output also require additional circuitry, therefore they are removed
as well. Simple radar modules, like the ones without phase-locked loop (PLL), would
not give good FMCW performance, therefore they are also removed from consideration.
Radars which lack some capability compared to the ones with similar prices or the ones
which are more expensive than those with similar specifications are eliminated. Re-
maining candidates are compared according to the Table 2.1. Finally, IWR1843BOOST

is deemed the most appropriate for this work among more than 60 candidates from 12
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companies, considering its ease of use and good documentation, detection capabilities
and 3D field of view, high bandwidth, ergo good range resolution, and the fact that [21]

uses a very similar radar of the same company.

Table 2.1. Properties of selected radar products for drone applications.

Properties OPS241-B 0OPS243-C Position2GO
Radar Technology FMCW FMCW Doppler FMCW
Start Frequency 24GHz 24GHz 24GHz
Max. Bandwith 1GHz 250MHz 250MHz
Output Power 11dBm 11dBm 11dBm
Antenna Gain 7dBi 11dBi 12dBi
Field of View 78° x T78° 20° x 24° 79° x 19°
TX Antennas 1 1 1
RX Antennas 1 1 2
PLL - + +
Power Dissipation 1.6W 1.8W 2.1W
Dimensions (mm) | 53 x 59 x 12 75 x 90 x 12 50 x 45 (60)
Weight (g) 11 15 150
Interface UART, USB | UART, USB, RS232 UART, USB
Range Detection + + +
Velocity Detection - + +
Angle Detection - - Azimuth
Configurability + + +
Programmability - - MCU
ROS Support + + -
Available Data Raw, FFT Raw, FFT Raw, FFT
Notes API API, Cloud and Windows GUI,
Android App via source code
WiFi/Bluetooth
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Table 2.1. Properties of selected radar products for drone applications. (cont.)

Properties IWR1843BOOST sR-1200e
Radar Technology FMCW FMCW Doppler
Start Frequency 77GHz 24GHz
Max. Bandwith 4GHz 2.5GHz
Output Power 12dBm 19dBm (EIRP)
Antenna Gain 10.5dBi

Field of View 56° x 28° 65° x 24°
TX Antennas 3 1

RX Antennas 4 2

PLL + +
Power Dissipation 12.5W 4.5W
Dimensions (mm) 132 x 106 114 x 87 x 43
Weight (g) 30 280
Interface LVDS, SPI, 12C, UART, USB Ethernet (with PoE)
Range Detection + +
Velocity Detection + +
Angle Detection Azimuth, Elevation Azimuth
Configurability + +
Programmability MCU + DSP +

ROS Support + ;
Available Data Raw, FFT Raw, FFT

Notes

documentation, source
code, examples, application
data over USB, raw data
stream requires DCA1000EVM
and Gigabit Ethernet

expert support
and Windows GUI
(costly)
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3. DRONE RADAR SYSTEM

A drone radar system to be used in positioning applications is proposed in this
work. Overall system is composed of two subsystems: a radar data acquisition and
processing system, and a drone system. Radar data acquisition and processing system,
or radar system in short, is made up of a FMCW radar sensor and a host computer,
both of which are powered by a 4S Li-Po battery. A block diagram of the radar system
is given in Figure 3.1. It is used to obtain and process radar information whereas drone

system is used to carry the radar and the host computer in the field experiments.

Radar Data
Acquisition &
Processing System Host Computer

45 Battery +

h 4

Figure 3.1. Block diagram of the radar system.

3.1. FMCW Radar Sensor

The radar sensor used in the design of the radar system is IWR1843BOOST. It
forms the infrastructure of the radar system. It is a FMCW radar sensor that transmits

and receives radar signals and outputs radar data in digital form.

3.1.1. FMCW Radar Hardware

At the core of the radar sensor board is IWR1843, a single-chip millimeter-wave

industrial radar sensor with integrated MCU, DSP and radar hardware accelerator
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(HWA). It operates in the 7T6GHz - 81GHz frequency band with up to 4GHz continuous
chirp. It includes 3 transmitter (TX) and 4 receiver (RX) channels as well as built-in

phase-locked loop (PLL) and analog-to-digital converters (ADC).

Radar IC can be divided into four subsystems: RF and analog subsystem, radio
processor subsystem, master subsystem (MSS) and DSP subsystem (DSS). Functional
block diagram of the radar IC can be seen in [41].

RF and analog subsystem consists of the RF and analog circuit parts, namely,
the frequency synthesizer, power amplifier (PA), low-noise amplifier (LNA), mixer,
intermediate-frequency (IF) filter and ADC, as well as crystal oscillator and some sen-
sors. This subsystem can further be divided into transmit (TX) and receiver (RX)
subsystems. The placement of the onboard antennas can be seen in [42]. Each 3
TX channels have a separate PA as well as phase-shifter for beamforming. Likewise,
each 4 RX channels are identical, involving their separate LNA, mixer, IF filter and
ADC circuits. As opposed to typical radar frontend implementations which use a
real mixer with a real baseband and ADC chain, IWR1843 makes use of a quadra-
ture mixer and complex-baseband architecture to provide complex I and Q outputs for
each receiver channel. Using a complex-baseband architecture enables various advan-
tages such as improved noise figure, improved interference tolerance, reduced impact
of RF intermodulation products without any penalty in ADC interface rate or memory

requirements [43].

Other subsystems consist of digital circuits. Radio processor subsystem involves
digital filter chains, ADC buffer, chirp ramp generator and radio processor. MSS
contains ARM Cortex-R4F-based processor and peripherals and it controls all device
peripherals and house-keeping activities. Radar HWA helps calculations such as FFT
and logarithms. DSS contains C674x DSP, a high-bandwidth interconnect, associated
peripherals as well as L3 radar data memory. MSS and DSS can also be programmed

by user.



19

3.1.2. FMCW Radar Signal Processing

FMCW radar theory is presented in Chapter 2. Equation (2.7) shows that the
relationship between the range of an object and the frequency of IF signal is linear.
This equation shows that range of the objects can be determined by detecting the
peaks of FF'T result. If there are multiple objects present at distances that differ by
at least range resolution value, they appear as multiple peaks on the FFT. However,
there might be multiple objects at the same distance which would fall into the same
FFT bin. These objects cannot be distinguished by single observation. To overcome
this issue, one can take multiple measurements which differ temporally or spatially.
Since temporal diversities result from the changes in the range of the objects over time
whereas spatial diversities arise from (concurrent) measurements taken at different
positions, objects with similar ranges can be resolved by detecting radial velocities or

angles of arrival.

The radar sensor is capable of detecting radial velocity by using a frame of suc-
cessive chirps, called Doppler chirps, and angle of arrival by using multiple antennas.
There are 3 TX and 4 RX channels on the radar. Each combination of TX and RX
antennas forms a virtual antenna. For each Doppler chirp, each TX channel transmits
the chirp signal one at a time and all RX channels receive reflected echo signals. Mixed
IF signals are then sampled and saved into a section of the ADC buffer according to

the virtual antenna of that observation.

ADC Buffer Radar Memory Radar Memory
oogo------ o aooeoomeoon oo
g oooog------ oo g goUumoUmoog o | QUOMOIUIDUOM
= ' : : : ' 5 DOoOROOmRO00 a| | O0oOoomOnn
5| | OO ------ OO | 1IBFFT S| | ODOmOoOomOOdg DFFT 3| O00O000oodn
§ OoOoodat------ O (alongrows)% [N [l IEE (a\ongco\umns)§ OOoOomOoOoOoodn
o | googd------ onm ol doOoRdOomOnng OoOoooooodn
oogo------ o aooeoomeoon OooooooeoHn
ADC Samples Range Bins Range Bins

Figure 3.2. Simplified processing steps of the FMCW radar for each virtual antenna.
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Figure 3.2 shows simplified steps of the radar signal processing for each virtual
antenna. Samples obtained from each Doppler chirp are stored to the ADC buffer as
rows. The first processing step is to compute FFT along the rows and save the output
to the radar memory. This step is named 1D FFT and it is performed in parallel to
the sampling process. As a result, data in the columns of the radar memory become
range bins. Peaks along the rows indicate that high amount of reflections are collected
from the corresponding range. Although the range bins at which the peaks occur are
similar along the rows, the phase values at these peaks may not be the same and the

difference is related to the radial velocity of an object.

After all the Doppler chirps are sampled into ADC buffer, processed by 1D FFT
step and saved into radar memory, next step is performed: computing FFT along
the columns of radar memory and storing the results into the radar memory. This
step is called 2D FFT, or Doppler FFT, and the rows of the radar memory become
Doppler bins. The rows will differ after this step. Peaks along the columns indicate
that reflections coming from those distances are caused by objects with corresponding

radial velocities.

The processing steps described above are performed on the data obtained by
all virtual antennas. Theoretically, it is possible at this point to determine angle of
arrival by performing a 3D FFT across virtual antennas. Then, log, of magnitudes for
each virtual antenna are calculated and an accumulation is performed across virtual
antennas. The result is a 2D matrix called detection matriz. The radar sensor transfers

the range profile along the 0-Doppler bins via UART to the host computer.

3.2. Acquisition and Processing Platform

The other component of the radar system is the acquisition and processing plat-
form, or host computer. NVIDIA Jetson AGX Xavier Development Kit is used as
the host computer in the radar system. It is an embedded computer platform with

8-core ARM CPU, 512-core NVIDIA GPU and 64 Tensor cores, providing support
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for computation-heavy applications. It comes with an Ubuntu-based (Bionic Beaver)
operating system and it is supported by several SDKs and software libraries such as
NVIDIA JetPack, CUDA, TensorRT. It is endowed with many ports such as Ether-
net, USB, GPIO, HDMI, enabling connections to devices like radar and other types
of sensors as well as to a monitor. It has a small form factor suitable for small drone

applications and weighs around 500g including fan and heat sinks.

The software developed in this work uses ROS framework. Figure 3.3 shows
the ROS architecture of the proposed system which runs on the host computer. In
addition to roscore, there are two ROS nodes: ti_radar_listener and ti_radar_recorder.

The former node is responsible from tasks such as

e extracting radar parameters from specified configuration file,

e checking the status of the radar,

e sending the configuration to the radar if it is not already configured,

e starting and stopping the radar,

e parsing incoming radar message frames,

e publishing incoming range profile data to ROS topic ti_radar_rp,

e publishing information about the detected objects to ROS topic ti_radar_detoby,

while the ladder node subscribes to ROS topics ti_radar_rp and ti_radar_detobj in order
to store published messages into a measurement folder so that the information will be

available for postprocessing.

4 N
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Figure 3.3. ROS architecture on the host computer.
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3.2.1. Postprocessing

The range profiles generated by the radar sensor can be accessed by subscribing
to ti_radar_rp topic in the ROS environment on the host computer. How these range
profiles are processed in the first place by the radar sensor is described in Section 3.1.2.
In this section, a postprocessing algorithm to detect the altitude and received radar
reflection from that distance is presented. Here, the term altitude is used in the meaning
of height above ground level (HAGL). A processing step called range compensation is

also proposed to overcome the difference in reflection values from varying distances.

Range profiles are formed by range bins, which are obtained by the FFT results
of the FMCW radar output. The relation between the range value and the frequency is
described before in Equation (2.7). Each range bin gives information about the level of
reflections obtained from a range interval, hence the envelope of the range profile can
be examined to detect the existence and the distance of an object, e.g. the ground or
a metal object. A reflection threshold value for the ground I}, 4,4 can be determined
by

N—
1
[’th,gnd = Ygnd + N Z Fl (31)

i=0
where [ is the reflection value in dB at the ¢th range bin, N is the number of range
bins in a radar frame, or FF'T length, v,4,4 is an arbitrary ground threshold value that is
determined according to the surroundings of the radar and kept constant for all radar
frames in a measurement. The method used here is similar to the adaptive threshold
of constant false alarm rate (CFAR) detection in that 7,4 term in Equation (3.1) is
chosen to keep the false alarm rate constant for an object whereas the second term on

the right side of the equation forms the adaptive part of the threshold value.

The entire range profile may not be useful for a radar measurement. For example,
the first few range bins inevitably contain near-DC terms of the IF signal. Effects
such as antenna coupling can also be observed at short ranges. The reflection values

at these near-DC may dominate the values at the remaining bins. Moreover, since
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the furthermost range bins correspond to frequencies around the Nyquist rate, the
information in these bins are less meaningful. Therefore, radar systems use a minimum
and a maximum distance that useful information can be obtained. The marginal indices

for the range bins of interest can be found as

imin - [Rmzn / Rbin—l
Z-maav = I_Rmaz/RbinJ (32)

where Ry, is the range interval of a range bin, R,.;, and R,,.. are, respectively, arbi-
trary minimum and maximum range values of interest, #,,;, and i,,,, are nearest index

numbers which correspond to R,,;, and R,,.., respectively.

Examining the envelope of the range profile after the ground threshold and
marginal indices are found, the index of the range bin that the ground reflections

fall into, ¢4n4, can be obtained by
igna = man(i| 15 > Iingnds © € [imins imaz))- (3.3)
Using this index, the altitude R4 can be found by
Ryna = tgndRpin, (3.4)
and the ground reflection value 1,4 in the vicinity of the altitude can be chosen as
Lyna = maz (L] € [ignd, tgna + 4]). (3.5)

The reasons for the small interval in Equation (3.5) are that in a digital Fourier trans-
form (DFT), phasors are shared between successive range bins since the frequency
values are discretized, and that the reflections from an object can fall into multiple

range bins.

To detect the existence of an object that is more reflective than the ground,
another threshold value for that object needs to be determined. For this, a calibration
measurement can be done before the actual mission so that a mean value of the ground

reflection from the desired altitude is obtained, and the reflection value obtained for
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each observation in a measurement can be compared to the object threshold for object

detection. The object threshold value I}, o; can be found by

1 M-1
Fth,obj = Yobj + M Z; and,i (36)

where I,q; is the ground reflection value obtained from the ¢th observation, M is the
number of the observations used for calibration, 7., is an arbitrary object threshold
value that depends on the reflective properties of the object, which can be determined

by practical results.

The altitude and reflection detection methods described above use the range
profiles as they are formed by the radar sensor. This methods are useful assuming the
altitude of the drone is greater than a certain value and does not change too much.
The reflections coming from an object may be lost within the clutter at low altitudes
due to the aforementioned reasons that cause near-DC terms to be high. Another such
reason is the free-space path loss (FSPL). It is the loss that is experienced by a signal
as it propagates. The radar range equation takes this phenomena into account and so
does the Equation (2.10) for calculating RSNE. Received power P, is proportional to
RY* according to the radar range equation. This means that signals are attenuated
heavily with the distance. Signal amplitudes are high at short ranges, and amplitudes
obtained from different ranges vary greatly, making comparisons difficult. Therefore,
if the change in the drone altitude is relatively big during a flight, the reflection values

would differ greatly. The FSPL may be compensated by some analog filters but the

radar sensor used in this work does not perform such a filtering.

Each range bin is affected differently by a factor that affects the amplitude of
the radar output signal depending on the frequency since the frequencies are trans-
formed to ranges in a FMCW radar. One such factor is antenna gain. For example,
the antenna gain of IWR1843BOOST is given as 10.85dB for 78.5GHz, and 9.59dB for
81GHz, i.e., there is approximately 1dB difference. Radar cross-section also depends on

the frequency. Furthermore, the amount of reflections that reach the effective aperture
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of the antenna also change with the distance to an object. Although their effect is

slight except FSPL, each of these concepts influence the amplitude of the IF signal.

A processing step that may compensate for these affects would enhance the per-
formance of the altitude and reflection detection methods. A method called range

compensation is proposed to achieve this, which can be formulated as
B,comp = B + k logm Rz (37)

where I; and I .om, are the reflection values at the ith range bin before and after
the range compensation, respectively, R; is the range value of the ith range bin, k is
an arbitrary positive real number, the value of which can be determined practically.
Since the reflection values are expressed in dB, Equation (3.7) actually multiplies each
reflection value with a constant power of the corresponding range value. Note that
after the calibration for determining the object threshold level, each observation can

be processed separately with proposed methods, enabling navigation aid applications.

3.3. Drone Prototype

A drone solution is required to test the ability of the airborne radar system.
Commercially available drones, although having good flight times and maneuver ca-
pabilities, are either expensive or cannot carry the payload formed by the proposed
radar system. Moreover, one cannot access their flight control software, hence it is
not possible to develop positioning applications using the data from the radar system.
Therefore, a custom drone prototype is designed and built as a relatively inexpensive

solution. A block diagram of the drone system is given in Figure 3.4.

At the core of the drone system is the Pixhawk Cube Orange autopilot, used
as the flight controller. The autopilot hardware involves processors, sensors such as
IMUs and barometers, and it provides interfaces for power supply and external sensor
connections. It is responsible from the navigation of the drone, whether autonomous

with a mission or controlled by a remote pilot. It evaluates sensory data from both



26

its internal sensors as well as external sensors, which are more reliable in most cases,
such as GPS and barometer, then it generates control signals, PWM for this case, for
electronic speed controllers (ESC). A stable version of the open source PX4 autopilot

firmware is used on the flight controller.
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Figure 3.4. Block diagram of the drone system.

There are three types of receivers used in the drone system: a GPS, a telemetry
module and a radio receiver. GPS module is the main positioning sensor used in this
system, as it is the case for most drone systems. Pixhawk Here 2 GPS module is chosen
since it is compatible with the autopilot. In addition to the GPS data, this module
provides external sensor information such as compass and barometer, which greatly
improves the positioning capability of the drone as the internal sensors of the flight
controller are less accurate. A telemetry module is used to transfer flight missions that
will be used in experimentation and to track the battery status and the position of the
drone at the ground station. A radio receiver, RadioLink R9DS, is also used on the
drone so that a remote pilot can take control of the drone in case of an emergency.
Figure 3.5 shows the flight controller, GPS, radio receiver and telemetry modules used

on the drone system.

Frame type of the drone is OctoRotor X, i.e., there are eight rotors placed sym-
metrically and equidistant from the center of the drone and the roll axis does not

coincide with the rotors but rather with the midpoint of successive rotors. DJI 2312
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960KV brushless DC motors are used in the design of the drone. The distance between
each rotor and the center of the drone is 35cm. The diameter and height of the drone
are around 1m and 50cm, respectively. There is a square area with edge lengths of
25cm at the middle of the drone, which is used to mount components of the drone
system except ESCs and rotors. Front and rear sides of the drone are marked with red

and blue, respectively, which can be seen in Figure 3.6.

() (d)
Figure 3.5. The flight controller (a), GPS module (b), radio receiver (c) and

telemetry module (d) used on the drone system.

Figure 3.6. Top view of the drone frame.
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In line with the earlier flight experiments, front and rear rotor pairs are inclined
about 10° reciprocally in order to increase the resistance against light winds. Horizontal

and inclined rotor and propeller examples are shown in Figure 3.7.

(a) (b)

Figure 3.7. Horizontal (a) and inclined (b) rotor and propeller examples used in the

drone system.

To control eight independent rotors, as many electronic speed controllers (ESC)
are required. An ESC converts the DC power coming from batteries to three-phase
signal in accordance with the input signal from the autopilot. ESCs are placed between
each rotor and the middle square, which can be seen in Figure 3.6. Also, an ESC

example and the batteries in casing and is given in Figure 3.8.

Figure 3.8. Batteries (a) and an example ESC module (b) used in the drone system.

To supply electrical power to the rotors and the electronic components of the
drone system, two 4S 5200mAh Li-Po batteries are used in parallel. Although a higher
total battery capacity would provide more energy, the weight of the system increases
with each battery as well. Therefore, one can find a sweet spot for the total battery

capacity with the parts at hand that provides the best flight time. For this system, it
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is found to be two identical 5200mAh batteries. A power module is used to sense the
voltage and current coming out of the batteries and transfer this information together

with a stepped-down voltage rail to the flight controller.

3.4. Overall System

Radar system needs to be mounted on the drone system for experimentation.
Placement of the host computer and the battery of the radar system is important
because these components are relatively heavy, hence they would affect the center of
gravity of the overall system. Therefore, they are placed on the opposite sides of the
diagonal on the middle square of the drone system. The radar sensor is mounted
beneath the drone looking downwards. The distance from the radar to the bottom of
the drone is 14cm. Figure 3.9 shows the components mounted on the drone system.

Weight of the overall system is measured as 4.7kg.

()

Figure 3.9. Radar sensor (a), host computer (b) and radar battery (¢) mounted on

the drone system.
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Overall system diagram is shown in Figure 3.10. A laptop with a telemetry
module is used as the ground station and a remote (radio) controller is also present
for emergencies. Before any measurement, an ethernet connection is established be-
tween the host computer and the ground station. A script file is executed on the host
computer using SSH (Secure Shell Protocol) so that the measurement starts. The con-
nection is then removed and a mission plan is uploaded to the autopilot. At this point,

the mission can be started by the radio controller or the ground station.
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Figure 3.10. Block diagram of the overall system.
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4. EXPERIMENTAL RESULTS AND DISCUSSION

Experimentation is required to show the functionality of both radar and drone
subsystems. Radar system needs to be able to report the altitude, the existence of a
reflective object and level of reflections obtained. Also, drone system should be able to
carry the radar system for an airborne experimentation. Therefore, a field experiment

is conducted on July 22, 2022 at the Ugaksavar Stadium of the Bogazigi University.

4.1. Experiment Setup

The radar parameters need to be determined according to the needs of the exper-
iment. To create a radar configuration file, a corner reflector, which is used as a radar
target in the experiment, is put on the ground at 7m distance from the radar. The
setup and the scene used for configuring the radar can be seen in Figure 4.1. Some of

the useful configuration parameters are listed in Table 4.1.

(a) (b)

Figure 4.1. The setup (a) and the scene with a corner reflector (b) used for

configuring the radar.

A flight route is created for the experiment using a ground control software,
QGroundControl. Figure 4.2 illustrates the mission plan. Each circle indicates a
waypoint whereas diamonds indicate waypoints with a radar target placed below. The
drone is planned to hold its position for 10s at when it arrives the waypoints with
dark grey markers, and 5s at those with light grey markers. The wait times are set to

ease time-stamping the experiment using a video record as well as interpreting radar
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measurements. The uncolored waypoint markers indicate that the drone will not stop
but pass through those points. Also, the waypoints named T, L, D indicate takeoff,
landing, dummy points, respectively. Dummy point is added to ensure the orientation
of the drone before the actual mission starts. The height of the waypoints are chosen as
7m considering the radar configuration as well as the accuracy of GPS and barometer

Sensors.

Table 4.1. Summary of useful radar parameters.

Radar Parameter Value
Frame Period 100ms
Range Resolution 0.044m

Max. Unambiguous Range 14.68m

Velocity Resolution 0.62m/s

Max. Radial Velocity 4.94m/s

FFT Length 512

FFT Bin Width 0.036m

RF Channels 3TX /4RX
6.5m 135m 13.5m

:

Figure 4.2. Hlustration of the flight mission planned for the experiment.
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The experiment is started after the configuration file is created and the flight
mission is uploaded to the UAV. Radar system is started to take measurements and
store the range profiles. Complete FMCW drone system and one of the two corner
reflectors that are used as radar targets in the experiment are shown in Figure 4.3,
together with a snapshot of the experiment while the airborne radar system is flying

towards an object.

(a) (b)

airborne
P radar
system

Figure 4.3. FMCW drone system (a), a radar target (b) and a snapshot of the

experiment (c).
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A video recording is taken during the flight. The drone is landed around waypoint
17 with a battery failsafe warning before the mission is completed. This is not an issue
since both of the radar targets are flown over, hence the essential parts of the experiment

were already completed at that point. A flight summary is given in Table 4.2.

Table 4.2. Summary of the measurement flight.

Parameter Value
System Weight 4.7kg
Flight Altitude ~ 5.7Tm - 7.2m
Waypoints Arrived 17
Total Distance ~ 178m
Horizontal Velocity ~ 2.2m/s
Travel Duration 82s
Pos. Hold Duration 80s
Total Mission Duration 162s
Out of Mission Duration 10s
Takeoff Duration 6s
Landing Duration 13s
Flight Duration 191s

4.2. Results and Discussion

Range profiles recorded throughout the experiment are plotted against time with-
out postprocessing in Figure 4.4(a). There are two distinct time periods which are
meaningful: around 0s — 80s and around 140s — 360s. The former is the time period
that the drone is carried manually to the takeoff point in the measurement site. Then,
it is put on the ground until the mission is started. The latter time period corresponds

to the flight, which is shown in Figure 4.4(b).

The altitude of the drone during the flight can be tracked on Figure 4.4(b).

The reflections coming from the radar target around waypoint 15, which is marked as
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object 2 in Figure 4.3(c), can be seen between 297s — 308s around 6m — 7m, and their
harmonic signals around 12m — 14m. The altitude change within this interval is also
clearly captured in the video recording. The radar target around waypoint 5, which is
marked as object 1 in Figure 4.3(c), cannot be seen here clearly as it is swiftly flown

over. However, it will be detected later.
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Figure 4.4. Range profile against time for the entire measurement (a) and for the

flight duration (b).
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Figure 4.5. Detected altitude and reflection against time without range compensation.
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The altitude and reflection detection methods described in Section 3.2.1 are ap-
plied to the range profiles. The results are shown in Figure 4.5. The minimum altitude
value used in the postprocessing of this figure is 0.80m. The flight period of the al-
titude against time plot resembles the altitude that can be tracked on Figure 4.4(a),
except at a few points around 320s where the altitude could not be detected, hence
the plot goes to 0. Another such case is seen during the takeoff around 150s where the
altitude detection starts, then it is disrupted and goes to 0, and continues afterwards.
The reflection values detected during the flight are mostly around the same level as
they are coming from ground level. Reflections from object 2 are clearly visible. Also,
there is a spike around 210s, which indicates the reflections coming from object 1 as
the drone was between waypoint 4 and waypoint 6 at that time according the video
recording. The altitude and reflection values are also detected for the period in which

drone is carried.
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B

0 1 resmin

0 100 200 300 400 500 600
—_ Time, [s]
m x
5 Reflection
o 60 7
T ] —— Reflection
E-, 55 E —— Object Threshold
< 501 "
S ]
= 45 ]
(] ]
2 ]
‘0 401
o ]
] ]
g 35 — Tt T T —r 1 r r - T r T T T T T
o 0 100 200 300 400 500 600
G}

Time, [s]

Figure 4.6. Detected altitude and reflection against time without range compensation

using a lower minimum altitude.
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The reflection magnitudes at ranges below 1m are seemed to be high in Figure 4.4.
When minimum altitude value for detection is set to lower values, the altitude detection
deteriorates since the near-DC terms start to become dominant as it is described in
Section 3.2.1. Figure 4.6 shows such a case where the minimum altitude is set to be
0.20m. Moreover, the magnitudes of ground reflections obtained from approximate

altitudes of 1m and 7m differ by around 7dB according to the Figure 4.5.

The range compensation method described in Equation (3.7) is applied to the
range profiles in order to overcome the issues described above. Figure 4.7 shows the
range profile obtained at 300.0s, both before and after range compensation. A ground
threshold level is also marked for both cases. It is clear that the minimum altitude
value used in detection steps enhances with range compensation as the range bins at
very low altitudes are suppressed. It is worth noting that the value of k£ in Equation
(3.7) that gave the best results among several values is found to be 10, and an extensive

grid search was not necessary since the obtained results are good enough.
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Figure 4.7. Range profiles when the radar observes an object, obtained without (a)

and with (b) range compensation.

Figure 4.8 shows the range profiles for the entire measurement, before and after
range compensation. The plot becomes much clearer at short ranges after range com-
pensation than it was before. Figure 4.9 shows the detected altitude and reflections

after range compensation. The minimum altitude value is set to 0.20m.
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Figure 4.8. Range profile against time for the entire measurement without (a) and

with (b) range compensation.
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Figure 4.9. Detected altitude and reflection against time with range compensation.

The results in Figure 4.9 are way better than those in Figure 4.6, which uses the
same minimum altitude value without performing range compensation. The altitude
plot is similar to that in Figure 4.5, except the disruption around 320s no longer exists.
The landing altitudes are almost completely observed as the distance between the radar

and the bottom of the drone is 0.14m. Lifting and lowering of the drone during its



39

transport before the mission are started to be observed. Even the tilting of the drone
to check the LEDs of the radar after it is put down is seen as a small spike around
80s. Magnitude levels of ground reflection became similar throughout the experiment.

Furthermore, the threshold level for the objects became more apparent.

Finally, the range profiles for the flight period before and after range compensa-
tion are shown in Figure 4.10, and altitude and reflection values obtained for the same
period after range compensation are demonstrated in Figure 4.11. One final remark
is that the altitudes of the landing period are observed better than those of takeoff
period. This results from the fact that the radar is programmed to transfer range pro-
files in the 0-Doppler bins. The altitude change in both periods are around 6.5m while
the takeoff and landing durations are 6s and 13s, respectively, according to Table 4.2.
The radial velocity of the ground during the takeoff and landing becomes 0.50m/s and
1.08m/s, respectively. Since the velocity resolution is 0.62m/s, which is given in Table
4.1, the ground reflections during the former period falls into the 0-Doppler bin while
the latter does not. This can also be seen in Figure 4.10 where the track of ground

reflections become almost indistinguishable in both cases during takeoff.

Range vs Time Range vs Time with Compensation
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Figure 4.10. Range profile against time for the flight duration without (a) and with

(b) range compensation.
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5. CONCLUSION

A radar-equipped drone system is proposed for UAV positioning applications.
The radar incorporated is IWR1843BOOST of Texas Instruments, an evaluation mod-
ule of an industrial FMCW radar chip which works between 76GHz and 81GHz with
4GHz continuous transmission bandwidth. The radar module is able to transfer range
profiles obtained and relative object positions and velocities detected within a frame
period. An embedded computer board, Nvidia Jetson AGX Xavier Developer Kit, is
used to operate as an acquisition and processing platform which is responsible from
configuring and starting the radar sensor and storing received radar data, all in ROS
environment, in addition to providing computational resources to other applications. A
custom drone system is designed and manufactured using relatively inexpensive parts,

on which the radar sensor and the processing platform are mounted.

A field experiment is done at the Ugaksavar Stadium of Bogazigi University.
Firstly, the experimental results show that proposed FMCW radar system and post-
processing methods can be used to detect the altitude above ground level and the
magnitude of the ground reflections. However, ground reflection values vary by the
range value. To overcome this problem, a range compensation method is proposed,
which resembles path loss compensation. Ground reflection values obtained from dif-
ferent ranges become similar with this solution. Minimum detectable altitude is also
improved. The objects placed on the ground were successfully distinguished from the

ground in the experiment.

The success on the field test shows that proposed radar system can be used in UAV
positioning applications. The landing period in Figure 4.11 clearly shows that one such
example is landing aid. The radar system can provide information that can be useful
for navigation of a UAV by making use of the described postprocessing steps which can
be applied near real-time onboard. This is an important advancement because of the

fact that the airborne radar systems which are lately started to be used on small UAVs
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mostly do not involve sufficient computational resources for onboard postprocessing
and they transfer the data to a ground station for postprocessing. Radar systems were
only usable on heavy airborne vehicles with similar purposes before. Apart from some
recently emerging agricultural drones that use radars in simple obstacle avoidance
tasks, studies in literature transfer or store data to perform postprocessing later on
ground without using for navigation. Radar reflection information is also provided by
the radar system, which may help collecting information about material properties.
Furthermore, the onboard processing platform can provide resources for additional

applications such as SAR imaging or more advanced detection algorithms.

Proposed drone system can be equipped with RTK sensor to obtain more ac-
curate positioning information so that more comprehensive experimental flights can
be realized. Accurate position information also enables advanced applications such
as SAR imaging, which can be performed using a backprojection algorithm. Such an
algorithm can be implemented on the processing platform of the radar system as its

GPU cores allow parallel processing and speed up the generation of a final image.

Other types of sensors which are capable of detecting distance such as lidars can
also be employed on the system so that the measurement results obtained with the
radar can be compared to the output of these sensors. Currently, the radar is able
to state an altitude value, which is measured with respect to the ground level. Using
other sensors to measure the orientation and the altitude with respect to the mean sea
level of the drone with a similar precision to the radar can allow applications such as

terrain mapping.

The radar system can report an altitude value in ROS environment and, theo-
retically, a flight controller can use this information. This step is not realized in this
work as it is a compelling job by itself. An open-source autopilot software is used in
this work as it is. A new autopilot software that can take the altitude measurement

obtained with the radar into account for navigating the drone can be developed.
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Another enhancement that would enable better experiment plans is to use a more
advanced drone system. Although small UAVs are becoming more available each day,
their costs can still be high for research. The components used in the proposed drone
system are relatively low cost. A drone system that can endure longer flight durations
would allow denser C-scans, increasing the number of measurements taken over an
area. Commercially available UAVs may provide this with open-source autopilots at

lower costs in the future.

In summary, sensor systems and application areas of modern small UAVs are
explored. Literature is reviewed to find drone applications that use radars. State of
the art in drone radar systems is examined. The working principles and theoretical
limitations of FMCW radars are analyzed. A broad survey is done to discover the
available FMCW radar sensors which are usable on small drone platforms. An FMCW
radar system is designed and an altitude and object detection algorithm is developed
to be used in positioning applications. A custom drone system is designed and imple-
mented to carry the radar system. Experimental results show that the system and the
algorithm successfully obtains the altitude and detects ground reflections as well as the

existence of objects.
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