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Abstract

Fifth-generation (5G) and beyond mobile communication networks are expected to meet

an explosion of data traffic usage and a fast-varying environment. The millimetre-wave

communications and unmanned aerial vehicles (UAVs) communications are two important

methods to tackle these challenges. To thoroughly investigate millimetre-wave UAV commu-

nications, it is essential to have a good understanding of electromagnetic wave propagation

in the millimetre-wave band between the UAV-carried aerial base station or the mobile relay

node and ground nodes, which is known as the UAV air-to-ground (A2G) channel model. To

support the millimetre-wave UAV A2G network design, it is vital to have a deep cognition of

the network performance evaluation parameters of the UAV A2G link, e.g., throughput and

energy efficiency. This thesis discusses three problems related to millimetre-wave UAV A2G

communications.

In this study, the effect of the inevitable UAV wobbling on the millimetre-wave UAV

A2G channel is first investigated. The wobbling process of a hovering UAV, which is affected

by wind gusts and the high vibration frequency of its propellers and rotors, is modelled. The

analytical temporal autocorrelation function (ACF) for the millimetre-wave UAV A2G link

is derived. With the derived temporal ACF equation, the Doppler power spectrum density

for the millimetre-wave UAV A2G link is investigated. The numerical results show that the

temporal ACF decreases quickly with time and the impact of the Doppler effect caused by

UAV wobbling is significant on bit error probability (BEP) for the millimetre-wave A2G

link.

Then, the problem of throughput for the millimetre-wave UAV A2G link under UAV

wobbling is investigated. Two types of detectors at the receiver to demodulate the received
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signal and get the instantaneous BEP of a millimetre-wave UAV A2G link under UAV

wobbling are introduced. Based on the designed detectors, an adaptive modulation scheme

maximising the average transmission rate under UAV wobbling by optimizing the data

transmission time subject to the maximum tolerable BEP is proposed. The numerical results

show that the proposed adaptive modulation maximises the temporally averaged transmission

rate of the millimetre-wave UAV A2G link compared with other transmission policies under

UAV wobbling.

After proposing the adaptive modulation, the power control to minimise the power

consumption is investigated considering the limited on-board energy of a UAV. A power

control policy that minimises the transmission power while maintaining both the BEP under

the threshold and the maximised average transmission rate is proposed for the millimetre-

wave UAV A2G link under UAV wobbling. The energy efficiency of the UAV A2G link is

evaluated to show how effective this power control policy is. The numerical results show

that the power control policy reduces the power consumption by up to 50% for wobbling

millimetre-wave UAV A2G links and the energy efficiency of the system under power control

is higher than that of the adaptive modulation scheme without the power control policy.

In summary, the thesis studies the channel characteristics and evaluates the performance

of the millimetre-wave UAV A2G link under wobbling to support the future millimetre-wave

UAV communication network deployment. A key observation is that even for weak UAV

wobbling, the temporal ACF of the UAV A2G link deteriorates quickly, making the link

difficult to establish a reliable communication link. To keep the reliable A2G link and achieve

high throughput, the adaptive modulation scheme of the millimetre-wave UAV A2G link

under wobbling is proposed. The power control policy for the adaptive modulation of the

millimetre-wave UAV A2G link could save power by over 50% and support the green UAV

A2G link.
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Chapter 1

Introduction

Overview
In this chapter, the background, motivations, objectives, and contributions of this thesis will

be introduced. Unmanned aerial vehicle (UAV) communication systems and millimetre-wave

techniques have been proposed to address the growing demand for emergency assistance

and the high data rate in the fifth-generation (5G) communication system era. The research

objectives and contributions of this thesis about millimetre-wave UAV communications are

discussed. Finally, the structure of this thesis is presented.

1.1 Background

In the fifth-generation (5G) communication system era, unmanned aerial vehicles (UAVs)

have been widely investigated to facilitate numerous applications such as flexible coverage

and capacity enhancements, emergency assistance, disaster relief, etc. [1–3]. According to

[4], the 5G communication system should support the enhanced mobile broadband, the ultra-

reliable and low latency communications, and the massive machine-type communications.

Moreover, the millimetre-wave is one of the important techniques to achieve the requirement

of the 5G communication system, which could support higher data rate due to higher

bandwidth, enable miniaturization of the antenna array in UAV base station (BS) due to short

wavelength, and suppress interference due to high beam directivity [5–8]. The integration
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of UAVs into millimetre-wave communications will bring new design opportunities and

challenges.

UAVs are aircraft driven by remote control or computer program on-board without a

human pilot. In recent years, UAVs have entered our daily lives for numerous civilian

and commercial applications owing to the advancement of manufacturing technologies and

cost-reducing. According to a report from the Federal Aviation Administration (FAA), the

fleet of UAVs for recreation will be increased from around 1.32 million vehicles in 2019 to

1.59 million units by 2024. Moreover, the fleet of UAVs for commercial will be more than

doubled from around 0.39 million vehicles in 2019 to 0.82 million units by 2024 [9].

In practice, there are two general standards for UAV classification. In general, UAVs

can be classified, based on altitudes, into two categories, i.e., high altitude platforms (HAPs)

and low altitude platforms (LAPs). For HAPs, the altitudes of the UAV can reach the upper

layers of the stratosphere [10]. On the other hand, LAPs are quasi-stationary aerial platforms

within the troposphere [11]. Compared with HAPs, LAPs are much easier to deploy which is

suitable for time-sensitive applications. However, the HAPs have longer power endurance.

Moreover, UAVs can be classified, based on type, into two categories, i.e., fixed-wing (FW)

and rotary-wing (RW) UAVs. Conventionally, the FW UAV, with high load capability, has

been applied to carry BS equipment, which is too large for RW UAV to carry. However, the

FW UAV has to maintain continuous high-speed mobility, which brings challenges to system

design for stationary local area coverage [12]. This non-stationary wireless propagation

channel has a negative impact on the stability of the wireless connection [13]. With the

evolution of small cell networks, BS equipment is expected to be further miniaturized in the

future when the millimetre-wave band is widely used. Thus, the RW UAV with relatively

low load capability can facilitate stable and flexible coverage for a certain area by filling

coverage holes and/or providing extra capacity by overlaying on an existing cellular network

while it is hovering in the air. In Fig 1.1, an overview of the different classifications of the

UAVs is provided.

Since UAVs need the remote control, wireless communications have become essential for

UAV operation and have drawn significantly growing attention for combining together in re-
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• Low speed
• Can hover 
• More energy limited than FW 

UAV Classification

Altitude

Type

High altitude 
platform (HAP)

Low altitude 
platform (LAP)

Fix-wing (FW)

Rotary-wing 
(RW)

• Long endurance
• Wide coverage
• Altitude above 17 km

• Flexible coverage
• Fast mobility
• Cost-effective

• High speed
• High load capacity 
• Several hours endurance

Fig. 1.1 UAV classification.

cent years. Depending on different mission requirements of UAV communications, they may

need to timely transmit and/or receive information, such as images, video, and data packets

to/from various ground nodes. There are two main applications of UAV communications, i.e.

cellular-connected UAV and UAV-assisted communications. The main difference between

cellular-connected UAV and UAV-assisted communications is the roles of the UAV. The UAV

acts as BSs, access points or relays in UAV-assisted wireless communications and the UAV

acts as user equipment (UE) in cellular-connected UAV communications. The two paradigms

of cellular-connected UAV communications and UAV-assisted communications share both

similarities (e.g., in terms of air-to-ground (A2G) UAV channel characteristics and interfer-

ence) and differences (e.g., communication requirements and design considerations) [14].

Recently, the Third-generation Partnership Project (3GPP) has specified the communication

requirements for the UAV-assisted communication system, where the data rate requirement

for UAV command is in the range of 60-100 kb/s for both downlink and uplink directions

[15]. For the cellular-connected UAV communications, the real-time remote control and
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Table 1.1 Comparison of wireless technologies for UAV communications.

Technology Description Advantages Disadvantages

Direct link
Direct point-to-point
communication with
ground node

Simplicity and low
cost

Limited to LoS, limited
operation range, low
reliability and data rate

Satellite
Internet access via
satellite

Global coverage
High operational cost,
large attenuation and delay,
high energy-consuming

Ad-hoc
network

Dynamically
self-organizing
network

High-mobility,
robust and flexible
architecture

High energy consumption,
low spectrum efficiency,
long delay

Cellular
network

Communication via
cellular
infrastructure

Cost-effective, support
large-scale UAV
communications, high
reliability and data
rate

Remote areas unavailable

video data transmission, where the transmission rate requirement is about several Mb/s or

Gb/s.

To meet the communication requirements of UAV communications, four candidate

communication technologies include 1) direct link; 2) satellite; 3) ad-hoc network; and

4) cellular network. The comparison of wireless communication technologies for UAV

communications is shown in Table 1.1 [16]. After comparison, integrating UAVs into the

cellular network in millimetre-wave bands offers cost effectiveness, high reliability, and high

data rate for UAV communications in the 5G era. The schematic diagram of UAV-assisted

network is shown in Fig. 1.2.

The aforementioned benefits make 5G cellular networks become a promising new trend to

support the increasing and dynamic UAV wireless data traffic. However, the millimetre-wave

UAV communication system is significantly different from its terrestrial counterparts because

of the high altitude, high mobility, and high probability of the line-of-sight (LoS) A2G

channel. Table 1.2 summarized the main design opportunities and challenges of millimetre-

wave UAV communications, which are further discussed as follows.
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Aerial 

Fig. 1.2 UAV-assisted communication network.

• Compared with conventional terrestrial BSs/users, the UAV BSs/users usually have a

much higher altitude. The high UAV altitude leads to the high LoS A2G probability

because the scatterers cannot block the LoS link [16]. The UAV coverage of aerial

heterogeneous networks could be expanded by high UAV altitudes [17]. Since the

high altitude UAVs could offer three-dimension (3D) aerial coverage for BSs or users,

the 3D A2G channel model is required to support the transmission with the high data

rate, the high reliability, and the low latency. However, A2G LoS links make inter-cell

interference become a more critical issue for cellular systems with hybrid aerial and

terrestrial UEs [14]. The high altitude also leads to a large propagation distance, which

means larger path loss in millimetre-wave communications. Hence, the UAV hovering

height and the UAV trajectory to keep the reasonable path loss and limited interference

should be taken into account.

• Compared with conventional terrestrial BSs/users, the UAV BSs/users usually could

be deployed more flexibly. It can support more emergent situations and quick action

for an urgent network needs. However, the high mobility of UAVs leads to the highly

dynamic communication channel characteristics for the A2G channel, and excessive

spatial and temporal variations included in non-stationary situations. Moreover, the
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Table 1.2 Opportunities and challenges of millimetre-wave UAV communications.

Characteristic Opportunities Challenges

High altitude
High LoS probability,
wide coverage

Marginally relies on the elevation angle,
require 3D A2G channel model, larger
path loss, severe A2G interference

High mobility
Flexible deployment,
coverage and capacity
enhancements

Dynamic channel characteristics and the
significant Doppler effect, the excessive
spatial and temporal variations

Energy
constraint

-
Energy-efficiency design, limited
endurance time of UAVs

UAV
structures

-
Airframe shadowing caused by the
structural design and rotation of the UAV

Doppler effect becomes more severe when the frequency band is extended to the

millimetre-wave band [18]. It is challenging to build a reliable 3D A2G channel model

and analysis the channel characteristics for different operating scenarios.

• Compared with conventional terrestrial BSs/users, the UAV BSs/users are usually

limited by the operating time. Since the size restriction of the UAV and the limitation

of battery technology, the UAV energy consumption and reliable operating time has

become a bottleneck of the UAV communication system [19]. The cruising and

hovering time duration is limited by the on-broad battery capacity. Thus, the energy

efficiency (EE) design of UAV communications is more involved and urgent than that

of the conventional terrestrial system [20].

1.2 Motivations and Objectives

1.2.1 Motivations

As introduced in section 1.1, the millimetre-wave UAV communication system can offer

enormous throughput, flexible coverage, and urgent capacity enhancement. To thoroughly
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investigate the millimetre-wave UAV wireless system, it is necessary to have a deep under-

standing of the millimetre-wave propagation characteristics between the UAV and the ground

node. Accordingly, the millimetre-wave UAV A2G channel model needs to be researched,

where the channel characteristics are different from the classic terrestrial communication

channel [17]. Especially, the movement and wobbling of UAVs, the type of UAVs, and the

different propagation environments could affect the millimetre-wave UAV A2G channel

characteristics significantly [21, 22]. The study of the millimetre-wave UAV A2G channel is

the basement of the millimetre-wave UAV communications design.

Moreover, fundamental performance analysis to evaluate the impact of channel character-

istics on the millimetre-wave UAV A2G communications is vital for designing millimetre-

wave UAV communications. For example, the throughput of the UAV systems is the basic

key quality-of-service metric. Since the time-varying channel characteristics of UAV A2G

links lead to outdated channel state information (CSI) from the channel estimation, the bit

error probability (BEP) performance of millimetre-wave UAV A2G links deteriorates. The

throughput of the millimetre-wave UAV A2G link under wobbling will decrease by the worse

BEP performance. However, the throughput problem of millimetre-wave UAV A2G link

under UAV wobbling has not been sufficiently studied. To reap the benefits of millimetre-

wave UAV communications, it is necessary to achieve the required system performance by

considering the UAV wobbling.

In addition, under the size, weight, and battery capacity restrictions of UAVs, the power

consumption has become a bottleneck for the UAV-carried aerial BSs or mobile relay nodes

[19]. For instance, UAVs must use on-board battery energy to support signal transmission,

signal processing, and mobility purposes, which results in the limited flight and hovering

time duration [23]. Recently, the UAV moving trajectory optimization is the main research

direction [24], but the power control policy applied to the transmission frame for the wobbling

millimetre-wave UAV A2G links has not been studied in the literature. Extending the UAV

operating time on limited on-broad battery capacity by power control policy while achieving

the required throughput is also another challenging problem.
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1.2.2 Objectives

Channel model of millimetre-wave UAV A2G link under wobbling

While UAVs are hovering or cruising in the air, UAVs will inevitably be wobbling due to

various environmental and mechanical issues, such as wind gusts, bad weather, and the high

vibration frequency of their propellers and rotors [21]. Such UAV wobbling leads to the

Doppler effect on the millimetre-wave UAV A2G link [25, 26], making the wireless channel

unstable and unpredictable [21]. Therefore, the millimetre-wave UAV A2G channel model

under UAV wobbling must be investigated. Detailed objectives are listed as follows:

1. To capture mechanical vibration parameters of the UAV to introduce the UAV move-

ment model under wobbling;

2. To derive the temporal channel autocorrelation function (ACF) for describing the

channel property of millimetre-wave UAV A2G link under wobbling;

3. To derive the Doppler power spectrum density (PSD) based on the temporal ACF; and

4. To analyse how mechanical vibration parameters of the UAV impact the channel

characteristics on millimetre-wave UAV A2G link under wobbling.

Throughput of millimetre-wave UAV A2G link under wobbling

Since time-varying channel characteristics lead to outdated CSI from the channel estimation,

the BEP performance of millimetre-wave UAV A2G link under wobbling decreases. Further-

more, the worse BEP performance results in the low throughput of the system. Hence, the

BEP performance and the throughput of millimetre-wave UAV A2G link under wobbling

must be investigated for the design of a reliable network. Detailed objectives are listed as

follows:

1. To build the relationship between the temporal ACF from the time-varying channel

and the imperfect CSI from channel estimation;
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2. To design the detector at the receiver demodulating the signal under imperfect CSI

and computing the instantaneous BEP of the millimetre-wave UAV A2G link under

wobbling;

3. To design the adaptive modulation scheme to keep the reliable UAV A2G link under

imperfect CSI; and

4. To find the maximum average transmission rate based on the BEP threshold by opti-

mizing the transmission period in an adaptive modulation scheme.

Power control of millimetre-wave UAV A2G link under wobbling

When the UAV cruising and hovering in the air, the power constraint should be considered

to support an efficient flight for data transmission. Hence, the power control of the UAV

transmission process must be investigated for maintaining high EE. The detailed objectives

are listed as follows:

1. To design the power control policy for finding the minimum transmission power at

transmitter subject to maximised throughput and BEP threshold;

2. To evaluate the EE performance of the millimetre-wave UAV A2G link with power

control policy; and

3. To find the optimized transmission time achieving the maximum EE performance in

an adaptive modulation scheme with a power control policy.

1.3 Contributions

The main contributions of the thesis are summarised as follows:

• Review the latest development of UAV A2G channel measurements, modelling and

simulation. Important existing channel models are reviewed and classified.
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Research on the channel modelling of millimetre-wave UAV A2G link under wobbling

• The RW UAV movement model at hovering status under UAV wobbling is intro-

duced. Two parameters, i.e., the vibration frequency of the UAV and the velocity

envelope covariance of UAV wobbling, are defined to capture the characteristic of UAV

wobbling.

• The temporal ACF of millimetre-wave RW UAV A2G link is derived in a closed-form

expression based on the RW UAV wobbling movement model at hovering status. The

analytical expression of the temporal ACF is verified by Monte Carlo simulation results.

The closed-form temporal ACF derivation can help the system compute the temporal

ACF and evaluate the UAV A2G link performance quickly.

• The Doppler PSD of millimetre-wave RW UAV A2G link with UAV wobbling is

computed based on the analytical temporal ACF.

Research on the adaptive modulation scheme of millimetre-wave UAV A2G link under

wobbling

• The imperfect CSI is modelled by using a continuous temporal ACF of the millimetre-

wave UAV A2G channel impulse response (CIR). Then, the relationship between the

BEP and the temporal ACF is analytically derived and used to adjust the modulation

order in the adaptive modulation scheme accordingly.

• Two detectors are introduced for millimetre-wave UAV A2G links under imperfect CSI,

i.e., the maximum likelihood detector and the sub-optimum detector, which both use

the continuous temporal ACF as the reference to demodulate the received signal and

get the instantaneous BEP. To speed up the calculation of the instantaneous BEP, the

sub-optimum detector ignores the power differences among symbols in a constellation

diagram, leading to a computational complexity much lower than that of the maximum

likelihood detector. I derive the closed-form union upper bound (UUB) on the BEP for
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the sub-optimum detector under imperfect CSI and verify its accuracy by comparing it

with Monte Carlo simulation results.

• An adaptive modulation scheme is proposed based on the designed detectors to max-

imize the average transmission rate of the millimetre-wave UAV A2G link under

imperfect CSI. The data transmission time and the modulation order (among M-ary

phase shift keying (PSK) or M-ary quadrature amplitude modulation (QAM)) are

optimized subject to a BEP threshold, constant transmission power, and a channel

estimation time constraint.

Research on the power control policy of millimetre-wave UAV A2G link under wob-

bling

• A new power control policy is designed to minimize the instantaneous transmission

power of the adaptive modulation subject to the BEP threshold at the receiver and the

maximum transmission power constraint, while maintaining the maximum average

transmission rate. The BEP approximation based on the signal-space concept and the

Netwon-Raphson method is used to compute the minimized instantaneous transmission

power for M-ary PSK and M-ary QAM, respectively.

• The EE performance of the millimetre-wave UAV A2G link with the power control

policy is evaluated under the constant transmission rate or the adaptive modulation

scheme. The trade-off between the transmission time and the estimation time is

analysed to find the maximum EE of the system.

1.4 Thesis Outline

The first chapter of this thesis summarises UAV communications and millimetre-wave

techniques in the 5G network and introduces the research undertaken. The motivations,

objectives, and contributions of the research are presented.
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Chapter 2 presents an overview of the millimetre-wave UAV A2G channel model and

the performance analysis of the UAV communication system. The UAV A2G channel

models and the millimetre-wave channel models are introduced, which include millimetre-

wave propagation properties, channel model methods, and millimetre-wave UAV channel

characteristics. The performance analysis metrics of the UAV A2G communication system

are presented, i.e., coverage probability, outage probability, throughput, and EE.

Chapter 3 studies the impact of mechanical wobbling on the Doppler effect of the

millimetre-wave wireless channel between a UAV and a ground node. The wobbling process

of a hovering RW UAV is modelled firstly. The analytical model of the temporal ACF for

the millimetre-wave RW UAV A2G link in a closed-form expression is derived. How RW

UAV wobbling impacts the Doppler effect on the millimetre-wave RW UAV A2G link is

investigated. A key observation is that even for weak UAV wobbling, the temporal ACF

of the UAV A2G link deteriorates quickly, making the link difficult to establish a reliable

communication link.

Chapter 4 focuses on the throughput of millimetre-wave UAV A2G link under wob-

bling, which finds the maximum average transmission rate by optimum adaptive modulation

scheme under imperfect CSI. Two detectors to demodulate the received signal and get the

instantaneous BEP of a millimetre-wave UAV A2G link under imperfect CSI are introduced.

Based on the designed detectors, an adaptive modulation scheme to maximize the average

transmission rate under imperfect CSI by optimizing the data transmission time subject to

the maximum tolerable BEP is proposed.

Chapter 5 proposes the power control policy of millimetre-wave UAV A2G link under

wobbling, which can reduce the energy consumption based on the different transmission

methods. The power control policy for the adaptive modulation of the millimetre-wave

UAV A2G link could save power by over 50% and support the green UAV A2G link. The

EE performance of the millimetre-wave UAV A2G link under the power control policy is

shown. The trade-off between spectral efficiency and EE is discussed to achieve the system

performance aims.
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Chapter 6 summarizes the thesis by presenting the overall research outcomes and provid-

ing concluding remarks. In addition, potential further works are suggested at the end of the

chapter.





Chapter 2

State-of-the-art and Research Challenges

Overview
This chapter introduces topics of the millimetre-wave UAV A2G channel modelling and the

performance analysis of the UAV A2G link. For an in-depth investigation of the millimetre-

wave UAV A2G channel models, the basic characteristics of the millimetre-wave propagation

and the UAV A2G channel model need to be understood. Moreover, the performance analysis

metrics of the UAV communications need to be reviewed. Accordingly, in this chapter, the

millimetre-wave UAV A2G channel model is first introduced, followed by the performance

analysis of UAV communication systems.

2.1 Review of Millimetre-wave Propagation

In this section, basic concepts and problems of millimetre-wave propagation properties are

introduced.

2.1.1 Millimetre-wave Propagation Properties

Millimetre-wave is a class of electromagnetic wave which wavelength is at the millimetre

level (1-10 mm) and the frequency spectrum is between 30 and 300 GHz [27]. The wavelength

of the millimetre-wave is smaller than typical objects in the physical environment. Therefore,

the propagation properties of millimetre-wave have some differences with lower frequency
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waves. When the size of an obstacle is at millimetre level, millimetre-wave could be blocked

whereas, low frequency band signal is not. When millimetre-wave transmits in free space, air

and water molecule will act as the main attenuation role. Oxygen molecule mainly absorbs

the 60 GHz electromagnetic wave and water molecule mainly absorbs the 164-200 GHz

electromagnetic wave [28]. Therefore, 60 GHz, and 180 GHz bands have more excess

attenuation than other frequency band and the excess attenuation are -20 dB/km, and -15

dB/km, respectively [29]. Fortunately, the 28 GHz, 38 GHz, and 72 GHz are working as

good as currently used cellular bands for long-range outdoor mobile communications [6, 30].

2.1.2 Basic Millimetre-wave Channel Model

The free space propagation of the electromagnetic wave in the millimetre-wave band is a

useful starting point for evaluating large-scale millimetre-wave wireless channel characteris-

tics. If there are no obstructions, reflections, and scatterers, the easy model of large-scale

propagation is a free space Friis model. The equation of the Friis model is shown below [31],

Pr = PtGtGr

(
λ

4πd

)2

, (2.1)

where Pr and Pt are the received and transmitted power, respectively, Gr and Gt are the gain of

receiver and transmitter antennas, respectively, λ is the operating wavelength of transmission,

and d is the distance of transmitter and receiver. According to (2.1), the millimetre-wave

free space propagation loss is higher than low frequency band. Fortunately, small directional

narrow beam antennas which have substantial gain may offset and even reduce the path loss

in the millimetre-wave frequency band [27]. However, this model only works well for the

LoS path and the antennas aligned perfectly [32].

Compared to the free space Friis equation, log-distance path loss model will express path

loss better for real-world situations [30]. The log-distance path loss model is related to the

path loss exponent (PLE), which has different values in different propagation scenarios. The
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log-distance path loss model is shown below [33],

Pr[dBm] = Pt[dBm]+K[dB]−10α log
d
d0

, (2.2)

where K is a dimensionless constant that depends on antenna characteristics and average

channel attenuation, α is the PLE with different values of indoor and outdoor scenario, and

d0 is the reference distance. In general, the reference distance is 1 metre and when α value is

2, it means free-space propagation. According to [30], the α value at outdoor situation is in

range of 2.3 to 3.86.

2.1.3 The Doppler Effect of Millimetre-wave

The small-scale millimetre-wave propagation also has some differences from microwave.

Especially, the Doppler shift becomes vital to consider as one of the small-scale parameters

in channel characteristics [34]. At millimetre-wave frequency, the Doppler effect has a

more significant influence than the microwave frequency band. The Doppler shift is the

difference between the received frequency and the actual transmitted frequency. When the

carrier frequency increases, the Doppler shift will also increase fast. For example, when the

carrier frequency increases from 2 GHz to 60 GHz, the Doppler shift increases 30 times [31].

Moreover, the much smaller wavelength of millimetre-wave signals results in a much smaller

coherence time than the conventional ultra-high frequency band system, so the Doppler effect

on the millimetre-wave band causes some severity problems in the UAV communication

channel model. The Doppler shifts could disrupt the orthogonality between the sub-carriers

in orthogonal frequency division multiplexing systems causing carrier frequency offset and

inter-carrier interference.

2.2 Review of UAV A2G Channel Models

In this section, the state-of-the-art UAV A2G channel models are firstly reviewed from the

measurement campaigns and basic channel model methods. Then, the analysed UAV A2G
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Table 2.1 Key features of deterministic and stochastic channel models.

Channel modelling
types

Key features Complexity Accuracy Generality

Deterministic chan-
nel modelling

The propagation properties of
electromagnetic waves should
be considered in the model.
The channel model is accurate,
but much more complex than
stochastic channel model.

High High Low

Stochastic channel
modelling

The propagation parameters
should be pre-defined in the
model. However, the mea-
surement parameters to sup-
port stochastic channel model
are difficult to extract from the
measurement results at spe-
cific environment.

Medium Medium Medium

channel characteristics and the popular channel model method are introduced to provide a

general understanding of the UAV A2G channel.

2.2.1 Channel Modelling Methods

This subsection introduces the basic channel modelling methods of radio wave propagation.

In general, existing channel modelling methods can be categorized into two types, i.e.,

deterministic models and stochastic models [35]. The deterministic method generates CIRs

with high accuracy, but the computational complexity is relatively high. The stochastic

method could get the accuracy enough channel information and the computational burden

can be reduced. The key features of these two types of channel modelling methods are

summarized in Table 2.1. The detailed deterministic and stochastic channel modelling

methods are described below.

Deterministic Channel Models

The deterministic channel models are widely employed to simulate multipath propagation in

a given environment. The deterministic models can predict electromagnetic wave propagation
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Fig. 2.1 Simple ray-tracing mechanism illustration in specific propagation scenario.

parameters more accurately with known propagation scenarios. For the high accuracy of

the deterministic channel model, this method is currently widely used in radio propagation

modelling software to simulate the channel model, where results from simulation could help

the engineers to design the wireless networks better. However, the computational complexity

of the propagation simulation increases significantly, thereby, leading to increased simulation

time consumption and the high requirements on the hardware, such as graphics processing

units (GPU), for the computation.

Conventionally, the deterministic propagation algorithms can be generally divided into

the ray-tracing based method, the ray-launching based method, the Finite-Difference Time-

Domain (FDTD) method, and Parabolic equation [36]. A brief description of these methods

is discussed below.
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• Ray-tracing

The ray-tracing method predicts the ray propagations for fixed transmitter and receiver

positions in a known environment. The simple ray-tracing propagation mechanism

for a room is shown in Fig. 2.1. The rays are generated as the light satisfying

geometrical optical rules for the given positions. With the concept of the rays, the

simulated electromagnetic waves can be classified by their propagation mechanisms

including LoS, reflection, penetration, diffraction, and scattering to express the channel

characteristics [37]. The ray-tracing has been widely employed in indoor localization

[38] and network deployment optimization [39] due to the high prediction accuracy of

electromagnetic wave propagations.

• Ray-launching

Ray-launching algorithms, also known as brute-force ray-tracing, shoot a huge number

of rays from the transmitter to exhaustively generate all possible rays for the transmitter

to all possible positions of receivers. For the ray-launching algorithms, the rays are

propagated from a transmitter to anywhere with different propagation mechanisms

including LoS, reflection, penetration, diffraction, and scattering, where the rays do

not trace specifically for any exact receiver positions [40]. The basic assumptions

and propagation principles of rays are the same as ray-tracing algorithms. The given

environment is discretized into unit sections and computed fields for a traced ray

represent the field over an entire ray tube volume [41].

• Finite-Difference Time-Domain

FDTD method computes the reflection, diffraction and radiation propagation based on

Maxwell’s equation. FDTD method is capable of modelling most situations because

the position relation between the transmitter and the receiver can then be involved

in the solution directly for all points in the region of interest, but the poor efficiency

would consume much calculation resources. Hence, it is not generally used individual

for channel modelling but applied as a compensation method to improve the accuracy

of ray-tracing and ray-launching methods [42].
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• Parabolic Equation

The parabolic equation model provides an approximation to the scalar wave equation

modelling electromagnetic waves propagating at small angles. This model has a

computational efficiency for the long distance radio propagation in the presence of

terrain dependent environments. However, it is difficult to model the circumstance

with high mobility objectives or other obstacles because of the limited propagation

angles [43].

Stochastic Channel Model

The stochastic channel models are suitable to build the mobile-to-mobile channel model

in a given environment. The reason for that is the good trade-off between accuracy and

computational burden, and the good generality of the similar propagation environment [44].

The stochastic radio propagation algorithms can also be divided into a correlated-based

stochastic model and a geometry-based stochastic model. A brief description of these

methods is discussed below.

• Correlation-Based Stochastic Models

Correlation-based stochastic models (CBSMs) assume that the channel coefficients are

generated from zero-mean complex independent and identically distributed random

variables. The CBSMs describe the channel characteristics by correlation matrices

instead of the directional propagation parameters [44]. For channel modelling, the

correlation in the time, frequency, and spatial domains should be considered. Hence,

the statistical behaviour of the channel characteristics can be computed from the

measurement data by statistical methods.

• Geometry-based Stochastic Channel Model

The geometry-based stochastic channel model (GBSM) modelled the channel charac-

teristics based on the geometrical location of the transmitter, the receiver, and scatterers.

The channel model applied the electromagnetic laws of LoS, reflection, diffraction,

and scattering for the position of the transmitter, the receiver, and scatterers to compute
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the channel characteristics. The GBSMs are suitable to build the mobile-to-mobile

channel model due to the good trade-off between the simulation accuracy and the

computational burden [45].

Tx Rx Tx Rx

(a) (b)

Tx Rx

(c)

Fig. 2.2 The three typical GBSMs: (a) One-ring model; (b) Two-ring model; (c) Elliptical
model. The Tx and Rx denote transmitter and receiver, respectively.

The often-used GBSMs can be classified as the one-ring model, the two-ring model,

and the elliptical scattering model, as shown in Fig. 2.2 [46]. For some 3D cases, the

cylinder scattering model will be used to express the position of the transmitter and

the receiver accurately [47]. The one-ring model is often used to describe the simple

environment, where the receiver is surrounded by many scatterers in one circle [48].

The two-ring model assumes that scatterers surround the transmitter and the receiver

by independent two circles, where the transmitter and the receiver are set as the centre

of the scatterer’s circle. The one-ring model and the two-ring model are often used

in the narrowband communication system because they are frequency non-selective

[48]. Furthermore, the method of elliptical models for setting scatterer is to draw a

set of ellipses with varying focal lengths whose foci correspond to the transmitter and
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Tx

Rx

Fig. 2.3 The 3D cylinder GBSM. The Tx and RX denote transmitter and receiver, respectively.

the receiver position [49], which is suitable to model the wideband channel in the

communication system.

The cylinder scattering model has a similar process to the previously described GBSMs,

but the difference is one of the transmitter and receiver set with the elevation angle and

height value. The scatterers surround the transmitter and receiver on the setting cylinder

model. The schematic diagram of the cylinder scattering model is shown in Fig. 2.3,

where the solid lines stand for the propagation rays from transmitter to receiver through

the scatterer in the 3D GBSM model. The 3D GBSM model with cylinder model is

also derived in many papers for vehicle-to-vehicle (V2V) communications and UAV

communications [50].

There is another classification method of GBSMs considering whether scatterers are

placed in regular shape or not. For these aforementioned typical models, the shape

of the scatterers placed is regular, so they are also called regular-shaped GBSM. In

contrast, the irregular-shaped GBSM places the scatterers randomly with the spec-

ified statistical distribution [51]. Irregular-shaped GBSM can capture the physical

characteristics well and reproduce the physical reality of effective scatterers.
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2.2.2 UAV A2G Channel Measurement Campaigns

In this subsection, the behaviour of the UAV A2G propagation channel could be better

understood via field measurements. In general, the UAV A2G channel characterization is

related to the operational environment, channel sounding process, antenna configuration,

UAV types, and UAV dynamics setting (altitude and velocity).

In the early A2G channel measurements stage, the small-sized FW manned aircraft were

used, which flew at a high altitude. For instance, a Cessna-172s aircraft was used to evaluate

the performance of a multiple-input multiple-output (MIMO) system at 2.4 GHz for the A2G

channel in the urban, suburban, and over sea scenarios. The flight height is about 1000 m

(10500 ft), which is too high to evaluate the current UAV A2G channel but supports the

further learning of the A2G channel in the early stage [52].

Recently, low-altitude UAVs were used to help learn the A2G channel at a low cost

[53–59]. For example, the FW or RW UAV was used to comprehend the A2G channel

characteristics in different scenarios. For general UAV measurement, the UAV payload is

including the global positioning system (GPS) system to record the flight path, wireless

equipment to transmit/collect data, and a video camera to record the flight dynamics [57].

In [53], the measurement campaign was performed in a suburban area of Shanghai, China,

using a 2.585 GHz continuous wave (CW) transmitter with a bandwidth of 18 MHz. The

RW UAV flew between 0 to 300 m above the ground. The authors have characterized the

power delay profile (PDP), Rician K-factor of the wireless channel, root-mean-square (RMS)

delay spread, and cumulative distribution function (CDF) of residuals of K-factor. Similar

scenario measurement in Victoria, Australia, for a path loss model and shadow fading with a

flight height between 30 to 120 m were conducted. The wireless equipment was a typical

Android phone using long-term evolution (LTE) technology at 850 MHz [57]. A related

measurement campaign was conducted with a similar band and technology to analyse the

UAV A2G channel over cellular networks in Fyn, Denmark, for a path loss model and shadow

fading in a rural area with a flight altitude between 15 to 120 m [56].

In [54], the authors used an iPhone 5s as the wireless equipment to measure the time

and frequency dispersion of the A2G channel in residential and mountainous desert terrains.
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Table 2.2 Summary of measurement campaigns

Ref. Freq. UAV Scenario Antenna Altitude Channel Statistics
[53] 2.585 GHz RW Suburban SISO 0-300 m PDP, K, RMS, CDF
[54] 5.8 GHz RW Residential Phone 100 m RMS, DS, CDF
[55] 0.9 GHz FW Rural MIMO 0-274 m Pr
[56] 0.8 GHz RW Rural SISO 15-120 m PL, SF
[57] 0.85 GHz RW Suburban Phone 30-120 m Pr, PL, SF
[58] 0.9 GHz FW Rural MIMO 200 m RMS, Pr, SD, OR
[59] 2.4 GHz RW Urban SISO 125m Pr, CDF
SISO: single-input-single-output, MIMO:multiple-input-multiple-output, PDP: power
delay profile, K: Rician factor, RMS: RMS delay spread, CDF: cumulative
distribution function, DS: Doppler spread, Pr: received power, PL: path loss, SF:
shadow fading, SD: spatial diversity, OR: outage rate

They studied the time and frequency variations of the UAV A2G channel by evaluating the

RMS delay and the Doppler spread. In [59], urban and bay areas in the Yokohama City and

the Shinjuku Ward were analysed using 925 MHz and 2.4 GHz omnidirectional antenna,

respectively. They found the CDF of 2.4 GHz shows time-dependent in the urban area, which

was distinct from the bay area.

In [55], the measurement campaign was performed in a rural area using 2.4 GHz and

5.8 GHz common off-the-shelf (COTS) 802.11 equipment. The FW UAV flew between 0

to 274 m above the ground. The authors have characterized the received power with the

MIMO system. In [58], the authors used the FW UAV at 900 MHz with the MIMO system

to characterize RMS delay spread, received power, spatial density, and outage rate. In Table

2.2, the aforementioned measurement campaigns has been summarized.

2.2.3 UAV A2G Channel Models

The reliable analytical A2G channel modelling approaches, which can be categorized as

deterministic models and GBSMs, are necessary to characterize the propagation behaviour

of the UAV channel [22]. In [60], the authors proposed a ray-tracing propagation channel

for low-altitude UAVs in suburban compared with measurements, where the impact of UAV

altitude on PDP and RMS delay spread was studied. In [61], the authors investigated the
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narrowband and wideband characteristics of the A2G link, e.g., received power, CIR, and

RMS delay spread, in urban environment using ray-tracing simulation. In [62], the authors

derived a theoretical path loss model considering different tilts of mountain reflections by

comparing it with the ray-tracing simulation. The PDP is analysed for the speed of the

UAV and the multipath of mountain reflection could be distinguished well. In [63], the

authors investigated the UAV A2G narrowband propagation in the urban scenario by the

ray-launching tool to analyse the impact of UAV heights and transmission frequencies on

path loss. In [64], the authors introduced the Doppler effect caused by propellers’ rotation of

the RW UAV A2G channel. It also points out that motor vibration could have a significant

effect on the UAV A2G communication channel.

GBSMs are popular for analysing the channel characteristics of UAV wireless communi-

cation channels, which provides a trade-off between the computational complexity and the

accuracy, e.g., in [47, 50, 65–69]. In [65], the authors proposed a 3D cylinder GBSM with the

sum of the LoS and non-LoS (NLoS) components for wideband non-stationary Ricean fading

channels. The time-varying parameter of angles spread and expressions of the space-time

correlation function of the UAV are derived to properly describe channel properties. In

[66], a 3D geometry-based UAV-MIMO channel model in the A2G link was adopted in an

elliptic-cylinder model to indicate the spatial correlation function for the high mobility of

the UAV. The UAV transmitter mobility and ground reflection of the propagation are firstly

investigated in the UAV A2G channel model. Moreover, Zhu et al. [47] and Jia et al. [67]

proposed a 3D cylinder GBSM UAV-MIMO channel model for the non-stationary situation,

which studied the time-variant ACF, cross-correlation function, Doppler PSD, level-crossing

rate, and average fading duration. The path number, the path delay, and the angle parameter

are analysed at the angles of arrival (AoA) following the Von Mises distribution and the

angles of departure (AoD) following the Laplacian distribution. Subsequently, Chang et al.

[50] and Jiang et al. [68] proposed a 3D wideband GBSM UAV-V2V channel model, which

assumes that effective scatterers around the ground receiver and distributed on the surface of

an ellipse. The A2G V2V channel model has studied the impacts of different UAV altitudes,

A2G elevation angles, and scatterers altitudes on channel characteristics. In [69], the nar-
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Table 2.3 Summary of UAV A2G channel models

Ref. Scenario Method Channel Statistics
[60] Suburban Ray-tracing PDP, RMS
[61] Urban Ray-tracing Pr, RMS, CIR, ToA
[62] Mountain Ray-tracing PDP, PL
[63] Urban Ray-launching PL
[64] - - DS
[47] - GBSM AoA, AoD, ACF, CCF, DPSD, LCR, AFD
[50] Urban GBSM Pr, RMS, AoD, AoA, CCF, ACF, DPSD
[65] - GBSM AoD, AoA, CCF, ACF, DPSD
[66] Urban GBSM CCF
[67] - GBSM ACF, CCF
[68] Urban GBSM Pr, RMS, AoD, AoA, CCF, ACF, DPSD
[69] - GBSM AoA, AoD, ACF, CCF, DPSD, LCR, AFD
PDP: power delay profile, RMS: RMS delay spread, Pr: received power, CIR:
channel impulse response, ToA: mean time of arrival, PL: path loss, DS:
Doppler spread, AoA: angle of arrival, AoD: angle of departure, ACF:
temporal auto-correlation function, CCF: spatial cross-correlation function,
DPSD: Doppler power spectrum density, LCR: level-crossing rate, AFD:
average fading duration

rowband 3D UAV MIMO GBSM Ricean fading channel was investigated consisting of LoS

component, single-bounces rays, and double bounced rays. The non-stationary UAV-MIMO

channel was proposed in a two-cylinder model, which is different from the aforementioned

works.

The summary of aforementioned UAV A2G channel models is shown in Table 2.3.

2.2.4 Millimetre-wave UAV A2G Channel Models

To this end, the research on the millimetre-wave UAV A2G propagation channel is still

in its infancy. The millimetre-wave FW UAV-MIMO GBSM, which used the birth-death

process to model the non-stationary property of scatterers in the millimetre-wave UAV A2G

link, was proposed in [71]. The temporal ACF, spatial CCF, and Doppler PSD are analysed

for geometrical characteristics of the regular shaped GBSM. In [76], the authors proposed

a 3D wideband non-stationary millimetre-wave UAV MIMO GBSM with heterogeneous

scattering sources, i.e., far and local clusters, which can describe the UAV propagation
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Table 2.4 Summary of millimetre-wave UAV A2G channel models

Ref. Freq. Scenario Method Channel Statistics
[70] 60 GHz Urban - OP
[71] 28 GHz Urban GBSM ACF, CCF, DPSD

[72] 28 & 60 GHz
Urban, suburban,

rural, over sea
Ray-tracing Pr, RMS

[73] 28 & 60 GHz
Urban, suburban,

rural, over sea
Ray-tracing Pr, ToA, AoD, AoA

[74] 100 GHz Urban Hybrid model PL, RMS, PDP, AoA
[75] 28 GHz Urban Hybrid model Pr, RMS, AoD, AoA
[76] 28 GHz - GBSM ACF, CCF, DPSD
OP: outage probability, ACF: temporal auto-correlation function, CCF:
spatial cross-correlation function, DPSD: Doppler power spectrum
density, Pr: received power, RMS: RMS delay spread, ToA: mean time
of arrival, AoA: angle of arrival, AoD: angle of departure, PL: path loss,
PDP: power delay profile

scenarios precisely. The local mobile cluster leads to a higher time correlation and narrower

quasi-stationary interval compared with the local stationary cluster.

The work in [70] proposed analytical channel models for direct UAV-to-UAV link, aerial

relay link, and relay link under hovering fluctuations situation. Furthermore, the outage

probability of a UAV-to-UAV millimetre-wave link and the end-to-end SNR for two relay

scenarios is analysed. In [72] and [73], the authors used a ray-tracing tool to characterize

the millimetre-wave propagation channel for the A2G link at 28 GHz and 60 GHz with

different UAV heights in urban, suburban, rural, and over sea situations. The RMS delay

spread will decrease when UAV height increase for suburban and rural scenarios and the

millimetre-wave A2G channel characteristics are dependent on the relative height between

scatterers and UAVs. In [74], the authors analysed the UAV A2G channel characteristics,

i.e., the path loss, the excess delay, the PDP, and the AoA, for the urban environment at 100

GHz by the ray-tracing method. Then, these channel characteristics from the ray-tracing are

extracted to support the stochastic channel model to generate the multipath components.

In [75], the authors proposed a hybrid channel model by using statistical results from

the ray-tracing method to obtain the CIR and angle evolution characteristics. Especially, the

hybrid channel model combines the ray-tracing model and the GBSM, which is used in the
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millimetre-wave UAV A2G propagation channel to achieve simulation accuracy and reduce

the computational burden [44]. The ray-tracing model is used to compute deterministic

rays for large-scale and the GBSM is used to compute time-variant characteristics following

scatterers deployment.

The summary of the aforementioned millimetre-wave UAV A2G channel models is

shown in Table 2.4. Moreover, to summarize, none of the state-of-the-art UAV A2G channel

models has studied the Doppler effect brought by the UAV wobbling at hovering status in

millimetre-wave bands.

2.3 Review of UAV A2G Link Performance Analysis

In this section, parameters used to evaluate the UAV A2G link performance are introduced.

The LoS probability, coverage probability, throughput, and energy management are discussed

and optimized from aspects of UAV height, UAV trajectory, and UAV deployment.

2.3.1 Line-of-sight Probability and Coverage Probability

The LoS probability and the coverage probability are two important parameters to evaluate

the UAV A2G link performance and they are always discussed together in the literature. The

LoS probability and the coverage probability are first discussed in LAP by [11]. The LoS

probability is modelled based on the International Telecommunication Union (ITU) work

[77] and simplified to the Sigmoid function form is shown below

P(LoS,θ) =
1

1+aexp [−b(θ −a)]
, (2.3)

where a and b are called here the S-curve parameters, and θ is depicted angle. Then, the

average path loss related to the LoS probability is derived as

Λ = P(LoS)×PLLoS +P(NLoS)×PLNLoS. (2.4)



30 State-of-the-art and Research Challenges

The path loss of the LAP for the urban environment was derived in [78], where the set of path

loss model parameters in suburban, urban, dense urban, and high-rise urban are proposed.

According to the different transmission scenarios, the different service threshold in terms

of the maximum allowable path loss is defined. This maximum allowable path loss could

be translated into a UAV A2G link working coverage of radius. Therefore, the optimum

LAP altitude to maximise the coverage on the ground is proposed analytical. The coverage

probability could be computed through the probability of the UAV A2G path loss over the

maximum allowable path loss.

Based on basic work in [11], there many extended works are published. The optimal

location of UAVs could support adjusting the A2G networks’ reliability by adding the relay

node. In [79], the authors proposed two mobility models of 3D mobile UAVs considering

the UAV vertical and spatial movement processes, which are the mixed mobility model

and the uniform mobility model, to analyse the UAV coverage probability. In [80], the

authors studied the coverage of UAV as a base station with variable height and variable

horizontal distance in the millimetre-wave band, where the optimum placement of UAV is

found. The coverage probability of multiple UAVs from an aerial network to relay the ground

node’s data was derived in [81]. Furthermore, the generic framework with height-dependent

path loss, small-scale fading, and ground-to-ground channel model is used to analyse and

optimize the UAV A2G systems, where the outage probability is minimised and coverage

range is maximised [82]. The probability of LoS in the urban environment for the UAV

communications was derived in [83], where the footprint of the building adopted the log-

normal distribution for suburban, urban, and high-rise urban. The imperfect CSI raised from

estimation errors degrades system performance for the UAV communications, the optimum

altitude of the UAV communications under imperfect CSI is computed by an algorithm in an

urban environment [84].

2.3.2 Throughput

The throughput and capacity of the communication system is the vital parameter to express

how effective the designed system. In [85], the authors derived the relationship of the
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coverage probability versus SNR threshold and the expected rate versus the range of minimum

SNR based on path loss from [11]. This work helps the UAV to optimize the altitude and

power to achieve the quality-of-services requirements. The optimum altitude of multiple

UAVs to maximise the sum rate of the ground network is computed in [81], where extending

the system from a single UAV to multiple UAVs. In [86], the authors analysed the average

ergodic rate and the area spectral efficiency for different heights and densities of UAVs. The

impact of network densification and the imperfect CSI on the capacity were analysed for the

UAV A2G link in Ricean Fading channels [87]. The ergodic and outage capacity between

multiple UAVs or UAV swarms in 3D spaces are analysed at different fixed altitudes and A2G

links with the 3D UAV trajectory. With the internet of things (IoT) network, the optimum

UAV deployment to maximise the collection of data from the IoT device is studied.

The algorithm for optimizing trajectories of multiple UAVs and the height of UAVs to

maximise the data rate is proposed to support the IoT UAV-associated network [88]. Apart

from optimizing the trajectories and heights of UAVs, the UAV speed is another parameter

to optimize the sum rate for the UAV network [89]. The throughput for UAV-enabled

wireless powered communication networks is maximised by optimizing the trajectories and

the speed of UAVs [90]. The optimal UAV hovering location and UAV trajectories are

analysed considering the wireless powered communication and wireless information transfer.

To summarize, the throughput performance of the UAV A2G link under UAV wobbling

in millimetre-wave bands has not been sufficiently studied from the modulation and link

transmission process perspectives.

2.3.3 Energy Minimisation and Energy Efficiency

The endurance and the performance of UAV systems are fundamentally restricted by the

on-board battery. The total energy consumption of the UAV includes communication-related

energy and propulsion energy. The communication-related energy is caused by radiation,

signal processing and other circuitry and the propulsion energy supports the UAV mobility

and hovering. The propulsion energy model for the FW UAV [91] and for the RW UAV [23]

are derived to help minimise the total energy of the UAV working. Since UAV trajectory
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optimization is the main method to minimise the total energy consumption, the propulsion

energy of the UAV is the vital parameter.

The EE of the FW UAV with generally constrained trajectories and circular trajectories

are analysed in [91]. For the RW UAV enable IoT system, the maximum energy consumption

among all devices was minimised while satisfying the UAV energy budget by optimizing

the UAV trajectory and the UAV speed [92]. For the RW UAV, the hovering time is a vital

parameter to maximise the EE for UAV-based heterogeneous networks. The multiple UAVs

situation for two-tier heterogeneous networks is considered to maximise the EE of the system

by optimizing UAV hovering time [93]. Moreover, in [24], the authors proposed power

allocation mechanisms for fixed BSs and steady UAVs to maximise the system sum rate or

minimise the system power consumption of a UAV-assisted millimetre-wave heterogeneous

cellular network. In [94], the authors proposed an efficient algorithm to maximise the

achievable rate by jointly optimizing the UAV’s 3D trajectory and transmission power subject

to the UAV flight altitude and transmission power constraints. To summarize, the power

control policy of the UAV A2G link under UAV wobbling in millimetre-wave bands has not

been studied to minimise the communication consumption power and the EE performance of

the UAV A2G link under UAV wobbling has not been evaluated.

2.4 Summary

UAV communications and millimetre-wave techniques have attracted much research attention

as they enable great performance enhancement, and are compelling for 5G networks to meet

the emerging applications for increasing demands of the throughput along with the EE.

The basic millimetre-wave propagation model including the free space path loss model

and the log-distance path loss model is investigated firstly. The 28 GHz and 60 GHz frequency

bands are popular in the published literature. Moreover, the Doppler effect of the millimetre-

wave A2G link is severe because of the millimetre-wave frequency band and the mobility of

the UAV.
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The basic deterministic channel model and stochastic channel model are introduced

to support understanding the UAV A2G channel model better. The UAV A2G channel

measurement campaigns and the UAV A2G channel model are reviewed along with the

system limitation and challenges, followed by the UAV A2G system performance evaluation.

The channel characteristics of the UAV A2G channel are presented, e.g., path loss, received

power, the Doppler DSP, temporal ACF and RMS delay spread. We note that the impact of

UAV wobbling in the millimetre-wave A2G wireless channel and the combination of the

adaptive modulation and the power control policy for wobbling millimetre-wave UAV A2G

links to maintain the maximum achievable transmission rate has not been studied in the

published literature.

In the upcoming chapter, the impact of UAV wobbling on the millimetre-wave UAV

A2G wireless channel is investigated to support the UAV A2G network design, followed

by the UAV A2G link performance evaluations from the throughput perspective and the

power-saving perspective.





Chapter 3

Impact of UAV Wobbling on

Millimetre-wave A2G Wireless Channel

Overview
Millimetre-wave UAV A2G links face unpredictable Doppler effects arising from the in-

evitable wobbling of the UAV. Moreover, the time-varying channel characteristics during

transmission lead to unstable UAV A2G links. This chapter studies the impact of mechan-

ical wobbling on the Doppler effect of the millimetre-wave wireless channel between a

hovering RW UAV and a ground node. Original contributions of this chapter lie in the

following: i) Modelling the wobbling process of a hovering RW UAV; ii) developing an

analytical model to derive the temporal ACF for the millimetre-wave RW UAV A2G link in a

closed-form expression; and iii) investigating how RW UAV wobbling impacts the Doppler

effect on the millimetre-wave RW UAV A2G link. Numerical results show that different

RW UAV wobbling patterns impact the amplitude and the frequency of ACF oscillation in

the millimetre-wave RW UAV A2G link. For UAV wobbling, the temporal ACF decreases

quickly and the impact of the Doppler effect is significant on the millimetre-wave A2G link.
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3.1 Introduction

In the 5G era, UAV A2G links have been widely investigated to facilitate numerous applica-

tions such as flexible coverage and capacity enhancements, emergency assistance, disaster

relief, etc. [1, 2]. Moreover, the integration of the UAV technique and millimetre-wave

communications has been proposed to provide a high data rate UAV A2G link to support

these applications[70]. The miniaturization of the aerial base station for UAV carrying could

be realized due to the small wavelength in millimetre-wave frequency [6].

However, in a UAV A2G link, the UAV hovering in the air may experience mechanical

wobbling in the millimetre scale owing to the imperfect mechanical control and various

environmental issues, such as wind gusts, bad weather, and high vibration frequency of

their propellers and rotors [21, 95]. In other words, the UAV can be seen as a mobile

transceiver with the non-negligible velocity in hovering status, which leads to a severe

Doppler effect in the millimetre-wave RW UAV A2G link [25, 26]. Moreover, time-varying

channel characteristics in the A2G link lead to the outdated channel state information from

the channel estimation, resulting in deteriorated BEP performance of the UAV A2G link

[96]. Therefore, to reap the benefits of the millimetre-wave RW UAV communications, the

wireless channel for the millimetre-wave UAV A2G link should be distinctly characterized

with regard to the Doppler effect.

A handful of UAV A2G research works have considered the wobbling of RW UAV

[21, 64, 70]. In [70], the authors discussed the antenna mismatch of the transmitter and

the receiver caused by wobbling in the millimetre-wave RW UAV A2G link. In [21], the

authors studied the impact of UAV wobbling on the coherence time of the wireless channel

using Rician fading. In [64], the authors analysed the impact of propellers’ rotation on

the Doppler shift of the RW UAV A2G channel. Since the FW UAV requires continuous

stable high-speed mobility, the Doppler effect in the FW UAV A2G link can be analysed and

compensated by using the space-time correlation function for non-stationary UAV scenarios

[79]. To summarize, none of the state-of-the-art UAV A2G channel models has studied the

Doppler effect brought by the wavelength-scale mechanical wobbling at hovering status in

millimetre-wave bands.
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In this chapter, the first attempt to analytically investigate the impact of UAV mechanical

wobbling on the Doppler effect in millimetre-wave UAV A2G links is presented. Specifi-

cally, the temporal ACF and the Doppler PSD of millimetre-wave RW UAV channel under

mechanical wobbling are derived. The major contributions of this chapter are summarized as

follows:

• The RW UAV movement model at hovering status under mechanical wobbling is

introduced. Two parameters, i.e., the vibration frequency and the velocity envelope

covariance, are defined to capture characteristics of UAV mechanical wobbling.

• The temporal ACF of the millimetre-wave RW UAV A2G link is derived in a closed-

form expression based on RW UAV mechanical wobbling movement model at hovering

status. The analytical expression of the temporal ACF is verified by Monte-Carlo

simulations.

• The Doppler PSD of the millimetre-wave RW UAV A2G link with mechanical wob-

bling is computed based on the analytical temporal ACF.

• A 3D non-stationary GBSM is proposed for the millimetre-wave RW UAV A2G link

under UAV wobbling. Then, this model employs the a single cylinder geometry and

combines the LoS and single-bounced (SB) components, which is a supplement model

for the analytical model.

• Numerical results show that the temporal ACF decreases quickly and the impact of

the Doppler effect is significant in the millimetre-wave A2G link while the RW UAV

is under random mechanical wobbling. The temporal ACF oscillates with a reducing

amplitude, which is mainly impacted by the vibration frequency and the velocity

envelope covariance, respectively.

The proposed analytical model of the temporal ACF and the Doppler PSD will be applied

to predict the impact of the mechanical wobbling on the Doppler effect in millimetre-wave

RW UAV A2G links.
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The rest of this chapter is organized as follows. In Section II, the system model and

assumptions of the RW UAV mechanical wobbling at hovering status of the millimetre-wave

UAV A2G link are presented. In Section III, analytical results of the temporal ACF and the

Doppler PSD of the millimetre-wave RW UAV A2G link under mechanical wobbling are

derived. In Section IV, a 3D non-stationary GBSM for the millimetre-wave RW UAV A2G

link under UAV wobbling is proposed. In Section V, impacts of UAV mechanical wobbling

on millimetre-wave RW UAV channel at hovering status are discussed. Finally, in Section

VI, main conclusions are drawn.

3.2 System Model

Fig. 3.1 The millimetre-wave UAV A2G link with UAV mechanical wobbling.

In this section, the system model and assumptions in the millimetre-wave RW UAV A2G

link are introduced. Then, the UAV wobbling movement process of the millimetre-wave RW

UAV A2G link is derived.

In this study, a millimetre-wave UAV A2G link between a hovering UAV and a ground

node is designed for analysing the UAV A2G channel model. As shown in Fig. 3.1, the UAV
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is equipped with a single horn directional antenna (transceiver) located at the bottom of the

UAV platform. The directional horn antenna supports the directional beam to overcome high

attenuation of the millimetre-wave propagation [97, 98]. According to Fig. 3.1, the velocity

of UAV mechanical wobbling is denoted as v, which could be superposed by following

a Cartesian coordinate system, i.e., v = vx + vy + vz. Moreover, one axis direction of a

Cartesian coordinate system is set in the same direction as the UAV A2G link to support the

following analysis. More specifically, in Fig. 3.1, the x-axis is set as the same direction as

the link and the radial velocity between the UAV and the ground node is vx.

All key assumptions applied in this chapter are listed as follows.

Assumption 1. The hovering height of the RW UAV is much higher than those of buildings

and other scatterers to keep the LoS wireless A2G link, as in [99]. Moreover, the probability

of the LoS link between the RW UAV and the BS is high and the dominant propagation

mechanism is free space transmission [16]. When the UAV is hovering at a high altitude, for

the multipath channel model, scatterers nearby the ground node will be considered together.

Therefore, all links in this chapter based on Assumption 1 are assumed as LoS links.

Assumption 2. The velocity of UAV mechanical wobbling is the superposition of the radial

velocity and the tangential velocity in the millimetre-wave RW UAV A2G link, which is shown

in Fig. 3.1. The tangential velocity of the UAV wobbling may lead to the variation of angles

of arrival and departure in the UAV A2G link, which could affect the Doppler effect in the

UAV A2G channel model. However, this effect could be negligible when the ground node

position is fixed and the RW UAV is hovering at a high altitude [73], which are defined in

Assumption 1. Therefore, the Doppler effect in the proposed model is only caused by the

radial velocity of the RW UAV wobbling. The radial velocity, denoted by V (t), to describe

the wobbling movement of the RW UAV is modelled [100].

Assumption 3. Since the RW UAV mechanical wobbling has period property, V (t) is assumed

periodical variation in the time domain [21, 64]. Moreover, the envelope of velocity is time-

varying in practical scenarios. Therefore, the value of time-varying V (t) is assumed as

V (t) = a(t)cos(ωvt +φ0) , (3.1)
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where a(t) is the random amplitude envelope of the radial velocity under the RW UAV

wobbling, ωv is the mechanical vibration frequency from rotor, t is the time, and φ0 is the

random phase at t = 0, which is uniformly distributed from 0 to 2π .

Assumption 4. For the sake of simplicity, a(t) is assumed to be a stationary Gaussian

random process with the distribution N (0,σ2
v ). In practical scenarios, the radial velocity of

the RW UAV wobbling may be influenced by wind gusts and mechanical vibration. Therefore,

the autocorrelation of a(t) and a(t +∆t) is assumed as E [a(t)a(t +∆t)] = σ2
v e−µ∆t , where

σ2
v is the variance of the radial velocity and µ is the parameter to measure how fast the

envelope of radial velocity changes with time.

Based on Assumption 3, the wobbling distance d (t) of the hovering RW UAV system is

calculated by

d (t) =
t∫

0

V (t)dt =
t∫

0

Re
{

a(t)e jωvt+φ0
}

dt. (3.2)

Based on all assumptions, patterns of the UAV wobbling movement are summarized as

follows:

• When µ ̸= 0 and ωv ̸= 0, the UAV wobbling movement is influenced by the random

mechanical vibration and the autocorrelation of the movement velocity simultaneously.

• When µ = 0 and ωv = 0, the UAV moves towards to a random direction with a

stationary Gaussian distributed velocity, like the FW UAV.

• When µ ̸= 0 and ωv = 0, the UAV wobbling movement does not have the mechanical

vibration but moves randomly with the temporally correlated velocity, i.e., wind guts.

• When µ = 0 and ωv ̸= 0, the UAV wobbling movement is influenced by the mechanical

vibration with a stationary amplitude of the movement velocity.

In this chapter, the average wobbling movement distance of different UAV movement

patterns is defined as

σd =

√
E
[
|d(t)−d(t +∆t)|2

]
. (3.3)
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Lemma 3.1. When ∆t approaches infinity, the variance of vibration distance σ2
d is

computed by

σ
2
d =



σ2
v

µ∆t
ω2

v+µ2 , µ ̸= 0,ωv ̸= 0,

σ2
v
(∆t)2

2 , µ = 0,ωv = 0,

σ2
v

∆t
µ
, µ ̸= 0,ωv = 0,

σ2
v

1−cos(ωv∆t)
ω2

v
, µ = 0,ωv ̸= 0.

(3.4)

Proof. See Appendix A.1.

To validate Lemma 1, σ2
d are plotted against ∆t in Fig. 3.2. The simulator computes the

averaged wobbling distance based on (3.2) and (3.3). These simulation processes require

time-consuming repetition of different UAV wobbling velocity generation to estimate the

variance of vibration distance σ2
d , which is compared with the analytical results computed by

(3.4). Since the motor vibration frequency is high, the time separation of UAV movement

caused by motor vibration will be on a millisecond scale, where the simulation time range is

large enough to consider the ∆t approaching infinity. The following observations are made

therein.

• The analytical results match the simulation well.

• Except for the scenario with µ = 0 and ωv ̸= 0, σ2
d increases with ∆t enlarging.

• For the scenario with µ = 0 and ωv ̸= 0, the UAV moves periodically.

• ωv has a significant impact on the amplitude of σ2
d .

According to [101], the CIR of the RW UAV channel with the mechanical vibration can

be written as the function of the UAV wobbling distance, i.e.,

h(t) = h0e
j ωc

c

t∫
0

Re
{

a(t)e j(ωvt+φ0)
}

dt
, (3.5)

where h0 is the amplitude of the CIR, ωc is the carrier frequency, and c is speed of light.

Assuming that h(t) is stationary [65], the temporal ACF, defined by [102], is employed to

characterize the time-varying characteristics of the wireless channel. Using the CIR defined
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Fig. 3.2 The analytical and simulation σ2
d at different cases with σv = 1. Solid lines illustrate

analytical results and makers show simulation results.
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in (3.5), the temporal ACF can be computed by

C (∆t) =
1
|h0|2

E [h(t)h∗ (t +∆t)] , (3.6)

where (·)∗ denotes the complex conjugate operator. When the received signal is non-

stationary, the temporal ACF becomes a function of both t and t +∆t, and will be denoted as

C(t, t +∆t).

In the next section, C (∆t) will be derived in a closed-form expression. Based on the

closed-form temporal ACF, the Doppler PSD will be calculated.

3.3 Analytical Results

3.3.1 Closed-form Temporal ACF Expression

The closed-form expression of the temporal ACF is derived in this subsection.

Theorem 3.1. The temporal ACF, C (∆t), can be computed by

C (∆t) = e
−0.5σ2

v

(
ωc

c(ω2
v+µ2)

)2

(µ∆t(ω2
v+µ2)−2µωv sin(ωv∆t)e−µ∆t+(µ2−ωv

2)cos(ωv∆t)e−µ∆t−µ2+ωv
2)

×J0

(
j0.5σ2

v
(

ωc
c

)2 µ sin(ωv∆t)−ωv cos(ωv∆t)+ωve−µ∆t

(ω2
v+µ2)ωv

)
,

(3.7)

where J0(·) denotes Bessel function of the first kind with an order zero.

Proof. See Appendix A.2.

From Theorem 3.1, the closed-form expression of the temporal ACF given in (3.7)

is directly applicable for µ ̸= 0 and ωv ̸= 0 scenario. Moreover, to apply results to the

scenario with µ = 0 or ωv = 0, the temporal ACF for (µ ̸= 0, ωv = 0), (µ = 0, ωv ̸= 0),

and (µ = 0, ωv = 0) are derived as follows by using some straightforward derivations.
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When µ ̸= 0, ωv = 0, the temporal ACF, C (∆t), is computed by

C (∆t) =

[
e−

1
2 σ2

v

(
ωc
cµ

)2
(µ∆t+e−µ∆t−1)

]
J0

(
j0.5σ

2
v

(
ωc

cµ

)2(
µ∆t + e−µ∆t−1

))
. (3.8)

When µ = 0, ωv ̸= 0, the temporal ACF, C (∆t), is computed by

C (∆t) =
[

e−
1
2 σ2

v (
ωc
cωv )

2
(1−cos(ωv∆t))

]
J0

(
j
1
2

σ
2
v

(
ωc

cωv

)2

(1− cos(ωv∆t))

)
. (3.9)

When µ = 0, ωv = 0, the temporal ACF, C (∆t), is computed by

C (∆t) =
[

e−
∆t2

4 σ2
v (

ωc
c )

2
]

J0

(
j
∆t2

4
σ

2
v

(
ωc

c

)2
)
. (3.10)

3.3.2 The Doppler PSD Expression

According to the Wiener-Khintchine Theorem, the PSD and the ACF are Fourier transform

pairs under a wide-sense stationary random process [101]. The Doppler PSD of the proposed

channel model can be computed by applying the Fourier transform of the temporal ACF with

respect to time separation ∆t [44],

F ( fD) =

∞∫
−∞

C (∆t)e− j2π fD∆td∆t, (3.11)

where fD is the Doppler frequency.

3.4 3D GBSM A2G Channel Model

A 3D UAV geometric model to reflect the millimetre-wave A2G link under wobbling is

proposed in this section. In Fig. 3.3, the general description of the proposed GBSM including

a LoS component and SB scattering components resulting from nearby and distant scatterers

is presented. Fig. 3.4 shows the geometry relationships of the proposed model, where the

locations of the UAV and the ground node are presented, respectively.
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Wobbling UAV

…

Fig. 3.3 A typical UAV A2G link scenario with LoS and SB scattering components.

In the preliminary stage, it is assumed that the UAV hovers in the air under wobbling

and the ground node locates at the fixed position. The ground node is equipped with NR

antennas, while the UAV has a single antenna due to the weight and size constraints [103],

where inter-element spacing between the elements is denoted by dR at the ground node. The

orientations of the ground node’s antenna array in the azimuth plane (relative to the x-axis) is

denoted as θR. HT represents the hover height of the UAV. For the wobbling UAV, the moving

direction can be described by the azimuth movement angle γT and the elevation movement

angle ξT in real 3D scenarios. It is assumed that the UAV wobbling with speeds vT.

Furthermore, it is assumed that there are N scatterers existing on the cylindrical ring

around the ground node, and the n-th scatterer is defined as S(n), where n ∈ (1, . . . ,N). The

distance between the projection of S(n) on the x-y plane and the origin is denoted by R(n)
s and

the height of S(n) is denoted by H(n)
s . α

(n)
T and β

(n)
T denote the azimuth angle of departure

(AAoD) and elevation angle of departure (EAoD) of the wave that impinges on the effective

scatterer S(n). α
(n)
R and β

(n)
R denote the azimuth angle of arrival (AAoA) and elevation angle

of arrival (EAoA) of the wave travelling from an effective scatterer S(n).

According to Fig. 3.1, the velocity of UAV mechanical wobbling v could be superposed

by following a Cartesian coordinate system, i.e., v = vx + vy + vz. For wobbling process,

the superposition velocity is random generated by (3.1). To simplify the latter calculation,
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Fig. 3.4 3D GBSM for the A2G channel under UAV wobbling.

wobbling moving direction of the UAV could be expressed by γT = tan−1
(

vy
vx

)
and ηT =

tan−1
(

vz√
v2

x+v2
y

)
.

3.4.1 Time-variant Channel Impulse Response

Based on the proposed channel model, the physical properties can be characterized by 1×NR

matrix H(t) = [hq(t)], where hq(t) represents the CIR from the UAV antenna to the q-th

ground node antenna element at time t, where q ∈ (1, . . . ,NR). From the above GBSM, the

complex CIR is a superposition of the LoS component and SB component scattering from

scatterers [50], i.e.,

hq(t) = hLoS
q (t)+hSB

q (t), (3.12)

where

hLoS
q (t) =

√
KPq

K +1
e
− j2π fcdq(t)

c e j2πt fD,LoS , (3.13)

hSB
q (t) = lim

N→∞

√
Pq

N(K +1)

N

∑
n=1

e jφn−
j2π fc(dpn(t)+dnq)

c e j2πt fD,n, (3.14)

fc is carrier frequency, Pq is the transmitted power of the the p−q link, K is the Ricean factor,

and φn is assumed to be an independent random variable and it is uniformly distributed from
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0 to 2π . The Doppler terms in (3.13) and (3.14) can be expressed as

fD,LoS =
vT

λ
cos
(

α
(LoS)
T − γT

)
cosβ

(LoS)
T cosξT +

vT

λ
sinβ

(LoS)
T sinξT, (3.15)

and

fD,n =
vT

λ
cos
(

α
(n)
T − γT

)
cosβ

(n)
T cosξT +

vT

λ
sinβ

(n)
T sinξT, (3.16)

where λ is the carrier wavelength. From Fig. 3.3, the corresponding propagation distances of

the respective waves can be derived as follows:

dq(t) =
√

x2
q + y2

q + z2
q, (3.17)

dpn(t) =
√

x2
pn + y2

pn + z2
pn, (3.18)

dnq =
√

x2
nq + y2

nq + z2
nq, (3.19)

where xq = ∆R cosθR, yq = ∆R sinθR, zq = HT, xpn =−R(n)
s cos(α(n)), ypn = R(n)

s sin(α(n)),

zpn = HT−H(n)
s , xnq = ∆R cosθR +R(n)

s cos(α(n)), ynq = ∆R sinθR +R(n)
s sin(α(n)), znq =

H(n)
s , and ∆R denotes the distance from the q-th antenna at receiver to the centre of transmitter.

From the geometrical relationship, we have

∆R =
NR−2q+1

2
dR. (3.20)

The above GBSM assumes that the number of scatterers in infinite. Hence, the parameters

α(n) , β
(n)
T can be characterised with a joint probability density function (PDF). Since the

random variables are independent of each other, the joint PDF can be simplified to the product

of marginal PDF. Thus, the azimuth angle is described by using the von Mises PDF [104],

which is given by

f (α) =
ek cos(α−αµ )

2πI0(k)
,−π ≤ α ≤ π, (3.21)

where I0(·) is the zeroth-order modified Bessel function of the first kind, αµ ∈ [−π,π] is the

mean angle at which the scatterers are distributed in the horizontal direction, and k controls
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the spread of scatterers around the mean angle. The elevation angle βT is described by the

cosine PDF [104], which can be expressed by

f (βT) =
π

4βm
cos
(

π(βT−βµ)

2βm

)
, |βT−βµ | ≤ |βm| ≤

π

2
, (3.22)

where βµ and βm denote the central angle and the maximum offset near the central elevation

angle, respectively. For simplicity, we assume βT1 = βµ − βm and βT2 = βµ + βm, i.e.,

βT ∈ [βT1,βT2].

3.4.2 Time-variant Space-time Correlation Function

Assuming that the LoS and SB components are independent to each other, thus space-time

correlation function can be written as follows

Rq,q̃(dR, t,∆t) = RLoS
q,q̃ (dR, t,∆t)+RSB

q,q̃(dR, t,∆t). (3.23)

Based on the derived CIR, the normalized space-time correlation function of the LoS compo-

nent can be written as

RLoS
q,q̃ (dR, t,∆t) =

E[hLoS
q (t)hLoS

q (t+∆t)∗]√
PqPq̃

= K
K+1e

− j2π fc(dq(t)−dq̃(t))
c e j2π∆t fD,LoS .

(3.24)

Similarly, the expression of the space-time correlation function of the SB component can be

obtained as

RSB
q,q̃(dR, t,∆t) =

E[hSB
q (t)hSB

q (t+∆t)∗]√
PqPq̃

= lim
N→∞

1
N(K+1) ∑

N
n=1 E

[
e

j2π fc(dpn(t)+dnq)
λ

e− j2πt fD,n
e

j2π fc(dp̃n(t)+dnq̃)
λ

e− j2π(t+∆t) fD,n
]
.

(3.25)

More specifically, (3.25) has no closed-form solution, we can apply numerical method to

investigate the results of space-time correlation function.
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3.5 Numerical Results

In this section, the impacts of the mechanical vibration frequency and the velocity envelope

covariance on the temporal ACF and Doppler PSD of millimetre-wave RW UAV channel are

investigated.

The simulator computes the UAV wobbling velocity based on (3.1) with φ0, µ , Ωv, σv,

σd, and ∆t and then generates the CIR of the UAV A2G link based on (3.5) at 28 GHz.

Finally, the temporal ACF is computed by generated CIRs based on (3.6). These simulation

processes require time-consuming repetition of channel generation to estimate the temporal

ACF of the UAV A2G link to compare with the analytical results. The parameters used for

the temporal ACF simulations are summarized in Table 3.1. Since the mechanical wobbling

is less than 10 cm from the UAV producer data sheet [105], the distance variance parameters

could be set as the 1 mm, 5 mm, and 10 mm, which is presented in σv and σd as the constant

0.001, 0.005, and 0.01, respectively. When µ = 10, 30, and 50 at ∆t = 0.001 second, it

means the E [a(t)a(t +∆t)] = 0.99, 0.97, and 0.95, respectively. If the autocorrelation of

a(t) and a(t +∆t) is low, the temporal ACF will decrease too fast. When ωv = 10π, 20π ,

and 30π , it means that mechanical vibration change frequencies are 5 Hz, 10 Hz, and 15 Hz,

respectively.

Fig. 3.5 shows the temporal ACF of millimetre-wave UAV A2G link for analytical and

simulation model at different σv. The simulation and analytical results fit well, which ensures

the correctness of our derivations. According to Fig. 3.5, when σv increases, the temporal

ACF decreases faster for all cases. In different scenarios cases, the temporal ACF presents

different models. For Fig. 3.5 (b), since µ = 0 and ωv ̸= 0, the UAV wobbling movement is

influenced by mechanical vibration with a stationary amplitude of the movement velocity.

Hence, the temporal ACF changes with mechanical vibration in periodic.

Fig. 3.6 and 3.7 present the impact of ωv on the temporal ACF of millimetre-wave UAV

A2G link. According to Fig. 3.6, the temporal ACF has some fluctuations at the value of

ωv much bigger than µ . When ωv is 10π and µ is 30, the temporal ACF does not have the

fluctuations. However, when ωv is noticeable greater than the value of µ , the temporal ACF

has the fluctuations. The fluctuation is defined as the derivation value of the temporal ACF
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Table 3.1 Simulation parameters for ACF

µ ωv σv [m/s] σd [m] Figure
0 0 0.001

√
2 0.001∆t 3.5(a)

0 0 0.005
√

2 0.005∆t 3.5(a)
0 0 0.01

√
2 0.01∆t 3.5(a)

0 20π 0.001 ωv√
2

0.001sin(1
2ωv∆t) 3.5(b)

0 20π 0.005 ωv√
2

0.005sin(1
2ωv∆t) 3.5(b)

0 20π 0.01 ωv√
2

0.01sin(1
2ωv∆t) 3.5(b)

30 0 0.001
√

µ 0.001
√

∆t 3.5(c)
30 0 0.005

√
µ 0.005

√
∆t 3.5(c)

30 0 0.01
√

µ 0.01
√

∆t 3.5(c)

30 20π 0.001
√

ω2
v+µ2

µ
0.001

√
∆t 3.5(d)

30 20π 0.005
√

ω2
v+µ2

µ
0.005

√
∆t 3.5(d)

30 20π 0.01
√

ω2
v+µ2

µ
0.01
√

∆t 3.5(d)
0 10π 0.005 ωv√

2
0.005sin(1

2ωv∆t) 3.6(a)
0 20π 0.005 ωv√

2
0.005sin(1

2ωv∆t) 3.6(a)
0 30π 0.005 ωv√

2
0.005sin(1

2ωv∆t) 3.6(a)

30 10π 0.005
√

ω2
v+µ2

µ
0.005

√
∆t 3.6(b)

30 20π 0.005
√

ω2
v+µ2

µ
0.005

√
∆t 3.6(b)

30 30π 0.005
√

ω2
v+µ2

µ
0.005

√
∆t 3.6(b)

10 0 0.005
√

µ 0.005
√

∆t 3.8(a)
30 0 0.005

√
µ 0.005

√
∆t 3.8(a)

50 0 0.005
√

µ 0.005
√

∆t 3.8(a)

10 20π 0.005
√

ω2
v+µ2

µ
0.005

√
∆t 3.8(b)

30 20π 0.005
√

ω2
v+µ2

µ
0.005

√
∆t 3.8(b)

50 20π 0.005
√

ω2
v+µ2

µ
0.005

√
∆t 3.8(b)
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increasing first and then decreasing, i.e., ∂C(∆t)
∂∆t having a zero point. When the value of ωv

is noticeable greater than µ , the UAV wobbling distance is impacted by the high-frequency

UAV mechanical vibration with a high autocorrelation UAV wobbling velocity, which makes

the UAV wobbling trajectory partially repeatable. When ωv enhances, according to Fig. 3.7,

the temporal ACF changing frequency is increase. Since ωv enhances, it also caused σv boost,

which results in the decrease rate of the temporal ACF rising. Meanwhile, the simulation

results are compared with the analytical results to ensure the correctness of our derivations.

Fig. 3.8 illustrates the impact of µ on the temporal ACF of millimetre-wave UAV A2G

link. For Fig. 3.8 (a), the temporal ACF decreases faster, when µ increases. In this situation,

the UAV wobbling movement does not have mechanical vibration. Therefore, the velocity

change may be caused by environmental factors, i.e., wind gusts. For Fig. 3.8 (b), when µ

increases with mechanical vibration, the temporal ACF will decrease slower. The reason for

this situation is µ has a greater effect of the increase or decrease trend of σd than ωv at µ ̸= 0

and ωv ̸= 0 scenario.

Fig. 3.9 can be used to explain why the decrease rate of the temporal ACF abate when

µ rise in Fig. 3.8 (b). According to Fig. 3.9 (a), when µ increases, σ2
v will decrease firstly

and then increase very slow. According to Fig. 3.5, when σv increases, the decrease rate of

temporal ACF will boost. Therefore, the decrease rate of temporal ACF will abate when µ

increases at µ ̸= 0 and ωv ̸= 0 scenarios. Moreover, in Fig. 3.9 (b), at the same time slot,

when µ enhances, the temporal ACF enhance firstly and then keep flat because the value of

σ2
v change little.

Fig. 3.10 shows the impact of σv on the Doppler PSD. The shape of the Doppler PSD

slightly widens along the Doppler frequencies axis. Furthermore, the value of the Doppler

PSD will increase, when σv decreases. Moreover, as σv increasing, the fluctuation of

the Doppler PSD will be widened. σv characterises the standard deviation of a(t) that is

amplitude of mechanical sinusoidal vibration of the UAV. The Doppler frequency is centred

at 0, as a sinusoidal vibration has an average value of zero even though its amplitude changes.

Nevertheless, the mechanical sinusoidal vibration is severer with a greater σv, and the

Doppler spread becomes stronger even though the centre Doppler frequency is unchanged as
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Fig. 3.5 The impact of σv on temporal ACF. Solid lines illustrate analytical results and makers
show simulation results.
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Fig. 3.6 The impact of ωv on the temporal ACF of millimetre-wave UAV A2G link under

wobbling at µ =30, σv=0.005
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µ
. Solid lines illustrate analytical results and markers

show simulation results.
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Fig. 3.7 The impact of ωv on the temporal ACF of millimetre-wave UAV A2G link under
wobbling at µ = 0,σv = 0.005 ωv√

2
. Solid lines illustrate analytical results and markers show

simulation results.



54 Impact of UAV Wobbling on Millimetre-wave A2G Wireless Channel

0 0.1 0.2 0.3 0.4 0.5

t (s)

0.2

0.4

0.6

0.8

1

|C
(

t)
|

=10

=30

=50

Analytical

(a) ωv = 0,σv = 0.005
√

µ

0 0.1 0.2 0.3 0.4 0.5

t (s)

0

0.2

0.4

0.6

0.8

1

|C
(

t)
|

=10

=30

=50

Analytical

(b) ωv=20π, σv=0.005
√

ω2
v+µ2

µ

Fig. 3.8 The impact of µ on the temporal ACF. Solid lines illustrate analytical results and
markers show simulation results.
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Fig. 3.10 The impact of σv on the Doppler PSD with different µ and ωv.

zero. That is why the Doppler frequency is unchanged while the Doppler PSD spreads more

severely with a greater σv.

Fig. 3.11 compares the different value of ωv on the Doppler PSD. When the value of ωv

rises, the fluctuation range of the Doppler PSD broadens. The Doppler frequency of the bulge

is rise when the value of ωv increases. The fluctuation becomes significant as ωv enhances

because the fast mechanical wobbling of UAV.

Fig. 3.12 illustrates the impact of µ on the Doppler PSD. When µ increases, the

fluctuation of the Doppler PSD abates. However, µ will not change the Doppler frequency

of the bulge. Moreover, the value of µ influences the number of the Doppler PSD bulges.

When the value of µ is small and the value of ωv is large, the UAV wobbles more randomly,

which leads to the richer Doppler PSD components in the Doppler domain. Hence, the lower

value of µ has more Doppler PSD bulges.

Fig. 3.13 shows the BEP performance of millimetre-wave UAV A2G link employing

with M-ary PSK or M-ary QAM signals under mechanical wobbling. µ and ωv sets as 30 and

20π in this case, respectively. For millimetre-wave UAV A2G link, the channel estimation

process finishes at ∆t = 0 and then the signal transmission begins. According to Fig. 3.13,
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Fig. 3.13 The BEP performance of millimeter-wave RW UAV A2G link under mechanical

wobbling employing with PSK and QAM signals with σv=0.005
√

ω2
v+µ2

µ
.

the BEP performance of the transmission becomes worse in a short transmission period.

During the same transmission period, the UAV has weak wobbling because the distance

variance parameters sets as 5 mm, which is shown in Fig. 3.5(d). Hence, a key observation

is that even for weak UAV wobbling, the BEP of the millimetre-wave RW UAV A2G link

deteriorates quickly, which may lead to an unreliable communication link.

The effect of GBSM parameters on the performance of the space-time correlation function

is numerically investigated. The parameters are selected as suggested in [104], which are

listed here or specified otherwise: fc = 2 GHz, dR = 0.5λ , K = 0.3, NR = 2, HT = 100 m,

θR = −π

2 , αµ = π , RS = 3 m, ωv = 30π , µ = 30, HS = 5 m, k = 3, βµ = βm = π

24 . In the

repeatedly verification, the rays number in each scatterer is chosen as 20 in our simulation

model, which ensures both the accuracy and simplification. In the following, the influence of

UAV wobbling on the space-time correlation is analysed in detail.

According to Fig. 3.14, when σv increases, the temporal ACF decreases faster. This

observation is same as the previous results because the bigger σv leads to the larger change

of velocity amplitude.
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Fig. 3.14 The impact of σv on temporal ACF with ωv = 30π and µ = 30 for 3D GBSM.

Fig. 3.15 presents the absolute value of the space correlation function for UAV wobbling.

It can be seen from the figure that the correlation curve decreases with the increase of receiver

antenna spacing.

3.6 Conclusions

In this chapter, the analytical model of the Doppler effect brought by the mechanical wobbling

in the millimetre-wave RW UAV A2G link is proposed. Applying the RW UAV wobbling

movement model at hovering status, the closed-form expression of the temporal ACF has

been derived and verified via the Monte-Carlo simulation. Moreover, the Doppler PSD of

millimetre-wave RW UAV channel has been computed based on the analytical temporal

ACF. Numerical results show that the mechanical vibration frequency and the radial velocity

envelope covariance interact on the decrease rate and fluctuation model of the temporal ACF.

The Doppler spread range broadens as the mechanical vibration frequency enhances while

the value and the number of the Doppler PSD bulge degrade as the radial velocity envelope
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and µ = 30.

covariance increases. Therefore, the UAV designer has to jointly consider the vibration

frequency and the radial velocity envelope covariance carefully to mitigate the impact of the

Doppler effect brought by the RW UAV mechanical wobbling on the A2G wireless link.





Chapter 4

Adaptive Modulation of Millimetre-wave

UAV A2G Link under Imperfect CSI

Overview
The emerging millimetre-wave UAV A2G communications are facing challenges due to the

Doppler effect that arises from the inevitable wobbling of the UAV and fast time-varying

channel characteristics that may lead to the outdated CSI from the channel estimation.

In this chapter, two detectors to demodulate the received signal are introduced and the

instantaneous BEP of a millimetre-wave UAV A2G link under imperfect CSI is computed.

Based on designed detectors, an adaptive modulation scheme is proposed, which maximises

the average transmission rate under imperfect CSI by optimizing the data transmission time

subject to the maximum tolerable BEP. Numerical results show that the proposed adaptive

modulation scheme maximises the temporally averaged data rate of the millimetre-wave

UAV A2G link under imperfect CSI.

4.1 Introduction

UAV A2G communications have been widely investigated for providing flexible coverage

and capacity enhancements, where UAVs carry aerial BSs or mobile relay nodes as part
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of 5G cellular systems [3, 12]. UAV A2G links have also been designed to operate in

millimetre-wave bands to support high data rates [25].

While hovering in the air, UAVs will be inevitably wobbling due to various environmental

and mechanical issues, such as wind gusts, bad weather, and high vibration frequency of their

propellers and rotors [21]. Such UAV wobbling leads to the Doppler effect on the millimetre-

wave UAV A2G link [25, 26], making the wireless channel unstable and unpredictable [21].

Although the CSI of a UAV A2G link can be estimated with a low mean square error under

the Doppler effect by exploiting some known channel characteristics [106, 107], the channel

estimation for the time-varying channel has to be updated sufficiently frequently; otherwise

the outdated CSI will increase the BEP and reduce the throughput of the UAV A2G link [96].

Adaptive modulation technique has been widely used in mobile communication systems

to improve spectral efficiency and throughput by adapting the modulation order to the time-

varying channel [108]. In [109], assuming the perfect CSI for an adaptively modulated

MIMO system, the multiple modulation order regions were divided by comparing the SNR at

the receiver with a predefined switching threshold to maximise the spectral efficiency subject

to the BEP and power constraints. In [110], the authors proposed a signal-to-interference-

plus-noise-ratio (SINR) estimation algorithm under imperfect CSI and used the estimated

instantaneous SINR to decide the modulation order to improve the spectral efficiency. In

[111], the authors analysed the impact of imperfect CSI on an adaptively modulated terrestrial

communication system by using discrete correlation coefficients between the predicted and

the true SNR at the receiver. On the contrary, for a UAV A2G link, a continuous temporal

correlation function of the CIR is more suitable to describe the CSI than discrete correlation

coefficients because the hovering UAV is not completely stationary causing time-varying

Doppler effects on the A2G channel [21, 112]. The trade-off between the channel estimation

time and the data transmission time has not been sufficiently studied to maximise the average

transmission rate of an adaptive modulation scheme under imperfect CSI.

In this chapter, a novel adaptive modulation scheme to maximise the average transmission

rate of a millimetre-wave UAV A2G link while considering imperfect CSI due to the UAV

wobbling is proposed. More specifically, the optimum transmission time of the adaptive
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modulation scheme that maximises the average transmission rate of the wobbling millimetre-

wave UAV A2G link subject to the maximum tolerable BEP and a channel estimation time

constraint is derived. The major contributions of this chapter are summarized as follows:

• The imperfect CSI is modelled by a novel continuous temporal ACF of the UAV A2G

CIR. The continuous temporal ACF of the CIR is used to obtain the instantaneous BEP,

which is used by the adaptive modulation scheme to adjust the modulation order.

• Two detectors are introduced for millimetre-wave UAV A2G links under imperfect CSI,

i.e., the maximum likelihood detector and the sub-optimum detector, which both use

the continuous temporal ACF as the reference to demodulate the received signal and

get the instantaneous BEP. To speed up the calculation of the instantaneous BEP, the

sub-optimum detector ignores the power differences among symbols in a constellation

diagram, leading to a computational complexity lower than that of the maximum

likelihood detector. The closed-form UUB on the BEP for the sub-optimum detector

under imperfect CSI is derived and its accuracy is verified by comparing it with the

Monte-Carlo simulations.

• The adaptive modulation scheme is proposed based on the designed detectors to

maximise the average transmission rate of the millimetre-wave UAV A2G link under

imperfect CSI by optimizing the data transmission time and the modulation order

(among M-ary PSK or M-ary QAM) subject to a BEP threshold, constant transmission

power, and a channel estimation time constraint.

• Numerical results show that the proposed sub-optimum detector with a lower computa-

tional complexity achieves a similar demodulation accuracy as that of the maximum

likelihood detector. The proposed optimum adaptive modulation scheme is able to

achieve the maximum average transmission rate of the millimetre-wave UAV A2G link

under imperfect CSI.

The rest of this chapter is organized as follows. In Section II, the system model of a

millimetre-wave UAV A2G link with the adaptive modulation under imperfect CSI and two
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Fig. 4.1 The millimetre-wave UAV A2G link.

designed detectors are presented. In Section III, the maximisation of the average transmission

rate is formulated and solved. In Section IV, numerical results are provided to evaluate the

performance of the optimum adaptive modulation scheme under imperfect CSI. Finally, in

Section V, main conclusions are drawn.

4.2 System Model

A wobbling millimetre-wave UAV A2G link is considered, as illustrated in Fig. 4.1, where

the ground node is equipped with NR antennas, while the UAV has a single antenna due to

the weight and size constraints [103]. The UAV hovers at a height H above the ground and

its horizontal location is (0,0). The horizontal location of the ground node is denoted by

w ∈ R2×1.

Each transmission frame is composed of a fixed channel estimation period Te (seconds)

followed by a variable signal transmission period Tc (seconds), which is long enough to

allow the transmission of at least one symbol. The frame structure schematic diagram is

shown in Fig 4.2. In the channel estimation period, the UAV transmits mutually orthogonal
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Fig. 4.2 The schematic diagram of the frame structure.

pilot sequences to the NR receiving antennas at the ground node, where the CSI of the A2G

channel is estimated for the current transmission frame. Based on the estimated CSI, the

ground node decides the modulation order and the transmission power for A2G transmission

and sends the decision to the UAV without any error or delay. This assumption is made for

analytical trackability. In the signal transmission period, the UAV will transmit data signal

using the modulation order and transmission power level informed by the ground node, and

the ground node receiver will use the estimated CSI to demodulate the received signal.

Without loss of generality, we assume that the current transmission frame starts at time t

= 0. The average transmission rate in a transmission frame is given by

Rave (Tc) =
1

Te +Tc

Te+Tc∫
Te

R(t)dt, (4.1)

where R(t) is the transmission rate (bit/symbol) at time t.

4.2.1 Time-varying Channel Impulse Response

At the end of the channel estimation period Te, the ground node receiver obtains the estimated

CIR ĥ(Te), which is an NR-by-1 vector and will be used by the ground node detector for

signal demodulation during the entire signal transmission period. If the channel estimation at

Te is perfect, then the estimated CIR is equal to the actual CIR, i.e., ĥ(Te) = h(Te). However,

due to UAV wobbling, the actual CIR h(t) in the signal transmission period may become

different from h(Te) and is given by [31],

h(t) = h(Te)C (Te, t)+hrd

√
1−|C (Te, t) |2, (4.2)
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where C (Te, t) = E [h(Te)h∗(t)] is the temporal ACF of the millimetre-wave UAV A2G CIR,

and hrd is a NR-by-1 vector consisting of random elements each following an independent

and identical Gaussian distribution C N (0,1). Hence, the channel estimation ĥ(Te), even

though perfect at Te, becomes imperfect CSI at t in the signal transmission period.

The received signal at the ground node receiver at time t in the signal transmission period

is given by

y(t) =
√

γh(t)s+n, (4.3)

where γ = PT
PLN0

is the average SNR [113], PL is the path loss between the UAV and the

ground node UAV transmission power, PT is the UAV transmission power, N0 is the power

of thermal noise, s is the transmitted symbol, and n ∼ C N (0,INR) is the additive white

Gaussian noise (AWGN).

4.2.2 Adaptive Modulation

In this subsection, the different signal transmission processes in transmission frame will be

illustrated firstly and then the basic adaptive modulation method is described below.

The schematic diagram of different signal transmission processes is shown in Fig. 4.3.

For the conventional transmission process in the time-varying channel, which is shown in

Fig. 4.3 (a), the channel estimation only happened at the beginning of the signal transmission

in the transmission frame and the channel will not be estimated again until the signal

transmission finished. Therefore, the low modulation order, e.g., BPSK and QPSK, will be

used to guarantee the demodulation of the signal correctly for most transmission time, which

wastes the energy and spectrum [114]. To improve the BEP performance, the time-varying

channel will be estimated again before the BEP over the maximum tolerable BEP threshold,

which is illustrated in Fig. 4.3 (b). Accordingly, the signal that could be transmitted in

one frame by using conventional process will be divided into two transmission frame. The

transmission modulation order and the channel estimation interval should also have a trade-

off by considering spectral efficiency. The transmission modulation order cannot set as the

maximum modulation order at the specific transmission environment [96]. To improve the
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Fig. 4.3 The schematic diagram of the defined problem and the potential solutions.

spectral efficiency further, the adaptive modulation technique is used to extend the signal

transmission time and increase the achievable transmission modulation order, which is shown

in Fig. 4.3 (c). After the channel estimation, the transmission signal will be followed

the adaptive modulation scheme based on instantaneous BEP to adapt the transmission

modulation order, where the transmission rate of the signal will decrease step by step until

zero. When the transmission rate is 0 or the BEP performance of the link is over the BEP

threshold, the wireless channel will be estimated again. The adaptive modulation scheme

detail is described below.

An adaptive modulation scheme employing the M-ary PSK or M-ary QAM modulation

scheme, M = {2,4,8,16, . . .}, is considered as the component modulations. The modulation

order M is adaptively changed according to how the instantaneous BEP βi is compared to a

BEP threshold βth [115]. Denoting the maximum achievable modulation order that maintains

the BEP below the BEP threshold under perfect CSI by Mmax, then the maximum achievable

transmission rate is given by Rmax = log2 Mmax.
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The adaptive transmission rate at time t in the current transmission frame under imperfect

CSI is given by

R(t) =

 n, Cn <C (Te, t)≤Cn+1,

0, C (Te, t)≤C1,
(4.4)

where n ∈ {1, . . . ,Rmax} is the transmission rate when the value of the temporal ACF C (Te, t)

is between Cn and Cn+1, Cn ∈ {C1, · · · ,CRmax} stands for the minimum required temporal ACF

for the instantaneous BEP βi to be kept below the BEP threshold βth when the transmission

rate is n, CRmax+1 = 1, and the value of Cn can be computed by using the dichotomy method

to solve the equation BEP[C (Te, t)] = βth for C (Te, t) for 2n-ary PSK or QAM, where the

expression of BEP[C (Te, t)] will be given in (4.9) in next subsection. According to Fig 3.5,

the temporal ACF C (Te, t) under UAV wobbling monotonically decreases with t, hence there

is a one-to-one match between the temporal ACF Cn and the corresponding transmission

time tn, i.e., Cn =C (Te, tn), and Cn+1 >Cn for tn+1 < tn. Thus, the adaptive transmission rate

at time t in the current transmission frame under imperfect CSI can be rewritten as

R(t) =

 n, tn+1 < t ≤ tn,

0, t1 ≤ t.
(4.5)

where tRmax+1 = Te. When the adaptive modulation scheme adopts the transmission rate of n,

the corresponding transmission period is from tn+1 to tn, n ∈ {1, . . . ,Rmax}.

4.2.3 Maximum Likelihood Detector and Sub-optimum Detector

In this subsection, the maximum likelihood detector and the sub-optimum detector are

introduced, which can demodulate the received signal under imperfect CSI to compute

the instantaneous BEP. Moreover, the analytical BEP from of the sub-optimum detector is

derived.

The maximum likelihood detector under imperfect CSI in [116] was designed for gener-

alized polarization-space modulation. In this work, the spatial domain and polarization state

of the detector is neglected for simplicity. Accordingly, the maximum likelihood detector
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detects the M-ary PSK or M-ary QAM signals under imperfect CSI, which is provided in

Theorem 4.1.

Theorem 4.1. The maximum likelihood detector under imperfect CSI is given by

k̂ = argmin
k∈{1,2,··· ,M}

{
lnσ

2
e,k +

∥∥y(t)−√γh(Te)C (Te, t)sk
∥∥2

σ2
e,k

}
, (4.6)

where sk is the k-th constellation point in the M-ary PSK or M-ary QAM modulation,

k ∈ {1,2, ...,M},

σ
2
e,k=γ

(
1− [C (Te, t)]

2
)
|sk|2 +1, (4.7)

and σ2
e,k is the effective covariance of the k-th constellation point containing the power

differences among symbols in a constellation diagram.

Proof. See Appendix B.1.

The computational complexity of the maximum likelihood detector is very high because

of its searching process and complex computation process. The computational complexity

of the detector could be reduced by neglecting the power differences among symbols in a

constellation diagram [117]. i.e., σ2
e,k = 1. Accordingly, the sub-optimum detector under

imperfect CSI is given by

m̂ = argmin
m∈{1,2,··· ,M}

{
∥y(t)−

√
γh(Te)C (Te, t)sm∥2

}
, (4.8)

where sm is the m-th constellation point in the M-ary PSK or M-ary QAM modulation,

m ∈ {1,2, ...,M}.

The UUB technique [116] is employed to derive a tight upper bound on the BEP of

the sub-optimum detector for the millimetre-wave UAV A2G link under imperfect CSI,

which is provided in Theorem 4.2. Since the sub-optimum detector is used to compute the

instantaneous BEP of the millimetre-wave UAV A2G link, the analytical BEP of the sub-

optimum detector could be considered as the instantaneous BEP βi of the millimetre-wave

UAV A2G link.
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Theorem 4.2. The BEP of the sub-optimum detector for the millimetre-wave UAV

A2G link under imperfect CSI is upper bounded by

BEP≤
M

∑
m=1

M

∑
m̂=1

N(m→m̂)P(m→m̂)

Mlog2 (M)
≡ UUB, (4.9)

where we define UUB, N(m→m̂) is the Hamming distance between symbols sm and sm̂, sm̂

is the modulation symbol determined by the sub-optimum detector, P(m→m̂) is the pairwise

error probability (PEP), and is given by

P(m→m̂) = Q


√√√√√∥∥√γh(Te)C (Te, t)

∥∥2|sm− sm̂|2

2γ

(
1−C (Te, t)

2
)
|sm|2 +2

 . (4.10)

Proof. See Appendix B.2.

The performance of the maximum likelihood detector and the sub-optimum detector

comparison with M-ary PSK or M-ary QAM signals are shown in Fig. 4.4. The simulator of

the maximum likelihood detector and the sub-optimum detector is based on (4.6) and (4.8),

respectively. Simulation processes require time-consuming repetition of transmission signal

generation to estimate the BEP of the UAV A2G link to compare with the analytical result.

The analytical results are computed by (4.9) for NR = 8. The table of h(Te) value is shown

in the Appendix B.3, where case 1 is used. The following observations are made therein.

• The BEP of the sub-optimum detector is tight with that of the maximum likelihood

detector at all SNR regimes. Especially, when the M-ary PSK modulation scheme

is used, the performance of the maximum likelihood detector and the sub-optimum

detector is the same because the modulus value of the M-ary PSK signal is 1.

• Under perfect or imperfect CSI, the analytical upper bound on the BEP of the sub-

optimum detector is tight with simulation in the high SNR regime. Therefore, (4.9)

can be used to compute the instantaneous BEP βi of the adaptive modulation algorithm

for the millimetre-wave UAV A2G link in the high SNR regime.
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Fig. 4.4 The performance comparison of maximum likelihood and sub-optimum detector for
PSK or QAM scheme. Markers show simulation results and solid lines illustrate analytical
results. ML and SO denote maximum likelihood and sub-optimum, respectively. AC denotes
the value of temporal autocorrelation.

• The M-ary QAM modulation scheme has better BEP performance than that of the M-

ary PSK modulation scheme in the maximum likelihood detector and the sub-optimum

detector under perfect or imperfect CSI.

• The BEP will be significantly degraded by the imperfect CSI, which has the significant

influence on BEP at the high modulation order.

4.3 Optimum Transmission Time for Adaptive Modulation

4.3.1 Problem Formulation

In the 5G and beyond communications, UAVs usually need to transmit mission-related

information for different tasks, such as sensor data and high-resolution images, to ground

terminals, where the high transmission rate is one of the most vital requirements for the

UAV A2G link [118]. Thus, the high data rate as the first priority requirement to achieve in
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the system is considered. However, if the transmission process with just a simple adaptive

modulation scheme, which is illustrated in Fig. 4.3 (c), the average transmission rate in

transmission frame will become low with a long channel estimation interval according to

(4.1). Hence, the method to find the optimum transmission time of the system to achieve the

maximum average transmission rate should be discussed.

We formulate the following optimization problem to maximize the average transmis-

sion rate of the millimetre wave UAV A2G link under UAV wobbling by optimizing the

transmission time Tc subject to the BEP threshold and a constant transmission power, i.e.,

(P1) : max
Tc

Rave (Tc) , (4.11)

s.t. βi ≤ βth, (4.11a)

0≤ Tc, (4.11b)

PT = Pmax, (4.11c)

where (4.11a) requires that the instantaneous BEP βi computed by (4.9) must be kept

below the predetermined BEP threshold βth; (4.11b) is the non-negative constraint on the

transmission time; and (4.11c) requires that the transmission power is set at the maximum

transmission power, which can support the maximum modulation order of the adaptive

modulation under imperfect CSI. Fig. 4.3 (c) and (d) shows a schematic diagram of the

optimization of Tc.

4.3.2 Problem Solution: Optimum Adaptive Modulation Scheme

In this subsection, the algorithm to find the optimum transmission time as a solution for the

problem is described in detail below.

According to (4.1) and (4.5), the average transmission rate for Tc = t − Te and the

corresponding transmission time tn, n ∈ {1, . . . ,Rmax} can be written as

Rave (Tc) =


tRmax+tRmax−1+···+tn+1−RmaxTe

Tc+Te
+R(t), tn+1< t≤ tn,

tRmax+···+t1−RmaxTe
Tc+Te

, t1≤ t.
(4.12)
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Algorithm 1: The optimum transmission time finder.
Input: Te, tn, R(t), t.
Output: Rave,max, Tmax.
R′← (4.13) with t and Te;
if R′ == 0 then

Tmax← Tc;
else

Tmax←max(find(R′ < 0));
end
Rave,max← (4.12) with R(t), Tmax and Te;

We take the derivation of (4.12) with respect to Tc and obtain

dRave (Tc)

dTc
=


RmaxTe−tRmax−···−tn+1

(Tc+Te)
2 , tn+1< t≤ tn,

− tRmax+···+t1−RmaxTe

(Tc+Te)
2 , t1≤ t.

(4.13)

The signal transmission time to maximize average transmission rate Tmax can be computed

by the basic derivative property based on (4.13). If the derivation of Rave does not have

a zero point, the first negative value of derivation will be detected as Tmax. When Tmax is

founded, the value of maximum average transmission rate Rave,max can be computed by (4.5)

and (4.12), respectively. The pseudo-code of the proposed optimum adaptive modulation

scheme is given in Algorithm 1, where R′ is a local variable. The flow chart of the optimum

adaptive modulation scheme of the mm-wave UAV A2G link under imperfect CSI is shown

in Fig. 4.5.

The system complexity is indeed increased by adopting the proposed adaptive modulation.

In comparison with the conventional modulation systems with a constant rate, the following

perspectives need to be considered in the design of the proposed adaptive modulation system.

Firstly, extra computing resources are required at the receiver to compute the temporal ACF

and data rate. The temporal ACF has to be known at the receiver via UAV mechanical

modelling, A2G channel sounding, or ACF estimation. The data rate could be achieved

by following the proposed adaptive modulation scheme. The computation is on the basis

of tractable analytic results, and thus requires little computation resource. In this thesis, I

assume that the ground node has sufficient computing resources to execute the computation
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Fig. 4.5 Flow chart of the optimum adaptive modulation scheme under imperfect CSI with
time increase.

Furthermore, a feedback link is required between the UAV and the ground node. More

specifically, an extra control message is required from the ground node to inform the UAV

of the initial transmission rate Rmax (one integral number) and the corresponding switching

transmission time tn (multiple floating numbers) required for adaptive modulation. This

assumption is widely adopted in published adaptive modulation systems.

4.4 Numerical Results

In this section, the performance of the optimum adaptive modulation scheme of a millimetre-

wave UAV A2G link under imperfect CSI is evaluated. How the SNR, BEP threshold, and

the UAV wobbling impact the maximum transmission rate will be analysed below.
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Table 4.1 Simulation parameters

γmax 25 dB
f 28 GHz

ωv 20π rad/sec
µ 30

βth 10−5

NR 8
Te 10−3 s

We perform the simulations based on the temporal ACF of the mm-wave UAV A2G link,

which is given by (4.14) [112],

C (∆t) = e
−0.5σ2

v

(
ωc

c(ω2
v+µ2)

)2

(µ∆t(ω2
v+µ2)−2µωv sin(ωv∆t)e−µ∆t+(µ2−ω2

v)cos(ωv∆t)e−µ∆t−µ2+ω2
v)

×J0

(
j0.5σ2

v
(

ωc
c

)2 µ sin(ωv∆t)−ωv cos(ωv∆t)+ωve−µ∆t

(ω2
v+µ2)ωv

)
.

(4.14)

where ∆t = t−Te, J0(·) denotes the Bessel function of the first kind with an order zero, σ2
v is

the variance of the UAV movement velocity, ωc is the carrier frequency, ωv is mechanical

vibration frequency of the UAV, µ is the parameter to measure how fast the envelope

of velocity changes with time. The general system parameters used for temporal ACF

and system model simulation to obtain the results are shown in Table 4.1. Especially,

σ2
v = (0.005)2 ω2

v +µ2

µ
is used in this work. Moreover, the guideline for this work to decide

the BEP threshold is based on [119] and [115], where introduced that maximum BEP of the

speech, video, and data signals are known as 10−3, 10−5, and 10−6, respectively.

According to Fig. 4.6 and 4.7, the simulation and analytic UUB of the mm-wave UAV

A2G link with the adaptive modulation scheme under imperfect CSI are matched well. The

simulation result is obtained by computing (4.8) and the analytic UUB is computed based on

(4.9) with same estimated CIR. The adaptive modulation (solid line) is obtained following

(4.5). The adaptive modulation scheme decreases the modulation order step by step to keep

the instantaneous BEP of the system lower than the BEP threshold for M-ary PSK or M-ary

QAM signals. M-ary QAM signals have higher modulation order than that of M-ary PSK

signals because the Euclidean distance of the M-ary QAM signals are greater than or equal
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Fig. 4.6 Adaptive modulation scheme employing M-ary PSK or M-ary QAM under case 1.
Markers show simulation results, dash lines illustrate analytical results, and solid lines is the
adaptive modulation..

to that of the M-ary PSK signals. These two figures shows the proposed detector and the

adaptive modulation algorithm wok well.

The instantaneous and average transmission rates with the adaptive modulation scheme

under different estimated CIRs for M-ary PSK and M-ary QAM scheme are shown in Fig.

4.8. The instantaneous transmission rate shows how the adaptive modulation scheme works

based on the transmission policy, which is also a supplement of the Fig. 4.6 and 4.7. The

instantaneous transmission rate of M-ary QAM scheme is more sensitive to h(Te) than that

of M-ary PSK scheme. The average transmission rate computed by (4.1) increases first and

then decreases as transmission time increases, where the maximum average transmission rate

is shown.

Fig. 4.9 (a) and (b) show the maximum average transmission rate Rave,max at different

value of BEP threshold and SNR employing M-ary PSK or M-ary QAM signals based on the

optimum adaptive modulation. As Fig. 4.3 (d), the optimum adaptive modulation scheme

will estimated the channel again when the maximum average transmission rate is achieved.

Hence, the performance evaluation of optimum adaptive modulation require time-consuming

repetition of the channel situation generation. Rave,max increases with an increasing SNR at
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Fig. 4.7 Adaptive modulation scheme employing M-ary PSK or M-ary QAM under case 2.
Markers show simulation results, dash lines illustrate analytical results, and solid lines is the
adaptive modulation.

the same BEP threshold. In contrast, Rave,max decreases with the BEP threshold decrease at

the same SNR. Since the maximum achievable transmission rate of M-ary QAM is higher

than that of M-ary PSK, M-ary QAM have a higher Rave,max than that of M-ary PSK at the

same BEP threshold and SNR.

4.5 Conclusions

In this chapter, the novel adaptive modulation scheme of the millimetre-wave UAV A2G

link under imperfect CSI to maximise the average transmission rate have proposed. The

channel estimation time and transmission time will have an optimized trade-off based on

the algorithm to achieve the maximum average transmission rate subjects to the maximum

tolerable BEP threshold. Moreover, how the operating environment influences the average

transmission rate is also discussed. These can give a guideline for engineers to design the

millimetre-wave UAV A2G link for maintaining the BEP performance under the maximum

tolerable BEP threshold while maximizing the average transmission rate.
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Fig. 4.9 Comparison of maximum average data rates for the designed adaptive modulation
scheme employing M-ary PSK or M-ary QAM under different SNR and BEP thresholds.



Chapter 5

Power Control Policy of Millimetre-wave

UAV A2G Link

Overview
The emerging millimetre-wave UAV A2G communications are facing challenges due to

the size, weight, and battery capacity restrictions of UAVs. The UAV operating time has

become a bottleneck of using UAV A2G networks. In this chapter, a power control policy

that minimises the transmission power while maintaining both the instantaneous BEP under

the BEP threshold and the maximised average transmission rate is introduced. Numerical

results show that the power control policy minimises the transmission power consumption

of the millimetre-wave UAV A2G link under imperfect CSI. The EE performance of the

millimetre-wave UAV A2G link with power control policy is evaluated.

5.1 Introduction

UAV A2G communications have been widely investigated for providing flexible coverage

and capacity enhancements, where UAVs carry aerial BSs or mobile relay nodes as part of 5G

cellular systems [3, 12]. However, under the size, weight, and battery capacity restrictions of

UAVs, the UAV operating time has become a bottleneck for the UAV-carried aerial BSs or

mobile relay nodes [19].
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Although adaptive modulation schemes, which is described in chapter 4, can be used to

improve the spectral efficiency of an A2G link, they also need to be supported by a power

control policy to maintain the EE because using constant transmission power while reducing

the modulation order will waste the energy of the UAV [120]. In [24], the authors proposed

power allocation mechanisms for fixed BSs and steady UAVs to maximise the system sum rate

or minimise the system power consumption of a UAV-assisted millimetre-wave heterogeneous

cellular network. In [94], the authors maximised the average achievable rate of a steady

UAV A2G link, which shared the spectrum with terrestrial wireless communication links,

by optimizing the UAV’s 3D trajectory and transmission power. The combination of the

adaptive modulation and the power control for wobbling millimetre-wave UAV A2G links to

maintain the maximum achievable transmission rate has not been studied in the published

literature.

In this chapter, a novel power control policy to minimise the instantaneous transmission

power of a millimetre-wave UAV A2G link while considering imperfect CSI due to the

UAV wobbling is proposed. The power control policy minimises the instantaneous transmis-

sion power for the adaptive modulation scheme, while maintaining the maximised average

transmission rate subject to the BEP threshold. The major contributions of this chapter are

summarized as follows:

• A new power control policy is designed to minimize the instantaneous transmission

power of the adaptive modulation subject to the BEP threshold at the receiver and the

maximum transmission power constraint, while maintaining the maximum average

transmission rate. The BEP approximation based on the signal-space concept and the

Netwon-Raphson method is used to compute the minimized instantaneous transmission

power for M-ary PSK and M-ary QAM, respectively.

• The EE performance of the millimetre-wave UAV A2G link with the power control

policy is evaluated under the constant transmission rate or the adaptive modulation

scheme. The trade-off between the transmission time and the estimation time is

analysed to find the maximum EE of the system.
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• Numerical results show that the power control policy is able to achieve the maximum

average transmission rate of the millimetre-wave UAV A2G link under imperfect CSI,

while keeping the minimum transmission power consumption of the UAV subject to

the BEP threshold.

The rest of this chapter is organized as follows. In Section II, the system model of a

millimetre-wave UAV A2G link under imperfect CSI are presented and the minimisation

of the average transmission power is formulated. In Section III, the power control policy is

designed. In Section IV, the EE performance of the millimetre-wave UAV A2G link under

imperfect CSI is evaluated. In Section V, numerical results are provided to evaluate the

performance of the power control policy under imperfect CSI. Finally, in Section VI, main

conclusions are drawn.

5.2 System Model and Problem Formulation

5.2.1 System Model

A wobbling millimetre-wave UAV A2G link illustrates in Fig. 5.1, where the ground node

is equipped with NR antennas, while the UAV has a single antenna due to the weight and

size constraints [103]. The UAV is assumed hovering at a height H above the ground and

its horizontal location is (0,0). The horizontal location of the ground node is denoted

by w ∈ R2×1. Thus, the distance between the UAV and the ground node is given by d =√
H2 +∥w∥2. The path loss between the UAV and the ground node is given by [93]

PL =

(
4πd f

c

)2

(PLoSµLoS +PNLoSµNLoS) , (5.1)

where f is the signal frequency, c is the speed of light, PLoS and PNLoS are the LoS and

the NLoS probability between the UAV and the ground node, and µLoS and µNLoS are the

additional attenuation factors of the LoS and the NLoS UAV A2G link, respectively. The

LoS probability between the UAV and the ground node is modeled based on the ITU work
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Fig. 5.1 The millimetre-wave UAV A2G link.

[77]. And then, it is simplified to the Sigmoid function form, which is shown below

PLoS(θ) =
1

1+aexp [−b(θ −a)]
, (5.2)

where a and b are parameters to incorporate the environments (rural, urban, dense urban,

etc.) [78], and θ = tan−1
(

H
∥w∥

)
is elevation angle. Hence, the NLoS probability between

the UAV and the ground node is given as PNLoS = 1−PLoS.

Each transmission frame is composed of a fixed channel estimation period Te (seconds)

followed by a variable signal transmission period Tc (seconds), which is long enough to

allow the transmission of at least one symbol. The frame structure schematic diagram is

shown in Fig 5.2. In the channel estimation period, the UAV transmits mutually orthogonal

pilot sequences to the NR receiving antennas at the ground node, where the CSI of the A2G

channel is estimated for the current transmission frame. Based on the estimated CSI, the

ground node decides the modulation order and the transmission power for A2G transmission

and sends the decision to the UAV without any error or delay. This assumption is made for

analytical trackability. In the signal transmission period, the UAV will transmit data signal
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T +TT t

Fig. 5.2 The schematic diagram of the frame structure.

using the modulation order and transmission power level informed by the ground node, and

the ground node receiver will use the estimated CSI to demodulate the received signal.

Without loss of generality, we assume that the current transmission frame starts at time t

= 0. The average transmission rate in a transmission frame is given by

Rave (Tc) =
1

Te +Tc

Te+Tc∫
Te

R(t)dt, (5.3)

where R(t) is the transmission rate (bit/symbol) at time t.

The total power consumption of the UAV includes the communication-related power

and the propulsion power. The communication-related power is caused by radiation, signal

processing, and other circuitry in the UAV. The UAV propulsion power is used to support

the UAV mobility and hovering. The UAV circuitry power consumption Pc and the UAV

propulsion power consumption Pp are set constant for analytical simplicity [23, 121].

The energy efficiency (in bits/Joule) is defined as the ratio of the transmission rate based

on the adaptive modulation R(t) to the total power consumption of the UAV working and can

be expressed as

η =
∑

t
0 R(t)

∑
t
0
(
Pmin (t)+PL +Pc +Pp

) , (5.4)

where Pmin (t) is the minimum instantaneous transmission power.

5.2.2 Problem Formulation

In the 5G and beyond communications, UAVs may work in some disaster emergency situa-

tions, where the long working time is one of the vital requirements for the UAV A2G link
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[93]. Since the battery capacity is limited to the size of the UAV, the power consumption

problems should also be considered [120].

We formulate the following optimization problem to minimize the transmission power of

the millimetre-wave UAV A2G link under UAV wobbling while maintaining the maximized

average transmission rate of adaptive modulation subject to the BEP threshold, i.e.,

(P2) : min P(t), (5.5)

s.t. 0≤ t ≤ Te +Tc, (5.5a)

Rave(t) = Rave,max, (5.5b)

βi ≤ βth, (5.5c)

0 < P(t)≤ Pmax, (5.5d)

where (5.5a) is the constraint on power control policy adopting period; (5.5b) requires the

transmission rate must be kept at the highest instantaneous transmission rate; (5.5c) requires

that the instantaneous BEP βi of the wobbling millimetre-wave UAV A2G link must be

kept below the predetermined BEP threshold βth; (5.5d) is the adaptive transmission power

constraint on maximum transmission power Pmax. Fig. 5.3 shows a schematic diagram of the

optimization of the transmission power.

5.3 Power Control Policy

In this section, how the power control policy working with the optimum adaptive modulation

scheme for saving power is described. The power control policy should adaptively adjust

the transmission power based on the BEP and the transmission rate to cooperate with the

adaptive modulation scheme.

The SNR is a key parameter to bridge the transmission power and the system performance.

The minimum instantaneous transmission power can be achieved when the minimum required

instantaneous SNR is employed in the transmission frame [122]. Although it is hard to get

the value of the instantaneous SNR directly from (4.9), an alternative expression of BEP
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Fig. 5.3 The schematic diagram of the defined problem and potential solutions.

exists to reduce the complexity of computation. According to [123], the signal-space concept

could be used to obtain accurate BEP approximations of (4.9) for M-ary PSK modulation

scheme. For the signal-space concept, an error in an adjacent symbol is accompanied by

one and only one bit error based on the Gray code mapping property. For M-ary PSK and

|sm|= 1, (4.9) based on signal-space concept [123] can be rewritten as

βth =


Q

(√
2∥√γh(Te)C(Te,t)∥2

γ(1−C(Te,t)
2)|sm|2+1

)
, M = 2,

2
log2(M)Q

(√
∥√γh(Te)C(Te,t)∥2

(1−cos( 2π

M ))
γ(1−C(Te,t)

2)|sm|2+1

)
, M > 2.

(5.6)
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Fig. 5.4 shows the BEP approximations of M-ary PSK modulation scheme are close to

the analytical upper bound on the BEP of the sub-optimum detector in high SNR regime.

The analytical and approximation results are computed by (4.9) and (5.6), respectively.

We take the derivation of (5.6) with respect to the BEP threshold βth and obtain the

instantaneous SNR,

γmin =


Q−1(βth)

2

2∥h(Te)C(Te,t)∥2−(1−C(Te,t)
2)Q−1(βth)

2 , M = 2,

α2

∥h(Te)C(Te,t)∥2(1−cos(2π/M))−(1−C(Te,t)
2)α2 , M > 2,

(5.7)

where α = Q−1
(

βth log2(M)
2

)
and Q−1(·) stands for the inverse function of the Q-function.

For M-ary QAM (M > 2), the instantaneous SNR of the millimetre-wave UAV A2G link

is the root of

βth =
M

∑
m=1

M

∑
m̂=1

N(m→m̂)P(m→m̂)

Mlog2 (M)
. (5.8)

Then, the Newton-Raphson method [124] could be employed to derive the approximation

root, which is provided in Lemma 1. More specifically, Lemma 1 should be replicated
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multiple times to get an accurate approximation root of (5.8) as the instantaneous SNR of the

millimetre-wave UAV A2G link under UAV wobbling.

Lemma 5.1. The approximation root of (5.8) using the Newton-Raphson method is

given by

γre+1 = γre

(
um

βth

) um
vm
, (5.9)

where

um =
M

∑
m=1

M

∑
m̂=1

N(m→m̂)Q
(√

Λγre
ψγre+2

)
M log2(M)

, (5.10)

vm =
M

∑
m=1

M

∑
m̂=1

N(m→m̂)Λ
√

γre exp
(
− Λγre

2ψγre+4

)
M log2(M)

√
2πΛ(γreψ +2)3

, (5.11)

Λ = ∥h(Te)C (Te, t)∥2 |sm− sm̂|2, (5.12)

ψ = 2
(

1−C (Te, t)
2
)
|sm|2, (5.13)

γre stands the initial guess root, and γre+1 is the result of approximation root.

Proof. According to (5.8), we can obtain

f (γre) = ln(βth)− ln

 M

∑
m=1

M

∑
m̂=1

N(m→m̂)Q
(√

Λγre
ψγre+2

)
Mlog2 (M)

= 0, (5.14)

where Q(x) =
+∞∫
x

1√
2π

e
(
−w2

2

)
dw.

According to Newton–Raphson method, the approximation root can computed as

ln(γre+1) = ln(γre)−
f (γre)

f ′(γre)
. (5.15)

We take the derivation of (5.14) with respect to γre and obtain

ln(γre+1) = ln(γre)−um
ln(βth)− ln(um)

vm
. (5.16)
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After reforming (5.16), we obtain (5.9).

In general, the thermal noise power is calculated by N0(dBm) = 10log10(kbT B), where

kb is the Boltzmann constant (1.38×10−23 J/K), T is temperature in K, and B is bandwidth.

Therefore, the minimum instantaneous transmission power is derived as

Pmin (t)(dBm) = γmin (t)+PL +N0. (5.17)

To support the adaptive modulation with the power control policy, an extra control mes-

sage is required from the ground node to inform the UAV of the initial transmission rate Rmax

(one integral number) and the corresponding switching transmission time tn (multiple float-

ing numbers) required for adaptive modulation, and the transmission power P(t) (multiple

floating numbers) required for power control.

5.4 Energy Efficiency of The Millimetre-wave UAV A2G

Link

The transmission rate and the transmission power have been related to support evaluation of

EE performance in the millimetre-wave UAV A2G link under imperfect CSI. The evaluation

of EE performance can help know the effective of power control policy. Following (5.4),

the EE performance of the adaptive modulation scheme with power control policy under

imperfect CSI can be evaluated.

The proposed methodology here is to optimize the signal transmission time to provide

the millimetre-wave UAV A2G link under wobbling with high EE performance. This

optimization is different with what have done in the chapter 4, where the transmission

time is optimized to achieve the maximum average transmission rate of the millimetre-

wave UAV A2G link. The objective of our work is to maximize the system EE, thus

maximizing the throughput while minimizing the power consumed, which is evident form

(5.4). Moreover, due to the imperfect CSI and the adaptive modulation properties, we

formulated the optimization problem to maximize EE of the millimetre-wave UAV A2G link
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under wobbling by optimizing the signal transmission time, i.e.,

(P3) : max
t

η , (5.18)

s.t. 0 < PT(t)≤ Pmax, (5.18a)

Rmin ≤
∑

t
0 R(t)

t
, (5.18b)

BEP≤ βth, (5.18c)

where (5.18a) is the adaptive transmission power constraint on the maximum transmission

power and PT(t) = Pr(t)+PL; (5.18b) is the spectral efficiency constraint on the minimum

required spectral efficiency; (5.18c) requires that the BEP of the system must be kept below

the predetermined BEP threshold βth.

The kind of dual-optimization problem is solved by first applying power control policy to

compute the minimum power required to transmit information data reliably for the adaptive

modulation. Since the (5.4) is a nonlinear equation, we solve the optimization problem

through the numerical method to obtain the optimal signal transmission time for the mm-

wave UAV A2G link under aged CSI. The pseudo-code of the proposed optimal signal

transmission time finder is given in Algorithm 2.

Algorithm 2: The optimum transmission time finder.
Input: Te, R(t), t, Rmin, Pc, Pp, PL.
Output: top.
Pr(t)← (5.17) with R(t);
PT(t)← Pr(t) and PL;
Rave(t)← sum(R(t))

t ;
if Rave(t)≥ Rmin then

η(t)←(5.4) with R(t), PT(t), Pc, and Pp;
end
top← find(η == max(η));
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Table 5.1 Simulation Parameters

Carrier frequency ( f ) 28 GHz
Additional path loss by LoS connection (µLoS) 1.6
Additional path loss by NLoS connection (µNLoS) 23
Dense urban environemnt constants (a,b) (12.08, 0.11)
Number of antenna at receiver (NR) 8
Maximum transmission power (Pmax) 35 dBm
Power of thermal noise (N0) 94 dBm
Power of circuitry (Pc) 1 w
Power of propulsion (Pp) 168 w
Mechanical vibration frequency of the UAVωv 20π

Correlation of UAV wobbling velocity µ 30
Temperature T 300 K

5.5 Numerical Results

In this section, the performance of the power control algorithm of a millimetre-wave UAV

A2G link under imperfect CSI is evaluated. How effective the power control policy of

optimum adaptive modulation scheme will be shown. The EE performance of the adaptive

modulation scheme under imperfect CSI with power control policy is discussed. The

simulator has a UAV and a ground node with a horizontal distance of 50 m and the UAV

hover height constraint is set as 120 m [16]. The signal estimation time is set as 1 ms using

100 MHz bandwidth. The adaptive modulation scheme under wobbling is adopted and the

simulation results presented in this paper are averaged over 1000 different CSI. The BEP

threshold is fixed to 10−6 in all examples to keep the data signals transmission reliable [115].

Following [93], the path loss model parameters are summarized in Table 5.1.

The continuous temporal ACF is provided in (5.19) [112],

C (∆t) = e
−0.5σ2

v

(
ωc

c(ω2
v+µ2)

)2

(µ∆t(ω2
v+µ2)−2µωv sin(ωv∆t)e−µ∆t+(µ2−ω2

v)cos(ωv∆t)e−µ∆t−µ2+ω2
v)

×J0

(
j0.5σ2

v
(

ωc
c

)2 µ sin(ωv∆t)−ωv cos(ωv∆t)+ωve−µ∆t

(ω2
v+µ2)ωv

)
.

(5.19)

where ∆t = t−Te, J0(·) denotes the Bessel function of the first kind with an order zero, σ2
v is

the variance of the UAV movement velocity, ωc is the carrier frequency, ωv is mechanical
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vibration frequency of the UAV, µ is the parameter to measure how fast the envelope of

velocity changes with time. In this equation, the µ and ωv are two key parameters to describe

how the temporal ACF of millimetre-wave UAV A2G link impacts by the UAV wobbling. The

transmission rate is following the transmission scheme used. The general system parameters

used for temporal ACF and system model simulation to obtain the results are shown in Table

5.1.

The performances of adaptive modulation scheme with and without power control for the

BEP threshold at 10−5 employing M-ary PSK or M-ary QAM modulation schemes under

case 1 and 2 from Appendix B.3 are shown in Fig. 5.5, 5.6, 5.7, and 5.8, respectively. The

initial guess root of Newton-Raphson method for M-ary QAM is 30. The transmission power

under power control policy can adapt to the different modulation orders and schemes for

maintaining the instantaneous BEP performance below the BEP threshold. The instantaneous

BEP computed by the adaptive modulation scheme with power control is close to the BEP

threshold, which can save energy comparing with the adaptive modulation scheme without

power control. When the channel information is different, the average transmission power

for adaptive modulation scheme and the percentage of power-saving in watts are different.

Hence, the replication experiment are computed to obtain the average percentage of the

power-saving for the power control policy.

For whole adaptive modulation transmission period, the average transmission power for

M-ary PSK or M-ary QAM modulation scheme with the power control policy at the BEP

threshold 10−5 for replication are 21.5 dBm and 21.6 dBm. Therefore, the percentage of

power-saving in watts under power control comparing with adaptive modulation scheme

without power control policy for M-ary PSK or M-ary QAM modulation scheme are 95.5%

and 95.4%. For whole adaptive modulation transmission period, the power control policy

has similar effect between M-ary PSK and M-ary QAM modulation scheme because the

low modulation order transmission wastes more energy than high modulation order and low

modulation order transmission period is longer than high modulation order.

For optimum adaptive modulation transmission period from chapter 4, the average

transmission power for M-ary PSK or M-ary QAM modulation scheme with the power
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Fig. 5.5 The performance of power control policy for the adaptive modulation scheme for
M-ary PSK and BEP threshold at 10−5 under case 1. The solid line is the adaptive modulation
scheme with power control and the dash line is the adaptive modulation scheme without
power control
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Fig. 5.6 The performance of power control policy for the adaptive modulation scheme for M-
ary QAM and BEP threshold at 10−5 under case 1. The solid line is the adaptive modulation
scheme with power control and the dash line is the adaptive modulation scheme without
power control.



5.5 Numerical Results 93

0 0.02 0.04 0.06 0.08

Time (s)

15

20

25

30

35

40

T
ra

n
sm

it
te

d
 P

o
w

er
 (

d
B

m
)

Adaptive modualtion with PC

Adaptive modualtion without PC

(a) Transmission power

0 0.02 0.04 0.06 0.08

Time (s)

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

B
E

P

Adaptive modualtion with PC

Adaptive modualtion without PC

(b) BEP

Fig. 5.7 The performance of power control policy for the adaptive modulation scheme for
M-ary PSK and BEP threshold at 10−5 under case 2. The solid line is the adaptive modulation
scheme with power control and the dash line is the adaptive modulation scheme without
power control
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Fig. 5.8 The performance of power control policy for the adaptive modulation scheme for M-
ary QAM and BEP threshold at 10−5 under case 2. The solid line is the adaptive modulation
scheme with power control and the dash line is the adaptive modulation scheme without
power control.
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Fig. 5.9 EE performance of adaptive modulation employing M-ary PSK or M-ary QAM
modulation scheme under imperfect CSI for case 1. The solid line is the adaptive modulation
scheme without power control and the dash line is the adaptive modulation scheme with
power control.
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Fig. 5.10 EE performance of adaptive modulation employing M-ary PSK or M-ary QAM
modulation scheme under imperfect CSI for case 2. The solid line is the adaptive modulation
scheme without power control and the dash line is the adaptive modulation scheme with
power control.
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Fig. 5.11 The energy efficiency changing with the signal transmission time for M-ary QAM
and M-ary PSK signals (Rmin = 1 bit/symbol, H = 100 m).

control policy at the BEP threshold 10−5 for replication are 30.1 dBm and 31.8 dBm.

Therefore, the percentage of power-saving in watts under power control comparing with

optimum adaptive modulation scheme without power control policy for M-ary PSK or M-ary

QAM modulation scheme are 67.7% and 52.2%. For optimum adaptive modulation scheme,

the power control policy has a better effect on the PSK scheme because more power wastes

in the PSK scheme. Hence, the M-ary PSK is waste more power in transmission period than

M-ary QAM and the power control policy is more important for M-ary PSK.

In Fig. 5.9 and 5.10, the EE performance of the adaptive modulation with power control

policy and without power control policy is compared where BEP threshold is 10−5. The

power control policy improve the EE performance significantly for adapative modulation

employing M-ary PSK or M-ary QAM modulation scheme for different CIRs. The EE

performance of adaptive modulation without power control policy decreases with the time

increasing.
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Fig. 5.12 System spectral-energy efficiency trade-off (Rmin = 1 bit/symbol, H = 100 m).

Fig. 5.11 illustrates how the EE changes with the transmission time increasing for M-ary

PSK and M-ary QAM modulation schemes. The simulation UAV hover height is 100 m

to keep the high LoS probability. The EE of the system has the optimal point for trade-off

the signal transmission time and estimation time in one transmission frame under aged CSI.

The figure also shows the optimal transmission time is computed by numerically solving

(5.18). The M-ary QAM signals have the better EE performance than the M-ary PSK signals

because the average transmission rate of M-ary QAM signals is higher than that of the M-ary

PSK signals.

Fig. 5.12 shows how the EE changes with the increase in the spectral efficiency for M-ary

PSK and M-ary QAM modulation schemes. The flat segment shows the spectral efficiency

has no impact on the EE because the power consumption is stable to satisfy (5.18a) for the

highest transmission rate of the adaptive modulation under aged CSI. Excepting the flat

segment, when the spectral efficiency increases, the EE of the millimetre-wave UAV A2G

link under wobbling will increase first and then decreases. This is because the aged CSI has

the significant impact on the transmission rate, which is dominant in the spectral efficiency
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and EE. The spectral-energy efficiency trade-off is recommended at segment AB and A’B’

for M-ary QAM signals and M-ary PSK signals, respectively.

5.6 Conclusions

In this chapter, we have proposed the novel power control policy of the millimetre-wave

UAV A2G link under imperfect CSI. The power control policy of the optimum adaptive

modulation scheme is presented, which can save 67.7% and 52.2% power compared with

adaptive modulation without power control, at the ABEP threshold 10−5 for PSK and

QAM scheme, respectively. The EE performance with adaptive modulation scheme and

the power control policy of the millimetre-wave UAV A2G link under imperfect CSI is

significantly improved comparing with the adaptive modulation without power control. The

EE performance is changed with the BEP threshold change. These can give a guideline

for engineers to design the green millimetre-wave UAV A2G link for maintaining the BEP

performance under the maximum tolerable BEP threshold while maximising the average

transmission rate.





Chapter 6

Conclusions and Future Works

6.1 Conclusions

Throughout the thesis, comprehensive studies in the millimetre-wave UAV A2G channel

model under wobbling and the performance analysis method have been achieved, and their

key performance was evaluated along with the proposal of novel solutions to enhance the

original performance.

The state-of-the-art literature review focused on the basic properties of the millimetre-

wave, popular channel model methods and the millimetre-wave UAV A2G channel model,

and the millimetre-wave UAV A2G link performance analysis. The basic properties of

the millimetre-wave and UAVs with suitable channel model methods could build the UAV

A2G channel model for different communication situations to known channel characteristics

properties. UAV types, propagation environments, and electromagnetic wave properties have

significant influences on the channel characteristics, e.g., the Doppler shift, the temporal ACF,

the spatial correlation, etc.. The UAV A2G channel model is one of the key characteristics

for investigating the UAV A2G link. The performance analysis of the UAV A2G link in the

existing paper mainly focused on coverage probability, LoS probability, throughput, and EE.

These works give the guideline for engineering to design the millimetre-wave UAV A2G

communications.



100 Conclusions and Future Works

To investigate the wobbling impact of the millimetre-wave UAV A2G link, the research

about the channel model of the wobbling millimetre-wave UAV A2G link should be studied.

In chapter 3, the analytical model of the Doppler effect brought by the mechanical wobbling

in the millimetre-wave RW UAV A2G link is proposed. Applying the RW UAV wobbling

movement model at hovering status, the closed-form expression of temporal ACF has

been derived and verified via Monte Carlo simulation. Moreover, the Doppler PSD of the

millimetre-wave RW UAV channel has been computed based on the analytical temporal

ACF. Numerical results show that the mechanical vibration frequency and the radial velocity

envelope covariance interact on the decrease rate and fluctuation model of temporal ACF.

The Doppler spread range broadens as mechanical vibration frequency enhances while the

value and number of the Doppler PSD bulge degrade as radial velocity envelope covariance

increases. A key observation is that even for weak UAV wobbling, the BEP of the UAV A2G

link deteriorates quickly, making the link difficult to establish a reliable communication link.

Therefore, the UAV designer has to jointly consider the vibration frequency and the radial

velocity envelope covariance carefully to mitigate the impact of the Doppler effect brought

by the RW UAV mechanical wobbling on the A2G wireless link.

After studying the channel model of the wobbling millimetre-wave UAV A2G link,

the wobbling has the significant impact on the channel suitability and leads to the BEP

decrease. To overcome this problem, in chapter 4, the novel adaptive modulation scheme

of the millimetre-wave UAV A2G link under imperfect CSI was proposed. The channel

estimation time and transmission time of the adaptive modulation transmission frame will

have an optimized trade-off based on the proposed algorithm to achieve the maximum

average transmission rate subject to the maximum tolerable BEP threshold. These can give a

guideline for engineers to design the millimetre-wave UAV A2G link for maintaining the

BEP performance under the maximum tolerable BEP threshold while maximising the average

transmission rate.

Since the on-board power limitation of the UAV is the emergence challenge for UAV

working, the power control policy should be investigated to extend the UAV working time.

In chapter 5, the novel power control policy of the millimetre-wave UAV A2G link under
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imperfect CSI was proposed. The power control policy of the optimum adaptive modulation

scheme is presented, which can save 67.7% and 52.2% power compared with adaptive

modulation without power control at the BEP threshold 10−5 for PSK and QAM schemes,

respectively. The EE performance of the millimetre-wave UAV A2G link under imperfect CSI

with an adaptive modulation scheme and the power control policy is significantly improved

comparing with the adaptive modulation without power control at the BEP threshold 10−5

for PSK and QAM schemes. These can give a guideline for engineers to design the green

millimetre-wave UAV A2G link for maintaining the BEP performance under the maximum

tolerable BEP threshold for abundant modulation methods.

Overall, a channel model, a novel adaptive modulation scheme and a power control policy

of wobbling millimetre-wave UAV A2G link to keep the system working well are discussed

in this thesis.

6.2 Future Works

In this subsection, the challenges and issues with future research directions of millimetre-

wave UAV communications for beyond 5G and sixth-generation (6G) communication system

are discussed.

• MIMO for UAV Communication systems

Since MIMO or massive MIMO is one of the key technologies in future communication

systems, the combination of MIMO and UAV communications should be considered

[125]. However, the limited space in UAVs makes the large antenna array installation

difficult. Fortunately, the short wavelength of millimetre-wave may miniaturize the size

of the MIMO antenna array to support the MIMO technology in UAV communications

[6]. Hence, the MIMO antenna configurations of UAVs, and measurements and

channel modelling of MIMO or massive MIMO channels in millimetre-wave UAV

communication systems should be paid more attention.
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• Wideband UAV Communication systems

The narrowband channel model is defined as the signal bandwidth much less than

the coherence bandwidth of the multipath fading process, whereas in the definition

of wideband channel models the situation is versus [31]. The narrowband channel

sounding tests consider the magnitude and phase of a single frequency and the wide-

band uses frequency domain analysis. For wideband channels, it is composed of many

propagation paths including: LoS direct path, reflection path, and scattering path.

These propagation paths will lead to more channel statistics parameters than narrow-

band channel situations, e.g., RMS delay spread [126]. Hence, the measurements

and channel model of wideband UAV communication systems should be paid more

attention.

• Reconfigurable Intelligent Surface

Reconfigurable intelligent surface (RIS), also referred to as intelligent reflection surface

(IRS), is composed of an array of reflecting elements to independently reflect incident

signals with reconfigurable amplitudes and phases, which could improve signal quality

at direct communication links suffering from blockage [127]. In previous literature

[128], the passive beamforming technique is used to adjust phase shifts of all reflection

elements in RIS. Hence, the RIS is energy-efficient and cost-effective to use in urban

scenarios, where the UAV may have many blockages at low altitudes. The RIS-assisted

UAV communications can extend the coverage and reliability of the A2G, accounting

for the UAV height and transmission scenarios [129], which is shown in Fig. 6.1. The

deployment and trajectories optimization of RIS-assisted UAV communications in

practical large-scale networks is the emerging trend in this topic.

• Space-air-ground-sea Integrated Network

The space-air-ground-sea integrated network is new propagation scenarios in the 6G

communication system including satellite, UAV, terrestrial, and maritime communica-

tions to provide seamless global network coverage, which is shown in Fig. 6.2 [125].

The low altitude UAV scenario in the urban scenario should be considered because the
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Fig. 6.1 Illustration of RIS in UAV-enabled wireless networks. The dashed and solid arrows
denotes NLoS and LoS links, respectively.
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Fig. 6.2 Potential architecture for a space-air-ground-sea integrated network supporting
a UAV. The dashed and solid arrows denotes wireless and wired links, respectively. Rx:
receiver; Tx: transmitter.
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probability of the LoS link will decrease and the tangential velocity will lead to the

Doppler effect when the UAV locates at a low altitude [50] [112]. Beyond the A2G

wireless channel, the air-to-air (A2A) wireless channel should be modelled to support

space-air-ground-sea integrated networks [16]. Satellite communications can fill the

ground coverage gaps with feasible services, abundant frequencies band, and lower

cost. The protocol, the Doppler effect, and the weather effect are mainly challenges to

overcome for the UAV-to-satellite communications [130].

• UAV Communication at Terahertz Frequency

Terahertz is a class of electromagnetic waves which frequency spectrum is between 0.1

and 10 THz. The 100 - 300 GHz band of the terahertz has the overlap of the millimetre-

wave band, which has similar properties of millimetre-wave, e.g., large bandwidth, high

directivity, large path loss, etc. [125]. Researchers have been studied the millimetre-

wave band channel characteristics up to 300 GHz. However, the channel characteristics

above 300 GHz are still insufficient. UAV communications at terahertz frequency is a

new challenge in the domain of the effects of the trajectories and wobbling of the UAV,

the power consumption, the system performance analysis, e.g., the coverage probability

and the spectrum efficiency [131] [132]. The terahertz frequency as the basic technique

in the communication system can be combined with many new techniques in the 6G

era, i.e., RIS-assisted terahertz UAV communication system [133].



Appendix A

Appendix of Chapter 3

A.1 Proof of Lemma 3.1

Substituting (3.2) into (3.3), σ2
d with different time slots t1 and t2 can be expressed by

σ
2
d = E

 ∆t∫
0

a(t1)cos(ωvt1 +φ0)dt1

∆t∫
0

a(t2)cos(ωvt2 +φ0)dt2


= E

 ∆t∫
0

∆t∫
0

a(t1)a(t2)cos(ωvt1 +φ0)cos(ωvt2 +φ0)dt1dt2

 . (A.1)

Since E [a(t)a(t +∆t)] = σ2
v e−µ∆t , E [a(t1)a(t2)] can be expressed by

E [a(t1)a(t2)] = σ
2
v e−µ|t1−t2|. (A.2)

Moreover, E [cos(ωvt1 +φ0)cos(ωvt2 +φ0)] can be calculated by

E [cos(ωvt1 +φ0)cos(ωvt2 +φ0)]

= 0.5E [cos(2φ0 +ωvt1 +ωvt2)+ cos(ωv |t1− t2|)]

= 0.5cos(ωv |t1− t2|) .

(A.3)
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Then, substitute (A.2) and (A.3) into (A.1), σ2
d could be shown as

σ2
d = 0.5σ2

v

∆t∫
0

t2∫
0

e−µ(t2−t1) cos(ωv (t2− t1))dt1dt2

+0.5σ2
v

∆t∫
0

∆t∫
t2

e−µ(t1−t2) cos(ωv (t1− t2))dt1dt2.
(A.4)

After integral computation of (A.4), the result is shown in

σ2
d = σ2

v
µ∆t

µ2+ω2
v

+σ2
v

ω2
v−µ2−ω2

v e−µ∆t cos(ωv∆t)−2µωve−µ∆t sin(ωv∆t)+µ2e−µ∆t cos(ωv∆t)

(µ2+ω2
v)

2 .
(A.5)

σ2
v

µ∆t
µ2+ω2

v
part in (A.5) shows the main increase trend of σ2

d when ∆t approaches infinity.

When µ ̸= 0, ωv ̸= 0 and µ ̸= 0, ωv = 0, the result shown in (3.4) only considers σ2
v

µ∆t
µ2+ω2

v

part in (A.5), because this part have the main influence of σ2
d . When ωv = 0, µ = 0 and

ωv ̸= 0, µ = 0, the result shown in (3.4) can be computed by direct mathematical computation

based on (A.5).

A.2 Proof of Theorem 3.1

Based on CIRs of the millimetre-wave UAV A2G link shown in (3.5), the temporal ACF

(non-stationary case) can be computed by

C (t, t +∆t) = E

e
− j ωc

c Re
{ t+∆t∫

t
a(t)e j(ωvt+φ0)dt

} . (A.6)

It can be seen that C (t, t +∆t) is a function of time t and time separation ∆t. Since (A.6)

includes a definite integral function, the integral part can be calculated by Riemann sum

[134], i.e.,

C (t, t +∆t) = E

e
− j ωc

c lim
N→∞

Re
{

∆t
N

N−1
∑

n=0
a(t+ n∆t

N )e jφ0e jωv(t+ n∆t
N )
} . (A.7)
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Lemma A.1. The expression of the a
(
t + n∆t

N

)
is

a
(

t +
n∆t
N

)
= e−µ

n∆t
N b1 +

√
1− e−µ

2∆t
N

n+1

∑
k=2

e−µ
(n+1−k)∆t

N bk. (A.8)

Proof. If (A.8) is correct, according to Assumptions 4 in chapter 3, the autocorrelation value

of a
(

t + n1∆t
N

)
and a

(
t + n2∆t

N

)
at n1 < n2 should be computed as

R(∆t) = E
[

a
(

t +
n1∆t

N

)
a∗
(

t +
n2∆t

N

)]
= e−µ

(n2−n1)∆t
N . (A.9)

Since bk in (A.8) are a series of independent and identically distributed random variable,

so the expectation of bk can be computed as

E [bk1×bk2] =

 1, k1 = k2,

0, k1 ̸= k2.
(A.10)

According to (A.10), R(∆t) can be computed as

R(∆t) = E

[
e−µ

(n1+n2)∆t
N +

(
1− e−µ

2∆t
N

)(n1+1

∑
k=2

e−µ
(n1+1−k)∆t

N bk

)(
n1+1

∑
k=2

e−µ
(n2+1−k)∆t

N bk

)]

= E

[
e−µ

(n1+n2)∆t
N +

(
1− e−µ

2∆t
N

)(n1+1

∑
k=2

e−µ
(n1+n2+2−2k)∆t

N

)]
. (A.11)

Then, the result in (A.9) can be computed easily by using geometric sequence property and

straightforward mathematics based on (A.11).

According to Lemma A.1, the stationary assumption is used to derive the close-from

temporal ACF expression. It leads to the expression of C (t, t +∆t) can be simplified to

C (t, t+∆t)=E

e
−j ωc

c lim
N→∞

{
∆t
N

N−1
∑

n=0

[(
e−µ

n∆t
N b1+

√
1−e−µ

2∆t
N

n+1
∑

k=2
e−µ

(n+1−k)∆t
N bk

)
cos(ωv(t+n∆t

N )+φ0)

]} ,
(A.12)

by replacing a
(
t + n∆t

N

)
in (A.7). b1 and bk in (A.12) are random parameters obey i.i.d.

Gaussian distribution.
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Then, according to characteristic function E
[
e jtcXc

]
= e jtcµc−σ2

c t2c
2 , where tc is the argument

of the characteristic function, Xc is the random variable obeys Gaussian distribution, µc is

the mean of Xc, and σ2
c is the variance of Xc, the C (∆t) in (A.12) can be computed [135]. In

the case, bk is Xc, µc is 0, and tc is 1. Therefore, the temporal ACF can be simplified as

C (t, t +∆t) = e−0.5σ2
v σ2

X (t,t+∆t), (A.13)

where

σ
2
X (t, t +∆t) =

(
ωc

c

)2
(α +β ) . (A.14)

Therein, α and β are computed by

α = lim
N→∞


(

∆t
N

)2
(

N−1

∑
n=0

cos
(

ωvt +ωv
n∆t
N

+φ0

)
e−µ∆t

)2
 , (A.15)

and

β = lim
N→∞


(

∆t
N

)2(
1− e−

2µ∆t
N

) N

∑
k=2

(
N−1

∑
n=k−1

cos
(

ωvt +ωv
n∆t
N

+φ0

)
e−µ

(n+1−k)∆t
N

)2
 .

(A.16)

According to definite-integral notation in [134], (A.15) and (A.16) can be equalled to

α =

(∫
∆t

0
cos(ωvx+ωvt +φ0)e−µ∆tdx

)2

, (A.17)

and

β = 2µ

∫
∆t

0

(∫
∆t

x2

cos(ωvt +ωvx1 +φ0)e−µx1+µx2dx1

)2

dx2, (A.18)

where the variable n in (A.15) is replaced by dx in (A.17), and the variable k and n in (A.16)

are replaced by dx1 and dx2 in (A.18), respectively.
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The results of (A.17) and (A.18) are computed and substituted into (A.14), the results

are described in

σ
2
X (∆t)=

(
ωc

c

)2


1

2(µ2+ωv2)ωv

 −ωv cos(2φ)−µ sin(2φ)−ωv cos(2φ+2ωv∆t)

+µ sin(2ωv∆t+2φ)+2ωve−µ∆t cos(ωv∆t+2φ)


+
(

1
µ2+ωv2

)2

 µ∆t
(
ω2

v+µ2)−2µωvsin(ωv∆t)e−µ∆t−µ2+ωv
2

+µ2cos(ωv∆t)e−µ∆t−ωv
2cos(ωv∆t)e−µ∆t



.
(A.19)

It can be seen that σ2
X (∆t) is a function of φ , µ , ωv, ωc, c, and ∆t. ωvt and φ0 are set

to φ in (A.19), where ωvt +φ0 = φ . 2φ +ωv∆t could be set to φ ′, which can simplify the

computation to

σ
2
X (∆t)=

(
ωc

c

)2


1

(µ2+ωv2)ωv

(
−ωv cos(ωv∆t)+µ sin(ωv∆t)+ωve−µ∆t)cosφ ′

+
(

1
µ2+ωv2

)2

 µ∆t
(
ω2

v+µ2)−2µωvsin(ωv∆t)e−µ∆t−µ2+ωv
2

+µ2 cos(ωv∆t)e−µ∆t−ωv
2 cos(ωv∆t)e−µ∆t


.

(A.20)

Then, substituting (A.20) into (A.13), the temporal ACF closed-form can be computed by

using the Bessel function [134]. Finally, the closed-form result is shown in (3.7).
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Appendix of Chapter 4

B.1 Proof of Theorem 4.1

According to (4.3), if the transmitted symbol is sk, the distribution of the received signal is

yk ∼ C N
(√

γh(Te)C (Te, t)sk,γ
(
1−|C (Te, t) |2

)
|sk|2 +1

)
. (B.1)

Hence, the real part yR
k and the imaginary part yI

k of yk follow the following distributions

respectively,

yR
k ∼N

(
Re
[√

γh(Te)C (Te, t)sk
]
,0.5

[
γ
(
1−|C (Te, t) |2

)
|sk|2+1

])
,

yI
k ∼N

(
Im
[√

γh(Te)C (Te, t)sk
]
,0.5

[
γ
(
1−|C (Te, t) |2

)
|sk|2+1

])
.

(B.2)

Therefore, the joint probability density function (PDF) of yk is given by

Fyk (y) = FyR
k
(y)FyI

k
(y) =

1
σ2

e,kπ
e
−|y−

√
γĥ(Te)C(Te,t)sk|2

σ2
e,k , (B.3)

where σ2
e,k is shown in (4.7).
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Based on the maximum likelihood theorem [136], the demodulated symbol index is given

by

k̂ = argmax
k∈{1,2,··· ,M}

 1
σ2

e,kπ
e
−|y(t)−

√
γĥ(Te)C(Te,t)sk|2

σ2
e,k

 . (B.4)

After some mathematical manipulation of (B.4), (4.6) could be obtained.

B.2 Proof of Theorem 4.2

According to (4.8), the UUB on the ABEP of the sub-optimum detector is given by

ABEP≤
Nt

∑
m=1

Nt

∑
m̂=1

N(m→m̂)P(m→m̂)

Mlog2 (M)
. (B.5)

According to [137, 138], the PEP is defined by

P(m→m̂)
∆
= P

(
∥y(t)−

√
γh(Te)C (Te, t)sm∥2 > ∥y(t)−

√
γh(Te)C (Te, t)sm̂∥2

)
= Q


√√√√√∥∥√γh(Te)C (Te, t)

∥∥2|sm− sm̂|2

2γ

(
1−C (Te, t)

2
)
|sm|2 +1

 ,
(B.6)

where Q(x) = 1
π

π

2∫
0

e
(
− x2

2sin2 θ

)
dθ .
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B.3 The Table of h(Te) Value in the Monte Carlo Simula-

tions

Table B.1 h(Te) Value in the Monte Carlo Simulations

Case 1 Case 2
h1 1.5511+ 0.1561i 0.9578+2.0563i
h2 -0.4685 + 0.3031i -0.7581+0.5835i
h3 0.8435 - 0.3901i 0.6795+0.9751i
h4 1.2329 + 0.4709i 0.0877-0.7482i
h5 -0.4971 - 1.1352i 1.0159-0.3314i
h6 0.1728 + 0.2262i -1.3866-0.1927i
h7 0.1781 - 0.4837i -0.1398+0.7767i
h8 -0.5205 + 0.6567i -0.8541-0.1965i
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