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ABSTRACT

DETERMINATION OF GUIDANCE LAWS FOR UAV SYSTEMS IN COMMUNICATION
NETWORKS USING COLLISION CONE THEORY

UTSAV MUDGAL, M.S.
AEROSPACE ENGINEERING

The University of Texas at Arlington,2021

Supervising Professor: Animesh Chakravarthy

Unmanned Aerial Vehicles (UAVs), also commonly known as drones, are used in various
applications, including military applications such as surveillance and intelligence-gathering as
well as civilian applications such as search and rescue. The use of UAVs to form
communication networks is a topic of active research interest. This thesis aims to investigate
the development of guidance laws for multiple UAVs to form such communication networks.
Toward this end, this thesis employs tools from collision cone theory and incorporates them
with parameters used to describe a communication network. Different types of networks are

evaluated for use of the guidance laws. Simulation results are presented for various scenarios.

vi
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Chapter 1 Introduction

1.1 Motivation

UAVs, commonly known as drones have seen an increase in usage across the spectrum in
recent years. Applications range from military operations, police surveillance, intelligence
and many more. UAVs have also found application in media such as movies, television, and
internet-based media platforms. Many web-based influencers have now furthered how they
develop content with the application of UAV mounted camera systems. With the
development of autonomous flight modes in UAVs it is further apparent that application

spaces for UAVs are bound to become more abundant in the near future.

Currently the field of telecommunications is rapidly expanding at a speed much higher
than ever in the past. 88.5% of the United States population was online in 2018 as compared
toonly 9.24% in 1995 [1] and the number of mobile phone subscriptions have increased from
12.74 connections for every 100 people to 134.46 connections for every 100 people during
the same time. Furthermore, we have also seen the time spent with digital media increase
from under 3 hours in 2008 to over 6 hours in 2018, where we also see an increase in the

percentage share for digital data consumed on mobile phones.

Internet and data transfer speeds have seen a major upgrade in the past few years. While
the email has been around since the 1960’s and TCP/IP settings were standardized in 1982.
The development of Wi-Fi and high frequency communication setups such as 5G and Wi-Fi 5
has introduced certain challenges when it comes to maintaining stronger connections

between base stations and end users. These communication modes tend to have very high



1.2

frequency but travel through shorter distance that they can travel due to the wave form that
the radio frequencies work on. Simply put the higher the frequency, the lower the distance

that the wave can travel.

Access points (APs) can be used for increasing the range of high frequency communication
as is apparent in the use of Wi-Fi 5 in households or neighborhoods with public 5.0 GHz Wi-
Fi. These devices act as relays to enhance the coverage area for communication networks.
However, these do come with their own drawbacks, such as physical installation and changing
the connection patterns based on where the user and base station are in relation to each

other.

The UAVs can provide dynamic access points for communication networks in remote
locations and sparsely populated suburban areas. We can also employ these UAVs in leader
follower pattern to increase the communication distance to which a single base station can
transfer data in certain modes of communication.This represents a motivation to employ

UAVs as nodes in communication networks.

Literature Survey

Communication networks can be understood to work based on a variety of factors,
including the power of the transmitter, the gain of the transmission station and the gain value
of the receiving station. These play an essential part in the strength of a connection between

the transmitter and receiver.

10



A determining metric which signifies the strength of the connection is SNR or the signal
to noise ratio. The signal to noise ratio is a logarithmic ratio of the signal strength to the

amount of noise which is entangled in the signal wave.

The uses of VANET and MANET as models to create nodes in ad-hoc networks can be used
for development of a system. Some similarities encourage researchers to explore the
applicability of the work done for Mobile Ad hoc Networks (MANETSs) and Vehicular Ad hoc
Networks (VANETs) but works in these areas do not fully address the unique characteristics

of UAV networks.

While MANETs and VANETSs can provide good means of creating a network, UAVs can act
and work in situations that would not be possible with ground level vehicles. For example,
UAV networks can be deployed to act as relays and communication centers in disaster struck

areas.

In [2] researchers have mentioned various patterns of deploying UAVs for communication
networks. In this thesis we would ourselves with the development of the guidance laws for
the trajectory that a UAV would take to maintain connect and communication within the

system.

Usage of UAVs to develop communication networks is an area of research that has not
been extensively researched in the past for civilian purposes and developments in the field
are relatively recent. In [6] major contributions in how the positioning and power control of
UAVs can be done simultaneously. The paper employs successive convex approximation (SCA)

along with fast iterative shrinkage thresholding algorithm (FISTA) type accelerated gradient
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projection. The paper elaborates the positioning problem and handles cases of single and
multiple user equipment. The basis for the system is for air-to-ground (A2G) communications
with assumption of line of sight (LOS) communication. The paper delves deep into the
positioning and how the setup of the network can be used to enhance the communication

network in the area, and tackles this as an optimization problem for the position of the UAV.

Different researchers in [7], [8], [9], [10], [11] have provided analysis of A2G
communication and have dealt with the positioning problem of UAVs in different ways. The

problem is mostly dealt in the form of a positional optimization problem.

In this thesis, we deal the problem from a guidance law perspective, to guide a UAV
towards a circle of influence that is created due to the power transmission when configuring

for different networks such as Wi-Fi and cellular networks.

Guidance for interception and rendezvous of objects can be done by various methods,
such as conventional proportional navigation (PN) and generalized guidance laws [3].The
authors in [4] have worked on the development of collision cone theory foe obstacle

avoidance.

The research community is utilizing the concept of shapes and predictive algorithms for
collision avoidance with the help of collision cones. For example, Coppola et al. in their 2018
paper [5] have developed collision avoidance systems based on the onboard communication
to provide relative localization of UAVs. The application of collision cone in the paper is used

for the avoidance of obstacles in the path of moving agents within a specified area.
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A method to use to calculate and employ the trajectory for a UAV to act as relay for
communication is rendezvous cones [24], rendezvous cone is a concept based on the collision
cone theory. We can utilize the relative position and velocity of various objects in 2D, and 3D
space and determine guidance laws that create conditions for a rendezvous among the

objects.

Researchers in [24] have shown that this theory can be applied to various objects which
could be circular, elliptical, or arbitrarily shaped and have extensively shown conditions for
rendezvous between such objects.In this thesis we employ the rendezvous cone approach to

develop, guidance laws for UAVs to form communication networks.

1.3 Thesis Organization

This thesis is organized as follows. In chapter 2 we look at the ways UAVs are used in
communication networks, and the performance metrics involved in these networks. Chapter
3 shows development of collision cones and how they are used here for the development of
guidance laws for motion planning of UAVs. In chapter 4 we demonstrate simulation results
for different cases of networks. Finally, in chapter 5 we present conclusions and suggestions

for future.
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Chapter 2 Wireless Communication Networks
The chapter begins with a short history of the communication network and the development
in this field. We then examine the metrics and parameters used to describe a network. We then
proceed to highlight the different effects that various parameters have on the communication
network and how these effect the influence area that is created by the network. Lastly, the

chapter shows various examples of the changes in circle of influence.

2.1 A History of Communication Networks

Communication networks have been in use since the invention of telephone in the late 1800s.
Within a couple of decades Guglielmo Marconi had developed a wireless telegraph system based
on radio technology. From those early days of transmitting morse code on radio waves till today,

the field of wireless communication has developed to a phenomenal extent. [12]

As is presented in [13], one of the first mobile phones was introduced to the world by Martin
Cooper, an engineer at Motorola during the 1970s, and one of the first usage of this system was
in car phones. Towards the end of the decade, Nippon Telephone and Telegraph Company
developed the first generation of mobile phone networks in 1979. By the early 1980s itself the
tech gained traction and was popular in Finland, US, UK, and Europe. Based on analog signals the
system could work on an 800 MHz to 900 MHz band and was a primitive look into wireless tech

when compared to today’s networks.

2G communication brought with it to the world, GSM, and CDMA systems. This system
boosted the way we could communicate and made it possible for text messaging to become a

reality. 2.5G and 2.75G gave us the possibility to incorporate data transfer in terms of “Enhanced

14



General Packet Radio Service (GPRS-EDGE)”, and other capabilities which were hence introduced
into communication networks. This was the beginning of access to the internet on our cell

phones.

3G started with the introduction of UMTS- Universal Mobile Terrestrial/ Telecommunication
Systems. UMTS had a data rate capacity of 384kbps and now made possible to have video calling
available to us. Smartphone development saw a huge leap, and specific applications were made
for them. 3.5G and 3.75G took this to a step further and introduced HSDPA — High Speed
Downlink Packet access and HSUPA — High Speed Uplink Packet Access. 3.5G could now support

up to 2 Mbps data rate.

3.9G (also known as long term evolution or LTE) was an even powerful evolvement of the 3G
system. 4G network was developed by IEEE, offering data transfer rates up to 1Gbps.
Simultaneous transmission of voice and data is possible with LTE system, which greatly improves

the data rate. All services including voice services can be transmitted over IP packets.

5G technology as we see today provides data transfer rates up to 10Gbps. 5G is using
millimeter wavelength to transmit data.Details about the system and how the range of

communication are affected by this will be discussed subsequently.
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2.2 Evaluating a Wireless Network

A defining characteristic of the mobile wireless channel is the variation in channel strength

over time and over frequency. The variations can be roughly divided into two types:

e Large-scale fading, arising from path loss of signal as a function of distance and shadowing
by large objects such as buildings and hills.
e Small-scale fading, resulting from the constructive and destructive interference of the

multiple signal paths between the transmitter and receiver.

When considering a signal in a network one of the ways to quantify it is the use of the Signal-
to-Noise-Ratio (SNR) of the signal received at the receiver. Determining the SNR would allow the
guantification of the operating distance for which any transmitting and receiving antenna pair
would be able to work. When considering radio waves, assuming line of sight communication

radio waves can travel up to a horizon distance as shown in Figure below. [14]

Radio wave (,
.................. Radio

B PR <z=.. , horizon
#?‘ Y. u Optical "7

horizon

Figure 1 Radio Horizon Distance [14]

The figure depicts the radio horizon distance. If we consider the movement of radio waves
through line of sight (LOS) between the transmitter and receiver, then the radio waves can carry

information even further than the optical horizon of the wave.
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When calculating the SNR value that can possibly be obtained at a distance from the
transmitter, large-scale and small-scale fading have effects on the communication area between
a transceiver pair. Small-scale fading can also be affected by the wave reflection for the

communication channel.

Also, whether the communication occurs in a free space, or a restrictive space, the
temperature of the surroundings and various other factors creates different parameters in the
formulation of large-scale fading. As this chapter proceeds, these parameters are taken into

consideration when calculating the communication area application of the guidance law.

2.2.1 Noise Floor and SNR Calculation

To calculate the amount of SNR, which would allow us to measure the strength of a
network, CISCO in their online document [15] have explained the different SNR values that are
required to establish a strong connection between a transmitter and receiver set. As mentioned
earlier the SNR value is a logarithmic ratio of the power of signal and the noise that is carried

within an RF transmission.

Ref. [15] also mentions the ways that the SNR values are established. As shown in Figure 2,
the SNR value is based on the noisefloor value. Noise floor is an important reference which helps
in the determination of the SNR value in different conditions. Thus, as is shown in the figure, it
can be inferred that the SNR value represents the difference between the received signal and the

noisefloor value.
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Figure 2 SNR Value Representation [15]

This also creates the situation wherein same value of power as is delivered by the Transmitted

/Received Signal would not always deliver the same SNR value in different conditions.

Noise floor can be described as the “level of the minimum signal that can be received” [16].
Since signal noise is an ever-present phenomenon in radio communication it becomes crucial in

the determination of the SNR values for a transceiver set.

When keeping the receiver as the only consideration, the value of the noise floor becomes
dependent on a variety of factors, one of the primary influencers in this is the minimum input

noise at the receiver. This can be calculated using the formula:

P =kTB (2.1)

Where:
P is the power in watts

k is the Boltzmann’s constant (1.38 x 10?3 J/K)

B is the bandwidth in Hertz

18



Equation (2.1) can then be used to determine the noise floor value for a particular
temperature of a system. For example, at room temperature for a 5G network working at a

bandwidth of 100MHz, we would see a noise floor value of -123.85 db.

Furthermore, noise figure is a variation that the system shows due to various factors, a
general factor for noise figure when working in a transmitter and receiver pair is 30dB, this is due

to the losses incurred due to the antenna.

The formula could also be modified to work based off the variation in bandwidth at 20°C as:

Noise floor = =174 + Noise Figure + 10log,,(Bandwidth) (2.2)
Thus, when calculating the value of the noise floor to facilitate the calculation of the SNR we
would have to know the value of the bandwidth. Discussion of the bandwidth values of various

networks and power value from cellphones and other devices is presented in the next section.

2.2.2 Bandwidth Capacity for Networks

To calculate the noise floor value, a consideration is the bandwidth of the network that is

being used as is mentioned in equations (2.1) and (2.2).

Various networks work in different bandwidth for the frequencies that these networks use.
FAA has in the recent past opened frequency bands for operation of 5G networks. Determining
the bandwidth in a network is vital for measuring the channels and interference that they may

cause.

19



1 2 3 4 5 ] 7 8 9 10 n 12 13 14 Channel
2.412 2.417 2.422 2.427 2.432 2.437 2.442 2.447 2.452 2.457 2.462 2.467 2.472 2.484 Center Frequency

-[ (GHz)

22 MHz

Figure 3 Channels and Center frequencies for 802.11b [17]

Shown above in Figure 3 is the variation in the channels for a Wi-Fi of 802.11b (Wi-Fi 2.4GHz)
can be used at a bandwidth of 22MHZ and others. Changing the bandwidth of the system gives
the number of channels that can run without overlap, for example, channels 1, 6, and 11 do not
overlap. Similarly, we know from [18] that for 5GHz Wi-Fi aka 802.11 ac we use a 160MHz

bandwidth, since the frequency bands do not generally have an overlap.

Further examples like T-Mobile’s [19] in the cellular connections show that for 4G and 5G

cellular connection we use a 15MHz and 100MHz bandwidths.

In the system that has been developed as part of this thesis, multiple scenarios have been

taken in to account. Details about this are presented in the next chapter.

2.2.3 Fading Losses and Range Calculation

When considering a communication network utilizing radio waves, there are losses that are
incurred by the waves as they travel through a medium. Two types of losses are commonly

accounted for in radio waves, as mentioned in the beginning of this chapter.
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2.2.3.1Large Scale Losses

While using radio to communicate across a distance, range capability is inevitably a primary
concern. To determine the quality robustness, and range of any RF communication link primarily

depends on the physical behavior of the electromagnetic waves.

Harald T. Friis, a Danish-American radio engineer in 1946, presented the Friis Transmission
formula. It is defined as “The Friis transmission formula is used in telecommunications
engineering, equating the power at the terminals of a receive antenna as the product of power
density of the incident wave and the effective aperture of the receiving antenna under idealized
conditions given another antenna some distance away transmitting a known amount of power.”

[20].

In his original idea Friis’ formula was to dispense with the use of directivity or gain when
describing antenna performance. The figure below explains in brief the way that Friis had
explained his equation for an Isotropic transmitting antenna and a receiver on which the EM
waves would “fall” in an effective area.

FRIIS FREE-SPACE RADIO CIRCUIT

TRANSMITTING ANTENNA RECEIVING ANTENNA
(ISOTROPIC) (EFFECTIVE AREA A,)

~/ \
@?/‘f\

Figure 4 Friis Free Space Radio Circuit [21]
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In his original idea Friis’ formula was to dispense with the use of directivity or gain when

describing antenna performance. The formula presented in [21] was:

P

P. _ A A (2.3)
@#)

Where,

e P;isthe power fed into the transmitting antenna input terminals.

e P.isthe power available at receiving antenna output terminals.

e A, isthe effective aperture area of the receiving antenna.

e A, is the effective aperture area of the transmitting antenna.

e disthe distance between antennas.

e Aisthe wavelength of the radio frequency.

e P, and P, are in the same units of power.

e A, A;,d?,and Aarein the same units.

o Distance d large enough to ensure a plane wave front at the receive antenna

sufficiently approximated by d = 2a?/A where a is the largest linear dimension of
either of the antennas.

In the contemporary format of the formula, it is presented as:[22]

= (2 (f

Where:

e P.isthe power at the receiver. (watts).

e P, isthe power that is generated at the transmitter (watts).

e G is the gain of the transmission antenna (scalar).

e G, is the gain of the receiving antenna (scalar).

e Aisthe wavelength (metric or English)

e d is the distance separating transmitter and receiver.

e nisthe exponent for environmental conditions (n=2 defines ‘free space’).
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Calculation for communication power in free space propagation of the wave becomes easier
when done in the logarithmic scale, i.e., decibels or dB. The Friis equation in this format takes the

following shape:

P.[dBm] = P,[dBm] — L[dBm] — p;[dB] (2.5)

Where:

e P, is the transmitted power from the ABS.
e P.isthereceived power at the receiver antenna, first at R-UAV.
e L isthe large scale fading to be calculated using log model of the Friis Equation

e pg isthe small-scale fading received from the Rice probability density function (PDF)
and calculated using the parameters of the Rician Factor K.

The mentioned log model of the Friis equation is given as:

4
P.(dB) = —201log (%) —10nlog(d) + G, + G, + P, (26)

The values of power loss due to the gain of the transmitting and receiving antenna and the
power at the transmitter all shown in equation (2.6) are presented in dB.

Different values of n are present in different environments.

Table 1 Values for "n"[22]

Environment “n” value

Free Space 2
Grocery Store 1.8
Retail Store 2.2

Office (hard walls) 3
Office (soft walls) 2.6

Remote keyless entry 4
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2.2.3.2 Small Scale Losses

When considering the losses incurred by radio waves during propagation within an area there
are two kinds of losses, as mentioned earlier. Figure 5 shows two kinds of losses. This subsection

discusses the small-scale losses, also known as non-line of sight (NLOS) losses.

NLOS

L4 d
Figure 5 Air to Ground propagation [14]

The small-scale losses in a multipath radio wave propagation can be determined using Rician
Fading model. The channel characterization for this is done using the Rice Probability Density
Function which is given as:

—(x% + v2)> ; (xv) (2.7)

f(x|v,0) =%exp< 257 P

The terms in the above function are based on the Rician PDF (probability density
function) as mentioned earlier, these are based on the distribution of random variables in
the cartesian space which have a non-zero mean. The function f(x|v,o) can be used to
determine the probability of a point lying on the within the Rician distribution where the
value of vand o are the distance of the point in the cartesian space and the standard

deviation of the number distribution in the cartesian space. The value of I, is the modified

Bessel function of the first kind with order zero.
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The average power that is received at the Rx can be calculated as:

P. = [ z%p,(2)dz = s? + 207 (2.8)
The power per unit of area (z2)of the signal at a distance z can be written as p,(z). The
determination of the average power in a specified area due to the power density from a
transmitter, after small scale fading losses can be determined as is shown in equation (2.8). This

value is presented in dB.

The inclusion of the small scale fading in UAV communication has not been considered when
setting up the simulation of the system, but values can be input into the system. In [23] certain

methods for the estimation of the Rician Factor K have been presented.

The next chapter will discuss some of the ways that the above parameters can be used in the
calculation of range for communication and tie that in with the collision/rendezvous cone theory

for the guidance laws.
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Chapter 3 Application of UAVs in Wireless Communication
In this chapter, ways to implement the parameters used in the definition of the wireless
networks and rendezvous cones for determination of a guidance law are presented. The chapter
is further divided, first to get a closer look at how collision cones are defined and how the same
theory can be used in the implementation of the rendezvous cone and to determine the range of
a wireless network based on the parameters from chapter 2. The final subsection is used for
describing the derivation of the guidance law for UAVs in the wireless network for 2, 3 and

multiple UAVs.

3.1 Collision and Rendezvous Cones

Many of the data that is known for guidance using conventional methods involves the use of
proportional navigation (PN) and similar techniques. These techniques present a good way to
implement a guidance law for collision and collision avoidance for point objects. However, the
proportional navigation method and its iterations do not consider the shape of the objects and

the effects of these shapes on the collision avoidance techniques.

Collision cones are an approach for guidance and ideally suited for automated guided vehicles
or autonomous robots. The roots of the techniques lie within the realm of aerospace engineering
unlike most other techniques in the robotics world as presented in references used by [4]. In [4],
the authors develop the collision cone theory to describe the conditions for collision and
techniques to account for the shape of the objects involved. Using similar techniques in [25],

researchers have created safe passage cones and rendezvous cones for guidance of objects
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moving in space. We have used the same techniques in the development of the guidance laws in

our scenario.

3.1.1 Collision conditions between objects

To understand the conditions for collision between a point and circular object let’s look at an
example from [4]. In Figure 6 below, the geometry for the collision cone between a point and a

circle.

Targer /
OpsTACLE

.
A
\
0

GumED O&Jﬂﬂ'
Figure 6 Collision Geometry between a point and circle

The collision cone can be used to check for conditions that would lead to collision
between the objects. The collision cone is defined as the set such as if the velocity vector of the
point object lies inside this set, this causes a collision. In Figure 6 the object F is a circle of radius
R and velocity vr and the point object is O with a velocity vector v,. The hatched triangle is a 2-
dimensional representation of the collision cone. The velocity vector, if within the boundaries of
the collision cone will lead to a condition that is necessary and sufficient for the collision between

the object and the target/obstacle shall occur
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We determine the following states for the interaction between the point and circular object:

e 1 isthe distance between the center of the circle and the object.

e 0O isthe angle made by the line joining the center of the circle and the point object with
respect to a reference.

e V. =1 isthe rate of change of the distance r between the point and circular object.

eV, =10 is the rate of change of angle due to the movement of the objects.
The conditions for the collision between the objects are given in [4]:

Condition 1 r2V¢ < R2(V2 + V@) (3.1)
Condition 2 .<0 (3.2)
If conditions in equation 3.1 and 3.2 are met, collision between the two objects is imminent.
Using the above system of equations, a guidance law that would drive an object on a collision
course towards another object can be found. In [24], the authors have presented a method using

the techniques mentioned above for guidance related with a rendezvous cone.

The R value in equation 3.1 is the measure of the sum of the radii of the two objects.

Equation 3.1 can be converted into the following parameter.

y =12V — R*(2 + V§) (3.3)

Thus, using information on the parameter y the equations 3.1 and 3.2 can be changed to:

Condition 1 y<0 (3.4)
Condition 2 V. <0 (3.5)

For a value of y = 0 it is observed that the two objects (considered circle) graze each other.
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Further a parameter “e = R — w” can be used instead of R and the y parameter is then

defined as:

y =12VF —e?(V2 + V) (3.6)
The addition of this e parameter into the equation can thus be used for manipulating the
overlap or gap between the two circles, for example, setting the value of w = 0 and driving the

value of y to 0 would lead to a grazing condition between the two objects.

To drive the value of the parameter y to zero, dynamic inversion method has been used.
Calculation of the acceleration value to be applied on the guided object would thus be based

on the feedback of values of the state space variables of the engagement.

Communication
range of S»UAVlIf— — =

\

Figure 7 Maintenance of Communication in mobile networks [24]

The image above labelled Figure 7 [24] shows how the rendezvous cone can be used to guide
the movement of UAVs for maintaining communication network. The system is developed based

on the above example.
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Consider three UAVs:
a. ABS (aerial base station): consider that the A2G communication is instantaneous and there
is no latency for the ease of modeling.

b. Relay UAV (R-UAV): Uses the collision cone guidance law for navigation between the ABS
and AUE.

c. AUE (Aerial User Equipment): Final recipient of the propagation wave in the 3 UAV system

where the SNR is measured against the threshold SNR for the system.
For various wavelengths, and bandwidth values for different networks, using concepts
detailed above in Chapter 2, the losses and thus communication radii network can thus be

calculated using the following steps:

A 3.7
wavelenghtloss (loss at 1m) = 20 * log (E) (37)
Where 1 is the wavelength of the propagation/ communication system wave.
Now based on the Friis equation define a term as:
noisefloor — PtdB + Txgqin + RXgqin + SNRr — wavelengthloss (3.8)
Arxrx =
10n
Where:

¢ noisefloor can be calculated as shown in equation (2.1) & can be converted to dB by
log(kTB).

e PtdB is the power of the transmitter in dB

e TXxyqin is the antenna gain of the transmitter.

® RXgqin is the antenna gain of the receiver.

e SNR; is the threshold SNR value of the system.
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Communication range “d” can be obtained as:

d = 10-97xrx (3.9)

Based on equation 3.35 the communication range for various systems are as follows:

1. Wi-Fi
a. Wi-Fi2.4:
For a wave Frequency 2.4 GHz and the bandwidths as follows:
i. Bandwidth (BW) of 20 MHz has a communication range of 219.050 m
ii. BW of 40 MHz has a communication range of 154.8917 m
iii. BW of 80 MHz has a communication range of 109.5250 m
iv. BW of 160 MHz has a communication range of 77.4459 m
b. Wi-Fi 5:
For a wave Frequency 5 GHz and the bandwidths as follows:
i. BW of 20 MHz has a communication range of 105.144 m
ii. BW of 40 MHz has a communication range of 74.3480 m
iii. BW of 80 MHz has a communication range of 52.5720 m
iv. BW of 160 MHz has a communication range of 37.1740 m
2. Cellular
a. LTE: Wave Frequency 700 MHz
i. BW of 1.4 MHz has a communication range of 2838.6 m
ii. BW of 3 MHz has a communication range of 1939.1 m
iii. BW of 5 MHz has a communication range of 1502.1m

iv. BW of 10 MHz has a communication range of 1062.1 m
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v. BW of 15 MHz has a communication range of 867.2130 m
b. 5G cellular: Wave Frequency 28GHz
i. BW of 100 MHz has a communication range of 8.3968 m
ii. BW of 200 MHz has a communication range of 5.9374 m
iii. BW of 300 MHz has a communication range of 4.8479 m

iv. BW of 400 MHz has a communication range of 4.1984 m

3.1.2 Guidance laws for application in communication network

A«

aLoNG,A

Figure 8 Multi-Object Interaction

Refer Figure 8, which two UAVs. With their communication radii modeled by circles. Define

two quantities y;, and y,, as follows:

yip = 12V, — e2 (V3 +V3y,) (3.10)

oo = (Vih + Vi) (3.11)
In these equations y;, represents the collision cone function defined earlier and y,,
represents the relative velocity between the two UAVs. By driving y;, and y,, to zero, the two

UAVs will be on a trajectory whereby, they can achieve a communication link.
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To facilitate, matching the course of trajectory between the two UAVs would enable a longer
interaction and thus a stronger network connection for a longer duration. The quantities
V., and Vg, are shown in the equations below, this are defined as the rate of change of distance

and angle of the line of sight between the two UAVs respectively.

V,p = vy cos(ay, — 6,,) — v, cos(a, — 6y) (3.12)
Vop = vy sin(ay, — 6,) — v, sin(a, — 6) (3.13)
6, = tan~1 (ﬂ) (3.14)

Xp — Xq

The state space equations between the base station UAV and the relay UAV are:

¥y = Vi (3.15)
. V,
g _ Voo (3.16)
b
o | (3.17)
Vep = . + aiqt, sin(ag — 0p) — Aong, cos(ag — 05)
) ViV 3.18
bVob -
Vop = Tr—b — Gyat, €05(@q = Op) — Aong, sin(aq — ) 218

To determine the acceleration values a;q; and ;4 4, @ dynamic inversion y,j, and y,, must

be performed. We obtain the following derivative terms

0 3.19
2L = 2V Vi -
b
0Y1p , (3.20)
v, Vip = _zel%VrbVTb
r
0y1p - (3.21)

Vop = 2(r§ — e5)VauVap

Vg

For the above from dynamic inversion, the following equations come up:
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Y1ib = —KipY1p (3.22)

0Y1p 0Y1p - 0y1p (3.23)
= 20, Vyp + =22V
aTb T + aVrb b + anb ob

Yib
Thus, from substitution of the partial derivatives in the above equation, we get:

~KipY1p = Qiar,(=2Vrpej sin(ag — 6p) — 2(ry — ej)Vgy, cos(ag — 65)) (3.24)
— Qiong, (—2Vrpef cos(ag = 6;)
+2(rf — e)Vpp sin(ag — 6,))
Simplifying the system and defining u;, and u,, as follows and substitution of those values in

equation (3.21) gives:

—KipY1p = Qar,(Ap sin(ag — ) + By cos(ag — 6p)) (3.25)
— Qlong, (Ab cos(aa - Hb) + Bb Sin(aa - eb))

uyp = Ap sin(a, — 6,) — B, cos(a, — 0)

Uy, = Ap cos(a, — 0y) + By sin(a, — 6) (3.26)
—KipY1b = Qiat,U1p — Qong,Uzb (3.27)
gyT::V;”b = 2V, Vi (3.28)
2 Yoy = 2oV 229
Like the above dynamic inversion:
“ —KopYop = Quar, 2Vep sin(ag — 0y,) — 2Vgy, cos(ag — 05)) (3.30)

- alonga(ZVrb COS(O(a - Qb) + 2V9b Sin(aa - eb))

The terms can be defined as:
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usp = (2Vyp sin(a, — 0,) — 2V, cos(ag — 05))
Ugp = (2Vyp cos(ag — 6,) + 2Vgp sin(a, — 0,))

Then using (3.31) and (3.32), equation (3.30) can be written as:

~ —KpYab = Qar,Usp — Qiong,Uab

Using equations (3.25) and (3.33) the following is determined:

_ —Kipyipuzp + Kopyaptap
alonga -

UgpUip — UppUszp

—KipY1pUap + KopY2pUap

UgpUgp — UppUszp

Qiat, =

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

The guidance law based on (3.34) and (3.35) can be used for rendezvous and course

matching between two objects. Using the same concept, redefining the distance R and "e =

R — w" as the radius of communication, the guidance law creates a motion trajectory for the

guided object to facilitate by the communication between the UAVs.

For proper determination of the guidance law for the system as mentioned in the statement

above, defining some steps and certain object names would make the subsequent derivation of

the guidance law more organized and thus easier for interpretation.

Using the interaction as presented between the two objects in section 3.1.2 and further

using the acceleration values from equations (3.34) and (3.35) the calculation can be further

done as:

35



aLoNG,U

Figure 9 Interaction between R-UAV and AUE

For the interaction shown in Figure 9 guidance laws are derived for the follower UAV (shown
in red) with the consideration of acceleration present on the leader UAV (shown in blue). The

derivation of the guidance laws is presented below:

Vyy = v, cos(a, — 6,,) — v, cos(a, — 6,,) (3.36)
Vou = vy sin(a, — 0,) — v, sin(ay, — 6,) (3.37)
6, = tan~! (M) (3.38)

Xg — Xy

The state space equations for the interaction are:

7, = Vi (3.39)
. V
g, = Vou (3.40)
ny
. Vi, . . (3.41)
Viu = T'_ + Aiqe, sin(a,, — 6,) — Qat, sin(ag, — 6,) + Qiong, cos(ag — 6,)

u

— Qiong, COS((Zu - Hu)
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o _n, | (3.42)
Vou = % + Quae, €os(@q = 0y) + Aiong, sin(ag — 6,)

— Qiqt,, cos(au - Hu) — Qiong, Sin(au - u)
Yiu = ruZVBZu - eLZL(I/T‘%L + VHZu) (3.43)
You = (Wi + Vi) (3.44)

Like earlier calculation the acceleration using the dynamic inversion would be as follows:

a{;";“ = 20,V Ve, (345
0y 2 : (3.46)
Wme = —2e; ViV
%Veu = 2(r{ — e)WVauVeu 347)
Similarly, the calculation leads to the equation as shown below:
=K Yiu = Qae, Yauu — Qongy, Y2uu T Aongguzy, — Uat,Wua (3.48)
Where:
Uyyy = Ay sin(a,, — 0,) — By cos(a, — 6,) (3.49)
Upyy = Ay cos(ay, — 6,) + By sin(a,, — 6,) (3.50)
Uiyq = Ay sin(ag — 6y) — By cos(ag — 6,) (3.51)
Uyya = Ay cos(a, — 6,) + B, sin(a, — 6,) (3.52)
Ay = —2eiViy By = 2(rf — ef)Voy (3.53)
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Further,

Cu = —KiuYiu — Qong,Uz2ua + Aat,Wua (3.54)
Cou = —KauYou — Qong,Yaua + Giat,Usa (3.55)
Where:
Uzyy = 2V sin(ay, — 6y) — 2V, cos(ay, — 6,,) (3.56)
Ugyy = 2V, cos(ay, — 0y) + 2V, sin(a, — 6,) (3.57)
Usyq = 2V sin(a, — 6,,) — 2V, cos(a, — 6,) (3.58)
Ugyq = 2V, cos(a, — 0y) + 2V, sin(a, — 6,,) (3.59)

Solving the above mentioned the acceleration is calculated as:

a _ CruUgyu — Coullauu (3.60)
ongy —
“ UgyuUtyu — U2uuU3yu
_ CruUszyy — Couliyu (3.61)
alatu -

UgyyUryu — UzyuUsyy

The above calculation is the basis for an interaction between another user that could work
as a follower to the first user. Simulations for movement in different networks are presented in
Chapter 4. The calculation for the system is shown below, the section 3.2.1 shows the

calculation.
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3.1.3 Guidance laws for follower AUE based on first AUE’s trajectory.

In this section the guidance laws for the movement of a follower AUE UAV are based on the
trajectory of the UAV that precedes it. The movement of each of the UAV that further follows
will be based on the movement of the UAV that is subsequently following another AUE, up until

the R-UAV, which further is following the ABS.

For the interaction:

V7”12 =" COS(O(l - 912) — V2 Cos(az - 912) (362)
Vo,, = vy sin(ay — 613) — vy sin(az — 61) (3.63)
912 — tan_l (M) (364)

X1 — X2

The state space equations for the interaction:

T2 =V, (3.65)
- _ Ve, (3.66)
012 =
T12
. _ Ve, | | (3.67)
Vi = - + Qqt, Sin(ay — 012) — aqr, sin(ay — 012) + Aong, cos(a; — 047)
12
- alongz COS(“Z - 912)
. V. Vg i 3.68
Vo,, = —r;; 2+ aige, cos(ay — 612) + Ajong, sin(ay — 0;3) ( )
— Qat, cos(a, — 612) — Qiong, sin(a; — 0;,)
Y1,, = 112Vi,, — et (Wi, +V4,,) (3.69)
Vo, = (WL, +V5,) (3.70)

Like earlier calculate the acceleration using the dynamic inversion:
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01y, | (3.71)
67‘1122 T2 = 27’12‘/9212‘/;12
1, - 5 : (3.72)
aVrll: VT12 - _2612‘412Vru
01, o - (3.73)
aVelz Velz = 2(T122 - 6122)V612V912
12
In the similar way the calculation leads to the equation as shown below:
_K112Y112 = Qat,U1,, — Aong, U2,, + Qrong, U2,, — Aat,U1,, (3-74)
Where:
Uy, = Azy sin(ay — 613) — By; cos(az — 612) (3.75)
Uz,, = Az1 cos(ay — 012) + Byy sin(az — 617) (3.76)
Uy, = Azisin(ay — 61,) — By cos(ay — 61,) (3.77)
Uz,, = Az1 cos(ay — b12) + By sin(ay — 613) (3.78)
Ay = —2e8Vr, 5 By = 2(ry — ef)Ve,, (3.79)
Further,
C1,, = _K12y112 — Quong, U2,, T Aiat, U1,, (3.80)
€2,y = _K22y212 — Qiong, Ua,, + Aat, Uz, (3.81)
Where:
us,, = 2V, sin(a, — 01;) — 2Vy,, cos(a, — 0;,) (3.82)
Uy,, = 2V, cos(az — 013) + 2V, sin(a, — 613) (3.83)
us,, = 2V, sin(ay — 01,) — 2Vy,, cos(a; — 61,) (3.84)
Uy, = 2V, cos(a; — 613) + 2Vy,, sin(a; — 643) (3.85)

Solving the above equation for the acceleration values:
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_ G131 %4y, T G2 W2, (3.86)

Ugy,Ury, — Uz,,Usy,

alongz

_ G15,U35, T €25, %y, (3.87)

Uy, U, = Uz,,Us,,

alatz

3.2 Generalized guidance laws for follower UAVs in an n-UAV Systems

Based on the calculations that has been presented in the previous section, the calculation
for the nth UAV in an n-UAV system is presented in this section. The acceleration that is derived

from the guidance law shows that the movement of the nt" UAV is based on the (n-1)" UAV in

the system.

Like the calculation we have done for the interaction between the first and the second user,

we can generalize the solution to:
For the interaction we have

Glong,Vrinesmy = Vin-1) €08(@(n-1) = On-1)(n)) = V(m) €08(2(n) = On-1)(m)) (3.88)

Voum-vm = V-1 SI(@m-1) = 8n-1yim) = V(ny SiN(@(my = On-1y(my) (3.89)

Yn-1) — y(n)> (3.90)

0 = tan~! (
e X(n-1) = X(n)

The state space equations for the interaction we have:

f(n—l)n = IZF(n_l)(n) (3'91)
Vo
0, — (b (3.92)
(n-1)(n) Tn-1)(n)
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2
_ Ve(n—n(n)

Foom = 7o+ Hatamy sin(@(m) = On-1)m))
= @ty SIN(An-1) ~ On-1)m)) (3.93)
+ Qong gy €05(@An-1) = On-1)(n))
= Qiong py €0S(A(m) = On-1)(m))
Vot = _W(”;Ziflie,ff =+ uaty, ©05(n-1) ~ On-n(m)
+ Qiongy_yy SIN(@(n—1) = On-1)m)) — Wty €0S(Am) = 1)) (394
= Qionggy, i@y — On-1y(m))
Vin-nym) = r(zn—l)(n)vf’z(n—l)(m = €1 (Vrfn—l)(n) + V92(n—1)(n)) (3.95)
Y2y = (Vrfn—n(n) + V92(n—1>(n)) (3.96)

Like what we did earlier we would calculate the acceleration using the dynamic inversion:

ayl(n—l)(n) .

= 2
ar(n_l)(n) T(n—l)n - Zr(n—l)(n)ve(n_l)(n) [/r(‘l’l—l)(n) (3_97)
ay1
(=D 7, 2 ,
W Vraeon = T 2€n-0m Ve ra-on (3.98)
T(n-1)(n)
oy,
(=) 2 X .
o Vomoim = 20m-1)m) ~ €10 m-1ym VOn-1yn (3.99)

aV9(n—1)(n)

In the similar way that we did the calculation we would arrive to the equation as shown

below:

Ky Vin-nm

= Qaty Mgy ~ Hongm ¥zmm T Hongm-nU2mm-1 (3.100)

~ Uat-1y Y1y n-1)
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Where:

Uiy = Amyn=1) SIN(An) = On-1)(m) — Byn-1) 08(@(m) = On-1)(m)) (3.101)
Uzt = A1) ©08(@my = On-1)(m)) + Banyn-1) Sin(@emy = On-1ym)) (3.102)
Ut nry = A=) SIN(An-1) = On-1)1m)) = Bmy(n-1) €08(@(n-1) = On-1)(m)) (3.103)
W2mymn-1 = Am)(n-1) C(’S(O‘(n—l) - 9(n—1)(n)) + Biny(n-1) sin(a(n_l) - 9(n—1)(n)) (3.104)
Amyin-1) = ~2€{-1ymVriu_nym * Bymn-1) = 2(To- 1)) — a0y (3.105)

Further we can define:

Clmm-1 = Ky V1im-nm ~ Hongm-n¥2mym-1) T Uatm-1, M mym-1) (3.106)
C2mym-n = K2 Y2m-1ymy ~ Hongm-ny Yamym-1 T Hatn-1U3mym-1) (3.107)
Where:
Uy = LVrnonyimy SIN@m) = On-n) = 2V6(0m1ymy €0S(@m) — On-1))) (3.108)
Uty = 2VT(n—1)(n) cos(a(n) - g(n—l)(n)) + 2V9(n—1)(n) Sirl(O‘(Tl) - e(n-l)(n)) (3.109)
Uy = 2o S(@m-1 = On-1m) = Voq_ym 05(@n-1) = Om-newm) ~ (3.110)
Usiyny = sy €0S(@n-1) = On-1ym)) + 2V 1y SIN(@n-1) = On-n)ey) ~ (3.111)

Solving the above mentioned we get the longitudinal and lateral acceleration for a follower

based on the movement trajectory of the leader UAV:

_ Amym-n%mm ~ 2mm-1n¥2mm
along(n) -

— (3.112)
Uty Wiy ~ Y200y Y3y

_ Amm-nBmm T 2mm-1Hmm
alat(n) -

— (3.113)
sy Yimyay ~ Y2y Y3mym
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The equations 3.112 and 3.113 give the longitudinal and lateral acceleration respectively for

the nth UAV based on the trajectory that is followed by the (n-1)t UAV.
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Chapter 4 Simulation Results for UAVs In Different Network
Configurations

In previous chapters, the thesis has shown different network configurations in which the
UAVs would move using guidance laws based on collision cone theory. The laws have been
presented in Chapter 3. This chapter demonstrates simulation results depicting the performance

of the guidance laws.

4.1 Scenario 1: Chain Link Movement in 5G Network

In this scenario the UAVs seek to form a chain link moving in a 5G communication network.
The base station is the leader of the pack, the relay UAV seeks to follow the trajectory of the
base station, the R-UAV in turn followed by a AUE (aerial user equipment). Below are presented

the initial conditions and other factors which can be referenced from the previous chapters.
4.1.1 |Initial Conditions and Simulation Parameters

The initial conditions at time t = 0 for the three different UAVs that are moving in this

scenario, are shown in Table 2.

Table 2 Scenario 1: Initial Conditions

Base Station Relay UAV End User

Position (x, y) (m) (-40,20) (0,0) (40,20)
Velocity (m/s) 2 5 2
Flight Path Angle (deg) 60° 100° 115°

UAV Physical Radius (m) 2 4 2

Gain values governing the trajectories of the UAVs are given below. These correspond to the
rate at which parameters y; and y, decay in the dynamic inversion laws of equations 3.6, 3.14,

and 3.15. Furthermore, these values are presented for the different pairwise interactions
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present in this scenario, including the interaction between the base station and the R-UAV and
similarly that between the R-UAV and the first AUE. The w value parameter as explained in

section 3.1.1 right before equation 3.6 is also. These values are given as:

Base Station Communication Circle Penetration (w,) : 5m

Relay Station Communication Circle Penetration (w,.): 5m

Rendezvous Controller Gain (Relay and Base) (K;,) : 2.5

Course Match Controller Gain (Relay and Base) (Kj): 0.245

Rendezvous Controller Gain (Relay and User) (K;,) : 1.5

Course Match Controller Gain (Relay and User) (K,,,) : 0.045

4.1.2 Communication Conditions

As presented in Chapter 2 the conditions for the communication influence the radius of the
communication circle. The values associated with the communication system are presented

below.
e Areatemperature: 25°C

e Connection Type: 5G Cellular @ 100 MHz bandwidth
e Location Type: Free Space

Table 3 Communication Conditions: Scenario 1

Base Station Relay UAV End User

2W Variable —
Tx Gain 20dB 20 dB —
— 2 dB 2dB
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4.1.3 Simulation Results for Scenario 1

Base Relay Connect:1 SNR:20.264
Relay User connect:0 SNR,;:3.5726
Animation at Time:120

150 —

yim)

150 100 50 0 50 100 150 200 250

Figure 10 Trajectory plot for Scenario 1

Figure 10 is the last plot related to Scenario 1; the plot is representative of the trajectory
that has been followed by the objects in the movement while being using the guidance laws
shown earlier in this thesis. Initial conditions for the movement have been presented in Table 2.
The object is dark Blue is the aerial base station (ABS), faint cyan circle around is the circle
representing the range of communication. The cyan object shows the trajectory of RUAV, the
magenta circle around the object is the communication range representation. Finally, the
magenta object shows the trajectory of the UE based on the guidance laws, keeping the RUAV
as the leader, as the RUAV keeps the ABS as the leader. The text shown above the plot shows
the SNR value for the interaction between the RUAV and the ABS (SNRg) and the RUAV and the
AUE(SNRy). The “Base Relay Connect = 1” and “Relay Use Connect = 0” show the connection

status between the two interacting UAVs at the end of the simulation at time t = 120 sec.a
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State Space Variables for UAV and Base

Distuance Between UAV and Base Station 0 Vr Base
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Figure 11 State Space Time History for Interaction between R-UAV and Base Station

Figure 11 shows the time history of the state space variables as the parameter y; and y, are
subjected to dynamic inversion. The top left plot shows the decay of the distance between the
llr"

Relay UAV and the base station, the red plot shows the value of the state space variable “r”, and

the dotted black line shows the Euclidean distance calculated at every instant in time. This is
done to recognize any errors if they might arise in the calculations through the dynamic
inversion. The other plots show the time histories of the state space variable. The top right plot
shows the time history of the rate of change of distance between the base station and the R-
UAV. The bottom left shows the time history of 8, angle which is made by line joining the R-UAV

and base station from a reference, and bottom right shows the time history of Vj.
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State Space Variables for RUAV and End User
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Figure 12 State Space Time History for Interaction between R-UAV and User Equipment

Figure 12 shows a similar interaction between the R-UAV and the UE as was shown in Figure

10 for interaction between R-UAV and the aerial base station.

UAV Speeds
s Speed of RUAV Sapeed of Base Station a5 Speed of End User
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Figure 13 Speed time Histories of the 3 UAVs

Figure 13 shows the time history plots for the speeds of the UAVS, each performing

differently based on the acceleration value generated by its guidance law. For example, the left

49



most plot, shows the time history of the velocity of R-UAV, whose speed reduces from its initial
value of 5m/s to 2 m/s thus matching the speed of the base station. The speed value of the
UE also reflects a similar behavior, but since the UE is following the trajectory of the R-UAYV, it’s
speed changes based on the value of the speed of the R-UAV. We also observe here an
undershoot value in the speed of the UE, after which the value stabilizes and moves towards
aligning with that of the R-UAV. Since the base station is not subject to any acceleration, a

constant speed of 2 m/s is observed.

UAV Flight Path Angles
Flight Path of UAV FILght Path of Base Station Flight Path of End User
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Figure 14 Flight Path Angle Time History

Similar to the plots presented in Figure 13, the plots in Figure 14 show the time history, of
flight path angle, in the same order. Going left to right, the value of flight path angle (@) for the
R-UAV changes and gets aligned with the base station, (which remains constant, since no
acceleration is acting on the base station). The value of the flight path angle of the UE gets

aligned with the flight path angle of the R-UAV.
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SNR Values at Relay and End User

SNRB Base and Relay SNR SNRU Relay & User SNR
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Figure 15 SNR Variation in the UAV pairs

Figure 15 shows the value of the SNR as it varies with time. The SNR value between two pairs
of the UAVs is shown. The first pair is the base station and the R-UAV (shown in red). The curve

on the right shows the variation in the SNR value between the R-UAV and the UE.

Power Variation at UAV in dB
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Figure 16 Power value available for Transmission
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Figure 16, shows the value of the power available at the base station (left, blue) and the
power available for establishing a signal on the R-UAV is shown on the right in red. While the
system in a situation where the SNR value between the base station and the R-UAV is under the
threshold value for transmission (which is 20dB is this case), the power (in dB) available for the
transmission is by the R-UAV 0dB. When the SNR value (refer to figure 15) crosses the threshold

value, the power available for transmission at the R-UAV increases accordingly.

Communication Ranges
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Figure 17 Communication ranges of UAV

Figure 17 shows the range of communication that is similar in nature to the variation in the
power available at any given UAV. When the SNR value crosses the threshold value, the increase

in the power at the R-UAV is reflected in the range of communication at the same time.
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Parametric ABS/RUAV Y value time history
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Figure 18 Parameter time history y, and y,

Figure 18 shows the variation of parameters y; and y, as have been explained in Chapter 3,
equations 3.3 and 3.15. The time history of the function follows the changes that are due to
application of dynamic inversion as have also been explained in Chapter 3. The decay of the
function is guided by a first order ODE and the time constant with which each of these
parameter’s decay is based on the values of the gains K; and K, associated with y;and y,
respectively. The plot on the left shows the decay of the parameter y; governing the collision
cone function. The plot on the right shows the time history of the parameter y,, governing the

parameter responsible for the course matching of the follower to the leader.

53



Accelerations for Relay UAV
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Lateral Acceleration
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Figure 19 Acceleration Time History of Relay UAV
Accelerations for End User UAV
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Figure 20 Acceleration Time History of UE UAV

Figures 19 and 20 show the acceleration time history for the relay UAV and the AUE. The left

plots in both these figures show the longitudinal acceleration, responsible for change in the

speed of the object. The right plots (shown in blue) show the time history of the lateral
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acceleration acting on the RUAVs and the UEs, responsible for the change in the direction of

movement of the UAVSs.

The subsequent simulation plots are along the lines shown in Figure 10 to 20.

4.2 Scenario 2: Collaborative Rendezvous in 5G

Two UAVs head to establish a common link with a base station. In this scenario the RUAV
has the guidance law applied to it to work towards lowering the y;and y, value with only the

base station. The simulation is done in a 5G network condition.

4.2.1 |Initial Conditions and Simulation Parameters
Table 4 Scenario 2: Initial Conditions

Base Station Relay UAV End User

(-40,20) (0,0) (40,20)
Velocity 0.5 m/s 5m/s 0.5 m/s
Flight Path Angle 60° 90° 115°
UAV Physical Radius 2m 4dm 2m

Base Station Communication Circle Penetration: 0 m

Relay Station Communication Circle Penetration: 0 m

Rendezvous Controller Gain (Relay and Base) (Kj) : 1.5

Rendezvous Controller Gain (Relay and User) (K,)) : 1

4.2.2 Communication Conditions
e Area temperature: 25° C

e (Connection Type: 5G Cellular @ 100 MHz bandwidth
e Location Type: Free Space

Table 5 Communication Conditions: Scenario 2

Base Station Relay UAV End User
2W Variable =
Tx Gain 20dB 20 dB =
= 2dB 2dB
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4.2.3 Simulation Results for Scenario 2

Base Relay Connect:1 SNR:22.4906
Relay User connect:1 SNR,;:23.4797
Animation at Time:160

& 8 100

Figure 21 Trajectory plot for Scenario 2

Figure 21 shows the trajectory plot for the movement of the 3 UAVs, this is a collaborative
movement where the R-UAV moves through space and uses the parameters y;, and y; , to apply
the acceleration such that it is guided to intersect with both the communication circles for the

base station and the AUE.

State Space Variables for UAV and Base
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Figure 22 Scenario 2: State Space Time History RUAV and ABS

Figure 22 shows time history for state space for the ABS and R-UAYV interaction.
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State Space Variables for RUAV and End User
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Figure 23 Scenario 2: State Space Time History RUAV and UE

Figure 23 shows time history for state space for the R-UAV and AUE interaction.
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Figure 24 Scenario 2: Speed Time History for RUAV, ABS, and UE

Figure 24 shows time history for speeds for the 3 UAVs.
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UAV Flight Path Angles
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Figure 25 Scenario 2: Flight Path Angle Time History for RUAV, ABS, and UE
Figure 25 shows time history for flight path angles for the 3 UAVs.
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Figure 26 Parametric Dynamic Inversion decay for Collision Cone between RUAV and ABS and UE (left to right)

Figure 26 shows the decay of parametric values ¥1, and yy, as a time history plot.
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SNR Values at Relay and End User
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Figure 27 SNR Variation in the UAV pairs

Figure 27 shows the time history plot of the SNRp (signal to noise ratio for base station and relay
interaction) and SN Ry (signal to noise ratio for R-UAV and AUE interaction).

Power Variation at UAV in dB
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Figure 28 Power value available for Transmission

Figure 28 shows the time history plot of the power available for transmission at the base station and the
R-UAV.
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Communication Range
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Figure 29 Communication Range of ABS and RUAV

Figure 29 shows the time history plot of the communication of the base station and the R-UAV.

4.3 Scenario 3: Chain Link in Wi-Fi 5
In this scenario, the communication occurs through Wi-Fi 5. The variation in the power, SNR
along with other parameters affecting the communication between the objects is shown below.

4.3.1 Initial Conditions and Simulation Conditions
Table 6 Scenario 3: Initial Conditions

Base Station Relay UAV End User

(-160,80) (0,0) (160,80)
Velocity 2m 5m 2m
Flight Path Angle 60° 100° 115°
UAV Physical Radius 2m 4m 2m

Relay Station Communication Circle Penetration: 5m

Base Station Communication Circle Penetration: 5m

Rendezvous Controller Gain (Relay and Base) (K1) : 2.5

Course Match Controller Gain (Relay and Base) (K,p): 0.045

Rendezvous Controller Gain (Relay and User) (K ;) : 2.5
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e Course Match Controller Gain (Relay and User) (K5,,) : 0.035

4.3.2 Communication Conditions
o Area temperature: 25° C

e Connection Type: Wi-Fi 5 @ 160 MHz bandwidth

e Location Type: Free Space

Table 7 Communication Conditions: Scenario 2

Base Station Relay UAV End User

| Power | 2w Variable =
20dB 20 dB =
| RxGain | = 2dB 2dB

4.3.3 Simulation Results for Scenario 3

Base Relay Cor

Relay User connect:1 SNR;:20.6208

Animation at Time:120
aetteatg,

(/

) /

Sevassaant

Figure 30 Trajectory plot for Scenario 3

In this scenario the relay is being guided as the follower to the ABS and the AUE is guided by its laws to
follow the RUAV in turn, the motion is thus that of a leader-follower type as shown in Figure 30 above.
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State Space Variables for UAV and Base
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Figure 31 Scenario 3: State Space Time History RUAV and ABS
Figure 31 shows time history for state space for the ABS and R-UAYV interaction.
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Figure 32 Scenario 3: State Space Time History RUAV and UE

Figure 32 shows time history for state space for the R-UAV and AUE interaction.
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UAV Speeds
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Figure 33 Scenario 3: Speed Time History for RUAV, ABS, and UE

Figure 33 shows time history for speeds for the 3 UAVs.
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Figure 34 Scenario 3: Flight Path Angle Time History for RUAV, ABS, and UE

Figure 34 shows time history for flight path angles for the 3 UAVs.
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SNR Values at Relay and End User
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Figure 35 SNR Variation in the UAV pairs

Figure 35 shows the time history plot of the SNR (signal to noise ratio for base station and relay
interaction) and SNRy; (signal to noise ratio for R-UAV and AUE interaction).

Power Variation at UAY in dB
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Figure 36 Power value available for Transmission

Figure 36 shows the time history plot of the power available for transmission at the ABS and the R-UAV
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Communication Ranges
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Figure 37 Communication Range of ABS and RUAV

Figure 37 shows the time history plot of the communication of the base station and the R-UAV.
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Figure 38 Parametric Dynamic Inversion decay y, and y, RUAV and ABS

Figure 38 shows the decay of parametric values y;, and y,, as a time history plot.
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Parametric RUAV/AUE Y value time history
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Figure 39 Parametric Dynamic Inversion decay y, and y, RUAV and UE

Figure 38 shows the decay of parametric values y;  and y, as atime history plot.
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Figure 40 Acceleration Time History for Relay UAV

Figure 40 shows longitudinal and lateral acceleration for the R-UAV.

66



Accelerations for End User UAV

Longitudnal Acceleration 0 Lateral Acceleration
] \ §
L]
E E
3 Ty 4
E"‘I =
mg -10 c|:|ﬂ
2
15
0
-20 -2
0 50 100 150 0 50 100 150
Time(sec) Time(sec)

Figure 41 Acceleration Time History for UE UAV

Figure 41 shows longitudinal and lateral acceleration for the AUE.

4.4 Scenario 4: Collaborative Rendezvous in Wi-Fi 5

Two UAVs head to establish a common link with a base station. In this scenario the RUAV
has the guidance law applied to it to work towards lowering the y;and y, value with only the

base station. The simulation is done in a Wi-Fi 5 network condition.

4.4.1 Initial Conditions and Simulation Conditions

Table 8 Scenario 4: Initial Conditions

Base Station Relay UAV End User

(-160,80) (0,0) (160,80)
Velocity 2m/s 10 m/s 2m/s
Flight Path Angle 60° 90° 115°
UAV Physical Radius 2m 4m 2m

e Base Station Communication Circle Penetration: Om
e Relay Station Communication Circle Penetration: Om

e Rendezvous Controller Gain (Relay and Base) (K},) :2.5
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Rendezvous Controller Gain (Relay and User) (K,) : 1

4.4.2 Communication Conditions

o Area temperature: 25° C
e Connection Type: Wi-Fi 5 @ 160 MHz bandwidth
e Location Type: Free Space

Table 9 Communication Conditions: Scenario 4

Base Station FEEVAVAY End User

2W Variable -
20dB 20 dB =
- 2dB 2dB

4.4.3 Simulation Results for Scenario 4

Base Relay Connect:0 SNR:19.95
Relay User connect:1 SNR,;:20.0172
Animation at Time:160

350 —

300 —

Figure 42 Trajectory plot for Scenario 4

The trajectory in Figure 42 plot shows collaborative rendezvous guidance laws acting on
the R-UAV, the ABS and AUE are moving in straight line and the R-UAV is moving to bridge the

gap between the ABS and the AUE.
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State Space Variables for UAV and Base
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Figure 43 Scenario 4: State Space Time History RUAV and ABS

Figure 43 shows time history for state space for the ABS and R-UAV interaction.

State Space Variables for RUAV and End User
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Figure 44 Scenario 4: State Space Time History RUAV and UE

Figure 44 shows time history for state space for the R-UAV and AUE interaction.
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UAV Speeds
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Figure 45 Scenario 4: Speed Time History for RUAV, ABS, and UE

Figure 45 shows time history for speeds for the 3 UAVs.
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Figure 46 Scenario 4: Flight Path Angle Time History for RUAV, ABS, and UE

Figure 46 shows time history for flight path angles for the 3 UAVs.
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Parametric Y value time history
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Figure 47 Parametric Dynamic Inversion decay for Collision Cone between RUAV and ABS and UE (left to right)

Figure 47 shows the decay of parametric values y;, and y,  as a time history plot.

SNR Values at Relay and End User
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Figure 48 SNR Variation in the UAV pairs
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Figure 48 shows the time history plot of the SNRj (signal to noise ratio for base station and relay
interaction) and SNRy, (signal to noise ratio for R-UAV and AUE interaction).
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Base Power Variation Relay Power Variation

34.5 35
1
30
3ar
25
3351 —
— . o 20}
Q =
=2 =
33 =
101
3251
51
32 L L L o . L L
0 50 100 150 200 0 50 100 150 200
Time(sec) Time(sec)

Figure 49 Power value available for Transmission

Figure 49 shows the time history plot of the power available for transmission at the ABS and the R-UAV
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Figure 50 Communication Range of ABS and RUAV

Figure 50 shows the time history plot of the communication of the base station and the R-UAV.
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4.5 Scenario 5: Collaborative Rendezvous in Wi-Fi for 3 User

To showcase the working of the multi-user interface in a 2-user and 3-user simulation has

been performed, below shown is a 3-user simulation and its results.

4.5.1 |Initial Conditions and Simulation Conditions
Table 10 Scenario 5: Initial Conditions

Base Station Relay UAV User 1 User 2 User 3
(-160,80) (0,0) (160,80) (240,120) (280,130)
2 10 2 25 25
60 90 115 120 110

UAV Physical Radius (m) 2m 4m 2m 2 2

Base Station Communication Circle Penetration: 5m

Relay Station Communication Circle Penetration: 5m

User 1 Communication Circle Penetration: 5m

User 2 Communication Circle Penetration: 5m

Rendezvous Controller Gain (Relay and Base) (K4,) : 4.5

Alignment Controller Gain (Relay and Base) (K3,) : 0.045

Rendezvous Controller Gain (Relay and User 1) (K, ) :2.5

Alignment Controller Gain (Relay and User 1) (K, , ):0.035

Rendezvous Controller Gain (User 1 and User 2) (Ky,,,) : 3.5

Alignment Controller Gain (User 1 and User 2) (K, ,,): 0.015

Rendezvous Controller Gain (User 2 and User 3) (Ky,,,) : 5.5

Alignment Controller Gain (User 2 and User 3) (K, ,.) : 0.005

4.5.2 Communication Conditions

e Area temperature: 25° C

e (Connection Type: Wi-Fi 5 @ 160 MHz bandwidth
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20dB
= 2dB

Location Type: Free Space
Table 11 Scenario 5: Communication Conditions
User 3

Base Station Relay UAV User 1 User 2
2W Variable Variable Variable Variable
20dB 20dB 20 dB =
2dB 2dB 2dB

SNR_:19.7277

4.5.3 Simulation Results for Scenario 5
SNRRM.ZH.Sﬂl; SNRu12:19.5|47 SNR"’J:W‘HM

Animation at Time:1

,.#"‘“‘"'-..

Figure 51 Multi-UAV Leader Follower trajectory Plot

Simulation result in Figure 51 shows an n-UAV system with each AUE acting as a follower

to the AUE that is subsequently following another UAV. The base station is the leader for the

pack, followed by the R-UAV, the first UAV follows R-UAV, followed by the second AUE, and so

on.
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State Space Variables for UAV and Base
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Figure 52 State Space time history: RUAV and ABS

Figure 52 shows time history for state space for the ABS and R-UAV interaction.
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Figure 53 State Space time history: RUAV and UE1

Figure 53 shows time history for state space for the R-UAV and AUE1 interaction.
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State Space Variables for User 1 and User 2
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Figure 54 State Space time history: UE1 and UE2

Figure 54 shows time history for state space for the AUE1 and AUE2 interaction.
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Figure 55 State Space time history: UE2 and UE3
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Figure 55 shows time history for state space for the AUE2 and AUE3 interaction.
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Figure 56 Speed time history: ABS and RUAV

Figure 56 shows time history for speeds for the R-UAV and ABS.
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Figure 57 Speed time history: UE: 1,2, and 3

Figure 57 shows time history for speeds for the AUE 1,2, and 3.
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Figure 58 Flight Path time history: ABS and RUAV
Figure 58 shows time history for flight path angle for the R-UAV and ABS.
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Figure 59 Figure 55 Speed time history: UE 1,2, & 3

Figure 59 shows time history for flight path angle for the AUE 1,2, and 3.
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SNR Values at Relay and End User
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Figure 60 SNR time history

Figure 60 shows the time history plot of the SNR (signal to noise ratio for base station and relay
interaction), SNRy, , (signal to noise ratio for R-UAV and AUE1 interaction), SNRy,, (signal to
noise ratio for AUEL and AUE?2 interaction), SNRy,, (signal to noise ratio for AUE2 and AUE3
interaction)
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Power Variation at UAV in dB
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Figure 61 Available power at various UAVs time history

Figure 61 shows the time history plot of the power available at ABS, R-UAV, and AUE 1,2, and 3.
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Figure 62 shows the time history plot of the communication of the ABS, the R-UAV, and AUEs 1,2, and 3.
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Figure 62 Communication Range Variation time history
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Parametric Base Relay Y value time history
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Figure 63 y; and y, time history ABS and RUAV

Figure 63 shows the decay of parametric values y;, and y,, as a time history plot.
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Figure 64 y; and y, time history RUAV & UE1

Figure 64 shows the decay of parametric values y;, andy, asatime history plot.
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Figure 65 y; and y, time history UE1 and UE2

Figure 65 shows the decay of parametric values y, , and y,_, as a time history plot.
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Figure 66 y; and y, time history UE2 and UE3

Figure 63 shows the decay of parametric values Y1,, and y,, . as a time history plot.
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Accelerations for Relay UAV
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Figure 67 Longitudinal and Lateral Acceleration: RUAV

Figure 67 shows longitudinal and lateral acceleration for the R-UAV.
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Figure 68 Longitudinal and Lateral Acceleration: UE1

Figure 68 shows longitudinal and lateral acceleration for the AUE1.
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Figure 69 Longitudinal and Lateral Acceleration: UE2

Figure 69 shows longitudinal and lateral acceleration for the AUE2.
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Figure 70 Longitudinal and Lateral Acceleration: UE3

Figure 70 shows longitudinal and lateral acceleration for the AUE3.
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Chapter 5 Conclusions and Future Work

5.1 Conclusions

In this thesis, guidance laws to facilitate development of communication link between UAVs
have been presented. These have been developed using the collision cone theory. The guidance
laws governing the lateral and longitudinal acceleration of the UAVs present a well-defined
methodology to guide the movement of UAVs using the relative position and velocity of the

UAVs in the system.

These the guidance laws can create linked or collaborative teams of UAVs that can act as
access points in dynamic communication networks, in areas where establishing full-fledged

communication towers etc. might be an issue.Simulation results using MATLAB are presented.

Future work can include the introduction of an optimization framework to determine the

guidance law gain, as well as extended to 3-D scenarios.
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