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Abstract

Owing to their autonomy, flexibility and broad range of application domains, unmanned

aerial vehicles (UAVs) are deemed as a promising solution for not only improving wireless

communication performance but also empowering new industrial opportunities, e.g., en-

hancing wireless transmissions’ coverage, capacity, reliability and energy efficiency, and

realizing real-time video streaming and parcel delivery. However, to further release the

potentials of UAV-aided networks, there are still numerous technical challenges waiting

to be tackled, inter alia, resource management, performance analysis and trajectory opti-

mization. This thesis comprehensively investigates the aforementioned three key topics

and is devoted to providing either thorough performance analysis or effective optimization

algorithms for UAV-mounted networks among various application scenarios.

To enhance transmission quality, privacy level, and energy manipulating efficiency for

UAV-relaying networks, this thesis begins with initiating a novel simultaneous wireless in-

formation and power transfer (SWIPT) full-duplex (FD) UAV-relaying protocol, termed as

harvest-and-opportunistically-relay (HOR). Then, performance analyses on transmission

outage and covert communications are performed, based on which impacts of key sys-

tem parameters are analysed and discussed, while fundamental trade-offs are spotted. In

the next technical chapter, to enhance wireless transmission quality for cellular-connected

UAVswhile protecting ground users from being interfered, a joint time-frequency resource

block (RB) and beamforming optimization problemminimizing the expected outage dura-

tion (EOD) of UAV is studied. To solve the proposed radio resourcemanagement problem,

a deep reinforcement learning (DRL) solution is proposed, where deep double duelling Q

network (D3QN) and twin delayed deep deterministic policy gradient (TD3) are invoked
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to deal with RB allocation in discrete action domain and beamforming design in con-

tinuous action regime, respectively. In the last two technical chapters, UAV trajectory

optimizations are conducted in scenarios of UAV base station (BS) uplink transmissions

and cellular-connected UAV, where Grover iteration from quantum mechanics is adopted

to aid action selection and experience replay of tabular reinforcement learning (RL) and

DRL frameworks, separately. Numerical results regarding aforementioned performance

analysis are conducted onMATLAB, while those about performance optimization are per-

formed on Python.
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Chapter 1

Introduction

1.1 Unmanned Aerial Vehicles

Unmanned aerial vehicle (UAV), also known as drone or remotely piloted flying machine,

refers to aircraft without on-board human pilots, crews or passengers. The flight of UAV

may be operated and managed by either remote human controller or integrated algorithms,

e.g., autopilot assistance and fully autonomous navigations with no needs of human inter-

ventions. Based on different metrics, e.g., mean take-off weight (MTOW), capabilities,

operational altitude, achievable speed, weight, wing arrangement and size, drones can be

classified into various categories. A typical example is from the perspective of wing con-

figuration, drones can be categorized as rotary-wing UAVs and fixed-wing UAVs. On one

hand, rotary-wing UAVs, e.g., quadcopters, are able to not only roam to arbitrary direction

but also hover in the sky, while fixed-wing UAVs cannot hover and have to maintain an

uninterrupted forward motion for keeping aloft. On the other hand, rotary-wing UAVs

cannot afford to carry massive payload and have constrained mobility, while fixed-wing

UAVs are able to carry heavy freight and achieve high-speed velocity. For a detailed

demonstration of UAV classifications, please refer to [1].

Historically, UAVs were adopted in the scenario of military missions that may en-

danger soldiers’ life, e.g., deploying UAVs for remote surveillance and armed strikes. In

recent years, UAVs becomemore accessible and popular in commercial markets, thanks to
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the advancement of manufacturing and costs fell. In civilian applications, UAVs have been

applied to achieve lots of meaningful and essential goals, e.g., traffic control, photography,

parcel delivery, inspection, transmission relaying, aerial photography & videography, bird

control, live streaming, search & rescue, quality index monitoring and smart agricultures

[2–5]. According to one of the latest market assessment reports [6], the global UAVmarket

is estimated to reach USD 27.4 billion in the year 2021, while being forecasted to hit USD

58.4 billion by the year 2026 with compound annual growth rate (CAGR) of 16.4% along-

side the time horizon 2021-2026. Some key real-world UAV applications and intuitives

include Google’s Loon project, Amazon Prime Air and Google’s Project Wing. With the

global outbreak of COVID-19 pandemic, the demands of contactless deliveries of medical

supplies and other essentials further stimulate the soaring of UAV market shares.

To enable unmanned aircraft system, wireless communications are undoubtedly of

essence and significance. The corresponding reasons can be interpreted as: 1) UAVs

have to keep exchanging vital control and non-payload communication (CNPC) data with

ground-based pilot and air traffic coordinator, for realizing reliable, efficient and secure

flights; and 2) mission-oriented payload communication data, e.g., images, videos and

relayed signals, need to be transmitted/received to/from ground transceivers. Symmetri-

cally, UAVs are playing an important and irreplaceable role to help achieve connectivity-

seamless and high-quality wireless communications [7–18]. Taking advantage of UAV’s

high flying altitude and line-of-sight (LoS) aerial-terrestrial links, wireless coverage and

transmission performance can be further enhanced [19, 20]. Besides, blessed by UAVs’

configurable mobility and flexible deployment, UAVs are widely utilized to not only de-

liver data offloading services in the scenario of jammed signal traffic but also provide tem-

porary wireless coverage in the case of damaged communication infrastructures [21–23].

Additionally, UAVs can play the role as relaying infrastructure for wireless communica-

tions, helping establish complementary transmission links for transceivers that are far away

from each other where satisfactory direct channels are unavailable and non-line-of-sight

(NLoS) wireless links dominate [24–26].
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1.1.1 Air-to-Ground Channel Model
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Fig. 1.1 A simple example of LoS/NLoS A2G wireless link

Fig. 1.1 depicts a concise but representative example of air-to-ground (A2G) wireless

channels, where 𝐻UAV represents UAV’s altitude, 𝐻A indicates terrestrial transceiver’s

antenna height, and 𝑑2𝐷 and 𝑑3𝐷 denote horizontal and the corresponding 3-dimensional

(3D) distances between ground node and UAV, respectively. Compared to terrestrial com-

munication scenarios where NLoS wireless links are the most likely to be experienced,

UAV-aided networks are more likely to establish LoS wireless links among transceivers

because UAVs are flying in the sky with relatively high altitude. Therefore, simple free-

space pathloss is no longer suitable to model A2G wireless channels, especially, for cir-

cumstances where potential obstructions, e.g., buildings and trees, cannot be overpassed.

Significant efforts have been devoted to developing more accurate A2G channel models

that can better characterize the unique propagation environment of UAV-mounted net-

works [17, 27–29]. In the following, two typical A2G channel models that are commonly

applied in current literature are concisely introduced.

1. Angle/Altitude Based A2G Channel Parameters: As UAV’s flying altitude varies,

the situation of A2G signal blockage and scattering changes accordingly. For in-

stance, in the case of increasing altitude, LoS A2G channels are getting more chance

to be encountered, while on the contrary, when UAV’s altitude is decreasing, NLoS

A2G links are more likely to be experienced. To track the aforementioned charac-
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teristic of A2G channels, one practical manner is to take altitude or angle of A2G

links into account, where such considerations may affect the following A2G channel

parameters: pathloss component, shadowing’s variance [27], Rician factor [28] and

excessive pathloss gain [29].

2. Probabilistic A2G Channel Model: Probabilistic LoS channel model is widely ap-

plied to characterize A2G propagation gain, by separately modelling LoS/NLoS

pathloss and considering their occurrence probabilities. This approach is based

on statistical information of local environment, e.g., building distribution includ-

ing buildings’ horizontal locations and their corresponding heights [17]. Then, for

given coordinates of transceivers, the probability of encountering explicit type of

A2G wireless links, i.e., LoS or NLoS, can be tracked via checking potential exis-

tence of obstacles alongside the line drawn between UAV and ground equipment,

over the considered statistical model of environment.

• Elevation Angle Based Probabilistic LoSmodel: Formathematical tractability,

this approach computes the expected A2G pathloss gain between UAV and

ground node, via considering LoS probability which is modelled as a logistic

function of the elevation angle and specifying different large-scale propagation

loss for LoS/NLoS link [30, 31].

• A2G Channel Model Suggested by 3GPP: To support UAVs served by long-

term evolution (LTE) networks, 3rd generation partnership project (3GPP) has

specified comprehensive A2G channel modelling between ground base station

(BS) and UAV for three typical circumstances, i.e., rural Macro (RMa), urban

Macro (UMa) and urban Micro (UMi). In such channel modelling solution,

LoS probability, small-scale fading, LoS/NLoS pathloss and shadowing for

the aforementioned three scenarios with UAV altitude ranged from 1.5m to

300m are explicitly stated. Note that the LoS probability is determined by two

parameters, i.e., UAV’s altitude and horizontal distance between BS and UAV.
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For detailed information regarding this approach of A2G channel modelling,

please refer to Tables B1-B4 on reference [32].

The choice of A2G channel model should be corresponded to the concentrated trans-

mission environment and the goal of investigation, due to the dilemma rooted from mod-

elling accuracy and analytical complexity. Angle/altitude based A2G channel parameter

and elevation angle based probabilistic LoS model are usually invoked to conduct wire-

less performance analysis in the urban scenario, for their mathematical tractability, but the

corresponding drawbacks may include, e.g., failing to trace the dynamics of UAV’s hori-

zontal movements and simplified shadowing. The A2G channel model suggested by 3GPP

is more suitable to be adopted to generate numerical simulations rather than to analyse sys-

tem performance for BS-UAV transmissions, because of its sophisticated formulation.

1.1.2 Mobility of UAV

Apart from featured A2G wireless channel model compared to terrestrial transmissions

in general, the other essential and notable difference from terrestrial communications is

UAV’s controllable mobility [11, 33–35], which brings us an extra degree of freedom

(DoF) to refine the quality of A2G wireless communications, e.g., mission-oriented navi-

gation for marching UAV to avoid spots where satisfactory wireless coverage performance

cannot be achieved [23, 36] and adaptive deployment for quasi-static UAV whose loca-

tion remains fixed over interested duration to help realize better transmission performance

[17]. For taking advantages of this extra DoF offered by UAV’s mobility to polish wireless

transmissions, e.g., coverage enhancement and expected throughput maximization, there

mainly are two relevant research directions in current literature, i.e., optimal UAV deploy-

ment [30, 37–41] and trajectory design [42–45]. The motivation of seeking optimal UAV

placement is inspired by the fact that UAV’s flying altitude affects both LoS probabil-

ity and pathloss strength of A2G link between transceivers, e.g., higher altitude leads to

greater chance of establishing LoS A2G channels, however, the corresponding degree of

pathloss will be enlarged consequently due to longer propagation distance. Hence, com-



1.1. Unmanned Aerial Vehicles | 6

pared to terrestrial deployment, optimal UAV placement has to consider one more factor

apart from horizontal deployment, i.e., the adjustable flying altitude of UAV that directly

poses impacts on channel characteristics of A2G links. In addition to the perspective of

optimal deployment for quasi-static UAV, trajectory optimization focuses on fully utiliz-

ing UAV’s configurable mobility to optimize wireless communication quality via design-

ing UAV’s flight trajectory from a launching point to a destination, which could be more

challenging because more factors, e.g., propulsion energy budget, flying time cost, colli-

sion avoidance and channel varying caused by dynamic location changing, are supposed

to be carefully taken into account. It is worth noting that exploiting mobility to enhance

wireless transmission quality is not at all a new idea rising from UAV-aided networks,

which has been widely investigated in several terrestrial transmission scenarios, e.g., mo-

bile ad-hoc network and mobile robotics. Their key differences can be briefly drawn as: 1)

terrestrial moving equipments have to consider the obstructions on the 2-dimensional (2D)

ground that limits the flexibility of path planning, compared to UAV flying in 3D airspace

where much fewer physical obstacles are expected to be encountered; and 2) UAV can

help achieve LoS-dominated A2G wireless links that benefit conducting channel predic-

tion, while ground-based mobile nodes usually suffer from greater scattering and fading.

In short, UAVs are able to offer more flexible mobility and stronger A2G wireless chan-

nels, thus more satisfactory trajectory design may be achieved.

Unfortunately, continuous time horizon implicates infinite location possibilities, veloc-

ity constraints and other variables if included for UAV trajectory optimization. To make

UAV path planning mathematically tractable, it is of essence and non-trivial to discretize

UAV trajectory as well as other related constraints [17, 46]. There are two major trajectory

discretization approaches widely applied in current literature, shown as

• Path Discretization: This method aims to cut UAV’s path into several consecutive

and length-unequal segments, in the scenario of unknown total flight time. Then,

the continuous trajectory can be interpreted as a sequence of segments’ initial/end

coordinates and the consumed time duration within each segment [47].
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• Time Discretization: This approach evenly divides the considered time horizon that

may be a known parameter into several time slots, where the slot-length should be

chosen as a sufficiently insignificant value and thus UAV’s location within each time

slot can be treated as unchanged. Therefore, flight trajectory can be approximated

by a sequence of locations associated with the consecutive time slots [36, 48].

Al-Hourani et al. [30] considered an optimal UAV placement problem for maximizing

coverage radius provided by a single UAV, where the optimal UAV altitude was derived.

Mozaffari et al. [38] designed UAV deployment for optimizing total coverage area of

given amount of UAV-BSs, in which directional UAV antenna model was adopted. He

et al. [39] proposed a joint UAV altitude and beamwidth design for achieving through-

put optimization, where specific impacts of UAV altitude on three representative multi-

user transmission scenarios were analysed. To maximize the number of covered users

with minimum transmit power cost, Alzenad et al. [40] proposed a convex optimization

based UAV-BS placement algorithm after decoupling vertical placement from horizontal

deployment and transforming the formulated optimization goal into a second order cone

problem. Hu et al. investigated joint optimization problems on energy consumption and

path planning for scenarios of UAV-aided legitimate monitoring [42] and covert UAV-on-

UAV video tracking and surveillance [43], where the specific optimization goals were both

solved via convex optimization techniques. Zhao et al. [44] considered a multi-UAV path

planning problem for energy-efficient content coverage, in which a decentralized learning

algorithmwas proposed to decouple the formulated problem into two stochastic games and

then find the equilibrium that can help expose the optimal trajectory. Cheng et al. [26]

studied a joint optimization goal on UAV trajectory and time scheduling for maximizing

minimum average secrecy rate of UAV-relaying networks with catching, to achieve which

an iterative algorithm aided by successive convex approximation (SCA) was designed.

To maximize minimum harvested energy for ground users within UAV-mounted wireless

power transfer network, a UAV trajectory optimization problem under constraint of maxi-
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mumflying speed was investigated in [45], where iterative solution with the help of convex

optimization was proposed to accomplish the harvested energy optimization task.

1.1.3 Cellular-Connected UAV

In current markets, UAVs are mainly communicating with their ground-based pilots via

simple point-to-point (P2P) links over unlicensed spectrum, e.g., the industrial, scientific

and medical (ISM) band at 2.4 GHz, which leads to inferior A2G transmission perfor-

mance including low data throughput, limited communication range and interference vul-

nerability [4]. For realizing large-scale deployment of UAV and further improving A2G

communication quality, one promising approach is to integrate UAVs into worldwide-

deployed cellular networks as aerial user equipment (UE), leveraging powerful ground

BSs to serve UAVs, which is termed as cellular-connected UAV solution [23, 36, 49].

In contrast to P2P aerial-terrestrial communications, cellular-connected UAV technique

can help establish beyond visual and radio LoS (BVRLoS) communications between ter-

restrial BSs and UAVs, which is beneficial for realizing long-distance UAV application

without range limitation, not to mention other advantages such as enhanced performance

of reliability, security, transmission rate and coverage. Besides, cellular-connected UAV

is cost-effective because countless cellular BSs worldwide can be reused to support A2G

communications, with no requirement on dedicated infrastructure reconstruction. Further-

more, cellular-connected UAV solution may have the potential to encourage the emerging

of new business opportunities for not only UAV industry but also cellular operators. Last

but not least, in contrast to conventional UAV navigation approaches that are mainly de-

pendent on global position system (GPS), cellular-connected UAV can help realize more

robust UAV path planning performance, via invoking cellular signals to compensate GPS

coverage where satellites may fail to support satisfactory UAV navigation.

However, the existing cellular networks are exclusively established for serving ground

UEs, barely considering aerial UEs. As depicted in Fig. 1.2, antennas at BSs in current

cellular networks are conventionally downtilted towards the ground for mitigating terres-
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Served by Stronger Sidelobe

Served by 
Weaker Sidelobe

Fig. 1.2 An illustration of serving lobes for cellular-connected UAV

trial inter-cell interferences (ICIs), which means that UAVs can only be served via the

sidelobes and satisfactory A2G connections cannot be guaranteed in general [36, 50]. To

investigate wireless coverage support of current cellular network for UAVs, Lyu et al. [51]

proposed a novel analytical framework for characterizing A2G uplink/downlink transmis-

sions, where downtilted vertically-directional radiation pattern of BS’s antenna is taken

into account. From the viewpoint of forthcoming 5G or 6G cellular networks, the main

serving objects are still ground UEs, which means that finding a proper way of involving

UAVs into cellular networks without posing negative impacts on terrestrial transmissions

is inherently of importance. In fact, integrating drones into the existing cellular networks

has already been one of the most important research directions, which is believed to fur-

ther release the potentials of UAV-aided network in terms of reliability, coverage, through-

put and quality-of-experience (QoE). Unlike terrestrial cellular transmissions where NLoS

pathloss appears more frequently, LoS-involved A2G links play the role as a double-edged

blade. On one hand, LoS-dominant A2G links can help relieve the sufferance of severe

multi-path fading, shadowing and pathloss, which are very common “illnesses” in terres-

trial transmissions due to vast existence of blockages, e.g., buildings, pedestrians, vehicles

and trees. On the other hand, it may make drones generate stronger interferences (or suffer

more severe interferences) to (or from) BSs in the uplink (or the downlink) transmissions.

Besides, drones can cover larger region for data transmissions due to their high flying al-

titudes, then greater macro-diversity gain can usually be achieved because more BSs can
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cooperate to enhance A2G communication qualities in terms of, e.g., throughput and re-

liability. Unfortunately, more co-channel interfering sources for drones in the downlink

might be involved as well (or UAVs can act as the interferers to more ground UEs in the

uplink). Therefore, interference coordination issue for cellular-connected UAV networks

is more intricate and must be seriously treated. Various interference management strate-

gies have been investigated in the literature for terrestrial cellular transmission scenario,

e.g., inter-cell interference coordination (ICIC) [52, 53], cognitive beamforming [54] and

coordinated multipoint (CoMP) communications [55]. However, conventional interfer-

ence mitigation techniques for terrestrial transmissions are most likely ineffective to han-

dle more sophisticated interfering environment caused by UAVs with LoS-dominant A2G

links and larger coverage. Therefore, interference management approaches that are adap-

tive to cellular-connected UAV networks should be delicately designed to achieve efficient

spectrum sharing with coexisting ground UEs. Up to date, there exist several related works

devoted to offering interference management approaches for cellular-connected UAV net-

works [3, 4, 56–58]. Mei et al. [3] studied interference mitigation issue in uplink commu-

nication from a UAV to BSs, where weighted sum-rate of the UAV and ground UEs was

maximized via jointly optimizing uplink cell association and power allocation. Liu et al.

[4] proposed a new cooperative interference cancellation strategy for multi-beam cellular-

connected UAV uplink transmissions, in which co-channel interference elimination and

sum-rate maximization were investigated with the help of transmit beamforming design.

Chandhar et al. [57] leveraged multiple-input multiple-output (MIMO) technique to deal

with interference coordination problem of single-antenna UAV swarms served by a multi-

antenna BS. Senadhira et al. [58] studied the impacts of UAV’s trajectory and altitude

for uplink non-orthogonal multiple access (NOMA) cellular-connected UAV network, in

which ICI issue was dealt with NOMA technique.

On the other hand, the controllable mobility feature of UAV as mentioned in Subsec-

tion 1.1.2 makes it possible to enhance A2G transmissions for cellular-connected UAV

via trajectory optimization. Zhang et al. [49] studied cellular-connected UAV’s mission
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completion time minimization problem via invoking graph theory and convex optimiza-

tion to design the optimal flying trajectory from an initial location to a destination, subject

to connectivity constraint of the A2G link. Zhan et al. [59] maximized data uploading

throughput for cellular-connected UAV under constraints of energy cost and minimum

transmission rate threshold, via path planning with the aid of SCA technique. Bulut et al.

[60] proposed a dynamic programming solution to help cellular-connected UAV find the

best travelling path, subject to a continuous disconnection duration restriction.

1.2 Covert Communications

With rapid development of 5G wireless networks and Internet of Things (IoT), rocketing

sorts and amounts of private information, e.g., location data, control orders, social iden-

tity information, e-health indexes, are needed to be shared wirelessly among transceivers.

Consequently, growing concerns have been pouring onto security and privacy (low prob-

ability of being detected) of wireless transmissions. Traditional information-theoretic se-

crecy transmission strategies, e.g., physical layer security, are dedicated to protecting the

legitimate messages from being extracted and then revealed to adversary parties, while

conventional cryptography aims to present the adversary with a sophisticated problem

from which the adversary is not able to decode the protected data due to unbearable com-

putational burden. However, the aforementioned approaches fail to protect the privacy of

legitimate transceivers because although they can helpmitigate secure transmission threats

via protecting the contents of emitted signals from being revealed, they overlook the pri-

vacy issue and thus could not help hide the existence of transmitted messages from being

detected in the first place. To facilitate the privacy issue of wireless transmissions, covert

communications are considered as a promising technique to hide the legitimate messages

from being detected by adversary wardens, i.e., helping the legitimate signals achieve low

probability of being discovered [61, 62]. The importance of covert communications be-

comes more significant for scenarios where no matter how securely the desired contents

are guaranteed from being deciphered, the exposure of signal emitting may lead to devas-
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tating menace, e.g., military applications where even assuming that the wireless messages

are perfectly encrypted, the meta-data such as network traffic pattern, may leak vital infor-

mation to the enemies. If the adversaries cannot detect the occurrence of wireless trans-

missions, even supposing that they have unconstrained eavesdropping power, they get no

opportunity to lunch adversary attacks. Fig. 1.3 delivers an intuitive illustration of covert

transmissions, where a transmitter is trying to broadcast wireless messages to the intended

receiver whilst the Warden keeps detecting the occurrence of signal transmissions.

Transmitter

Receiver

Warden

Covert Transmissio
ns

Malicious Detections

Is it 
transmitting?

Fig. 1.3 A typical scenario of covert communications

The famous Square Root Law, which indicates the fact that 𝒪 (√𝑛) bits of informa-

tion can be transmitted reliably and covertly in 𝑛 channel uses over additive white Gaussian

noise (AWGN) channels as 𝑛 → +∞, was initiated in [63]. Besides, Goeckel et al. [64]

proved that it is possible for the transmitter to covertly send 𝒪 (√𝑛) bits to the intended

receiver, when theWarden has no exact knowledge of its noise power. Additionally, covert

communication problems have been studied in the field of wireless relaying networks [65–

67]. Hu et al. [65] examined the possibility, performance limits and associated costs for

a power-constrained half-duplex (HD) relay transmitting covert information on top of for-

warding the source’s information, while the possibility and achievable performance of low

probability of detection in one-way HD relay system were examined in [66], in which rate-

control and power-control transmission strategies were considered, respectively. Wang et

al. [67] investigated how channel uncertainty can influence covert communication perfor-

mance in wireless relaying networks. In the field of UAV-mounted wireless transmission

systems, Zhou et al. [46] solved a joint optimization problem on UAV’s transmit power
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and path planning, aiming to maximize UAV’s expected covert transmission rate via SCA

approach, under constraints of transmission outage threshold and covertness requirement.

1.3 SimultaneousWireless Information andPowerTrans-

fer

Conventionally, wireless communication systems are powered by rechargeable battery or

electrical grid, such as cellular, Bluetooth, Wi-Fi and sensor networks. There are sev-

eral distinguish physical or/and economic disadvantages of these traditional power supply

methods for wireless communications, which has been the bottleneck restricting ubiqui-

tous applications of wireless communications [68]. More precisely stated, grid-powered

wireless communication systems, e.g., cellular networks, require solid support of electrical

grid infrastructure, which may not only need much more construction resources but also

lead to enormous energy consumption; while the operational lifetime of battery-enabled

wireless networks is inevitably limited, for finite battery capacity in practical applications,

leading to periodic battery replacement or recharging. To prolong the lifetime of wire-

less networks and lift energy efficiency, the research on energy-aware architectures and

transmission strategies has been a hotspot in recent years.

Energy harvesting (EH) technique is able to scavenge energy from natural resources,

e.g., solar power, piezoelectric energy, wind and mechanical vibrations, which is known

as a promising candidate to overcome the aforementioned disadvantages of the traditional

power-supplying solutions. Unfortunately, the amount of energy harvested from natural

resources highly depends on several uncontrollable factors, such as weather condition, re-

sulting in EH unreliability. To aid this, a promising method collecting energy from man-

made radio frequency (RF) signals has gained lots of research concentrations [69–73].

Inspired by the fact that RF signals can carry the intended information and radiation en-

ergy at the same time, the concept of simultaneous wireless information and power transfer

(SWIPT) was coined in [74]. Thereafter, two practical SWIPT strategies were introduced
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in [75], i.e., time-switching (TS) and power-splitting (PS) based SWIPT, in which mis-

sions of information decoding (ID) and EH are conducted respectively in time or power

domain as illustrated in Fig. 1.4. Specifically, the TS-based method allocates part of the

time slot to decode information and the remaining to harvest energy, whereas one portion

of the received signal power is utilized for ID and the other potion is used for EH in the PS-

based strategy [76]. In general, PS-based SWIPT can gain more spectral efficiency (SE)

than its TS-based counterpart, via consuming less time slots. Based on these practical

SWIPT strategies, various essential issues about SWIPT were studied in different wireless

transmission systems, e.g., maximizing the ergodic rate for a dynamic SWIPT approach in

the cooperative cognitive radio network (CCRN) [77], a non-cooperative game-theoretic

approach for the resource optimization in SWIPT-enabled heterogeneous small cell net-

work (HetSNet) [78] and optimizing the energy efficiency (EE) by delicately designing

the precoders at the transceivers in MIMO two-way wireless networks [79].

EH
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(1� ↵n)T
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<latexit sha1_base64="Z44luZItbCbrLS7YE+gR4NHJwAw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK/YImlMl20y7dbMLuRiihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLU8G1cd1vp7SxubW9U96t7O0fHB5Vj086OskUZW2aiET1QtRMcMnahhvBeqliGIeCdcPJ/dzvPjGleSJbZpqyIMaR5BGnaKzk+yjSMQ5yOSOtQbXm1t0FyDrxClKDAs1B9csfJjSLmTRUoNZ9z01NkKMynAo2q/iZZinSCY5Y31KJMdNBvrh5Ri6sMiRRomxJQxbq74kcY62ncWg7YzRjverNxf+8fmai2yDnMs0Mk3S5KMoEMQmZB0CGXDFqxNQSpIrbWwkdo0JqbEwVG4K3+vI66VzVPbfuPV7XGndFHGU4g3O4BA9uoAEP0IQ2UEjhGV7hzcmcF+fd+Vi2lpxi5hT+wPn8AdxKkY0=</latexit><latexit sha1_base64="Z44luZItbCbrLS7YE+gR4NHJwAw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK/YImlMl20y7dbMLuRiihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLU8G1cd1vp7SxubW9U96t7O0fHB5Vj086OskUZW2aiET1QtRMcMnahhvBeqliGIeCdcPJ/dzvPjGleSJbZpqyIMaR5BGnaKzk+yjSMQ5yOSOtQbXm1t0FyDrxClKDAs1B9csfJjSLmTRUoNZ9z01NkKMynAo2q/iZZinSCY5Y31KJMdNBvrh5Ri6sMiRRomxJQxbq74kcY62ncWg7YzRjverNxf+8fmai2yDnMs0Mk3S5KMoEMQmZB0CGXDFqxNQSpIrbWwkdo0JqbEwVG4K3+vI66VzVPbfuPV7XGndFHGU4g3O4BA9uoAEP0IQ2UEjhGV7hzcmcF+fd+Vi2lpxi5hT+wPn8AdxKkY0=</latexit><latexit sha1_base64="Z44luZItbCbrLS7YE+gR4NHJwAw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK/YImlMl20y7dbMLuRiihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLU8G1cd1vp7SxubW9U96t7O0fHB5Vj086OskUZW2aiET1QtRMcMnahhvBeqliGIeCdcPJ/dzvPjGleSJbZpqyIMaR5BGnaKzk+yjSMQ5yOSOtQbXm1t0FyDrxClKDAs1B9csfJjSLmTRUoNZ9z01NkKMynAo2q/iZZinSCY5Y31KJMdNBvrh5Ri6sMiRRomxJQxbq74kcY62ncWg7YzRjverNxf+8fmai2yDnMs0Mk3S5KMoEMQmZB0CGXDFqxNQSpIrbWwkdo0JqbEwVG4K3+vI66VzVPbfuPV7XGndFHGU4g3O4BA9uoAEP0IQ2UEjhGV7hzcmcF+fd+Vi2lpxi5hT+wPn8AdxKkY0=</latexit><latexit sha1_base64="Z44luZItbCbrLS7YE+gR4NHJwAw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRi8cK/YImlMl20y7dbMLuRiihf8OLB0W8+me8+W/ctjlo64OBx3szzMwLU8G1cd1vp7SxubW9U96t7O0fHB5Vj086OskUZW2aiET1QtRMcMnahhvBeqliGIeCdcPJ/dzvPjGleSJbZpqyIMaR5BGnaKzk+yjSMQ5yOSOtQbXm1t0FyDrxClKDAs1B9csfJjSLmTRUoNZ9z01NkKMynAo2q/iZZinSCY5Y31KJMdNBvrh5Ri6sMiRRomxJQxbq74kcY62ncWg7YzRjverNxf+8fmai2yDnMs0Mk3S5KMoEMQmZB0CGXDFqxNQSpIrbWwkdo0JqbEwVG4K3+vI66VzVPbfuPV7XGndFHGU4g3O4BA9uoAEP0IQ2UEjhGV7hzcmcF+fd+Vi2lpxi5hT+wPn8AdxKkY0=</latexit>
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(b) Architecture of PS receiver

Fig. 1.4 Typical architectures of SWIPT receivers, where 𝑇 indicates transmission block
duration, 𝛼 represents TS factor, 𝛽 means PS factor and subscripts 𝑚/𝑛 are denoted to index
different antennas.

One popular SWIPT application is SWIPT-aided relaying networks, which can not

only help solve power supply problem for energy-limited relay, but also take advantages of

information-energy trade-off. However, most existing works on SWIPT-assisted relaying

networks are constrained to HD relay, theoretically resulting in 50% SE loss. Full-duplex

(FD) technology, which allows transceivers emit and receive information simultaneously,

can potentially achieve efficient utilization of wireless resources, i.e., time and frequency,
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and thus it is expected to overcome the shortcomings of its HD counterpart on SE [69, 80].

Therefore, lots of research have been devoted to integrating FD relaying (FDR) techniques

into PS-based SWIPT to overcome energy deficiency and enhance the utilization efficiency

of wireless resources [81, 82]. Wang et al. [81] investigated characteristics and perfor-

mance of PS-based two-way SWIPT FDR networks as well as the relay selection issue.

Liu et al. [82] examined the outage probability and average throughput performances in a

PS-based SWIPT FDR wireless network.

1.4 Machine Learning

As an important and crucial subfield of artificial intelligence (AI), machine learning (ML)

is famous for enabling machines, e.g., computers, to learn features, trends and patterns

from the focused environments or datasets and thereafter making predictions and deci-

sions without being explicitly programmed, instead, by experiences and data. Up to date,

ML algorithms have been widely and successively utilized in various application cases,

e.g., natural language processing (NLP), computer vision (CV) and traffic prediction, self-

driving vehicles, email spam & malware filtering, medical diagnosis and fraud detection.

In general, depending on the feedback available to the learning agent, ML algorithms are

commonly sorted into the following three categories.

• Supervised Learning & Semi-Supervised Learning: Roughly speaking, the task of

supervised learning is to realize generalization, via training with labelled data, i.e.,

the dataset used for learning involves desired “answers”, e.g., support vector ma-

chine (SVM), decision tree and random forest for classification, and linear regres-

sion, logistic regression and polynomial regression for regression. On the other

hand, semi-supervised learning is an approach that is fed with a small amount of la-

belled data and a large amount of unlabelled data when being trained, which is more

cost-effective, especially for circumstances where the dataset is extremely large and

it is unaffordable to label all elements in the dataset. A representative case of semi-
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supervised learning is medical image diagnosis, where a small number of labelled

images for training can help achieve a satisfactorily high diagnosis accuracy.

• Unsupervised Learning: The goal of unsupervised learning is to cluster and com-

press, through learning from untagged data, i.e., finding structures or classifying the

information from the inputs, e.g., 𝑘-means clustering for market segmentation, prin-

cipal component analysis (PCA) for reducing redundancy, singular value decompo-

sition (SVD) for dimensionality reduction and autoencoder for removing noise from

visual data.

• Reinforcement Learning: The aim of reinforcement learning (RL) is to act, via learn-

ing in a trial-and-error fashion. RL differs from supervised leaning in the manner of

not requiring tagged input/output pairs of dataset and not needing suboptimal actions

to be explicitly amended. There is no right answer for RL in the dataset, instead,

the RL agent learns to direct itself to get greater amount of accumulated-rewards.

In the case that no dataset is given, RL agent is bound to learn from experiences.

1.4.1 RL

Standard off-line optimization approaches, e.g., convex optimization, solving metric max-

imization/minimization problem for UAV-aided networks, e.g., radio resource allocation

and trajectory design, suffer from inefficiency due to non-convex nature of the formulated

optimization objective and the corresponding constraints, even under impractical assump-

tions where perfect knowledge of wireless environment is available, e.g., A2G channel

model and BS antenna model. Fortunately, RL serves as a good complement to tradi-

tional off-line optimization solutions, which is famous for the favourable ability of learn-

ing unknown environment in a trial-and-error manner [83]. In recent years, RL-related

techniques have been widely applied to help solve performance optimization problems

for UAV-mounted networks, e.g., radio resource allocation, interference mitigation and

path planning. Cui et al. [84] investigated a real-time design on resource allocation for
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multiple-UAV network, in which multi-agent reinforcement learning (MARL) framework

was proposed to realize optimal user selection, power allocation and sub-channel asso-

ciation. Zeng et al. [36] investigated an optimal UAV trajectory planning problem on

minimizing the weighted sum of mission completion time and expected transmission out-

age duration, via deep RL (DRL)-aided approaches.

In the field of RL, there are two core components, i.e., Agent and Environment. Specif-

ically, the agent refers to “solution” that generates decisions or actions to tackle sequential

decision-making problems with uncertainty, while the environment is a representation of

the “problem” that delivers responses, e.g., next state, immediate reward and state tran-

sition, to the selected action from the agent for given state. The RL agent and the envi-

ronment are interacting with each other proactively so that the agent can learn to achieve

more significant accumulated-rewards via making more suitable actions for each possi-

ble state. The diagram of agent-environment interaction is depicted in Fig. 1.5, in which

𝑡 = 0, 1, 2, ⋯ ∈ ℤ≥0 denotes discrete time step of a sequence.

RL agent

Environment

Action 𝑎𝑡

𝑠𝑡+1

State 𝑠𝑡 Reward 𝑟𝑡 (𝑠𝑡, 𝑎𝑡)

Fig. 1.5 The diagram of interaction between RL agent and environment

The training of RL agent is based on Markov decision process (MDP) consisting of

five components listed in a tuple (𝒮 , 𝒜 , 𝒯 , 𝑟, 𝛾), shown as follows.

• 𝒮 : a state 𝑠𝑡 ∈ 𝒮 denotes RL agent’s observation at trial 𝑡, where observations

characterize the information of environment.

• 𝒜 : an action 𝑎𝑡 ∈ 𝒜 represents the agent’s choice at trial 𝑡 following an action

selection policy 𝜋. An action is selected and evaluated by the agent for every trial
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alongside the learning process, leading state transition 𝑠𝑡 → 𝑠𝑡+1. Then, a reward

will be generated, which reflects the immediate impact of 𝑎𝑡 given 𝑠𝑡. The policy

𝜋(𝑠𝑡, 𝑎𝑡) ∶ 𝒮 × 𝒜 → [0, 1] claims the probability distribution of picking action 𝑎𝑡

for state 𝑠𝑡, constrained by ∑𝑎𝑡∈𝒜 𝜋(𝑠𝑡, 𝑎𝑡) = 1.

• 𝒯 : after taking an action, the state transition function 𝒯 =Pr(𝑠𝑡+1|𝑠𝑡, 𝑎𝑡) ∶ 𝒮 ×𝒜 ×

𝒮 → [0, 1] captures state transition 𝑠𝑡 → 𝑠𝑡+1. When 𝒯 is not available, the MDP

can still be solved via temporal difference (TD)-based approach, which claims the

“model-free” learning progress.

• 𝑟: an immediate reward 𝑟𝑡(𝑠𝑡, 𝑎𝑡) acts as performance metric determining how good

the selected action 𝑎𝑡 is, given state 𝑠𝑡.

• 𝛾: a scale factor 𝛾 ∈ [0, 1] is applied to discount the future reward, which measures

how much the agent cares about the rewards in distant future. More variances will

be generated by the reward function with the expanding of time horizon, while the

discount factor 𝛾 can help reduce such uncertainty and realize the convergence of

RL algorithm.

As illustrated in Fig. 1.5, while interacting with the environment, the RL agent chooses

an action 𝑎𝑡 for observed state 𝑠𝑡 at trial 𝑡 following current action selection policy 𝜋(𝑠𝑡, 𝑎𝑡).

After executing the selected action, state transition 𝑠𝑡 → 𝑠𝑡+1 occurs and a scalar reward

𝑟𝑡(𝑠𝑡, 𝑎𝑡) will be generated. Then, the experience 𝑒𝑥𝑝𝑡 = {𝑠𝑡, 𝑎𝑡, 𝑟𝑡, 𝑠𝑡+1} can be collected

to train the RL agent. The state-action value function 𝑄𝜋(𝑠𝑡, 𝑎𝑡), i.e., Q function, derives

the discounted accumulated-rewards and reflects the long-term return of acting 𝑎𝑡 over 𝑠𝑡

following current action selection policy 𝜋, given by

𝑄𝜋(𝑠𝑡, 𝑎𝑡) = 𝔼𝜋
⎡⎢⎢⎣
𝐺𝑡 =

+∞

∑
𝑛𝑡=0

𝛾𝑛𝑡𝑟𝑡+𝑛𝑡|𝑠𝑡 = 𝑠, 𝑎𝑡 = 𝑎
⎤⎥⎥⎦

, (1.1)
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where 𝐺𝑡 calculates the discounted accumulated-rewards. The state-action value function

𝑄𝜋(𝑠𝑡, 𝑎𝑡) satisfies the Bellman equation, shown as

𝑄𝜋(𝑠𝑡, 𝑎𝑡) = 𝔼𝜋
⎡⎢⎢⎣
𝑟𝑡 + 𝛾 ∑

𝑠𝑡+1∈𝒮
𝒯 (𝑠𝑡+1|𝑠𝑡, 𝑎𝑡) ∑

𝑎𝑡+1∈𝒜
𝜋(𝑠𝑡+1, 𝑎𝑡+1)𝑄𝜋(𝑠𝑡+1, 𝑎𝑡+1)

⎤⎥⎥⎦
. (1.2)

The RL agent aims to find the optimal policy 𝜋∗ which is expected to maximize the

long-term return, i.e., 𝑄∗(𝑠𝑡, 𝑎𝑡) = max
𝜋

𝑄𝜋(𝑠𝑡, 𝑎𝑡). In the case of known optimal Q function

𝑄∗(𝑠𝑡, 𝑎𝑡), the optimal action selection policy can be given by

𝜋∗
[𝑠𝑡, 𝑎𝑡 = argmax

𝑎∈𝒜
𝑄∗(𝑠𝑡, 𝑎)] = 1. (1.3)

Therefore, an important goal of RL agent is to find the optimal Q function which fol-

lows Bellman optimality equation [85], shown as

𝑄∗(𝑠𝑡, 𝑎𝑡) = 𝑟𝑡 + 𝛾 ∑
𝑠𝑡+1∈𝒮

𝒯 (𝑠𝑡+1|𝑠𝑡, 𝑎𝑡) max
𝑎𝑡+1∈𝒜

𝑄∗(𝑠𝑡+1, 𝑎𝑡+1). (1.4)

Unfortunately, (1.4) is non-linear and admits no closed-form solution, which can al-

ternatively be solved through iterative algorithms [86]. Specifically, (1.4) can be deduced

recursively to achieve the optimality 𝑄∗(𝑠𝑡, 𝑎𝑡), via TD learning when the knowledge of

explicit reward and state transition models are absent, or through dynamic programming,

e.g., value iteration, when the agent possesses full information of the MDP. The estima-

tion of Q function can be gradually polished by directly interacting with the environment

and sampling the experience sequence 𝑒𝑥𝑝𝑡, which applies the recursive updating rule on

Q function 𝑄(𝑠𝑡, 𝑎𝑡), given by

𝑄(𝑠𝑡, 𝑎𝑡)⏟⏟⏟
updated Q value

← 𝑄(𝑠𝑡, 𝑎𝑡)⏟⏟⏟
old value

+𝛼𝑙𝑟

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

temporal difference

⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞

𝑟𝑡 + 𝛾

estimate of optimal future value

⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞max
𝑎𝑡+1∈𝒜

𝑄(𝑠𝑡+1, 𝑎𝑡+1)
⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
new value (temporal difference target)

− 𝑄(𝑠𝑡, 𝑎𝑡)⏟⏟⏟
old value

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, (1.5)
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where 𝛼𝑙𝑟 ∈ (0, 1] denotes the learning rate. It is well-known that the optimum 𝑄∗(𝑠𝑡, 𝑎𝑡)

can be achieved when the state-action pairs are sufficiently experienced and the learning

rate is properly chosen [85]. From (1.5), it is straightforward to find that the updated Q

value is a sum of the following three components.

• (1 − 𝛼𝑙𝑟) 𝑄(𝑠𝑡, 𝑎𝑡): the old Q value weighted by a learning rate related factor, which

implies that a smaller learning rate leads to less amount of Q value change, while a

greater one results in more rapid Q value update.

• 𝛼𝑙𝑟𝑟𝑡: the immediate reward weighted by the learning rate.

• 𝛼𝑙𝑟𝛾 max
𝑎𝑡+1∈𝒜

𝑄(𝑠𝑡+1, 𝑎𝑡+1): the estimate of optimal future value weighted by the learn-

ing rate and the discount factor.

Therefore, the learning rate claims the step size of Q value update, determining how much

the newly acquired information overrides its old counterpart.

In what way the environment reacts to RL agent’s actions is known as the model, which

may or may not be available for the agent. In the case of known model, it is referred as

model-based RL, and on the contrary, it is called model-free RL. For model-based RL,

the accurately optimal solution can be found via dynamic programming. Instead, model-

free RL does not require a prior knowledge of the environment that it is interacting with.

The major pro of applying a model is that it enables the agent to foresee what would

the environment react for a bunch of executed actions and then the agent can gain better

performance on sample efficiency. When the model is not available which is a common

case in practice, if one prefers to still use model-based RL, then the RL agent has to learn

the model from experienced transitions. However, despite of the extra complexity for

learning amodel, the bias of currently learnt model couldmislead the agent to commit poor

policy, especially, in the early training stagewhen the learnt model cannot well describe the

real environment. Although model-free RL cannot reach as high sample efficiency as its

model-based counterpart, it is usually easier to be implemented and tuned, and thus more

popularly used. To realize training model-free RL agent, three common and widely used
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approaches are policy-based, value-based and actor-critic solutions. Specifically, policy-

based RL solutions directly learn the policy that maps states to actions, while valued-based

RL algorithms indirectly learn the state value function or Q function, where the state value

is defined as

𝑉𝜋(𝑠𝑡) = 𝔼𝑎𝑡∼𝜋 [𝑄𝜋(𝑠𝑡, 𝑎𝑡)] , (1.6)

which specifies the expected return, i.e., discounted accumulated-rewards, starting from

state 𝑠𝑡 following a policy 𝜋. Then, another important and typical function, named advan-

tage, can be deduced as

𝐴𝜋(𝑠𝑡, 𝑎𝑡) = 𝑄𝜋(𝑠𝑡, 𝑎𝑡) − 𝑉𝜋(𝑠𝑡), (1.7)

which quantifies how much better taking action 𝑎𝑡 for state 𝑠𝑡 over the average value of

randomly picking actions following the policy 𝜋.

RL algorithms

Model-free RL

Policy-based solution Value-based solution

Model-based RL

Model-learning solution Model is accessible

Actor-critic solution

Fig. 1.6 Taxonomy of RL algorithms in terms of model availability

Tabular RL, e.g., Q-learning, is a widely applied and simple value-based framework to

solve MDP-related problems, in which the tabular Q-table is the key component recording

Q values for possible state-action pairs. In tabular RL, the agent is supposed to interact

with the environment consistently and converge to the optimality 𝑄∗(𝑠𝑡, 𝑎𝑡) via recursively

updating𝑄(𝑠𝑡, 𝑎𝑡) asmentioned in (1.5). Unfortunately, this table-basedRLmethod suffers

from the curse of dimension, i.e., it becomes inefficient if the state space and/or the action

space are huge (or, even continuous). To crack this nut, instead of applying Q-table to

store 𝑄(𝑠𝑡, 𝑎𝑡) for each state-action pair, function approximation technique is invoked to
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approximate the Q function, e.g., linear combinations of features, decision tree, nearest

neighbours and artificial neural networks (ANNs).

1.4.2 Deep RL

Hidden Layers

In
pu

ts

O
ut

pu
ts

Fig. 1.7 An example of DNN’s architecture

Supervised Learning Semi-Supervised 
Learning Unsupervised Learning

Machine Learning

Artificial Intelligence

Deep Learning Reinforcement LearningDeep Reinforcement Learning

involves any method that enables machines perform intelligently

empowers machines to solve problems via learning from, usually, dataset

uses multiple layers to 
progressively extract higher-

level features from the raw input

learns from reward signals  
while interacting with the 

environment, to make optimal 
decisions for observations

incorporates deep learning into 
the framework of reinforcement 
learning, representing the policy 

or other learnt functions as a 
neural network

Fig. 1.8 The relationship between DRL and other AI approaches

Intuitively, DRL is a composition of RL and ANNs, where “deep” refers to ANN with

multiple hidden layers. ANN is one of popular and powerful Q function approximators,

which has been theoretically proved being able to universally imitate any function (linear

or non-linear), even with only one single hidden layer consisting of a sufficiently large

number of neurons [85]. In general, ANN with multiple hidden layers, i.e., DNN [87], is
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𝑥2 𝑤2 Σ 𝑓
Activation
function

𝑦
Output

𝑥1 𝑤1

𝑥3 𝑤3
Weights

Bias 𝑏

Inputs

Fig. 1.9 An example of how neuron generates its output

Table 1.1 Comparison on popular activation functions

Name Function 𝑓(𝑥) Derivative 𝑓 ′(𝑥) Range
Linear 𝑐𝑥 𝑐 (−∞, ∞)
Sigmoid 1/ (1 + 𝑒−𝑥) 𝑓(𝑥) [1 − 𝑓(𝑥)] (0, 1)
Hyperbolic tangent (Tanh) (𝑒𝑥 − 𝑒−𝑥) / (𝑒𝑥 + 𝑒−𝑥) 1 − 𝑓(𝑥)2 (−1, 1)

Rectified linear unit (Relu) max{0, 𝑥}
{

0, 𝑥 < 0
1, 𝑥 > 0

[0, ∞)

more suitable for approximating complex functions, of which Fig. 1.7 delivers an example

of typical architecture. To show a clear picture of the relationship between DRL and other

AI methods, the corresponding diagram is illustrated in Fig. 1.8. In DNN, each neuron,

commonly except that in the input layer, exploits specific activation function to generate

its output after calculating the weighted sum of its inputs and bias. Fig. 1.9 demonstrates

a simple instance of the way how DNN’s neuron calculates its output, where the output

can be mathematically expressed as

𝑦 = 𝑓 (𝑤1𝑥1 + 𝑤2𝑥2 + 𝑤3𝑥3 + 𝑏) = 𝑓
⎛
⎜
⎜
⎝

𝑁

∑
𝑛=1

𝑤𝑛𝑥𝑛 + 𝑏|𝑁 = 3
⎞
⎟
⎟
⎠

. (1.8)

The activation function is commonly posed to break the linearity of weighted sum of inputs

and bias in (1.8), which introduces non-linearity into neuron’s output and therefore can

help learn high-order polynomials, though there is one specific activation function named

Linear that is proportional to its input and does not introduce non-linearity. As per the

famousUniversal Approximation Theorem [88], a neural networkwith two layers is proven

to be a universal function approximator, in the case that the involved activation functions
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are non-linear. Table 1.1 compares properties of several widely used activation functions

in the field of deep learning. Besides, the bias in (1.8) is a constant factor offsetting the

output, which can help enhance flexibility and generalisation for neural network.

Deep Q Network

In a representative value-based DRL method termed as deep Q network (DQN) [89], the

Q value is approximated in a parametric manner with parameter vector 𝜃, shown as

𝑄(𝑠𝑡, 𝑎𝑡) ≈ 𝑄(𝑠𝑡, 𝑎𝑡|𝜃), (1.9)

where 𝜃 corresponds to the weight coefficients and biases of all links in the DNN. The

DNN-based function approximation (1.9) generally introduces two distinguishable advan-

tages over tabular RL method: 1) it enables generalization, which is able to predict Q val-

ues for inexperienced state-action pairs because state-action pairs are mutually coupled via

𝑄(𝑠𝑡, 𝑎𝑡|𝜃) and 𝜃; and 2) only the parameter 𝜃 is necessary to be learnt, rather than record-

ing and updating Q values for state-action candidates, which can tremendously relieve the

computing burdens. Fig. 1.10 depicts a simplified but representative demonstration of the

interaction between DQN and environment.

…
 … ……

…
 …

…
 …

The DQN Q(st, at|✓)
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The Environment

Fig. 1.10 The interaction between DQN and environment
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In DQN, the parameter vector 𝜃 in (1.9) can be updated via bootstrapping method to

minimize the loss function 𝑙𝑜𝑠𝑠(𝜃) which is defined as

ℒ(𝜃) = [𝑟𝑡 + 𝛾 max
𝑎𝑡+1∈𝒜

𝑄(𝑠𝑡+1, 𝑎𝑡+1|𝜃) − 𝑄(𝑠𝑡, 𝑎𝑡|𝜃)]
2

. (1.10)

Unfortunately, the loss function (1.10) is contaminated by the updating parameter vector

𝜃, leading to oscillations or divergence when applying standard deep training approaches.

This nut can be cracked via adopting target network, denoted as 𝑄(𝑠𝑡, 𝑎𝑡|𝜃−) with pa-

rameter vector 𝜃− [89]. Note that the target network 𝑄(𝑠𝑡, 𝑎𝑡|𝜃−) is just a copy of the

training network 𝑄(𝑠𝑡, 𝑎𝑡|𝜃), where the updating frequency of 𝜃− is much less than that

of 𝜃. Specifically, the target network will be synchronized to the training network with

a given frequency, in terms of updating 𝜃− ← 𝜃. Then, the loss function (1.10) can be

reformulated as

ℒ(𝜃) = [𝑟𝑡 + 𝛾 max
𝑎𝑡+1∈𝒜

𝑄(𝑠𝑡+1, 𝑎𝑡+1|𝜃−) − 𝑄(𝑠𝑡, 𝑎𝑡|𝜃)]
2

. (1.11)

Other common obstacles encountered by DQN are highly correlated data in time do-

main and large variance of the updates, which can be relieved via involving experience

replay buffer and mini-batch updating technique. The experience replay buffer is a finite-

sized memory storing experienced transitions {𝑠𝑡, 𝑎𝑡, 𝑟𝑡, 𝑠𝑡+1}, while mini-batch updating

method randomly samples multiple experiences from the experience replay buffer to per-

form DNN updates.

To further enhance learning performance of DQN, several advanced DRL algorithms

were proposed, e.g., double DQN (DDQN) and duelling DQN. Specifically, DDQN ap-

proach can help relax the maximization bias brought by max operation in (1.11), via allo-

cating action selection and action evaluation into separate networks [90]. Besides, duelling

DQN technique decouples state value and state-dependent action advantages into differ-

ent streams, which is able to offer better policy evaluation quality, especially, for learning

tasks containing large number of similar-valued actions [91].
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Actor-Critic DRL

In the case of facing problems involving continuous action space, value-based DRL algo-

rithms become inefficient, as it is extremely challenging to locate the maximum Q value

over continuous action space. To deal with this obstacle, policy gradient approach and

actor-critic architecture are invoked. Deep deterministic policy gradient (DDPG) intro-

duces actor-critic architecture into DQN, which is model-free and off-policy [92]. In

DDPG, the actor is a deterministic policy network which takes states as inputs and re-

produces a specific action, instead of a probability distribution over possible actions. The

actor network eliminates the need of locating the action maximizing the state-action func-

tion given the next state, which can robustly solve problems with continuous action space.

Besides, the critic is a state-action value network, in which action and state are treated

as the input and state-action value is the corresponding output. Fig. 1.11 shows a brief

demonstration of the interaction between actor-critic agent and environment.
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The Environment

…
 …

……

…
 …

Critic
Networkst

<latexit sha1_base64="MNjBNCuTGhMk5MW7hN8i+27I1oQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSbwY5zgbVmlt3FyDrxCtIDQq0BtWv/jBhWcwVMkmN6XluikFONQom+azSzwxPKZvQEe9ZqmjMTZAvjp2RC6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQT5EKlGXLFlouiTBJMyPxzMhSaM5RTSyjTwt5K2JhqytDmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AEufI7q</latexit><latexit sha1_base64="MNjBNCuTGhMk5MW7hN8i+27I1oQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSbwY5zgbVmlt3FyDrxCtIDQq0BtWv/jBhWcwVMkmN6XluikFONQom+azSzwxPKZvQEe9ZqmjMTZAvjp2RC6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQT5EKlGXLFlouiTBJMyPxzMhSaM5RTSyjTwt5K2JhqytDmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AEufI7q</latexit><latexit sha1_base64="MNjBNCuTGhMk5MW7hN8i+27I1oQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSbwY5zgbVmlt3FyDrxCtIDQq0BtWv/jBhWcwVMkmN6XluikFONQom+azSzwxPKZvQEe9ZqmjMTZAvjp2RC6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQT5EKlGXLFlouiTBJMyPxzMhSaM5RTSyjTwt5K2JhqytDmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AEufI7q</latexit><latexit sha1_base64="MNjBNCuTGhMk5MW7hN8i+27I1oQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSbwY5zgbVmlt3FyDrxCtIDQq0BtWv/jBhWcwVMkmN6XluikFONQom+azSzwxPKZvQEe9ZqmjMTZAvjp2RC6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQT5EKlGXLFlouiTBJMyPxzMhSaM5RTSyjTwt5K2JhqytDmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AEufI7q</latexit>

at
<latexit sha1_base64="7b0A7jcxySFSwS6bsYNt+eTwSsk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSTwc5zgbVmlt3FyDrxCtIDQq0BtWv/jBhWcwVMkmN6XluikFONQom+azSzwxPKZvQEe9ZqmjMTZAvjp2RC6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQT5EKlGXLFlouiTBJMyPxzMhSaM5RTSyjTwt5K2JhqytDmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AES7I7Y</latexit><latexit sha1_base64="7b0A7jcxySFSwS6bsYNt+eTwSsk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSTwc5zgbVmlt3FyDrxCtIDQq0BtWv/jBhWcwVMkmN6XluikFONQom+azSzwxPKZvQEe9ZqmjMTZAvjp2RC6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQT5EKlGXLFlouiTBJMyPxzMhSaM5RTSyjTwt5K2JhqytDmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AES7I7Y</latexit><latexit sha1_base64="7b0A7jcxySFSwS6bsYNt+eTwSsk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSTwc5zgbVmlt3FyDrxCtIDQq0BtWv/jBhWcwVMkmN6XluikFONQom+azSzwxPKZvQEe9ZqmjMTZAvjp2RC6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQT5EKlGXLFlouiTBJMyPxzMhSaM5RTSyjTwt5K2JhqytDmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AES7I7Y</latexit><latexit sha1_base64="7b0A7jcxySFSwS6bsYNt+eTwSsk=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSTwc5zgbVmlt3FyDrxCtIDQq0BtWv/jBhWcwVMkmN6XluikFONQom+azSzwxPKZvQEe9ZqmjMTZAvjp2RC6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQT5EKlGXLFlouiTBJMyPxzMhSaM5RTSyjTwt5K2JhqytDmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AES7I7Y</latexit>

Q(st, at|✓C)
<latexit sha1_base64="xARFKaQU0JM1mLNQT6uXu1PGDGM=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSJUkZKIoMtiNy5bsA9oQphMJu3QyYOZG6GE/IMbf8WNC0XcunHn3zhps9DqgZk5nHsuc+/xEs4kmOaXVllZXVvfqG7WtrZ3dvf0/YO+jFNBaI/EPBZDD0vKWUR7wIDTYSIoDj1OB960XdQH91RIFkd3MEuoE+JxxAJGMCjJ1c+6DelmkJ/j4raVFWwv5r6cherJbJhQwLmbtfNTV6+bTXMO4y+xSlJHJTqu/mn7MUlDGgHhWMqRZSbgZFgAI5zmNTuVNMFkisd0pGiEQyqdbL5TbpwoxTeCWKgTgTFXf3ZkOJTFkMoZYpjI5Voh/lcbpRBcOxmLkhRoRBYfBSk3IDaKgAyfCUqAzxTBRDA1q0EmWGACKsaaCsFaXvkv6V80LbNpdS/rrZsyjio6QseogSx0hVroFnVQDxH0gJ7QC3rVHrVn7U17X1grWtlziH5B+/gGmk6fOw==</latexit><latexit sha1_base64="xARFKaQU0JM1mLNQT6uXu1PGDGM=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSJUkZKIoMtiNy5bsA9oQphMJu3QyYOZG6GE/IMbf8WNC0XcunHn3zhps9DqgZk5nHsuc+/xEs4kmOaXVllZXVvfqG7WtrZ3dvf0/YO+jFNBaI/EPBZDD0vKWUR7wIDTYSIoDj1OB960XdQH91RIFkd3MEuoE+JxxAJGMCjJ1c+6DelmkJ/j4raVFWwv5r6cherJbJhQwLmbtfNTV6+bTXMO4y+xSlJHJTqu/mn7MUlDGgHhWMqRZSbgZFgAI5zmNTuVNMFkisd0pGiEQyqdbL5TbpwoxTeCWKgTgTFXf3ZkOJTFkMoZYpjI5Voh/lcbpRBcOxmLkhRoRBYfBSk3IDaKgAyfCUqAzxTBRDA1q0EmWGACKsaaCsFaXvkv6V80LbNpdS/rrZsyjio6QseogSx0hVroFnVQDxH0gJ7QC3rVHrVn7U17X1grWtlziH5B+/gGmk6fOw==</latexit><latexit sha1_base64="xARFKaQU0JM1mLNQT6uXu1PGDGM=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSJUkZKIoMtiNy5bsA9oQphMJu3QyYOZG6GE/IMbf8WNC0XcunHn3zhps9DqgZk5nHsuc+/xEs4kmOaXVllZXVvfqG7WtrZ3dvf0/YO+jFNBaI/EPBZDD0vKWUR7wIDTYSIoDj1OB960XdQH91RIFkd3MEuoE+JxxAJGMCjJ1c+6DelmkJ/j4raVFWwv5r6cherJbJhQwLmbtfNTV6+bTXMO4y+xSlJHJTqu/mn7MUlDGgHhWMqRZSbgZFgAI5zmNTuVNMFkisd0pGiEQyqdbL5TbpwoxTeCWKgTgTFXf3ZkOJTFkMoZYpjI5Voh/lcbpRBcOxmLkhRoRBYfBSk3IDaKgAyfCUqAzxTBRDA1q0EmWGACKsaaCsFaXvkv6V80LbNpdS/rrZsyjio6QseogSx0hVroFnVQDxH0gJ7QC3rVHrVn7U17X1grWtlziH5B+/gGmk6fOw==</latexit><latexit sha1_base64="xARFKaQU0JM1mLNQT6uXu1PGDGM=">AAACE3icbVDLSsNAFJ3UV62vqEs3wSJUkZKIoMtiNy5bsA9oQphMJu3QyYOZG6GE/IMbf8WNC0XcunHn3zhps9DqgZk5nHsuc+/xEs4kmOaXVllZXVvfqG7WtrZ3dvf0/YO+jFNBaI/EPBZDD0vKWUR7wIDTYSIoDj1OB960XdQH91RIFkd3MEuoE+JxxAJGMCjJ1c+6DelmkJ/j4raVFWwv5r6cherJbJhQwLmbtfNTV6+bTXMO4y+xSlJHJTqu/mn7MUlDGgHhWMqRZSbgZFgAI5zmNTuVNMFkisd0pGiEQyqdbL5TbpwoxTeCWKgTgTFXf3ZkOJTFkMoZYpjI5Voh/lcbpRBcOxmLkhRoRBYfBSk3IDaKgAyfCUqAzxTBRDA1q0EmWGACKsaaCsFaXvkv6V80LbNpdS/rrZsyjio6QseogSx0hVroFnVQDxH0gJ7QC3rVHrVn7U17X1grWtlziH5B+/gGmk6fOw==</latexit>

✓C
<latexit sha1_base64="6eo+9OiydalHF+JhTcslRPnxWDQ=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXRZ7MZlBfuAJoTJZNIOnUzCzI1QQjb+ihsXirj1M9z5N07aLLT1wDCHc+7l3nuClDMFtv1t1NbWNza36tuNnd29/QPz8KivkkwS2iMJT+QwwIpyJmgPGHA6TCXFccDpIJh2Sn/wSKViiXiAWUq9GI8FixjBoCXfPHGDhIdqFusvd2FCARd+3il8s2m37DmsVeJUpIkqdH3zyw0TksVUAOFYqZFjp+DlWAIjnBYNN1M0xWSKx3SkqcAxVV4+P6CwzrUSWlEi9RNgzdXfHTmOVbmjrowxTNSyV4r/eaMMohsvZyLNgAqyGBRl3ILEKtOwQiYpAT7TBBPJ9K4WmWCJCejMGjoEZ/nkVdK/bDl2y7m/arZvqzjq6BSdoQvkoGvURneoi3qIoAI9o1f0ZjwZL8a78bEorRlVzzH6A+PzB8mElyg=</latexit><latexit sha1_base64="6eo+9OiydalHF+JhTcslRPnxWDQ=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXRZ7MZlBfuAJoTJZNIOnUzCzI1QQjb+ihsXirj1M9z5N07aLLT1wDCHc+7l3nuClDMFtv1t1NbWNza36tuNnd29/QPz8KivkkwS2iMJT+QwwIpyJmgPGHA6TCXFccDpIJh2Sn/wSKViiXiAWUq9GI8FixjBoCXfPHGDhIdqFusvd2FCARd+3il8s2m37DmsVeJUpIkqdH3zyw0TksVUAOFYqZFjp+DlWAIjnBYNN1M0xWSKx3SkqcAxVV4+P6CwzrUSWlEi9RNgzdXfHTmOVbmjrowxTNSyV4r/eaMMohsvZyLNgAqyGBRl3ILEKtOwQiYpAT7TBBPJ9K4WmWCJCejMGjoEZ/nkVdK/bDl2y7m/arZvqzjq6BSdoQvkoGvURneoi3qIoAI9o1f0ZjwZL8a78bEorRlVzzH6A+PzB8mElyg=</latexit><latexit sha1_base64="6eo+9OiydalHF+JhTcslRPnxWDQ=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXRZ7MZlBfuAJoTJZNIOnUzCzI1QQjb+ihsXirj1M9z5N07aLLT1wDCHc+7l3nuClDMFtv1t1NbWNza36tuNnd29/QPz8KivkkwS2iMJT+QwwIpyJmgPGHA6TCXFccDpIJh2Sn/wSKViiXiAWUq9GI8FixjBoCXfPHGDhIdqFusvd2FCARd+3il8s2m37DmsVeJUpIkqdH3zyw0TksVUAOFYqZFjp+DlWAIjnBYNN1M0xWSKx3SkqcAxVV4+P6CwzrUSWlEi9RNgzdXfHTmOVbmjrowxTNSyV4r/eaMMohsvZyLNgAqyGBRl3ILEKtOwQiYpAT7TBBPJ9K4WmWCJCejMGjoEZ/nkVdK/bDl2y7m/arZvqzjq6BSdoQvkoGvURneoi3qIoAI9o1f0ZjwZL8a78bEorRlVzzH6A+PzB8mElyg=</latexit><latexit sha1_base64="6eo+9OiydalHF+JhTcslRPnxWDQ=">AAACAHicbVDLSsNAFJ3UV62vqAsXboJFcFUSEXRZ7MZlBfuAJoTJZNIOnUzCzI1QQjb+ihsXirj1M9z5N07aLLT1wDCHc+7l3nuClDMFtv1t1NbWNza36tuNnd29/QPz8KivkkwS2iMJT+QwwIpyJmgPGHA6TCXFccDpIJh2Sn/wSKViiXiAWUq9GI8FixjBoCXfPHGDhIdqFusvd2FCARd+3il8s2m37DmsVeJUpIkqdH3zyw0TksVUAOFYqZFjp+DlWAIjnBYNN1M0xWSKx3SkqcAxVV4+P6CwzrUSWlEi9RNgzdXfHTmOVbmjrowxTNSyV4r/eaMMohsvZyLNgAqyGBRl3ILEKtOwQiYpAT7TBBPJ9K4WmWCJCejMGjoEZ/nkVdK/bDl2y7m/arZvqzjq6BSdoQvkoGvURneoi3qIoAI9o1f0ZjwZL8a78bEorRlVzzH6A+PzB8mElyg=</latexit>

Parameter Vector

…
 … ……

…
 …

…
 …

st
<latexit sha1_base64="MNjBNCuTGhMk5MW7hN8i+27I1oQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSbwY5zgbVmlt3FyDrxCtIDQq0BtWv/jBhWcwVMkmN6XluikFONQom+azSzwxPKZvQEe9ZqmjMTZAvjp2RC6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQT5EKlGXLFlouiTBJMyPxzMhSaM5RTSyjTwt5K2JhqytDmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AEufI7q</latexit><latexit sha1_base64="MNjBNCuTGhMk5MW7hN8i+27I1oQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSbwY5zgbVmlt3FyDrxCtIDQq0BtWv/jBhWcwVMkmN6XluikFONQom+azSzwxPKZvQEe9ZqmjMTZAvjp2RC6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQT5EKlGXLFlouiTBJMyPxzMhSaM5RTSyjTwt5K2JhqytDmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AEufI7q</latexit><latexit sha1_base64="MNjBNCuTGhMk5MW7hN8i+27I1oQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSbwY5zgbVmlt3FyDrxCtIDQq0BtWv/jBhWcwVMkmN6XluikFONQom+azSzwxPKZvQEe9ZqmjMTZAvjp2RC6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQT5EKlGXLFlouiTBJMyPxzMhSaM5RTSyjTwt5K2JhqytDmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AEufI7q</latexit><latexit sha1_base64="MNjBNCuTGhMk5MW7hN8i+27I1oQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSbwY5zgbVmlt3FyDrxCtIDQq0BtWv/jBhWcwVMkmN6XluikFONQom+azSzwxPKZvQEe9ZqmjMTZAvjp2RC6sMSZRoWwrJQv09kdPYmGkc2s6Y4tisenPxP6+XYXQT5EKlGXLFlouiTBJMyPxzMhSaM5RTSyjTwt5K2JhqytDmU7EheKsvr5P2Vd1z697Dda15W8RRhjM4h0vwoAFNuIcW+MBAwDO8wpujnBfn3flYtpacYuYU/sD5/AEufI7q</latexit>
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Fig. 1.11 The interaction between actor-critic agent and environment

However, DDPGmay suffer from one common and fundamental obstacle, i.e., overes-

timation bias induced by unavoidable function approximation errors, which is then propa-

gated through the Bellman equation and can result in broken policy. To relieve the afore-
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mentioned side-effect, twin delayed DDPG (TD3) algorithm [93] introduces three tech-

niques to further improve the performance of DDPG, shown as follows.

• Target Policy Smoothing: To compute the target of critic network’s loss function,

unlike DDPG approach, TD3 adds additional noise to the action chosen by the target

actor network for the next state. Note that target policy smoothing technique serves

as a regularizer for TD3 algorithm, which is designed to smooth the estimated Q

values over similar actions and thus can help address the overfit issue caused by

some actions with sharp-peak estimations of Q value.

• Clipped Double Q Learning: In contrast to DDPG approach where one single critic

network is applied to estimate the Q function, TD3 maintains two critic networks,

i.e., the twin, and utilizes the critic network with smaller estimated Q value to form

the target of loss function. Specifically, both critic networks of TD3 algorithm are

updated via stochastic gradient descent approach to minimize their loss functions

with the same target. Note that the clipped double Q learning technique can help

relieve the overestimation issue via adopting the smaller estimated Q value of twin

critic networks to realize critic network updates.

• Delayed Policy Updates: Like DDPG, the actor network of TD3 algorithm is up-

dated to maximize the expected return via gradient ascent approach, where the ex-

pected return’s gradient is calculated via the chain rule [92]. However, in TD3, the

actor network, the target actor network and the target twin critic networks are up-

dated less frequently than the twin critic networks, which can help damp the volatil-

ity issue in policy gradient algorithms.

Both DDPG and TD3 learn deterministic policy and thus output a deterministic action

for given state, while soft actor-critic (SAC) approach [94] optimizes a stochastic policy

that is essentially in the form of a parametric probability distribution over actions. Incor-

porating TD3, SAC applies clipped double Q learning as well. Besides, rooting from the
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stochasticity of its being trained policy, SAC benefits from an innate variant of target pol-

icy smoothing. The core feature of SAC is the application of entropy regularization that

is beneficial for better dealing with the dilemma of exploration and exploitation, which

means that SAC maintains the policy to optimize a weighted sum of expected return and

the policy’s entropy, instead of sorely focusing on maximizing the expected return like

DQN, DDPG and TD3. Note that the entropy here measures randomness in the policy.

1.4.3 Multi-Step Learning

Standard DRL algorithms apply one-step information to calculate the loss function (1.11)

and train the online network, which may not be adequate and thus lead to poor predictabil-

ity. Monte Carlo related approaches invoke all future state-action pairs to update the on-

line network, but the computation burden could be extremely unbearable. To commit a

good balance between one-step learning and Monte Carlo aided counterpart, multi-step

learning strategy [85] was proposed via taking 𝑁𝑚𝑠-step-forward knowledge into account.

Multi-step learning is prone to help achieve more satisfactory learning performance, with

a delicately chosen step-length 𝑁𝑚𝑠. Specifically, the 𝑁𝑚𝑠-step discounted accumulated-

reward from a given state 𝑠𝑡 can be rewritten as 𝑟𝑡∶𝑡+𝑁𝑚𝑠 = ∑𝑁𝑚𝑠−1
𝑛𝑚𝑠=0 𝛾𝑛𝑚𝑠𝑟𝑡+𝑛𝑚𝑠+1. Based

on (1.11), the loss function for 𝑁𝑚𝑠-step learning can be derived as

ℒ(𝜃) = [𝑟𝑡∶𝑡+𝑁𝑚𝑠 + 𝛾𝑁𝑚𝑠 max
𝑎′∈𝒜

𝑄(𝑠𝑡+𝑁𝑚𝑠 , 𝑎′|𝜃−) − 𝑄(𝑠𝑡, 𝑎𝑡|𝜃)]
2

. (1.12)

1.4.4 Prioritized Experience Replay

In the simplest RL framework, the experienced transition 𝑒𝑥𝑝𝑡 is utilized only once and

then discarded after the parameter (of policy, value function or model) updating, which

brings two shortcomings: 1) inefficient transition sampling, implying that some rare but

meaningful transitions might be forgotten rapidly; and 2) highly correlated transitions,

indicating that the independent and identical transition distribution is contaminated. To

facilitate the aforementioned disadvantages, experience replay (ER) technique storing ex-
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perienced transitions into a finite-capacity buffer was proposed [89, 95]. Then, a mini-

batch of transitions can be sampled to realize the training of DRL agent. The ER makes

it possible to break the temporal correlations of experienced transitions via mixing recent

and former experiences into the replay buffer, which guarantees that rarely experienced

transitions get fairer chances to be utilized. Through scarifying computation and memory

for recording and sampling, ER technique lightens the burden of requiring large number

of experiences for training. However, this compromise is worthy because the interactions

between RL agent and environment are more resource-expensive in general [96].

To further improve the efficiency of ER approach, advanced alternative entitled pri-

oritized ER (PER) was proposed [96], in which the recorded experiences are prioritized

when being sampled from the ER buffer. The reason why PER method works better is

that some transitions are more valuable and meaningful than others for training the agent.

While ER technique frees the agent from processing transitions with the order they are

experienced, PER can help liberate RL agent from recalling experiences with frequencies

proportional to their occurrence probabilities.

1.4.5 Quantum-Aided RL

Quantum theory has been proven to pose a positive impact on improving learning effi-

ciency for AI algorithms in general, and RL-related approaches in particular [97]. Dong

et al. [98] combined quantum parallelism into conventional RL frameworks (termed as

quantum RL (QRL)), in which higher learning efficiency and better trade-off between

exploration and exploitation were showcased. Furthermore, Dong et al. [99] proposed

quantum-inspired reinforcement learning (QiRL) to solve intelligent navigation problem

for autonomous mobile robots, where probabilistic action selection method and novel re-

inforcement approach inspired by quantum phenomenon were integrated into standard RL

frameworks. Fakhari et al. [100] applied QiRL approach into unknown probabilistic en-

vironment, in which the robustness of QiRL solution was demonstrated. Paparo et al.

[101] showed that quadratic speed-up is achievable for intelligent agents, with the help of
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quantum mechanics. Dunjko et al. [102] extended traditional agent-environment frame-

work into quantum region, while Saggio et al. [103] demonstrated the first experimental

result of QRL. Lamata [104] conducted QRL on superconducting circuits with multiple

quantum bits (qubits). Hu et al. [105] solved a representative RL problem, i.e., contextual

multi-armed bandit, via training a quantum neural network with photonic quantum cir-

cuits, illustrating that QRL algorithms can be trained on quantum devices. In [106], Li et

al. compared QRLwith several RL frameworks in human decision-making scenarios, sug-

gesting that value-based decision-making can be illustrated byQRL at both the behavioural

and neural levels. In the field of wireless communications, Li et al. [107] investigated an

optimal path planning problem for UAV-mounted networks, in which QiRL solution was

demonstrated to offer better learning performance than conventional RL methods with

𝜖-greedy or Boltzmann action selection policy.

1.5 Motivation, Contribution andLimitation of This The-

sis

1.5.1 Motivation

Given the promising advantages offered by UAVs for wireless communications and real-

world applications from the perspective of industries as portrayed in Section 1.1, for further

leveraging the potentials of UAV to achieve efficient applications within specific scenarios,

a bunch of technical challenges is in the queue waiting to be delicately tackled, e.g., per-

formance analysis, radio resource management and trajectory optimization. Specifically,

performance analysis of UAV-aided networks can not only enable evaluation of the im-

pacts of design parameters on the overall system performance but also reveal inherent and

fundamental trade-offs among system parameters for guiding the design of UAV-mounted

networks. Besides, radio resource allocation is known as essential and important for estab-

lishing terrestrial wireless transmissions, e.g., IoT and cellular networks. Adopting UAVs

into wireless networks pulls unique and challenging difficulties in, due to, e.g., wider cov-
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erage, LoS-involved interferences, severer channel varying and stringent energy budget.

Thus, radio resource management plays the key role for achieving harmonious and effi-

cient adoption of UAV into current terrestrial networks, where UAVs have to coexist with

ground UEs. Last but not least, path planning is of cruciality to take advantages of the

extra DoF provided by UAV’s mobility, which is with no doubt an important research

direction in the field of UAV-mounted networks.

Motivated by the aforementioned observations, this thesis aims to deliver comprehen-

sive, thorough and in-depth research for various scenarios of UAV-aidedwireless transmis-

sions, from viewpoints of performance analysis, radio resourcemanagement and trajectory

optimization.

1.5.2 Main Contribution

To further unleash UAV’s potentials for aiding wireless transmissions, this thesis concen-

trates on performing performance analysis, radio resourcemanagement and trajectory opti-

mization for UAV-mounted networks, where promising wireless transmission techniques,

e.g., SWIPT, covert communications, opportunistic FDR, accumulation-aware EH, trans-

mit beamforming, aerial BS, directional antenna and cellular-connected UAV, are in-

volved, and cutting-edge mathematical tools for conducting performance analysis, opti-

mization or enhancement, e.g., Markov chain (MC)-based stationary distribution, proba-

bility theory, quantum mechanics and DRL, are invoked and applied.

The technical contents of this thesis are segmented into four parts: I) an accumulation-

aware opportunistic SWIPT FDUAV-relaying protocol is proposed in Chapter 2, on which

transmission outage and covert communication analyses are performed with the help of

MC-aided stationary distribution and probability theory; II) radio resource management

for cellular-connected UAV networks is considered in Chapter 3, where a DRL-based joint

ICI mitigation and transmission improvement algorithm is designed; III) a QiRL solution

is coined for helping UAV-BS optimize its travelling trajectory in Chapter 4, where Grover

iteration from quantum mechanics is wrapped to improve efficiency of action selection
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policy for tabular RL framework; and IV) a path planning problem for cellular-connected

UAV with building distribution aided A2G pathloss model and directional radiation pat-

tern is investigated in Chapter 5, where Grover iteration is adopted to help experience

replay component of DRL commit a better transition sampling performance.

The detailed contributions of this thesis are summarized as follows.

• To enhance transmission performance, privacy level, and energy manipulating ef-

ficiency for UAV-relaying networks, Chapter 2 initiates a novel SWIPT FD UAV-

relaying protocol, termed as harvest-and-opportunistically-relay (HOR). Due to the

FD characteristics, the dynamic fluctuation of UAV relay’s residual energy is diffi-

cult to be quantified or tracked. To circumvent this difficulty, MC theory is invoked.

Furthermore, to improve the privacy level of proposed HOR UAV-relaying system,

covert transmission performance analysis is performed, where closed-form expres-

sions of the optimal detection threshold and minimum detection error probability

are derived. Last but not least, with the aid of MC’s stationary distribution, closed-

form expression of transmission outage probability is calculated, based on which

transmission outage performance is analyzed. Numerical results have validated the

correctness of analyses on transmission outage and covertness. The impacts of key

system parameters on the performance of transmission outage and covertness are

given and discussed. Based on mathematical analysis and numerical results, the

proposed HOR protocol is validated to not only reliably enhance the transmission

performance via smartly managing residual energy but also efficiently improve the

privacy level of the legitimate transmission party via dynamically adjusting the op-

timal detection threshold.

• Integrating UAVs into the existing cellular networks faces lots of challenges, in

which one of the most striking concerns is how to adopt UAV into cellular net-

works with less adverse effects to ground UEs. In Chapter 3, a cellular-connected

UAV network is considered, where multiple UAVs receive messages from terrestrial

BSs in the downlink, while BSs are serving ground users in their cells. To enhance
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wireless transmission quality for UAVs while protecting ground UEs from being in-

terfered, a joint time-frequency resource block (RB) and beamforming optimization

problem minimizing the ergodic outage duration (EOD) of UAV is investigated. To

solve the proposed optimization problem, a DRL solution is proposed, where deep

double duelling Q network (D3QN) and twin delayed deep deterministic policy gra-

dient (TD3) are invoked to deal with RB allocation in discrete action domain and

beamforming design in continuous action regime, respectively. The hybrid D3QN-

TD3 solution is applied to solve the outer MDP and the inner MDP interactively so

that it can achieve the sub-optimal result for the considered optimization problem.

Simulation results illustrate the effectiveness of the proposed hybrid D3QN-TD3

algorithm, compared to exhaustive/random search based benchmarks.

• In Chapter 4, a wireless uplink transmission scenario in which a UAV serves as an

aerial BS collecting data from ground users is considered. To optimize the expected

sum uplink transmit rate without any prior knowledge of groundUEs, e.g., locations,

channel state information and transmit power, the trajectory planning problem is op-

timized via QiRL approach. Specifically, the proposed QiRL solution adopts novel

probabilistic action selection policy and new reinforcement strategy, inspired by

collapse phenomenon and amplitude amplification in quantum computation theory,

respectively. Numerical results demonstrate that the proposed QiRL algorithm can

offer natural balancing between exploration and exploitation via ranking collapse

probabilities of possible actions, compared to the traditional reinforcement learning

approaches that are highly dependent on tuned exploration parameters.

• Within cellular-connected UAV networks, a minimization problem on the weighted

sum of time cost and EOD is investigated in Chapter 5. Taking advantage of UAV’s

adjustable mobility, a UAV navigation approach is formulated to achieve the afore-

mentioned optimization goal. Conventional offline optimization techniques suffer

from inefficiency in accomplishing the formulated UAV navigation task due to the

practical consideration on local building distribution based A2G pathloss model
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and directional antenna radiation pattern. Alternatively, after mapping the naviga-

tion task into an MDP, a DRL-aided solution is proposed to help the UAV find the

optimal flying direction within each time slot, and therefore the designed trajectory

towards the destination can be generated. To help the DRL agent commit a better

trade-off between sampling priority and diversity, a novel quantum-inspired expe-

rience replay (QiER) framework is proposed, via relating experienced transition’s

importance to its associated qubit and applying Grover iteration based amplitude

amplification technique. Compared to several representative DRL-related and non-

learning baselines, the effectiveness and supremacy of the proposed DRL-QiER

solution are demonstrated and validated in numerical results.

1.5.3 Limitation of This Thesis

Although this thesis is devoted to delivering in-depth and comprehensive performance

analysis and optimization for UAV-aided networks, it is limited to the following aspects.

• In Chapter 2, the proposed UAV-relaying protocol is designed and examined in the

scenario of three-node wireless transmissions, including one transmitter, a UAV-

relay and one receiver, while more general systemmodel, e.g., multi-node transmis-

sions, is not taken into account due to the consideration of mathematical tractability.

Besides, the small-scale (fast) fading component of A2G links is assumed to be fol-

lowing Rayleigh distribution, which could be impractical in the scenarios where

LoS A2G links are most likely to be experienced. Moreover, rooting from severe

propagation loss of wireless signals and the bottleneck of current EH technology,

the energy capacity at UAV-relay’s primary battery is set as a relatively insignificant

value and UAV’s flying altitude is assumed as a relatively low height in numerical

results, which means that the proposed UAV-relaying protocol may be less effective

for higher UAV’s altitude because the amount of harvested energy is sensitive to

large-scale pathloss related to propagation distance. Lastly, the developed analy-

sis on transmission outage is conducted for arbitrary distances among the involved
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transceivers, while ergodic transmission outage performance over varying distances

is not taken into account.

• In Chapter 3, the proposed optimization algorithm is designed to cover arbitrary

trajectory, while path planning for UAV is not included by assuming that the UAV’s

trajectory is predefined. Besides, the UAV is assumed to occupy one single RB

resource each time, which may constrain the diversity of RB allocation and the cor-

responding optimization quality. Moreover, the formulated optimization problem is

solved via uncoupling it into two sub-optimization tasks because the time-varying

magnitudes of RB resources and small-scale fading are on different scale. One more

issue is that the available BSs are assumed to be able to transmit the intended mes-

sage cooperatively, for achieving the macro-diversity gain, while the corresponding

overhead and procedure are not considered in themodelling. Last but not least, other

state-of-the-art DRL frameworks, e.g., Rainbow and SAC, may have potentials to

help realize comparable or even better learning performance.

• The UAV path planning problem considered in Chapter 4 is solved within tabular

RL framework, which can only solve problem with finite state and action spaces.

Although Grover iteration from quantum mechanics is applied to help tabular RL

agent commit a better action selection performance, it does not change the inherent

RL training characteristic of maintaining a finite value table.

• The DRL agent adopted in Chapter 5 is a DQN-related variant, which means that

the proposed DRL algorithm is inefficient for solving UAV navigation problem with

continuous action space. Moreover, explicit propulsion energy consumption model

is not specified in the consideredUAVnavigation task, which can be further polished

via adopting specific propulsion power cost model. Alternatively, this energy cost

issue is indirectly dealt with via posing a global constraint of mobility step threshold,

given the fact that propulsion energy consumption is mainly related to UAV’s flying

speed and the norm of UAV’s velocity is assumed as a constant.
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1.6 Outline of This Thesis

This thesis is organized as follows. Chapter 1 delivers the research background of this

thesis, where brief introductions to related technologies and the corresponding literature

reviews are covered. Then, this thesis’s technical contributions are distributed along with

Chapter 2 to Chapter.5, wrapping performance analysis, resource management and tra-

jectory optimization for UAV-mounted wireless networks. Specifically, Chapter 2 pro-

poses a UAV-relaying protocol for assisting wireless transmissions from the transmitter

to the receiver, for which analyses on transmission outage and covert communications

are performed. Chapter 3 studies outage duration minimization problem for downlink

cellular-connected UAV networks, in which a joint resource management design on time-

frequency resource block and beamforming is proposed to achieve the optimization goal

for arbitrary trajectory. Chapter 4 investigates path planning issue for uplink transmis-

sion scenario from ground nodes to UAV, where a QiRL approach is initiated to navigate

the UAV to find the optimal trajectory that can maximize the expected sum uplink trans-

mission rate. Chapter 5 coins a DRL algorithm enhanced by QiER technique to optimize

UAV’s trajectory in cellular-connected UAV networks for minimizing UAV’s weighted

sum of expected outage duration and time cost, in which directional antenna gain and

building-distribution-dependent A2G pathloss are considered. Chapter 6 concludes this

thesis, discusses extensions of current works and highlights future research directions.
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Chapter 2

Harvest-and-Opportunistically-Relay:

Analyses on Transmission Outage and

Covertness

2.1 Introduction

UAVs are widely known as energy-limited transceivers because on-board battery is the

only power supply that they can count on, which practically constrains UAV’s operational

duration for accomplishing their specific missions. To relieve this energy shortage issue,

SWIPT technique serves as a good candidate for prolonging UAV’s functional time. Be-

sides, compared to terrestrial relay, UAV-relaying technique is in general more likely to

realize better wireless relaying performance, due to wider coverage range, LoS-involved

A2G pathloss and on-demand deployment. However, current research on SWIPT FDR

mainly considers fixed working mode of the FD relay, which severely restricts the flexi-

bility and efficiency of wireless energy manipulation and information forwarding. Mean-

while, the majority of studies on SWIPT applies continuous EH assumptions without con-

sidering the impact of energy accumulation, which may lead to insufficient power support.

Additionally, covert communication problems have seldom been considered in the FD re-
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lay networks, potentially risking sensitive information leakage if the relay node is mali-

cious. Motivated by these observations, a novel SWIPT FDR protocol termed as harvest-

and-opportunistically-relay (HOR) is proposed for UAV-relaying networks, in which adap-

tive relay working mode, practical energy accumulation and discrete EH technique as well

as covert communications are considered, aiming at enhancing wireless energy manipulat-

ing efficiency and wireless transmission performance, while improving its privacy level.

The main contributions of this chapter are concluded in detail as follows.

• Hybrid Energy Storage and Markov Chain: To truly enable UAV-relay’s FD func-

tionality, a hybrid energy storage scheme is adopted. To track dynamic fluctuation

of residual energy, energy discretization and discrete-state MC are applied to model

the dynamic energy state transitions. All the transition probabilities are calculated

in closed-form, which facilitates the derivation of the MC’s stationary distribution.

• Covert Communication Analysis: Covert communication analysis under channel

uncertainty is conducted, while the optimality of radiometer for covert message

detection is proved. Closed-form expressions of false alarm and missed detection

probabilities are derived, based on which closed-form expressions of the optimal

detection threshold and the corresponding minimum detection error probability are

calculated. Numerical results show that the optimal detection threshold can help

achieve a better covert transmission detection performance, which enhances the pri-

vacy level of the proposed HOR protocol. Furthermore, the impact of imperfect

channel estimation on the minimum detection error probability is discussed.

• Transmission Performance Analysis: Invoking the MC’s stationary distribution,

closed-form expression of transmission outage probability is derived, then trans-

mission outage analysis of the proposed HOR scheme is provided. Furthermore,

the impacts of key system parameters on transmission outage performance are in-

vestigated via numerical results.
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Chapter organization: Section 2.2 presents the HOR model and its transmission strat-

egy. Section 2.3 describes the energy discretization, the MC and the stationary distribu-

tion. Section 2.4 shows covert communication analysis. Section 2.5 gives transmission

outage performance analysis. Simulation results are presented in Section 2.6 and chap-

ter summary is drawn in Section 2.7, while appendix containing proofs for mathematical

claims is stated in Section 2.8.

2.2 System Model and Transmission Strategy

hSD
<latexit sha1_base64="p4BTiGgDvyI2QYGAFBjJ1Jb8Wl8=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE0GNRDx4r2g9oQ9hsN+3S3U3YnYglxL/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQlnGlz32yqtrK6tb5Q3K1vbO7t79v5BW8epIrRFYh6rbog15UzSFjDgtJsoikXIaSccX039zgNVmsXyHiYJ9QUeShYxgsFIgV0dBVkf6CPIWAnMs7vrPA/smlt3Z3CWiVeQGirQDOyv/iAmqaASCMda9zw3AT/DChjhNK/0U00TTMZ4SHuGSiyo9rPZ8blzbJSBE8XKlARnpv6eyLDQeiJC0ykwjPSiNxX/83opRBd+xmSSApVkvihKuQOxM03CGTBFCfCJIZgoZm51yAgrTMDkVTEheIsvL5P2ad1z697tWa1xWcRRRofoCJ0gD52jBrpBTdRCBE3QM3pFb9aT9WK9Wx/z1pJVzFTRH1ifP55XlWE=</latexit><latexit sha1_base64="p4BTiGgDvyI2QYGAFBjJ1Jb8Wl8=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE0GNRDx4r2g9oQ9hsN+3S3U3YnYglxL/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQlnGlz32yqtrK6tb5Q3K1vbO7t79v5BW8epIrRFYh6rbog15UzSFjDgtJsoikXIaSccX039zgNVmsXyHiYJ9QUeShYxgsFIgV0dBVkf6CPIWAnMs7vrPA/smlt3Z3CWiVeQGirQDOyv/iAmqaASCMda9zw3AT/DChjhNK/0U00TTMZ4SHuGSiyo9rPZ8blzbJSBE8XKlARnpv6eyLDQeiJC0ykwjPSiNxX/83opRBd+xmSSApVkvihKuQOxM03CGTBFCfCJIZgoZm51yAgrTMDkVTEheIsvL5P2ad1z697tWa1xWcRRRofoCJ0gD52jBrpBTdRCBE3QM3pFb9aT9WK9Wx/z1pJVzFTRH1ifP55XlWE=</latexit><latexit sha1_base64="p4BTiGgDvyI2QYGAFBjJ1Jb8Wl8=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE0GNRDx4r2g9oQ9hsN+3S3U3YnYglxL/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQlnGlz32yqtrK6tb5Q3K1vbO7t79v5BW8epIrRFYh6rbog15UzSFjDgtJsoikXIaSccX039zgNVmsXyHiYJ9QUeShYxgsFIgV0dBVkf6CPIWAnMs7vrPA/smlt3Z3CWiVeQGirQDOyv/iAmqaASCMda9zw3AT/DChjhNK/0U00TTMZ4SHuGSiyo9rPZ8blzbJSBE8XKlARnpv6eyLDQeiJC0ykwjPSiNxX/83opRBd+xmSSApVkvihKuQOxM03CGTBFCfCJIZgoZm51yAgrTMDkVTEheIsvL5P2ad1z697tWa1xWcRRRofoCJ0gD52jBrpBTdRCBE3QM3pFb9aT9WK9Wx/z1pJVzFTRH1ifP55XlWE=</latexit><latexit sha1_base64="p4BTiGgDvyI2QYGAFBjJ1Jb8Wl8=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE0GNRDx4r2g9oQ9hsN+3S3U3YnYglxL/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQlnGlz32yqtrK6tb5Q3K1vbO7t79v5BW8epIrRFYh6rbog15UzSFjDgtJsoikXIaSccX039zgNVmsXyHiYJ9QUeShYxgsFIgV0dBVkf6CPIWAnMs7vrPA/smlt3Z3CWiVeQGirQDOyv/iAmqaASCMda9zw3AT/DChjhNK/0U00TTMZ4SHuGSiyo9rPZ8blzbJSBE8XKlARnpv6eyLDQeiJC0ykwjPSiNxX/83opRBd+xmSSApVkvihKuQOxM03CGTBFCfCJIZgoZm51yAgrTMDkVTEheIsvL5P2ad1z697tWa1xWcRRRofoCJ0gD52jBrpBTdRCBE3QM3pFb9aT9WK9Wx/z1pJVzFTRH1ifP55XlWE=</latexit>

hSR
<latexit sha1_base64="2hXkJ1o01SchMs1SQrqOz9Zd2V4=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRIRdFl047I++oA2hMl00g6dmYSZG7GE+CtuXCji1g9x5984bbPQ1gMXDufcy733hAlnGlz32yqtrK6tb5Q3K1vbO7t79v5BW8epIrRFYh6rbog15UzSFjDgtJsoikXIaSccX039zgNVmsXyHiYJ9QUeShYxgsFIgV0dBVkf6CPIWAnMs7vbPA/smlt3Z3CWiVeQGirQDOyv/iAmqaASCMda9zw3AT/DChjhNK/0U00TTMZ4SHuGSiyo9rPZ8blzbJSBE8XKlARnpv6eyLDQeiJC0ykwjPSiNxX/83opRBd+xmSSApVkvihKuQOxM03CGTBFCfCJIZgoZm51yAgrTMDkVTEheIsvL5P2ad1z697NWa1xWcRRRofoCJ0gD52jBrpGTdRCBE3QM3pFb9aT9WK9Wx/z1pJVzFTRH1ifP7OrlW8=</latexit><latexit sha1_base64="2hXkJ1o01SchMs1SQrqOz9Zd2V4=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRIRdFl047I++oA2hMl00g6dmYSZG7GE+CtuXCji1g9x5984bbPQ1gMXDufcy733hAlnGlz32yqtrK6tb5Q3K1vbO7t79v5BW8epIrRFYh6rbog15UzSFjDgtJsoikXIaSccX039zgNVmsXyHiYJ9QUeShYxgsFIgV0dBVkf6CPIWAnMs7vbPA/smlt3Z3CWiVeQGirQDOyv/iAmqaASCMda9zw3AT/DChjhNK/0U00TTMZ4SHuGSiyo9rPZ8blzbJSBE8XKlARnpv6eyLDQeiJC0ykwjPSiNxX/83opRBd+xmSSApVkvihKuQOxM03CGTBFCfCJIZgoZm51yAgrTMDkVTEheIsvL5P2ad1z697NWa1xWcRRRofoCJ0gD52jBrpGTdRCBE3QM3pFb9aT9WK9Wx/z1pJVzFTRH1ifP7OrlW8=</latexit><latexit sha1_base64="2hXkJ1o01SchMs1SQrqOz9Zd2V4=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRIRdFl047I++oA2hMl00g6dmYSZG7GE+CtuXCji1g9x5984bbPQ1gMXDufcy733hAlnGlz32yqtrK6tb5Q3K1vbO7t79v5BW8epIrRFYh6rbog15UzSFjDgtJsoikXIaSccX039zgNVmsXyHiYJ9QUeShYxgsFIgV0dBVkf6CPIWAnMs7vbPA/smlt3Z3CWiVeQGirQDOyv/iAmqaASCMda9zw3AT/DChjhNK/0U00TTMZ4SHuGSiyo9rPZ8blzbJSBE8XKlARnpv6eyLDQeiJC0ykwjPSiNxX/83opRBd+xmSSApVkvihKuQOxM03CGTBFCfCJIZgoZm51yAgrTMDkVTEheIsvL5P2ad1z697NWa1xWcRRRofoCJ0gD52jBrpGTdRCBE3QM3pFb9aT9WK9Wx/z1pJVzFTRH1ifP7OrlW8=</latexit><latexit sha1_base64="2hXkJ1o01SchMs1SQrqOz9Zd2V4=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkVwVRIRdFl047I++oA2hMl00g6dmYSZG7GE+CtuXCji1g9x5984bbPQ1gMXDufcy733hAlnGlz32yqtrK6tb5Q3K1vbO7t79v5BW8epIrRFYh6rbog15UzSFjDgtJsoikXIaSccX039zgNVmsXyHiYJ9QUeShYxgsFIgV0dBVkf6CPIWAnMs7vbPA/smlt3Z3CWiVeQGirQDOyv/iAmqaASCMda9zw3AT/DChjhNK/0U00TTMZ4SHuGSiyo9rPZ8blzbJSBE8XKlARnpv6eyLDQeiJC0ykwjPSiNxX/83opRBd+xmSSApVkvihKuQOxM03CGTBFCfCJIZgoZm51yAgrTMDkVTEheIsvL5P2ad1z697NWa1xWcRRRofoCJ0gD52jBrpGTdRCBE3QM3pFb9aT9WK9Wx/z1pJVzFTRH1ifP7OrlW8=</latexit>

hRD
<latexit sha1_base64="9aTZXvT1fYnfQv8vPCCrqfEC9t0=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE0GNRDx6r2A9oQ9hsN+3S3U3YnYglxL/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQlnGlz32yqtrK6tb5Q3K1vbO7t79v5BW8epIrRFYh6rbog15UzSFjDgtJsoikXIaSccX039zgNVmsXyHiYJ9QUeShYxgsFIgV0dBVkf6CPIWAnMs7vrPA/smlt3Z3CWiVeQGirQDOyv/iAmqaASCMda9zw3AT/DChjhNK/0U00TTMZ4SHuGSiyo9rPZ8blzbJSBE8XKlARnpv6eyLDQeiJC0ykwjPSiNxX/83opRBd+xmSSApVkvihKuQOxM03CGTBFCfCJIZgoZm51yAgrTMDkVTEheIsvL5P2ad1z697tWa1xWcRRRofoCJ0gD52jBrpBTdRCBE3QM3pFb9aT9WK9Wx/z1pJVzFTRH1ifP5zQlWA=</latexit><latexit sha1_base64="9aTZXvT1fYnfQv8vPCCrqfEC9t0=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE0GNRDx6r2A9oQ9hsN+3S3U3YnYglxL/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQlnGlz32yqtrK6tb5Q3K1vbO7t79v5BW8epIrRFYh6rbog15UzSFjDgtJsoikXIaSccX039zgNVmsXyHiYJ9QUeShYxgsFIgV0dBVkf6CPIWAnMs7vrPA/smlt3Z3CWiVeQGirQDOyv/iAmqaASCMda9zw3AT/DChjhNK/0U00TTMZ4SHuGSiyo9rPZ8blzbJSBE8XKlARnpv6eyLDQeiJC0ykwjPSiNxX/83opRBd+xmSSApVkvihKuQOxM03CGTBFCfCJIZgoZm51yAgrTMDkVTEheIsvL5P2ad1z697tWa1xWcRRRofoCJ0gD52jBrpBTdRCBE3QM3pFb9aT9WK9Wx/z1pJVzFTRH1ifP5zQlWA=</latexit><latexit sha1_base64="9aTZXvT1fYnfQv8vPCCrqfEC9t0=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE0GNRDx6r2A9oQ9hsN+3S3U3YnYglxL/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQlnGlz32yqtrK6tb5Q3K1vbO7t79v5BW8epIrRFYh6rbog15UzSFjDgtJsoikXIaSccX039zgNVmsXyHiYJ9QUeShYxgsFIgV0dBVkf6CPIWAnMs7vrPA/smlt3Z3CWiVeQGirQDOyv/iAmqaASCMda9zw3AT/DChjhNK/0U00TTMZ4SHuGSiyo9rPZ8blzbJSBE8XKlARnpv6eyLDQeiJC0ykwjPSiNxX/83opRBd+xmSSApVkvihKuQOxM03CGTBFCfCJIZgoZm51yAgrTMDkVTEheIsvL5P2ad1z697tWa1xWcRRRofoCJ0gD52jBrpBTdRCBE3QM3pFb9aT9WK9Wx/z1pJVzFTRH1ifP5zQlWA=</latexit><latexit sha1_base64="9aTZXvT1fYnfQv8vPCCrqfEC9t0=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE0GNRDx6r2A9oQ9hsN+3S3U3YnYglxL/ixYMiXv0h3vw3btsctPXBwOO9GWbmhQlnGlz32yqtrK6tb5Q3K1vbO7t79v5BW8epIrRFYh6rbog15UzSFjDgtJsoikXIaSccX039zgNVmsXyHiYJ9QUeShYxgsFIgV0dBVkf6CPIWAnMs7vrPA/smlt3Z3CWiVeQGirQDOyv/iAmqaASCMda9zw3AT/DChjhNK/0U00TTMZ4SHuGSiyo9rPZ8blzbJSBE8XKlARnpv6eyLDQeiJC0ykwjPSiNxX/83opRBd+xmSSApVkvihKuQOxM03CGTBFCfCJIZgoZm51yAgrTMDkVTEheIsvL5P2ad1z697tWa1xWcRRRofoCJ0gD52jBrpBTdRCBE3QM3pFb9aT9WK9Wx/z1pJVzFTRH1ifP5zQlWA=</latexit>

hRR
<latexit sha1_base64="xzsugqjiUhYGehE/Jfa3hdDHcyU=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIoMeiF4+12A9oQ9hsN+3SzSbsTsQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgkRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo+NUUdamsYhVLyCaCS5ZGzgI1ksUI1EgWDeY3Mz87gNTmsfyHrKEeREZSR5ySsBIvl0d+/kA2CPIWEVE5K3WdOrbNafuzIFXiVuQGirQ9O2vwTCmacQkUEG07rtOAl5OFHAq2LQySDVLCJ2QEesbKknEtJfPj5/iU6MMcRgrUxLwXP09kZNI6ywKTGdEYKyXvZn4n9dPIbzyci6TFJiki0VhKjDEeJYEHnLFKIjMEEIVN7diOiaKUDB5VUwI7vLLq6RzXnedunt3UWtcF3GU0TE6QWfIRZeogW5RE7URRRl6Rq/ozXqyXqx362PRWrKKmSr6A+vzB7IklW4=</latexit><latexit sha1_base64="xzsugqjiUhYGehE/Jfa3hdDHcyU=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIoMeiF4+12A9oQ9hsN+3SzSbsTsQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgkRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo+NUUdamsYhVLyCaCS5ZGzgI1ksUI1EgWDeY3Mz87gNTmsfyHrKEeREZSR5ySsBIvl0d+/kA2CPIWEVE5K3WdOrbNafuzIFXiVuQGirQ9O2vwTCmacQkUEG07rtOAl5OFHAq2LQySDVLCJ2QEesbKknEtJfPj5/iU6MMcRgrUxLwXP09kZNI6ywKTGdEYKyXvZn4n9dPIbzyci6TFJiki0VhKjDEeJYEHnLFKIjMEEIVN7diOiaKUDB5VUwI7vLLq6RzXnedunt3UWtcF3GU0TE6QWfIRZeogW5RE7URRRl6Rq/ozXqyXqx362PRWrKKmSr6A+vzB7IklW4=</latexit><latexit sha1_base64="xzsugqjiUhYGehE/Jfa3hdDHcyU=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIoMeiF4+12A9oQ9hsN+3SzSbsTsQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgkRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo+NUUdamsYhVLyCaCS5ZGzgI1ksUI1EgWDeY3Mz87gNTmsfyHrKEeREZSR5ySsBIvl0d+/kA2CPIWEVE5K3WdOrbNafuzIFXiVuQGirQ9O2vwTCmacQkUEG07rtOAl5OFHAq2LQySDVLCJ2QEesbKknEtJfPj5/iU6MMcRgrUxLwXP09kZNI6ywKTGdEYKyXvZn4n9dPIbzyci6TFJiki0VhKjDEeJYEHnLFKIjMEEIVN7diOiaKUDB5VUwI7vLLq6RzXnedunt3UWtcF3GU0TE6QWfIRZeogW5RE7URRRl6Rq/ozXqyXqx362PRWrKKmSr6A+vzB7IklW4=</latexit><latexit sha1_base64="xzsugqjiUhYGehE/Jfa3hdDHcyU=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIoMeiF4+12A9oQ9hsN+3SzSbsTsQQ6l/x4kERr/4Qb/4bt20O2vpg4PHeDDPzgkRwDY7zbZXW1jc2t8rblZ3dvf0D+/Coo+NUUdamsYhVLyCaCS5ZGzgI1ksUI1EgWDeY3Mz87gNTmsfyHrKEeREZSR5ySsBIvl0d+/kA2CPIWEVE5K3WdOrbNafuzIFXiVuQGirQ9O2vwTCmacQkUEG07rtOAl5OFHAq2LQySDVLCJ2QEesbKknEtJfPj5/iU6MMcRgrUxLwXP09kZNI6ywKTGdEYKyXvZn4n9dPIbzyci6TFJiki0VhKjDEeJYEHnLFKIjMEEIVN7diOiaKUDB5VUwI7vLLq6RzXnedunt3UWtcF3GU0TE6QWfIRZeogW5RE7URRRl6Rq/ozXqyXqx362PRWrKKmSr6A+vzB7IklW4=</latexit>

R

S D

Fig. 2.1 System model of the considered UAV-aided relaying network

As illustrated in Fig. 2.1, a UAV-aided wireless relaying network within dense urban

environment, consisting of one source (S), one destination (D) and one UAV-relay (R), is

considered.1 Energy-constrained R is equipped with two antennas so that it can adopt the

FD technique, whereas S and D are both single-antenna nodes. A novel HOR protocol is

proposed to assist wireless communications from S to D with the ability of managing RF

energy smartly, while improving the overall privacy level.
1It is worth extending the three-node model to multiple nodes scenario for gaining more comprehensive

insights, which is a subject of future research.
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2.2.1 Assumptions Regarding Wireless Channels

Note that all wireless channels are assumed to follow the quasi-static Rayleigh fading2

[108–112], and the block boundaries in wireless links are predefined to be synchronized

perfectly. Without loss of generality, the block duration in the considered scenario is nor-

malized to one time unit so that the measures of power and energy are identical and can

be used interchangeably. Wireless channels S�D, S�R, and R�D are denoted as ℎSD,

ℎSR, and ℎRD, respectively. Moreover, ℎRR indicates the SI link at R.3 All wireless chan-

nel coefficients follow independently and identically distributed (i.i.d.) complex Gaus-

sian distribution with zero means and variances 𝔼 {|ℎSD|2} = ΩSD, 𝔼 {|ℎSR|2} = ΩSR,

𝔼 {|ℎRD|2} = ΩRD and 𝔼 {|ℎRR|2} = ΩRR. Specifically, elevation angle based proba-

bilistic LoS model [30, 31] is adopted to quantify the pathloss for A2G links, i.e., S�R

and R�D. The probability of A2G link being LoS is described by a logistic function of

elevation angle 𝜃ele, given by

PrLoS(𝜃𝑙
ele) = 1

1 + [𝐶 exp(−𝐵(𝜃𝑙
ele − 𝐶))]

, (2.1)

where

𝜃𝑙
ele = 180

𝜋 sin−1
(

𝐻R
𝑑𝑙 ) , (2.2)

𝐻R indicates the altitude of R, 𝑑𝑙, 𝑙 ∈ {SR,RD} denotes the length of A2G link and

coefficients 𝐵 and 𝐶 are the S-curve parameters depending on the considered environment,

e.g., rural, urban, dense urban or high-rise urban.
2The Rayleigh fading distribution that the self-interference (SI) channel at R follows is considered be-

cause the LoS component can be largely eliminated via antenna isolation and the scattering plays the prin-
cipal role herein. Besides, the concentrated dense urban case makes it less likely for the UAV to establish
LoS-dominated A2G links, thus the involved A2G channels are assumed to follow Rayleigh fading.

3It is worth noting that the channel coefficients ℎSD, ℎSR, ℎRD and ℎRR are manipulated to encompass the
gains of transmit and receive antennas as well as the pathlosses caused by propagation distances among the
nodes, for the sake of conciseness.
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Then, the expected A2G pathloss gain is applied to represent the variance of A2G

wireless channel coefficient, shown as

Ω𝑙 = PrLoS(𝜃𝑙
ele)𝜆0𝑑−𝛼1

𝑙 + [1 − PrLoS(𝜃𝑙
ele)] 𝜅𝜆0𝑑−𝛼2

𝑙 , (2.3)

where 𝜆0 denotes pathloss at reference distance of 1 meter, 𝜅 < 1 indicates the excessive

attenuation factor for NLoS transmissions4, and 𝛼1 and 𝛼2 are pathloss exponents for LoS

and NLoS propagations, respectively. Besides, the pathloss gains of link S�D is treated as

pure NLoS links, expressed as ΩSD = 𝜅𝜆0𝑑−𝛼2
SD , while that of the SI link S�D is modelled

as ΩRR = 1/(1 + 𝑑𝛼2
RR) because the dual antennas are relatively near to each other.

The instantaneous channel state information (CSI) of channel between S and D is as-

sumed to be available at S via channel estimation, but D can only gain the imperfect in-

stantaneous CSI estimation of the channel between R and D.5 Note that the availability

of instantaneous S�R and R�R CSIs poses no influence on the considered performance

analyses so that no specific assumption on their availabilities is needed.

2.2.2 Relay Model

In the considered system, R is known publicly as an energy-limited device. To efficiently

solve power supply problem, different from conventional fixed-mode FDR scheme, a novel

FDR protocol termed as HOR is initiated, which allows R to work in either the pure EH

(PEH) mode or the FD SWIPT mode opportunistically. In specific, when performing

the FD SWIPT, R receives and forwards information simultaneously assisting wireless

transmissions between S and D, while the PS-based EH solution is applied to harvest the
4Note that the shadowing parameter 𝜅 is assumed homogeneous for simplicity, which is following log-

normal distribution in practice.
5The instantaneous CSI of channel between S and D is gained via the minimum mean square error

(MMSE) channel estimation technique and feedback link. Specifically, D applies the MMSE method to
estimate channel S → D and then sends the estimated CSI to S via an ideal feedback link. Hereby, D
is assumed to estimate channel S → D with negligible estimation error. To make the HOR system more
practical and leave space to analyze the impact of imperfect channel estimation on covert communication
performance, only imperfect CSI of channel R → D is assumed to be accessible to D.
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RF energy. When adopting the PEH mode, R concentrates on absorbing wireless energy

without any information processing.

Alongside assisting signal transmissions, R may leak essential information (defined

as the covert message herein) regarding the source-emitted signals. The legitimate desti-

nation D also plays the role as a warden detecting the potential information leakage. To

reduce the probability of being detected by the legitimate party, R prefers to release its

covert message under solid covers. In the considered system, the forwarded version of

the source signals is the only existing cover. Reasonably, R would intend to broadcast the

covert message merely when itself works in the FD SWIPT mode. Otherwise, the covert

messages initiated by R will be detected by D with relatively high probability. This is

because, when the PEH is active, R is supposed to focus on EH without forwarding and

extra amount of transmit power will be detected easily by D.

To achieve the proposed HOR functionality, R should equip the following hardwares6:

1) three RF chains, enabling the EH, information forwarding and covert message emitting;

2) one rectifier utilized to transform RF signals into direct currents (DC); 3) a battery

serving as the principal energy carrier (PEC) with high energy capacity; 4) one minor

battery (MB) for storing harvested energy temporarily, e.g., a capacitor; and 5) another

battery exclusively for sending covert message, whose existence is unaware publicly.

Specifically, the receive antenna at R is permanently bounded with the rectifier via one

RF chain. One single battery cannot be charged and discharged simultaneously so that the

FD SWIPT mode may not be truly realised, while the hybrid energy storage method is

applied to resolve this dilemma. Note that the PEC is directly connected to the rectifier

and the broadcasting RF chain for absorbing and releasing energy, respectively. In the

PEH mode, the harvested energy is assimilated by the PEC directly. Otherwise, the PEC

releases its residual energy to empower the broadcasting RF chain. Meanwhile, the MB

stores the harvested energy temporarily and delivers all the stored energy into the PEC
6Please note that this chapter concentrates on performance analyses from the perspective of wireless

communications, while the UAV-relay is assumed to fly aloft, powered by possible propulsion solutions, e.g.,
electric propulsion systems with motors. Therefore, how extra payloads of adopted hardwares supporting
wireless transmissions affect UAV’s propulsion or hovering energy cost is beyond the scope of this chapter.
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once the FD SWIPT mode terminates. The hidden battery connected to the 3rd RF chain

will release its power only when R decides to leak.

2.2.3 Transmission Protocol

In the proposed HOR protocol, at the beginning of each transmission block, S broadcasts

pilot signal to estimate ℎSD, which will be utilized to calculate the received instantaneous

signal-to-noise-ratio (SNR) at D, i.e., 𝛾SD = 𝑃S |ℎSD|
2 /𝜎2

D. Here, 𝑃S represents transmit

power at S and 𝜎2
D is the power of AWGN at D. In the case of 𝛾SD ≥ 𝛾𝑡ℎ, D feeds back

two bits “11” to S through a feedback link, where 𝛾𝑡ℎ is a predefined instantaneous SNR

threshold. Otherwise, D feeds back two bits “00” instead. When S receives the feedback

bits “11”, S broadcasts two bits “01” to R. Otherwise, i.e., S receives “00” , S sends out

bits “10” alternatively. If R receives “01”, it means the direct link between S and D is good

enough so that R is not necessarily needed to assist the transmission and R keeps working

in the PEH mode without forwarding any information (of course, including the possible

covert message). If R receives bits “10”, which means the quality of received information

at D is poor, R is expected to help the transmission from S to D. Before participating in

transmission, R has to estimate its residual energy, to determine whether the available en-

ergy is sufficient to support the transmission. If the energy state of R is greater than a given

residual energy threshold 𝐸𝑡ℎ, i.e., 𝐸𝑖 ≥ 𝐸𝑡ℎ, R feeds back bit “1” to S, otherwise, feeds

back bit “0” instead. Once S receives the feedback bit “1” from R, S starts to broadcast the

intended information signal, and R turns into the FD SWIPT mode, i.e., R helps S forward

the information signal and harvests energy simultaneously. If S receives the feedback bit

“0” fromR, S broadcasts energy signal to charge the battery at R. At this moment, D ceases

signal processing because the energy signal is randomly generated by S and conveys no

useful information. The condition 𝛾SD ≥ 𝛾𝑡ℎ is referred to the “SNR requirement” which

is applied to guarantee the reliability of communication from S to D. On the other hand,

the condition 𝐸𝑖 ≥ 𝐸𝑡ℎ is regarded as the “energy requirement”, ensuring that the residual

energy at R is sufficient to support the relaying work.
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The PEH Mode

Note that the PEH mode will be enabled in the case of either 𝛾SD ≥ 𝛾𝑡ℎ or {𝛾SD < 𝛾𝑡ℎ} ∩

{𝐸𝑖 < 𝐸𝑡ℎ}. By ignoring the negligible energy harvested from the noise at the receiver,

the total amount of energy harvested at R in a transmission slot can be given by

𝐸PEH = 𝜂𝑃S |ℎSR|
2 , (2.4)

where 𝜂 (0 < 𝜂 < 1) indicates the efficiency of energy conversion, and the harvested en-

ergy in this stage will be straight transferred into the PEC.

The FD SWIPT Mode

It is worth noting that the FD SWIPT mode will be invoked when the case {𝛾SD < 𝛾𝑡ℎ} ∩

{𝐸𝑖 ≥ 𝐸𝑡ℎ} holds. Only in this circumstance, R gets chance to broadcast covert message

under the shield of the forwarded source signals.

When R does not leak, the received signals at R and D can be expressed as

𝑦R [𝜔] = √𝑃SℎSR𝑥S [𝜔] + √𝑘𝑃RℎRR𝑥R [𝜔] + 𝑛R [𝜔] , (2.5)

𝑦D [𝜔] = √𝑃SℎSD𝑥S [𝜔] + √𝑃RℎRD𝑥R [𝜔] + 𝑛D [𝜔] , (2.6)

respectively, where 𝑃R means transmit power at R, 𝑥S [𝜔] ∼ 𝒞 𝒩 (0, 1) represents the in-

tended signal emitted from S, 𝜔 ∈ {1, 2, ..., 𝑛} denotes the symbol index in a transmission

block and 𝑛 measures the block-length. Besides, 𝑥R [𝜔] indicates the forwarded version

of 𝑥S [𝜔 − ð] after decoding and recoding7, where 𝑥R [𝜔] follows 𝒞 𝒩 (0, 1) and integer

ð represents the number of delayed symbols due to signal processing. The AWGNs re-

ceived at R and D are marked as 𝑛R and 𝑛D, with 𝑛R [𝜔] ∼ 𝒞 𝒩 (0, 𝜎2
R) and 𝑛D [𝜔] ∼

𝒞 𝒩 (0, 𝜎2
D), respectively. Here, a practical assumption of imperfect SI cancellation (SIC)

is adopted, where the variable 𝑘 ∈ (0, 1] represents the SIC coefficient implying different
7Please note that information loss due to decoding and recoding is assumed to be negligible in this

chapter.
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SIC levels. Note that SIC technique, e.g., antenna isolation and analog/digital elimination,

is of importance for unleashing the promised potentials of FD-aided transmissions because

the presence of SI seriously constrains the received signal-to-interference-plus-noise-ratio

(SINR) of the FD transceiver [113, 114].

When R decides to leak, the received signals at R and D can be expressed as

𝑦R [𝜔] = √𝑃SℎSR𝑥S [𝜔] + √𝑘𝑃RℎRR𝑥R [𝜔] + √𝑘𝑃ΔℎRR𝑥c [𝜔] + 𝑛R [𝜔] , (2.7)

𝑦D [𝜔] = √𝑃SℎSD𝑥S [𝜔] + √𝑃RℎRD𝑥R [𝜔] + √𝑃ΔℎRD𝑥c [𝜔] + 𝑛D [𝜔] , (2.8)

respectively, where𝑃Δ means transmit power of covertmessage𝑥c with𝑥c [𝜔] ∼ 𝒞 𝒩 (0, 1).

Note that 𝑃Δ merely comes from the hidden energy supply.

To enable the FD SWIPT mode, the PS-based EH protocol is adopted. Specifically, R

splits the power of received signal into 𝜌 ∶ (1 − 𝜌) proportions. The 𝜌 portion of received

signal power is used to EH and the remaining (1 − 𝜌) portion is allocated to information

processing. Therefore, after ignoring the negligible energy harvested form the AWGN,

the energy harvested at R in each time slot can be calculated as 𝐸FS0 = 𝜂𝜌(𝑃S |ℎSR|
2 +

𝑘𝑃R |ℎRR|
2) or 𝐸FS1 = 𝜂𝜌(𝑃S |ℎSR|

2 + 𝑘𝑃R |ℎRR|
2 + 𝑘𝑃Δ |ℎRR|

2), where the subscript

“FS0” refers to the FD SWIPT mode without sending covert message, another subscript

“FS1” means the FD SWIPT mode with covert message. Particularly, transmit powers at

R in the FD SWIPT mode are constrained as 𝑃FS0 = 𝑃R and 𝑃FS1 = 𝑃R +𝑃Δ, respectively.

Hence, the harvested energy can be reconstructed uniformly as

𝐸FS = 𝜂𝜌 (𝑃S |ℎSR|
2 + 𝑘𝑃FS |ℎRR|

2
) , (2.9)

where 𝑃FS ∈ {𝑃FS0, 𝑃FS1} and 𝐸FS ∈ {𝐸FS0, 𝐸FS1}.

For clarity, Fig. 2.2 delivers a simplified workflow of R, in the case of that the FD

SWIPT mode is activated.
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Fig. 2.2 Workflow of R in the FD SWIPT mode

2.3 Markov Chain and Stationary Distribution

The hybrid energy container makes R possible to absorb and release energy at the same

time. However, it also leads to highly complex and dynamic charge-discharge behaviours

at R, which poses solid obstacle for tracking energy state changes mathematically. To

tackle this problem, theMC-basedmethod [68, 115] is invoked to track the complex energy

state transmission procedure.

2.3.1 Energy Discretization

To describe the dynamic charge-discharge behaviours of the PEC, the battery capacity

should be segmented into discrete energy states first [115]. Each energy state implies the

available energy remained in the PEC, which can be reached by calculating the product

of the corresponding number of energy levels and the unit energy level. In detail, the

PEC is quantized into 𝐿 + 1 states, and the unit energy level is equal to 𝐶P/𝐿 where 𝐶P

represents the energy capacity of the PEC. Therefore, the 𝑖-th energy state is defined as

𝐸𝑖 = 𝑖𝐶P/𝐿, 𝑖 ∈ {0, 1, ..., 𝐿}.8 Note that 𝐶P ≥ 𝐸𝑡ℎ is considered, otherwise R gets no

opportunity to work in the FD SWIPT mode. In the PEH mode, the discretized amount of

energy absorbed by the PEC is derived as

ΞPEH
△= ⌊

𝐸PEH
𝐶P/𝐿 ⌋

𝐶P
𝐿 = 𝑞PEH𝐶P

𝐿 , (2.10)

8In the case of infinite energy discretization, i.e., 𝐿 → +∞, the proposed discrete battery model can
tightly track the behavior of continuous linear battery which is widely applied in the literature.
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where ⌊⋅⌋ denotes the floor function and 𝑞PEH ∈ {1, 2, ..., 𝐿}. Without loss of general-

ity, the 𝑖-th energy state represents the initial energy amount available in the PEC. After

energy-absorbing in the PEH mode, if 𝐸𝑖 + ΞPEH ≥ 𝐶P, the PEC will be charged to the

maximal capacity 𝐸𝐿 = 𝐶P and any overflowed energy has to be abandoned. Otherwise,

the latest energy state is denoted as 𝐸𝑖+𝑞PEH = 𝐸𝑖 + ΞPEH, which is guaranteed to be fully

accommodated by the PEC.

Because the MB is subject to a predefined energy capacity 𝐶M, the potential amount

of energy transferred into the PEC should be reasonably constrained by min{𝐸FS, 𝐶M}
where the function min {𝑥, 𝑦} outputs the smaller value. Practically, energy transfer from

the MB to the PEC suffers from circuitry attenuation. Thus, the actual amount of energy

absorbed by the PEC can be given by ̂𝐸FS = 𝜂′ × min{𝐸FS, 𝐶M}, where 𝜂′ denotes the

circuitry attenuation coefficient. Furthermore, the discretized amount of energy absorbed

by the PEC should be expressed as

ΞFS
△=

⌊
̂𝐸FS

𝐶P/𝐿⌋
𝐶P
𝐿 = 𝑞FS𝐶P

𝐿 , (2.11)

where 𝑞FS ∈ {1, 2, ..., 𝐿}. Invoking the energy requirement, the consumed energy for

forwarding information should locate at 𝐸C
FS ∈ [𝐸𝑡ℎ, 𝐸𝑖], where 𝐸C

FS = 𝑃R = 𝐸𝑡ℎ = ̈𝑎𝐶P

is predefined for simplicity and ̈𝑎 ∈ [0, 1] stands. After discretization, the amount of

energy consumption at the PEC can be given by

ΞC
FS =

⌈
𝐸C

FS
𝐶P/𝐿⌉

𝐶P
𝐿 =

𝑞C
FS𝐶P
𝐿 , (2.12)

where ⌈⋅⌉ stands as the ceiling function, and 𝑞C
FS is defined for notation simplicity. Simi-

larly, if 𝐸𝑖 −ΞC
FS +ΞFS ≥ 𝐶1, the PEC will be fully charged to 𝐸𝐿 = 𝐶P. On the contrary,

the latest energy state after charging is 𝐸𝑖−𝑞CFS+𝑞FS = 𝐸𝑖 − ΞC
FS + ΞFS.
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2.3.2 Markov Chain

Following the energy discretization, the transition procedure of energy states at the PEC

amongmultiple transmission blocks can be traced as a finite-state time-homogeneousMC.

The transition probability 𝑝𝑖,𝑗 denotes the probability of energy state transition from 𝐸𝑖

to 𝐸𝑗 , which occurs between the beginning of a transmission block and that of the next

transmission block. The energy state transitions can be stated comprehensively in the

following six cases.

1) From 𝐸0 to 𝐸0: In this case, R cannot afford the FD SWIPT mode. After a trans-

mission block, the residual energy yet remains empty. It indicates that the total harvested

energy in this PEH block is discretized to zero, namely, ΞPEH = 0. Invoking (2.4) and

(2.10), the transition probability of 𝐸0 → 𝐸0 can be given by 𝑝0,0 = Pr (𝑞PEH = 0) =

Pr[|ℎSR|
2 < 𝐶P/(𝜂𝑃s𝐿)]. Since |ℎSR|

2 follows the Exponential distribution with mean

ΩSR, the cumulative distribution function (CDF) of |ℎSR|
2 is given by 𝐹

|ℎSR|
2 (𝑥) = 1 −

exp (−𝑥/ΩSR). Furthermore, 𝑝0,0 = 𝐹
|ℎSR|

2 [𝐶P/(𝜂𝑃s𝐿)] can be derived.

2) From 𝐸𝐿 to 𝐸𝐿: In this case, whether R works in the PEH mode or the FD SWIPT

mode depends merely on the SNR requirement. If the PEH mode is invoked, the har-

vested energy can be any possible value, since the PEC cannot absorb additional energy.

If the FD SWIPT mode is activated, the consumed energy should be less than or equal

to its harvested counterpart. From (2.9), (2.11) and (2.12), the transition probability of

𝐸𝐿 → 𝐸𝐿 can be shown as 𝑝𝐿,𝐿 = Pr (𝛾SD ≥ 𝛾𝑡ℎ) + Pr (𝛾SD < 𝛾𝑡ℎ)Pr (ΞC
FS ≤ ΞFS) .

Similar to Case 1), 𝑞SD = Pr (𝛾SD < 𝛾𝑡ℎ) = 𝐹
|ℎSD|

2 (𝜎2
D𝛾𝑡ℎ/𝑃S) and Pr (𝛾SD ≥ 𝛾𝑡ℎ) =

1 − 𝐹
|ℎSD|

2 (𝜎2
D𝛾𝑡ℎ/𝑃S) = 1 − 𝑞SD can be derived. Regarding Pr (ΞC

FS ≤ ΞFS), it can be

calculated as

Pr (ΞC
FS ≤ ΞFS) = Pr [(𝑞C

FS ≤ 𝜂′𝐸FS
𝐶P/𝐿 ) ⋂ (𝐸FS < 𝐶M)] +

Pr [(𝑞C
FS ≤ 𝜂′𝐶M

𝐶P/𝐿 ) ⋂ (𝐸FS ≥ 𝐶M)] =
⎧
⎪
⎨
⎪
⎩

Pr(𝐸FS ≥ 𝑞CFS𝐶P
𝜂′𝐿 ) , 𝐶M ≥ 𝑞CFS𝐶P

𝜂′𝐿

0, 𝐶M < 𝑞CFS𝐶P
𝜂′𝐿

. (2.13)
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Invoking (2.9), Pr [𝐸FS ≥ 𝑞C
FS𝐶P/(𝜂′𝐿)] = Pr [𝑍 ≥ 𝑞C

FS𝐶P/(𝜂𝜌𝜂′𝐿)] can be obtained,

where 𝑍 = 𝑃𝑠 |ℎSR|
2 + 𝑘𝑃FS |ℎRR|

2. Via convolution of two Exponential distribution

variables, the CDF of 𝑍 can be given by

𝐹𝑍 (𝑥) =

⎧
⎪
⎪
⎨
⎪
⎪
⎩

1 − 𝑃SΩSR
𝑃SΩSR−𝑘𝑃FSΩRR

𝑒− 𝑥
𝑃SΩSR +

𝑘𝑃FSΩRR
𝑃SΩSR−𝑘𝑃FSΩRR

𝑒− 𝑥
𝑘𝑃FSΩRR , 𝑃SΩSR ≠ 𝑘𝑃FSΩRR

1
2𝛾 (2, 𝑥

𝑃SΩSR ) , 𝑃SΩSR = 𝑘𝑃FSΩRR

, (2.14)

where 𝛾 (⋅, ⋅) is the lower incomplete Gamma function. Then, Pr [𝐸FS ≥ 𝑞C
FS𝐶P/(𝜂′𝐿)] =

1 − 𝐹𝑍 [𝑞C
FS𝐶P/(𝜂𝜌𝜂′𝐿)] can be derived. Finally, it is gained that

𝑝𝐿,𝐿 =
⎧
⎪
⎨
⎪
⎩

1 − 𝑞SD𝐹𝑍 (
𝑞CFS𝐶P
𝜂𝜌𝜂′𝐿) , 𝐶M ≥ 𝑞CFS𝐶P

𝜂′𝐿

1 − 𝑞SD, 𝐶M < 𝑞CFS𝐶P
𝜂′𝐿

. (2.15)

3) From 𝐸𝑖 to 𝐸𝑗 (0 ≤ 𝑖 < 𝑗 < 𝐿): If the initial energy state cannot satisfy the energy

requirement, i.e., 𝐸𝑖 < 𝐸𝑡ℎ, the PEH mode will be selected. Otherwise, when 𝛾SD ≥ 𝛾𝑡ℎ,

R will choose the PEHmode. On the contrary, R will work in the FD SWIPT mode. Thus,

the transition probability of 𝐸𝑖 → 𝐸𝑗 can be expressed as

𝑝𝑖,𝑗 = 𝑞SD Pr (𝐸𝑖 < 𝐸𝑡ℎ)Pr (𝑞PEH = 𝑗 − 𝑖) + 𝑞SD Pr (𝐸𝑖 ≥ 𝐸𝑡ℎ)Pr (𝑞FS − 𝑞C
FS = 𝑗 − 𝑖) +

(1 − 𝑞SD)Pr (𝑞PEH = 𝑗 − 𝑖) =

⎧
⎪
⎪
⎨
⎪
⎪
⎩

Pr (𝑞PEH = 𝑗 − 𝑖) , 𝑖 < 𝜑

(1 − 𝑞SD)Pr (𝑞PEH = 𝑗 − 𝑖) +

𝑞SD Pr (𝑞FS − 𝑞C
FS = 𝑗 − 𝑖) , 𝑖 ≥ 𝜑

, (2.16)

where 𝜑 = ⌈𝐸𝑡ℎ𝐿/𝐶P⌉ denotes the total number of energy units needed to represent

the energy requirement in the discretized energy regime. Next, Pr (𝑞PEH = 𝑗 − 𝑖) and
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Pr (𝑞FS − 𝑞C
FS = 𝑗 − 𝑖) are given by

Pr (𝑞PEH = 𝑗 − 𝑖) = 𝐹
|ℎSR|

2 [
(𝑗 − 𝑖 + 1) 𝐶P

𝜂𝑃S𝐿 ] − 𝐹
|ℎSR|

2 [
(𝑗 − 𝑖) 𝐶P

𝜂𝑃S𝐿 ] , (2.17)

Pr (𝑞FS − 𝑞C
FS = 𝑗 − 𝑖) =

⎧⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪⎩

0, 𝐶M < (𝑗−𝑖+𝑞cFS)𝐶P
𝜂′𝐿

𝐹𝑍 [
(𝑗−𝑖+𝑞cFS+1)𝐶P

𝜂𝜌𝜂′𝐿 ] −

𝐹𝑍 [
(𝑗−𝑖+𝑞cFS)𝐶P

𝜂𝜌𝜂′𝐿 ] , 𝐶M ≥ (𝑗−𝑖+𝑞cFS+1)𝐶P
𝜂′𝐿

1 − 𝐹𝑍 [
(𝑗−𝑖+𝑞cFS)𝐶P

𝜂𝜌𝜂′𝐿 ] , otherwise

, (2.18)

respectively.

Combining (2.16), (2.17) and (2.18), probability of transition 𝐸𝑖 → 𝐸𝑗 is stated as

𝑝𝑖,𝑗 =

⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩

𝐹
|ℎSR|

2 (
(𝑗−𝑖+1)𝐶P

𝜂𝑃S𝐿 ) − 𝐹
|ℎSR|

2 (
(𝑗−𝑖)𝐶P
𝜂𝑃S𝐿 ) , 𝑖 < 𝜑

(1 − 𝑞SD) ×

[𝐹
|ℎSR|

2 (
(𝑗−𝑖+1)𝐶P

𝜂𝑃S𝐿 ) − 𝐹
|ℎSR|

2 (
(𝑗−𝑖)𝐶P
𝜂𝑃S𝐿 )] , 𝑖 ≥ 𝜑&&𝐶M < (𝑗−𝑖+𝑞cFS)𝐶P

𝜂′𝐿

(1 − 𝑞SD) ×

[𝐹
|ℎSR|

2 (
(𝑗−𝑖+1)𝐶P

𝜂𝑃S𝐿 ) − 𝐹
|ℎSR|

2 (
(𝑗−𝑖)𝐶P
𝜂𝑃S𝐿 )]

+𝑞SD [1 − 𝐹𝑍 (
(𝑗−𝑖+𝑞cFS)𝐶P

𝜂𝜌𝜂′𝐿 )] , 𝑖 ≥ 𝜑&&(𝑗−𝑖+𝑞cFS)𝐶P
𝜂′𝐿 ≤ 𝐶M < (𝑗−𝑖+𝑞cFS+1)𝐶P

𝜂′𝐿

(1 − 𝑞SD) ×

[𝐹
|ℎSR|

2 (
(𝑗−𝑖+1)𝐶P

𝜂𝑃S𝐿 ) − 𝐹
|ℎSR|

2 (
(𝑗−𝑖)𝐶P
𝜂𝑃S𝐿 )]

+𝑞SD×

[𝐹𝑍 (
(𝑗−𝑖+𝑞cFS+1)𝐶P

𝜂𝜌𝜂′𝐿 ) − 𝐹𝑍 (
(𝑗−𝑖+𝑞cFS)𝐶P

𝜂𝜌𝜂′𝐿 )] , 𝑖 ≥ 𝜑&&𝐶M ≥ (𝑗−𝑖+𝑞cFS+1)𝐶P
𝜂′𝐿

(2.19)

4) From 𝐸𝑖 to 𝐸𝑖 (0 < 𝑖 < 𝐿): If 𝐸𝑖 < 𝐸𝑡ℎ, the PEH mode will be invoked and the

harvested energy should be discretized as zero. If 𝐸𝑖 ≥ 𝐸𝑡ℎ and 𝛾SD ≥ 𝛾𝑡ℎ, the PEH mode

is enabled and the harvested energy should also be discretized as zero. If 𝐸𝑖 ≥ 𝐸𝑡ℎ and
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𝛾SD < 𝛾𝑡ℎ, the FD SWIPT mode will be selected, the discretized amount of consumed

energy should be equal to that of harvested energy. Hence, the transition probability of

𝐸𝑖 → 𝐸𝑖 is calculated as

𝑝𝑖,𝑖 = (1 − 𝑞SD)Pr (𝑞PEH = 0) + 𝑞SD Pr (𝐸𝑖 < 𝐸𝑡ℎ) ×

Pr (𝑞PEH = 0) + 𝑞SD Pr (𝐸𝑖 ≥ 𝐸𝑡ℎ)Pr (𝑞FS − 𝑞C
FS = 0)

=

⎧
⎪
⎪
⎨
⎪
⎪
⎩

Pr (𝑞PEH = 0) , 𝑖 < 𝜑

(1 − 𝑞SD)Pr (𝑞PEH = 0) +

𝑞SD Pr (𝑞FS − 𝑞C
FS = 0) , 𝑖 ≥ 𝜑

, (2.20)

where

Pr (𝑞FS − 𝑞C
FS = 0) =

⎧⎪
⎪
⎪
⎨
⎪
⎪
⎪⎩

0, 𝐶M < 𝑞cFS𝐶P
𝜂′𝐿

𝐹𝑍 [
(𝑞cFS+1)𝐶P

𝜂𝜌𝜂′𝐿 ] − 𝐹𝑍 (
𝑞cFS𝐶P
𝜂𝜌𝜂′𝐿) , 𝐶M ≥ (𝑞cFS+1)𝐶P

𝜂′𝐿

1 − 𝐹𝑍 (
𝑞cFS𝐶P
𝜂𝜌𝜂′𝐿) , otherwise

. (2.21)

Finally, the transition probability of 𝐸𝑖 → 𝐸𝑖 can be expressed as

𝑝𝑖,𝑖 =

⎧
⎪
⎪
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎪
⎪
⎩

𝐹
|ℎSR|

2 (
𝐶P

𝜂𝑃S𝐿) , 𝑖 < 𝜑

(1 − 𝑞SD) 𝐹
|ℎSR|

2 (
𝐶P

𝜂𝑃S𝐿) , 𝑖 ≥ 𝜑&&𝐶M < 𝑞cFS𝐶P
𝜂′𝐿

(1 − 𝑞SD) 𝐹
|ℎSR|

2 (
𝐶P

𝜂𝑃S𝐿) +

𝑞SD [1 − 𝐹𝑍 (
𝑞cFS𝐶P
𝜂𝜌𝜂′𝐿)] , 𝑖 ≥ 𝜑&&𝑞cFS𝐶P

𝜂′𝐿 ≤ 𝐶M < (𝑞cFS+1)𝐶P
𝜂′𝐿

(1 − 𝑞SD) 𝐹
|ℎSR|

2 (
𝐶P

𝜂𝑃S𝐿) +

𝑞SD [𝐹𝑍 (
(𝑞cFS+1)𝐶P

𝜂𝜌𝜂′𝐿 ) − 𝐹𝑍 (
𝑞cFS𝐶P
𝜂𝜌𝜂′𝐿)] , 𝑖 ≥ 𝜑&&𝐶M ≥ (𝑞cFS+1)𝐶P

𝜂′𝐿
(2.22)
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5) From 𝐸𝑖 to 𝐸𝑗 (0 ≤ 𝑗 < 𝑖 ≤ 𝐿): Obviously, this circumstance can only occur in the

FD SWIPT mode. Therefore, the transition probability of 𝐸𝑖 → 𝐸𝑗 can be derived as

𝑝𝑖,𝑗 = Pr (𝛾SD < 𝛾𝑡ℎ)Pr (𝐸𝑖 ≥ 𝐸𝑡ℎ)Pr (𝑞C
FS − 𝑞FS = 𝑖 − 𝑗)

=
⎧⎪
⎨
⎪⎩

0, 𝑖 < 𝜑

𝑞SD Pr (𝑞C
FS − 𝑞FS = 𝑖 − 𝑗) , 𝑖 ≥ 𝜑

. (2.23)

Next, Pr (𝑞C
FS − 𝑞FS = 𝑖 − 𝑗) needs to be calculated, shown as

Pr (𝑞C
FS − 𝑞FS = 𝑖 − 𝑗) =

⎧⎪
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎪⎩

0, 𝐶M < [𝑞CFS−(𝑖−𝑗)]𝐶P

𝜂′𝐿

𝐹𝑍 (
[𝑞CFS−(𝑖−𝑗)+1]𝐶P

𝜂𝜌𝜂′𝐿 )
−

𝐹𝑍 (
[𝑞CFS−(𝑖−𝑗)]𝐶P

𝜂𝜌𝜂′𝐿 )
, 𝐶M ≥ [𝑞CFS−(𝑖−𝑗)+1]𝐶P

𝜂′𝐿

1 − 𝐹𝑍 (
[𝑞CFS−(𝑖−𝑗)]𝐶P

𝜂𝜌𝜂′𝐿 )
, otherwise.

. (2.24)

Invoking (2.23) and (2.24), the transition probability of 𝐸𝑖 → 𝐸𝑗 can be expressed as

𝑝𝑖,𝑗 =

⎧
⎪
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎪
⎩

0, 𝑖 < 𝜑‖
(

𝑗 ≥ 𝜑&&𝐶M < [𝑞CFS−(𝑖−𝑗)]𝐶P

𝜂′𝐿 )

𝑞SD (
1 − 𝐹𝑍 (

[𝑞CFS−(𝑖−𝑗)]𝐶P

𝜂𝜌𝜂′𝐿 ))
, 𝑖 ≥ 𝜑&&[𝑞CFS−(𝑖−𝑗)]𝐶P

𝜂′𝐿 ≤ 𝐶M < [𝑞CFS−(𝑖−𝑗)+1]𝐶P

𝜂′𝐿

𝑞SD [
𝐹𝑍 (

[𝑞CFS−(𝑖−𝑗)+1]𝐶P

𝜂𝜌𝜂′𝐿 )
−

𝐹𝑍 (
[𝑞CFS−(𝑖−𝑗)]𝐶P

𝜂𝜌𝜂′𝐿 )]
, 𝑖 ≥ 𝜑&&𝐶M ≥ [𝑞CFS−(𝑖−𝑗)+1]𝐶P

𝜂′𝐿

(2.25)

6) From 𝐸𝑖 to 𝐸𝐿 (0 ≤ 𝑖 < 𝐿): When 𝐸𝑖 < 𝐸𝑡ℎ, the PEH mode will be activated, and

the harvested energy should meet ΞPEH ≥ 𝐸𝐿 − 𝐸𝑖. Otherwise, if 𝛾SD ≥ 𝛾𝑡ℎ, the PEH is

invoked and the harvested energy is supposed to satisfy ΞPEH ≥ 𝐸𝐿 − 𝐸𝑖. If 𝐸𝑖 ≥ 𝐸𝑡ℎ

and 𝛾SD < 𝛾𝑡ℎ, the FD SWIPT mode will be selected and ΞPEH −ΞC
PEH ≥ 𝐸𝐿 − 𝐸𝑖 should
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hold. Thus, the transition probability of 𝐸𝑖 → 𝐸𝐿 can be expressed as

𝑝𝑖,𝐿 = Pr (𝛾SD ≥ 𝛾𝑡ℎ)Pr (𝑞PEH ≥ 𝐿 − 𝑖) + Pr (𝛾SD < 𝛾𝑡ℎ) ×

Pr (𝐸𝑖 < 𝐸𝑡ℎ)Pr (𝑞PEH ≥ 𝐿 − 𝑖) + Pr (𝛾SD < 𝛾𝑡ℎ) ×

Pr (𝐸𝑖 ≥ 𝐸𝑡ℎ)Pr (𝑞FS − 𝑞C
FS ≥ 𝐿 − 𝑖)

=

⎧
⎪
⎪
⎨
⎪
⎪
⎩

Pr (𝑞PEH ≥ 𝐿 − 𝑖) , 𝑖 < 𝜑

(1 − 𝑞SD)Pr (𝑞PEH ≥ 𝐿 − 𝑖) +

𝑞SD Pr (𝑞FS − 𝑞C
FS ≥ 𝐿 − 𝑖) , 𝑖 ≥ 𝜑

. (2.26)

Next, Pr (𝑞PEH ≥ 𝐿 − 𝑖) and Pr (𝑞FS − 𝑞C
FS ≥ 𝐿 − 𝑖) can be derived as

Pr (𝑞PEH ≥ 𝐿 − 𝑖) = 1 − 𝐹
|ℎSR|

2 [
(𝐿 − 𝑖) 𝐶P

𝜂𝑃S𝐿 ] , (2.27)

Pr (𝑞FS − 𝑞C
FS ≥ 𝐿 − 𝑖) =

⎧⎪
⎪
⎨
⎪
⎪⎩

0, 𝐶M < (𝐿−𝑖+𝑞CFS)𝐶P

𝜂′𝐿

1 − 𝐹𝑍 [
(𝐿−𝑖+𝑞CFS)𝐶P

𝜂𝜌𝜂′𝐿 ]
, 𝐶M ≥ (𝐿−𝑖+𝑞CFS)𝐶P

𝜂′𝐿

, (2.28)

respectively.

Invoking (2.26), (2.27) and (2.28), the transition probability of 𝐸𝑖 → 𝐸𝐿 is given by

𝑝𝑖,𝐿 =

⎧
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪⎩

1 − 𝐹
|ℎSR|

2 (
(𝐿−𝑖)𝐶P

𝜂𝑃S𝐿 ) , 𝑖 < 𝜑

(1 − 𝑞SD) [1 − 𝐹
|ℎSR|

2 (
(𝐿−𝑖)𝐶P

𝜂𝑃S𝐿 )] , 𝑖 ≥ 𝜑&&𝐶M < (𝐿−𝑖+𝑞CFS)𝐶P

𝜂′𝐿

(1 − 𝑞SD) [1 − 𝐹
|ℎSR|

2 (
(𝐿−𝑖)𝐶P

𝜂𝑃S𝐿 )] +

𝑞SD [
1 − 𝐹𝑍 (

(𝐿−𝑖+𝑞CFS)𝐶P

𝜂𝜌𝜂′𝐿 )]
, 𝑖 ≥ 𝜑&&𝐶M ≥ (𝐿−𝑖+𝑞CFS)𝐶P

𝜂′𝐿

. (2.29)

2.3.3 Stationary Distribution

Theorem 2.1. In this theorem, the probability that the energy status of arbitrary transmis-

sion slot meets the given energy condition will be derived, from a long-term perspective.
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Fig. 2.3 The state transition diagram in the case of 𝐿 = 2

With the help of stationary distribution 𝜉, for arbitrary transmission slot, Pr (𝐸𝑖 ≥ 𝐸𝑡ℎ) =

∑𝐿
𝑖=𝜑 𝜉𝑖 holds where𝜑 can be found in (2.16) and 𝜉𝑖 ∈ 𝜉 = (𝜉0, 𝜉1, ..., 𝜉𝐿)

𝑇 is defined in the

following proof. Furthermore, Pr (𝐸𝑖 < 𝐸𝑡ℎ) = 1 − ∑𝐿
𝑖=𝜑 𝜉𝑖 = ∑𝜑−1

𝑖=0 𝜉𝑖 can be obtained.

Proof. Denote M △= {𝑝𝑖,𝑗} as the (𝐿 + 1) × (𝐿 + 1) state transition matrix, of which the

state transition diagram in the case of 𝐿 = 2 is depicted in Fig. 2.3 as an example, while

the corresponding transition probability matrix can be expressed as

M =

⎡
⎢
⎢
⎢
⎢
⎣

𝑝0,0 𝑝0,1 𝑝0,2

𝑝1,0 𝑝1,1 𝑝1,2

𝑝2,0 𝑝2,1 𝑝2,2

⎤
⎥
⎥
⎥
⎥
⎦

. (2.30)

Using the similar methods in [68] and [116], it is easy to verify that the transition ma-

trix M is irreducible9 and row stochastic10. Thus, the stationary distribution 𝜉 must
9In a MC, the transition matrix is said to be irreducible if it is possible to reach any other state from

any state in finite number of steps. In the MC analysis, all possible energy states communicate so that the
transition matrix M is irreducible.

10In a MC, the transition matrix is said to be row stochastic if the sum of all the elements in a row is one
and all elements are non-negative. In the MC analysis, the transition probabilities from any energy state to
all possible energy states sums up to one and the transition probabilities are definitely non-negative, thus
the transition matrix M is row stochastic. Note that M is asymmetric because 𝑝𝑖,𝑗 ≠ 𝑝𝑗,𝑖, ∀𝑖, 𝑗, given the
aforementioned analysis.
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satisfy 𝜉 = (𝜉0, 𝜉1, ..., 𝜉𝐿)
𝑇 = M𝑇 𝜉. Solving the above equation, 𝜉 can be derived as

𝜉 = (M𝑇 − I + B)
−1 𝑏where B𝑖,𝑗 = 1, ∀𝑖, 𝑗, 𝑏 = (1, 1, ..., 1)𝑇 and I is the unit matrix. ■

Remark 2.1. In Theorem 2.1, 𝜉𝑖 where 𝑖 ∈ {0, 1, … , 𝐿} represents the stationary prob-

ability of the 𝑖-th energy state, on a long-term viewpoint. The reason why the result

Pr (𝐸𝑖 ≥ 𝐸𝑡ℎ) = ∑𝐿
𝑖=𝜑 𝜉𝑖 in Theorem 2.1 holds can be straight explained as follows: 𝜉𝑖

(𝑖 ≥ 𝜑) describes the probability of an arbitrary event whose residual energy is higher

than the energy threshold and the probability summation of all these events makes up the

overall probability of 𝐸𝑖 ≥ 𝐸𝑡ℎ.

2.3.4 Verification and Discussion

In Fig. 2.4, the dynamic charge-discharge behaviour of the PEC and the comparison of

steady state distribution gained from the analytical framework in this section against those

generated through Monte Carlo simulation are demonstrated, for various PEC levels 𝐿.

Besides, Fig. 2.5 depicts the impact of PEC levels 𝐿 on the probability of energy require-

ment being satisfied or violated. The detailed system parameter setups in these figures are

in line with those in Section 2.6.

Remark 2.2. The initial energy remained in the PEC is set to be empty, and as the proposed

HOR system runs with respect to (w.r.t.) block numbers, the complex energy accumulation

and consumption process can be clearly traced as shown in the upper subfigures of Fig. 2.4

over different values of 𝐿. Observing the corresponding lower subfigures, it is confirmed

that the proposed analytical model matches the actual distribution tightly, validating the

effectiveness of analysis on the MC in this section.

Remark 2.3. From Fig. 2.5, one can find that the larger 𝐿 (i.e., the PEC levels) is, the

more likely residual energy in the PEC can satisfy the energy requirement which is hereby

quantified as that the residual energy in the PEC is greater than or equal to ̈𝑎𝐶P. This is

reasonable for a two-fold reason: 1) the floor function (e.g., formulas (2.10) and (2.11))

used to quantify the discretized amount of energy absorbed by the PEC limits that the pro-

posed energy discretization model has to abandon the overflow energy assimilated; and 2)



2.3. Markov Chain and Stationary Distribution | 58

0 500 1000 1500 2000 2500

Block Numbers

0

20

40

60

80

100

R
es

id
ua

l E
ne

rg
y 

(%
)

L = 10

0 1 2 3 4 5 6 7 8 9 10

PEC Levels

0

20

40

60

80

100

Pr
ob

ab
ili

ty
 o

f 
be

in
g 

i (
%

)

Analytical Value
Monte Carlo Simulation

0 500 1000 1500 2000 2500

Block Numbers

0

20

40

60

80

100

R
es

id
ua

l E
ne

rg
y 

(%
)

L = 15

0 5 10 15

PEC Levels

0

20

40

60

80

100

Pr
ob

ab
ili

ty
 o

f 
be

in
g 

i (
%

)

Analytical Value
Monte Carlo Simulation

Fig. 2.4 Illustration of residual energy fluctuations and validation of the proposed MC
analysis
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Fig. 2.4 Illustration of residual energy fluctuations and validation of the proposed MC
analysis (cont.)
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Fig. 2.5 The impact of energy discretization levels

the ceiling function (e.g., formula (2.12)) applied to quantify the discretized amount of en-

ergy consumed by the PEC restricts that the proposed energy discretization model should

quantify the underflow amount of discretized energy used up by the PEC as a specific inte-

ger, which means the proposed model consumes extra energy than its actual counterpart.

According to the aforementioned analysis, it is straightforward to conclude that the larger

𝐿 is, i.e., the finer the PEC is mathematically discretized, the more efficient manipula-

tion of RF energy can be realized. A subsequent influence of 𝐿 on wireless transmission

performance can be found in detail in Section 2.6. However, there exists the inherent

trade-off between the computation complexity and energy manipulating efficiency of the

proposed energy discretization model so that the value of 𝐿 should be chosen carefully

and delicately in the practical application scenarios.

2.4 Covert Communication Performance Analysis

Note that R only intends to broadcast covert message when the FD SWIPT mode is active.

Thus, this chapter focuses on the circumstance where D performs detection only in the
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case of FD SWIPT mode. In the PEH mode, R will not broadcast covert message and

D ceases the detection. This consideration is reasonable because the exact work mode R

applies is an open consensus among all nodes at the beginning of each transmission block.

Note that in this section, constraint 𝛾SD < 𝛾𝑡ℎ holds due to the nature of FD SWIPT mode.

2.4.1 Channel Uncertainty Model

To investigate the impact of channel uncertainty on covert detection performance at D,

it is assumed that D gets an imperfect estimation of the wireless channel R→D and the

imperfect channel estimation model of D is formulated as ℎRD = ℎ̂RD + ℎ̃RD, where

ℎ̂RD ∼ 𝒞 𝒩 (0, (1 − 𝛽) ΩRD) and ℎ̃RD ∼ 𝒞 𝒩 (0, 𝛽ΩRD) are independent complex Gaus-

sian random variables (RVs) representing D’s channel estimation and the corresponding

estimation error, respectively [117]. It is worth noting that 𝛽 ∈ (0, 1) measures the degree

of channel uncertainty and the aforementioned Gaussian estimation error comes from the

MMSE estimation method.

2.4.2 Binary Detection at the Destination

Apart from receiving desired information from S and R, D also needs to perform simple

(binary) hypothesis test in which ℋ0 means the null hypothesis indicating that R does not

transmit covert information, while ℋ1 represents the alternative hypothesis implicating

that R does emit the covert message. In a specific transmission slot, the False Alarm (i.e.,

type I error) probability is defined as ℙFA ≜ Pr (𝒟1|ℋ0) and the Missed Detection (i.e.,

type II error) probability is given by ℙMD ≜ Pr (𝒟0|ℋ1), where 𝒟1 and 𝒟0 represent

the binary decisions in favor of the occurrence of covert transmission or not, respectively.

Besides, 𝑎 𝑝𝑟𝑖𝑜𝑟𝑖 probabilities of hypotheses ℋ0 and ℋ1 are assumed to be equal (i.e., both

are 0.5)11, which is a widely adopted assumption in the field of covert communications.
11Note that the equal 𝑎 𝑝𝑟𝑖𝑜𝑟𝑖 probability assumption corresponds to the circumstance in which D has

no 𝑎 𝑝𝑟𝑖𝑜𝑟𝑖 knowledge on whether R emits covert message or not and completely ignores the probability of
covert transmissions at R.
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Following this assumption, the detection performance of D is measured by the detection

error probability ℙE ≜ ℙFA + ℙMD [46].

For arbitrary 𝜖 > 0, R is considered to achieve covert communication if any transmis-

sion scheme exists satisfying ℙE ≥ 1 − 𝜖. Note that the lower bound on ℙE characterizes

the necessary trade-off between the false alarms and missed detections in a simple hy-

pothesis test. Specifically, ℙE ≥ 1 − 𝜖 represents the covert communication constraint

and 𝜖 signifies the covert requirement because a sufficiently small 𝜖 renders any detector

employed at D to be ineffective.

2.4.3 Derivation and Analysis

In the case of FD SWIPT mode, the received signals at D in the 𝜔-th channel use within

a transmission block can be expressed as

𝑦D [𝜔]=
⎧⎪
⎨
⎪⎩

√𝑃SℎSD𝑥S [𝜔] + √𝑃RℎRD𝑥R [𝜔] + 𝑛D [𝜔] , ℋ0

√𝑃SℎSD𝑥S [𝜔] + √𝑃RℎRD𝑥R [𝜔] + √𝑃ΔℎRD𝑥c [𝜔] + 𝑛D [𝜔] , ℋ1

. (2.31)

Lemma 2.1. In the case of availability of noise power at D, it is validated that radiometer

is the optimal detector for covert communication detection.

Proof. See Appendix 2.8.1. ■

Theorem 2.2. For arbitrary detection threshold 𝜏 of the radiometer, closed-form expres-

sions of false alarm and missed detection probabilities can be given by

ℙFA =
⎧⎪
⎨
⎪⎩

exp(
𝑗0−𝜏

𝛽𝑃RΩRD ) , 𝜏 ≥ 𝑗0

1, otherwise
, (2.32)

ℙMD =
⎧⎪
⎨
⎪⎩

1 − exp [
𝑗1−𝜏

𝛽(𝑃R+𝑃Δ)ΩRD ] , 𝜏 ≥ 𝑗1

0, otherwise
, (2.33)
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respectively, where 𝑗0 = 𝑃S|ℎSD|2+𝑃R|ℎ̂RD|2+𝜎2
D and 𝑗1 =𝑃S|ℎSD|2+(𝑃R + 𝑃Δ) |ℎ̂RD|2+

𝜎2
D. Furthermore, invoking (2.32) and (2.33), the closed-form expression of ℙE can be

derived as

ℙE =

⎧
⎪
⎪
⎨
⎪
⎪
⎩

1, 𝜏 < 𝑗0

exp(
𝑗0−𝜏

𝛽𝑃RΩRD ) , 𝑗0 ≤ 𝜏 < 𝑗1

1 + exp(
𝑗0−𝜏

𝛽𝑃RΩRD ) − exp [
𝑗1−𝜏

𝛽(𝑃R+𝑃Δ)ΩRD ] , 𝜏 ≥ 𝑗1

. (2.34)

Proof. See Appendix 2.8.2. ■

Theorem 2.3. The optimal detection threshold of D’s radiometer, which is supposed to

minimize ℙE, is given by

𝜏∗ =
⎧⎪
⎨
⎪⎩

𝑗1, 𝑗1 ≥ 𝜏𝑘1=0

𝜏𝑘1=0, 𝑗1 < 𝜏𝑘1=0

, (2.35)

where

𝜏𝑘1=0 = −
𝛽𝑃R (𝑃R + 𝑃Δ) ΩRD

𝑃Δ
ln 𝑃R

𝑃R + 𝑃Δ
+ 𝑃S|ℎSD|2 + 𝜎2

D. (2.36)

Proof. See Appendix 2.8.3. ■

Corollary 2.1. To achieve the best detection performance, D will always select the optimal

detection threshold as per (2.35). Thus, closed-form expression of minimum detection

error probability can be calculated as

ℙ∗
E =

⎧⎪
⎨
⎪⎩

exp(
𝑗0−𝑗1

𝛽𝑃RΩRD ) , 𝑗1 ≥ 𝜏𝑘1=0

1 + exp(
𝑗0−𝜏𝑘1=0
𝛽𝑃RΩRD ) − exp [

𝑗1−𝜏𝑘1=0
𝛽(𝑃R+𝑃Δ)ΩRD ] , 𝑗1 < 𝜏𝑘1=0

. (2.37)

Remark 2.4. According to Theorem 2.2, Theorem 2.3 and Corollary 2.1, it is confirmed

that ℙE, 𝜏∗ and ℙ∗
E are independent to parameters 𝑘, 𝐿, 𝛾𝑡ℎ, 𝐶M, 𝜂, 𝜂′, 𝜎2

R, ℎRR and ℎSR.

This is because, concisely speaking, covert communication is constrained to be possible

only within the FD SWIPT mode, and parameters 𝐶P and 𝐸𝑡ℎ can affect covert metrics
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Fig. 2.6 Validation of the derived closed-form expressions of detection error probability
and the optimal detection threshold, and illustration of performance superiority of the
proposed minimum detection error probability and its monotonicity w.r.t. 𝛽
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in the manner of the predefined 𝑃R = 𝐸𝑡ℎ = ̈𝑎𝐶P. Moreover, ℙ∗
E is not subject to 𝑃S

and ℎSD either, because of the subtractions 𝑗0 − 𝑗1, 𝑗0 − 𝜏𝑘1=0 and 𝑗1 − 𝜏𝑘1=0. This find-

ing guides designers to understand what parameters are valid to pose impacts on covert

communication detection performance.

Corollary 2.2. Minimum detection error probability ℙ∗
E monotonically increases w.r.t. 𝛽.

Proof. See Appendix 2.8.4. ■

Remark 2.5. Based on Corollary 2.2, the imperfect channel estimation is proved to be an

important factor posing significant impacts on ℙ∗
E. Smaller 𝛽, i.e., more accurate channel

estimation, is desired to enhance the covert communication detection performance at D.

To show the covert communication performance analysis and verify the correctness of

the corresponding analytical expressions, Fig. 2.6 is illustrated, in which 𝛽 = 0.5 holds

unless otherwise specified and other system parameters are set in line with those in Section

2.6. In Fig. 2.6, covert metrics for arbitrarily selected block are evaluated, where ℎSD =

2.5652×10−4−4.4098×10−4𝑗 and ℎ̂RD = −0.0003−0.0016𝑗 hold. From subfigure (I), the

Monte Carlo simulation nodes match perfectly with the analytical curve of (2.34) and the

dash line generated from (2.35) coincides tightlywith the simulated optimal 𝜏’s coordinate,

validating the correctness of Theorem 2.2 and Theorem 2.3. Subfigure (II) depicts that

applying Corollary 2.1 can significantly reduce the detection error probability, compared

to its counterpart without the optimal detection threshold. It can also be observed from

subfigure (II) that the curve of ℙ∗
E keeps a constant w.r.t. 𝑃S, the reason of which can be

found in Remark 2.4. Finally, subfigure (III) shows that ℙ∗
E monotonically increases w.r.t.

𝛽, justifying the effectiveness of Corollary 2.2 and Remark 2.5.

2.5 Transmission Outage Performance Analysis

In this section, transmission outage probability (TOP) is derived and analysed, the cir-

cumstance in which D applies maximum ratio combination (MRC) protocol to combine

the received signals from S and R is considered, when the FD SWIPT mode is on.
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In FD SWIPT mode, invoking (2.6) and (2.8), the received SINR at D can be given by

𝛾D =
⎧⎪
⎨
⎪⎩

𝛾SD + 𝑌ℋ0 , ℋ0

𝛾SD + 𝑌ℋ1 , ℋ1

, (2.38)

where

𝑌ℋ0 = min
{

(1 − 𝜌) 𝑃S|ℎSR|2

(1 − 𝜌) 𝑘𝑃R|ℎRR|2 + 𝜎2
R

, 𝑃R|ℎRD|2

𝜎2
D }

, (2.39)

𝑌ℋ1 = min
{

𝑃R|ℎRD|2

𝑃Δ|ℎRD|2 + 𝜎2
D

, (1 − 𝜌) 𝑃S|ℎSR|2

(1 − 𝜌) 𝑘 (𝑃R + 𝑃Δ) |ℎRR|2 + 𝜎2
R}

. (2.40)

Note that the term min {⋅, ⋅} in (2.39) and (2.40) is introduced by the fixed decode-and-

forward (DF) relaying policy applied at R [118, 119].

Lemma 2.2. The closed-form CDF expressions of 𝑌ℋ0 and 𝑌ℋ1 can be calculated as

𝐹𝑌ℋ𝜙
(𝑥) =

⎧⎪
⎪
⎪
⎨
⎪
⎪
⎪⎩

1 −
𝑃SΩSR exp[−(

𝜎2
R

(1−𝜌)𝑃SΩSR
+ 𝜎2

D
𝑃RΩRD )𝑥]

𝑃SΩSR+𝑘𝑃RΩRR𝑥 , 𝜙 = 0

1 −
𝑃SΩSR exp[−(

𝜎2
R

(1−𝜌)𝑃SΩSR
+ 𝜎2

D
(𝑃R−𝑃Δ𝑥)ΩRD )𝑥]

𝑃SΩSR+𝑘(𝑃R+𝑃Δ)ΩRR𝑥 , 𝜙 = 1&&𝑥 < 𝑃R
𝑃Δ

1, 𝜙 = 1&&𝑥 ≥ 𝑃R
𝑃Δ

. (2.41)

Proof. See Appendix 2.8.5. ■

Lemma 2.3. The closed-form expression of CDF of 𝛾D|ℋ0 can be derived as

𝐹𝛾D|ℋ0 (𝑥) = 𝑞SD − 𝑣1 [Ei (𝑣3) − Ei (𝑣4)] ×

exp
⎡
⎢
⎢
⎢
⎢
⎣

𝑃SΩSR (
𝜎2
R

(1−𝜌)𝑃SΩSR
+ 𝜎2

D
𝑃RΩRD ) − 𝜎2

D
𝑃SΩSD

(𝑃SΩSR + 𝑘𝑃RΩRR𝑥)

𝑘𝑃RΩRR

⎤
⎥
⎥
⎥
⎥
⎦

, (2.42)

where Ei (⋅) represents the one-argument Exponential integral function. For concise ex-

pression, the following variables in (2.42) are denoted as 𝑣1 = 𝜎2
DΩSR/(𝑘𝑃RΩRRΩSD),
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𝑣2 = ( 𝜎2
D

𝑃SΩSD
− 𝜎2

R
(1−𝜌)𝑃SΩSR

− 𝜎2
D

𝑃RΩRD
)/(𝑘𝑃RΩRR), 𝑣3 = 𝑣2 (𝑃SΩSR + 𝑘𝑃RΩRR𝑥) and 𝑣4 =

𝑣2 [𝑃SΩSR + 𝑘𝑃RΩRR (𝑥 − 𝛾𝑡ℎ)] .

Proof. See Appendix 2.8.6. ■

Lemma 2.4. The closed-form CDF expression of 𝛾D|ℋ1 in the case of FD SWIPT mode

can be derived approximately as

𝐹𝛾D|ℋ1 (𝑥) ≈ quadgk (fun (𝑦) , 0, 𝛾𝑡ℎ) , (2.43)

where the definitions of quadgk(⋅, ⋅, ⋅) and fun (𝑦) can be found in the following proof.

Proof. See Appendix 2.8.7. ■

Remark 2.6. In Lemma 2.4, the approximation of 𝐹𝛾D|ℋ1 is achieved by converting infinite

integral to finite summation. The accuracy of this approximation is mainly affected by the

amount of nodes used within the finite summation, the more nodes is applied, the more

complex the summation is, though more precise approximation it can achieve.

Theorem 2.4. The closed-form expression of the TOP in the FD SWIPT mode is given by

𝑇 𝑂𝑃FS = 1
2

𝐿

∑
𝑖=𝜑

𝜉𝑖 [𝐹𝛾D|ℋ0 (2𝑅𝑡ℎ − 1) + 𝐹𝛾D|ℋ1 (2𝑅𝑡ℎ − 1)] . (2.44)

Proof. See Appendix 2.8.8. ■

Theorem 2.5. The closed-form expression of the TOP in the PEH mode is derived as

𝑇 𝑂𝑃PEH = 𝑞SD
𝜑−1

∑
𝑖=0

𝜉𝑖 + 𝐹𝛾SD|𝛾SD≥𝛾𝑡ℎ (2𝑅𝑡ℎ − 1) , (2.45)

where the concept of 𝐹𝛾SD|𝛾SD≥𝛾𝑡ℎ (𝑥) can be found in the following proof.

Proof. See Appendix 2.8.9. ■
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Corollary 2.3. Finally, invoking (2.44) and (2.45), the closed-form expression of overall

TOP for the proposed HOR model can be calculated as

𝑇 𝑂𝑃 = 𝑞SD
𝜑−1

∑
𝑖=0

𝜉𝑖+𝐹𝛾SD|𝛾SD≥𝛾𝑡ℎ (2𝑅𝑡ℎ − 1) +

1
2

𝐿

∑
𝑖=𝜑

𝜉𝑖 [𝐹𝛾D|ℋ0 (2𝑅𝑡ℎ − 1) + 𝐹𝛾D|ℋ1 (2𝑅𝑡ℎ − 1)] . (2.46)

2.6 Numerical Results

In this section, applying the analytical expressions derived in the previous contents, nu-

merical results are simulated and the impacts of key parameters on the TOP performance

are investigated. Note that, in Section 2.4, the effectiveness of derived covert communica-

tion analysis for arbitrary transmission block in the FD SWIPT mode has been showcased.

It is fair to say that the proposed HOR system can always achieve minimum detection error

probability for any possible FD SWIPT transmission block, via proactively applying The-

orem 2.3 and Corollary 2.1. For conciseness, covert communication performance will not

be depicted in this section. Without loss of generality and for simplicity, the simulation

layout of involved transceivers is distributed in a vertically cut plane of 3D airspace as

illustrated in Fig. 2.7, where R can only move within the focused plane. Unless otherwise

specified, the simulation results are based on parameter setups listed in Table 2.1.

S D
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dSD
<latexit sha1_base64="tEVkPsatAyQFmxfi73PaN2u2eCA=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHjxGNA9IljA720mGzD6c6Q2GZb/DiwdFvPox3vwbJ8keNLGgoajqprvLi6XQaNvfVmFldW19o7hZ2tre2d0r7x80dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdT/3WGJQWUfiAkxjcgA1C0RecoZFcv5d2EZ4wvb/Jsl65YlftGegycXJSITnqvfJX1494EkCIXDKtO44do5syhYJLyErdREPM+IgNoGNoyALQbjo7OqMnRvFpP1KmQqQz9fdEygKtJ4FnOgOGQ73oTcX/vE6C/Us3FWGcIIR8vqifSIoRnSZAfaGAo5wYwrgS5lbKh0wxjiankgnBWXx5mTTPqo5dde7OK7WrPI4iOSLH5JQ45ILUyC2pkwbh5JE8k1fyZo2tF+vd+pi3Fqx85pD8gfX5A0J/kmc=</latexit><latexit sha1_base64="tEVkPsatAyQFmxfi73PaN2u2eCA=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHjxGNA9IljA720mGzD6c6Q2GZb/DiwdFvPox3vwbJ8keNLGgoajqprvLi6XQaNvfVmFldW19o7hZ2tre2d0r7x80dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdT/3WGJQWUfiAkxjcgA1C0RecoZFcv5d2EZ4wvb/Jsl65YlftGegycXJSITnqvfJX1494EkCIXDKtO44do5syhYJLyErdREPM+IgNoGNoyALQbjo7OqMnRvFpP1KmQqQz9fdEygKtJ4FnOgOGQ73oTcX/vE6C/Us3FWGcIIR8vqifSIoRnSZAfaGAo5wYwrgS5lbKh0wxjiankgnBWXx5mTTPqo5dde7OK7WrPI4iOSLH5JQ45ILUyC2pkwbh5JE8k1fyZo2tF+vd+pi3Fqx85pD8gfX5A0J/kmc=</latexit><latexit sha1_base64="tEVkPsatAyQFmxfi73PaN2u2eCA=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHjxGNA9IljA720mGzD6c6Q2GZb/DiwdFvPox3vwbJ8keNLGgoajqprvLi6XQaNvfVmFldW19o7hZ2tre2d0r7x80dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdT/3WGJQWUfiAkxjcgA1C0RecoZFcv5d2EZ4wvb/Jsl65YlftGegycXJSITnqvfJX1494EkCIXDKtO44do5syhYJLyErdREPM+IgNoGNoyALQbjo7OqMnRvFpP1KmQqQz9fdEygKtJ4FnOgOGQ73oTcX/vE6C/Us3FWGcIIR8vqifSIoRnSZAfaGAo5wYwrgS5lbKh0wxjiankgnBWXx5mTTPqo5dde7OK7WrPI4iOSLH5JQ45ILUyC2pkwbh5JE8k1fyZo2tF+vd+pi3Fqx85pD8gfX5A0J/kmc=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="W7Cp4lrHL8MQgPdKjAmensrgbLQ=">AAAB6XicbZA7T8MwFIVvyquUAoWVxaJCYqoSFhiRYGAsgj6kNqocx2mtOk6wbyqqKL+DhQGE+ENs/BvcxwAtR7L06Rxb9/oEqRQGXffbKW1sbm3vlHcre9X9g8PaUbVtkkwz3mKJTHQ3oIZLoXgLBUreTTWncSB5JxjfzPLOhGsjEvWI05T7MR0qEQlG0Vp+OMj7yJ8xf7gtikGt7jbcucg6eEuow1LNQe2rHyYsi7lCJqkxPc9N0c+pRsEkLyr9zPCUsjEd8p5FRWNu/Hy+dEHOrBOSKNH2KCRz9/eLnMbGTOPA3owpjsxqNjP/y3oZRld+LlSaIVdsMSjKJMGEzBogodCcoZxaoEwLuythI6opQ9tTxZbgrX55HdoXDc9tePculOEETuEcPLiEa7iDJrSAwRO8wBu8OxPn1flY1FVylr0dwx85nz/0WZEI</latexit><latexit sha1_base64="W7Cp4lrHL8MQgPdKjAmensrgbLQ=">AAAB6XicbZA7T8MwFIVvyquUAoWVxaJCYqoSFhiRYGAsgj6kNqocx2mtOk6wbyqqKL+DhQGE+ENs/BvcxwAtR7L06Rxb9/oEqRQGXffbKW1sbm3vlHcre9X9g8PaUbVtkkwz3mKJTHQ3oIZLoXgLBUreTTWncSB5JxjfzPLOhGsjEvWI05T7MR0qEQlG0Vp+OMj7yJ8xf7gtikGt7jbcucg6eEuow1LNQe2rHyYsi7lCJqkxPc9N0c+pRsEkLyr9zPCUsjEd8p5FRWNu/Hy+dEHOrBOSKNH2KCRz9/eLnMbGTOPA3owpjsxqNjP/y3oZRld+LlSaIVdsMSjKJMGEzBogodCcoZxaoEwLuythI6opQ9tTxZbgrX55HdoXDc9tePculOEETuEcPLiEa7iDJrSAwRO8wBu8OxPn1flY1FVylr0dwx85nz/0WZEI</latexit><latexit sha1_base64="nV6BbhHBTKpjqG+ceZuQlgE2kMY=">AAAB9HicbVC7TsNAEFzzDOEVoKSxiJCoIpsGyggoKIMgDymxovP5nJxyPpu7dURk+TtoKECIlo+h42+4JC4gYaSVRjO72t3xE8E1Os63tbK6tr6xWdoqb+/s7u1XDg5bOk4VZU0ai1h1fKKZ4JI1kaNgnUQxEvmCtf3R9dRvj5nSPJYPOEmYF5GB5CGnBI3kBf2sh+wJs/ubPO9Xqk7NmcFeJm5BqlCg0a989YKYphGTSAXRuus6CXoZUcipYHm5l2qWEDoiA9Y1VJKIaS+bHZ3bp0YJ7DBWpiTaM/X3REYirSeRbzojgkO96E3F/7xuiuGll3GZpMgknS8KU2FjbE8TsAOuGEUxMYRQxc2tNh0SRSianMomBHfx5WXSOq+5Ts29c6r1qyKOEhzDCZyBCxdQh1toQBMoPMIzvMKbNbZerHfrY966YhUzR/AH1ucPQT+SYw==</latexit><latexit sha1_base64="tEVkPsatAyQFmxfi73PaN2u2eCA=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHjxGNA9IljA720mGzD6c6Q2GZb/DiwdFvPox3vwbJ8keNLGgoajqprvLi6XQaNvfVmFldW19o7hZ2tre2d0r7x80dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdT/3WGJQWUfiAkxjcgA1C0RecoZFcv5d2EZ4wvb/Jsl65YlftGegycXJSITnqvfJX1494EkCIXDKtO44do5syhYJLyErdREPM+IgNoGNoyALQbjo7OqMnRvFpP1KmQqQz9fdEygKtJ4FnOgOGQ73oTcX/vE6C/Us3FWGcIIR8vqifSIoRnSZAfaGAo5wYwrgS5lbKh0wxjiankgnBWXx5mTTPqo5dde7OK7WrPI4iOSLH5JQ45ILUyC2pkwbh5JE8k1fyZo2tF+vd+pi3Fqx85pD8gfX5A0J/kmc=</latexit><latexit sha1_base64="tEVkPsatAyQFmxfi73PaN2u2eCA=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHjxGNA9IljA720mGzD6c6Q2GZb/DiwdFvPox3vwbJ8keNLGgoajqprvLi6XQaNvfVmFldW19o7hZ2tre2d0r7x80dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdT/3WGJQWUfiAkxjcgA1C0RecoZFcv5d2EZ4wvb/Jsl65YlftGegycXJSITnqvfJX1494EkCIXDKtO44do5syhYJLyErdREPM+IgNoGNoyALQbjo7OqMnRvFpP1KmQqQz9fdEygKtJ4FnOgOGQ73oTcX/vE6C/Us3FWGcIIR8vqifSIoRnSZAfaGAo5wYwrgS5lbKh0wxjiankgnBWXx5mTTPqo5dde7OK7WrPI4iOSLH5JQ45ILUyC2pkwbh5JE8k1fyZo2tF+vd+pi3Fqx85pD8gfX5A0J/kmc=</latexit><latexit sha1_base64="tEVkPsatAyQFmxfi73PaN2u2eCA=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHjxGNA9IljA720mGzD6c6Q2GZb/DiwdFvPox3vwbJ8keNLGgoajqprvLi6XQaNvfVmFldW19o7hZ2tre2d0r7x80dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdT/3WGJQWUfiAkxjcgA1C0RecoZFcv5d2EZ4wvb/Jsl65YlftGegycXJSITnqvfJX1494EkCIXDKtO44do5syhYJLyErdREPM+IgNoGNoyALQbjo7OqMnRvFpP1KmQqQz9fdEygKtJ4FnOgOGQ73oTcX/vE6C/Us3FWGcIIR8vqifSIoRnSZAfaGAo5wYwrgS5lbKh0wxjiankgnBWXx5mTTPqo5dde7OK7WrPI4iOSLH5JQ45ILUyC2pkwbh5JE8k1fyZo2tF+vd+pi3Fqx85pD8gfX5A0J/kmc=</latexit><latexit sha1_base64="tEVkPsatAyQFmxfi73PaN2u2eCA=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHjxGNA9IljA720mGzD6c6Q2GZb/DiwdFvPox3vwbJ8keNLGgoajqprvLi6XQaNvfVmFldW19o7hZ2tre2d0r7x80dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdT/3WGJQWUfiAkxjcgA1C0RecoZFcv5d2EZ4wvb/Jsl65YlftGegycXJSITnqvfJX1494EkCIXDKtO44do5syhYJLyErdREPM+IgNoGNoyALQbjo7OqMnRvFpP1KmQqQz9fdEygKtJ4FnOgOGQ73oTcX/vE6C/Us3FWGcIIR8vqifSIoRnSZAfaGAo5wYwrgS5lbKh0wxjiankgnBWXx5mTTPqo5dde7OK7WrPI4iOSLH5JQ45ILUyC2pkwbh5JE8k1fyZo2tF+vd+pi3Fqx85pD8gfX5A0J/kmc=</latexit><latexit sha1_base64="tEVkPsatAyQFmxfi73PaN2u2eCA=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHjxGNA9IljA720mGzD6c6Q2GZb/DiwdFvPox3vwbJ8keNLGgoajqprvLi6XQaNvfVmFldW19o7hZ2tre2d0r7x80dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdT/3WGJQWUfiAkxjcgA1C0RecoZFcv5d2EZ4wvb/Jsl65YlftGegycXJSITnqvfJX1494EkCIXDKtO44do5syhYJLyErdREPM+IgNoGNoyALQbjo7OqMnRvFpP1KmQqQz9fdEygKtJ4FnOgOGQ73oTcX/vE6C/Us3FWGcIIR8vqifSIoRnSZAfaGAo5wYwrgS5lbKh0wxjiankgnBWXx5mTTPqo5dde7OK7WrPI4iOSLH5JQ45ILUyC2pkwbh5JE8k1fyZo2tF+vd+pi3Fqx85pD8gfX5A0J/kmc=</latexit><latexit sha1_base64="tEVkPsatAyQFmxfi73PaN2u2eCA=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgKeyKoMegHjxGNA9IljA720mGzD6c6Q2GZb/DiwdFvPox3vwbJ8keNLGgoajqprvLi6XQaNvfVmFldW19o7hZ2tre2d0r7x80dZQoDg0eyUi1PaZBihAaKFBCO1bAAk9CyxtdT/3WGJQWUfiAkxjcgA1C0RecoZFcv5d2EZ4wvb/Jsl65YlftGegycXJSITnqvfJX1494EkCIXDKtO44do5syhYJLyErdREPM+IgNoGNoyALQbjo7OqMnRvFpP1KmQqQz9fdEygKtJ4FnOgOGQ73oTcX/vE6C/Us3FWGcIIR8vqifSIoRnSZAfaGAo5wYwrgS5lbKh0wxjiankgnBWXx5mTTPqo5dde7OK7WrPI4iOSLH5JQ45ILUyC2pkwbh5JE8k1fyZo2tF+vd+pi3Fqx85pD8gfX5A0J/kmc=</latexit>

dRR
<latexit sha1_base64="g0Gg028iaq0z0u10LIOaXj8cmbs=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMt9gPaUDababt0s4m7k2IJ+R1ePCji1R/jzX/jts1BWx8MPN6bYWaeHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRDJosEpHq+FSD4BKayFFAJ1ZAQ19A2x/fzvz2BJTmkXzAaQxeSIeSDzijaCQv6Kc9hCdMG40s65crTtWZw14lbk4qJEe9X/7qBRFLQpDIBNW66zoxeilVyJmArNRLNMSUjekQuoZKGoL20vnRmX1mlMAeRMqURHuu/p5Iaaj1NPRNZ0hxpJe9mfif101wcO2lXMYJgmSLRYNE2BjZswTsgCtgKKaGUKa4udVmI6ooQ5NTyYTgLr+8SloXVdepuveXldpNHkeRnJBTck5cckVq5I7USZMw8kieySt5sybWi/VufSxaC1Y+c0z+wPr8AVZMknQ=</latexit><latexit sha1_base64="g0Gg028iaq0z0u10LIOaXj8cmbs=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMt9gPaUDababt0s4m7k2IJ+R1ePCji1R/jzX/jts1BWx8MPN6bYWaeHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRDJosEpHq+FSD4BKayFFAJ1ZAQ19A2x/fzvz2BJTmkXzAaQxeSIeSDzijaCQv6Kc9hCdMG40s65crTtWZw14lbk4qJEe9X/7qBRFLQpDIBNW66zoxeilVyJmArNRLNMSUjekQuoZKGoL20vnRmX1mlMAeRMqURHuu/p5Iaaj1NPRNZ0hxpJe9mfif101wcO2lXMYJgmSLRYNE2BjZswTsgCtgKKaGUKa4udVmI6ooQ5NTyYTgLr+8SloXVdepuveXldpNHkeRnJBTck5cckVq5I7USZMw8kieySt5sybWi/VufSxaC1Y+c0z+wPr8AVZMknQ=</latexit><latexit sha1_base64="g0Gg028iaq0z0u10LIOaXj8cmbs=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMt9gPaUDababt0s4m7k2IJ+R1ePCji1R/jzX/jts1BWx8MPN6bYWaeHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRDJosEpHq+FSD4BKayFFAJ1ZAQ19A2x/fzvz2BJTmkXzAaQxeSIeSDzijaCQv6Kc9hCdMG40s65crTtWZw14lbk4qJEe9X/7qBRFLQpDIBNW66zoxeilVyJmArNRLNMSUjekQuoZKGoL20vnRmX1mlMAeRMqURHuu/p5Iaaj1NPRNZ0hxpJe9mfif101wcO2lXMYJgmSLRYNE2BjZswTsgCtgKKaGUKa4udVmI6ooQ5NTyYTgLr+8SloXVdepuveXldpNHkeRnJBTck5cckVq5I7USZMw8kieySt5sybWi/VufSxaC1Y+c0z+wPr8AVZMknQ=</latexit><latexit sha1_base64="g0Gg028iaq0z0u10LIOaXj8cmbs=">AAAB9HicbVBNS8NAEN3Ur1q/qh69BIvgqSQi6LHoxWMt9gPaUDababt0s4m7k2IJ+R1ePCji1R/jzX/jts1BWx8MPN6bYWaeHwuu0XG+rcLa+sbmVnG7tLO7t39QPjxq6ShRDJosEpHq+FSD4BKayFFAJ1ZAQ19A2x/fzvz2BJTmkXzAaQxeSIeSDzijaCQv6Kc9hCdMG40s65crTtWZw14lbk4qJEe9X/7qBRFLQpDIBNW66zoxeilVyJmArNRLNMSUjekQuoZKGoL20vnRmX1mlMAeRMqURHuu/p5Iaaj1NPRNZ0hxpJe9mfif101wcO2lXMYJgmSLRYNE2BjZswTsgCtgKKaGUKa4udVmI6ooQ5NTyYTgLr+8SloXVdepuveXldpNHkeRnJBTck5cckVq5I7USZMw8kieySt5sybWi/VufSxaC1Y+c0z+wPr8AVZMknQ=</latexit>

dSR
<latexit sha1_base64="Ad+fH1DwHqjCsTsirTyPsjvz26c=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiB4CjMi6DHoxWNcskAyhJ6eStKkZ7G7JhiG+Q4vHhTx6sd482/sJHPQxAcFj/eqqKrnxVJotO1vq7Cyura+UdwsbW3v7O6V9w+aOkoUhwaPZKTaHtMgRQgNFCihHStggSeh5Y2up35rDEqLKHzASQxuwAah6AvO0Eiu30u7CE+Y3t9lWa9csav2DHSZODmpkBz1Xvmr60c8CSBELpnWHceO0U2ZQsElZKVuoiFmfMQG0DE0ZAFoN50dndETo/i0HylTIdKZ+nsiZYHWk8AznQHDoV70puJ/XifB/qWbijBOEEI+X9RPJMWIThOgvlDAUU4MYVwJcyvlQ6YYR5NTyYTgLL68TJpnVceuOrfnldpVHkeRHJFjckocckFq5IbUSYNw8kieySt5s8bWi/VufcxbC1Y+c0j+wPr8AVfTknU=</latexit><latexit sha1_base64="Ad+fH1DwHqjCsTsirTyPsjvz26c=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiB4CjMi6DHoxWNcskAyhJ6eStKkZ7G7JhiG+Q4vHhTx6sd482/sJHPQxAcFj/eqqKrnxVJotO1vq7Cyura+UdwsbW3v7O6V9w+aOkoUhwaPZKTaHtMgRQgNFCihHStggSeh5Y2up35rDEqLKHzASQxuwAah6AvO0Eiu30u7CE+Y3t9lWa9csav2DHSZODmpkBz1Xvmr60c8CSBELpnWHceO0U2ZQsElZKVuoiFmfMQG0DE0ZAFoN50dndETo/i0HylTIdKZ+nsiZYHWk8AznQHDoV70puJ/XifB/qWbijBOEEI+X9RPJMWIThOgvlDAUU4MYVwJcyvlQ6YYR5NTyYTgLL68TJpnVceuOrfnldpVHkeRHJFjckocckFq5IbUSYNw8kieySt5s8bWi/VufcxbC1Y+c0j+wPr8AVfTknU=</latexit><latexit sha1_base64="Ad+fH1DwHqjCsTsirTyPsjvz26c=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiB4CjMi6DHoxWNcskAyhJ6eStKkZ7G7JhiG+Q4vHhTx6sd482/sJHPQxAcFj/eqqKrnxVJotO1vq7Cyura+UdwsbW3v7O6V9w+aOkoUhwaPZKTaHtMgRQgNFCihHStggSeh5Y2up35rDEqLKHzASQxuwAah6AvO0Eiu30u7CE+Y3t9lWa9csav2DHSZODmpkBz1Xvmr60c8CSBELpnWHceO0U2ZQsElZKVuoiFmfMQG0DE0ZAFoN50dndETo/i0HylTIdKZ+nsiZYHWk8AznQHDoV70puJ/XifB/qWbijBOEEI+X9RPJMWIThOgvlDAUU4MYVwJcyvlQ6YYR5NTyYTgLL68TJpnVceuOrfnldpVHkeRHJFjckocckFq5IbUSYNw8kieySt5s8bWi/VufcxbC1Y+c0j+wPr8AVfTknU=</latexit><latexit sha1_base64="Ad+fH1DwHqjCsTsirTyPsjvz26c=">AAAB9HicbVDJSgNBEO2JW4xb1KOXxiB4CjMi6DHoxWNcskAyhJ6eStKkZ7G7JhiG+Q4vHhTx6sd482/sJHPQxAcFj/eqqKrnxVJotO1vq7Cyura+UdwsbW3v7O6V9w+aOkoUhwaPZKTaHtMgRQgNFCihHStggSeh5Y2up35rDEqLKHzASQxuwAah6AvO0Eiu30u7CE+Y3t9lWa9csav2DHSZODmpkBz1Xvmr60c8CSBELpnWHceO0U2ZQsElZKVuoiFmfMQG0DE0ZAFoN50dndETo/i0HylTIdKZ+nsiZYHWk8AznQHDoV70puJ/XifB/qWbijBOEEI+X9RPJMWIThOgvlDAUU4MYVwJcyvlQ6YYR5NTyYTgLL68TJpnVceuOrfnldpVHkeRHJFjckocckFq5IbUSYNw8kieySt5s8bWi/VufcxbC1Y+c0j+wPr8AVfTknU=</latexit>
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Fig. 2.7 The layout of involved nodes for conducting simulation
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Table 2.1 Parameter setups for simulation

Parameters Values Parameters Values
UAV’s altitude 𝐻R 20 m Distance of S�D 𝑑SD 100 m
Distance of R�R 𝑑RR 0.1 m Distance of S�R 𝑑SR 20√2 m
Distance of R�D 𝑑RD √202 + 802 m Reference pathloss 𝜆0 -5 dB
Excessive attenuation factor 𝜅 -2 dB LoS pathloss exponent 𝛼1 2.1
NLoS pathloss exponent 𝛼2 3 AWGN variances 𝜎2

R/𝜎
2
D -70 dBm/-70 dBm

Target transmission rate 𝑅𝑡ℎ 1 bps/Hz SNR threshold 𝛾𝑡ℎ 1
Energy threshold 𝐸𝑡ℎ ̈𝑎𝐶P = 0.6𝐶P Transmit power of S 𝑃S 10 dBm
PS factor 𝜌 0.5 Covert transmit power 𝑃Δ 0.2𝑃R
PEC’s capacity 𝐶P 10−4.5 Joule MB’s capacity 𝐶M 10−4.5 Joule
Energy conversion efficiency 𝜂 0.9 Circuitry attenuation coefficient 𝜂′ 0.9
Transmit power of R 𝑃R 𝐸𝑡ℎ A prior probability of ℋ0 0.5
S-curve parameter B 0.1 S-curve parameter C 15
SIC coefficient 𝑘 0.5 PEC level 𝐿 15
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Fig. 2.8 Transmission outage probability versus 𝑃S with various 𝐿

2.6.1 Validation of The Proposed Energy Discretization Method

In this part, the feasibility and accuracy of the proposed discrete energy model described

in Section 2.3 will be validated, by plotting curves generated from the MC-based TOP

analysis and the corresponding Monte Carlo simulation points. Note that 𝐿 → ∞ serves

as lower bound of the TOP performance, in the case of a massive energy discretization.

For comparison, the conventional relay curve depicts the performance of the most popular

FDR scheme in which fixed FD SWIPT relaying mode is applied without energy accu-

mulation. It can be observed from Fig. 2.8 that even a small energy discretization level

(𝐿 = 5) is enough to provide considerable TOP performance gain for majority of the

simulated 𝑃S regime, compared to the circumstances in which no relay assists wireless

communications or the conventional relay is utilised. Comparing the TOP performance



2.6. Numerical Results | 71

curves of various 𝐿 values, one can conclude that the TOP performance approaches the

lower bound gradually as the value of 𝐿 increases. The reason why 𝐿 can affect the HOR

system has been explained in detail in Remark 2.3. Specifically, when 𝐿’s value is not

significant, i.e., 𝐿 = 15, the TOP performance curve can coincide with the lower bound in

the most region of simulated 𝑃S. The aforementioned observations validate the efficiency

and effectiveness of the proposed HOR system on reducing wireless transmission outage,

even with practical energy discretization levels (𝐿 = 5, 𝐿 = 10, 𝐿 = 15). Another obser-

vation is that increasing transmit power, i.e., 𝑃S, can help all the considered FDR methods

commit a better TOP performance.

2.6.2 The Impact of R’s Transmit Power

In this part, the impact of 𝑃R on TOP performance will be discussed. Fig. 2.9 depicts TOP

curves versus 𝑃R with various values of 𝑘. It is straightforward to observe that TOP curves

first decrease and then increase with the increasing of 𝑃R, which turns out that the optimal

value of 𝑃R exists. The existence of the optimal 𝑃R is due to the following two reasons: 1)

a larger 𝑃R will consume more stored energy at the PEC but also lead the PEC to absorb

more energy from the SI channel; and 2) the min function introduced by the DF relaying

strategy limits that 𝛾D is not always increasing with the increase of 𝑃R. These two kinds

of dilemma cause that simply enlarging 𝑃R does not lead to a better TOP performance,

and also make the optimal value of 𝑃R existing. This finding is beneficial for designer to

choose a feasible value of 𝑃R when implementing the proposed HOR system.

2.6.3 The Impact of Capacity of The PEC

In this subsection, how 𝐶P influences the TOP performance will be examined. Fig. 2.10

shows TOP curves versus 𝐶P with various 𝐿 values. It is straightforward to find that for

specific HOR system parameter setup, there exists optimal value of 𝐶P to minimize the

TOP performance. The existence of the optimal 𝐶P is because, briefly speaking, it influ-

ences the values of 𝑃R and 𝐸𝑡ℎ by the means of 𝑃R = 𝐸𝑡ℎ = ̈𝑎𝐶P. Under the system
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Fig. 2.9 Transmission outage probability versus 𝑃R with various 𝑘

parameter setup of this example, as 𝐿 increases, the optimal 𝐶P increases as well, though

the optimal 𝐶P almost remains unchanged in the range of 𝐿 ∈ [10, ∞). It can be observed

that 𝐿 = 50 can almost act as a feasible alternative of the TOP performance’s lower bound,

revealing the efficiency of the proposed energy discretization model. The observation of

this example allows system designer to determine an optimal 𝐶P while reducing computa-

tion complexity by selecting a small but sufficient 𝐿, for various system parameter setups.

2.6.4 The Impact of The PS Factor

In this part, the impact of 𝜌 on the TOP performancewill be investigated. Fig. 2.11 demon-

strates TOP curves versus 𝜌 with various 𝐿 values. Alongside all the possible values of

𝜌 towards 𝜌 = 1, one can find that the TOP curves first decreases, reach the optimality

and then rocket to the worst case at which performance gain offered by the proposed HOR
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Fig. 2.10 Transmission outage probability versus 𝐶P with various 𝐿

protocol evaporates. The existence of the optimality is because the inherent trade-off at R

between harvesting more energy and gaining stronger received SNR. Besides, one can find

that the energy discretization levels does pose impact on the value of optimality. Specif-

ically, a larger 𝐿 leads to a smaller value of the optimality. It does make sense because a

larger 𝐿 can reduce the energy loss in the proposed energy discretization model based on

the discussion in Remark 2.3 so that R has the space to pour more efforts on information

processing.

2.6.5 The Impact of R’s AWGN Power

In this subsection, the influence of 𝜎2
R on the TOP performance will be investigated. Fig.

2.12 depicts TOP curves versus 𝜎2
R with various values of 𝜌. From the figure, it is straight-

forward to conclude that the TOP performance gets worse with the increase of 𝜎2
R. Specif-
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Fig. 2.11 Transmission outage probability versus 𝜌 with various 𝐿

ically, when R is less or equally “noisy” than D, i.e., in the range of 𝜎2
R ≤ 𝜎2

D = −70 dBm,

the TOP performance remains static at the minimum values. On the contrary, a “noisier”

R will lead to the loss of performance gain offered by the proposed HOR system. This

is because, in short, the min function introduced by the DF relaying strategy in formulas

(2.39) and (2.40) forces the overall received SNR 𝛾D to behave the segmentation feature.

Besides, with the increase of 𝜎2
R, the impact of 𝜌 on the TOP performance gradually be-

comes negligible, e.g., in the case of 𝜎2
R ∈ [−10, 30] dBm. This is because, at this moment,

𝑌ℋ𝑖 , 𝑖 ∈ {0, 1} is way too small compared to 𝛾SD. Moreover, the detailed illustration in the

case of 𝜎2
R = −70 dBm is given. At this point, the TOP performance of 𝜌 = 0.9917 (the

empirical optimal PS factor from Fig. 2.11) is superior to that of 𝜌 = 0.996, validating the

existence of the optimal 𝜌 discussed in the aforementioned Subsection 2.6.4.
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Fig. 2.12 Transmission outage probability versus 𝜎2
R with various 𝜌

2.6.6 The Impact of SIC Strength

In this part, how 𝑘 affects the TOP performance will be examined. Fig. 2.13 shows TOP

curves versus 𝑘 with various 𝑃S values. It is obvious that the TOP performance is be-

coming worse with the increase of 𝑘, for all simulated 𝑃S setups, since a larger 𝑘 means a

stronger SI which suppresses the received SNR of R more. Although a larger 𝑘 can lead R

to harvest more energy from the loop SI channel, from Fig. 2.13, it is still better to pursue

a good SIC efficiency, i.e., a smaller value of 𝑘, when implementing the proposed HOR

system. Besides, with a higher 𝑃S, the impact of 𝑘 becomes less obvious. This is because

the strengths of both energy harvested from the SI channel and the interference caused

by the SI link become minor, in the case of a high value of 𝑃S, which is determined by

formulas (2.9), (2.39) and (2.40).
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Fig. 2.13 Transmission outage probability versus 𝑘 with various 𝑃S

2.6.7 The Impact of The Distance Between S and R

In this subsection, the impact of 𝑑SR on the TOP performance will be discussed. Subject

to the Triangle Side Length Rule, the possible length of 𝑑SR should locates in 𝑑SR ∈

[20, √202 + 1002] m. From Fig. 2.14, it is easy to find that no matter what 𝐿’s value

is, a reasonable shorter distance between S and R is always preferred for achieving more

TOP performance gain. As R moves away from S, not only 𝑑SR increases but also the

probability of link S�R being LoS becomes less likely as per the adopted A2G pathloss

model (2.3), which thus results in that the amount of harvested energy drops accordingly

as per (2.4) and (2.9). From this figure, the approaching speed of TOP curves to “No

Relay” line is slower for a larger 𝐿, validating the discussion in Remark 2.3.
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Fig. 2.14 Transmission outage probability versus 𝑑SR with various 𝐿

2.6.8 The Impact of The SNR Threshold

In this part, how the value of 𝛾𝑡ℎ affects the TOP performance will be analyzed. Fig. 2.15

depicts the TOP curves versus 𝛾𝑡ℎ with different 𝑘 values. From this figure, one can observe

that there exists an optimal value of 𝛾𝑡ℎ which can minimize the TOP curves. This is

because, concisely speaking, the value of 𝛾𝑡ℎ directly influences the occurrence frequency

of the FD SWIPT mode, which is determined by the activation condition as {𝛾SD < 𝛾𝑡ℎ}∩

{𝐸𝑖 ≥ 𝐸𝑡ℎ}. The dilemma of “never or less frequently using R” and “using R too much”

makes the optimal 𝛾𝑡ℎ possible. Besides, the optimal value of 𝛾𝑡ℎ is independent to 𝑘.

However, a more solid SIC degree, i.e., a smaller 𝑘, is still preferable, which is consistent

with the discussion in Subsection 2.6.6.



2.7. Chapter Summary | 78

0.2 0.4 0.6 0.8 1 1.2 1.4

th

0.036

0.038

0.04

0.042

0.044

0.046

0.048

0.05
T

ra
n
sm

is
si

o
n
 O

u
ta

g
e 

P
ro

b
ab

il
it

y

Simulation

k = 0.1

k = 0.5

k = 0.9
No Relay

Fig. 2.15 Transmission outage probability versus 𝛾𝑡ℎ with various 𝑘

2.7 Chapter Summary

In this chapter, a novel wireless relaying transmission scheme termed as HOR was initi-

ated for UAV-relaying networks. To enable SWIPT and true FD functionalities, a practical

finite-capacity hybrid energy storage model was applied. The UAV-relay can work oppor-

tunistically in either the PEH or the FD SWIPT mode, not only providing a smarter way to

manipulate available wireless energy but also improving the overall wireless transmission

performance. To track the dynamic charge-discharge behaviour of the PEC, a discrete-

state MC method was adopted, based on which the stationary distribution of energy state

transition was quantified. Furthermore, covert communication and transmission perfor-

mances of the proposed HOR system were analysed via deriving closed-form expressions

of minimum detection error probability and transmission outage probability. Numerical

results validated the correctness of aforementioned analyses, the impacts of key system
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parameters were discussed and fundamental trade-offs were exposed. Through analytical

derivations and numerical simulations, it is proved that the proposed HOR scheme can en-

hance wireless energy manipulating efficiency, wireless transmission outage performance

and privacy level, which provides a neater solution for UAV-relaying networks.

2.8 Appendix

2.8.1 Proof of Lemma 2.1

As each symbol of the received message vector 𝑦D in a specific transmission slot follows

i.i.d. complex Gaussian distribution, 𝑦D [𝜔] is ruled by the following distribution

⎧
⎪
⎪
⎨
⎪
⎪
⎩

𝒞 𝒩 (0, 𝑃S|ℎSD|2 + 𝑃R|ℎ̂RD|2 + 𝑃R|ℎ̃RD|2 + 𝜎2
D), ℋ0

𝒞 𝒩 (0, 𝑃S|ℎSD|2 + (𝑃R + 𝑃Δ) |ℎ̂RD|2+

(𝑃R + 𝑃Δ) |ℎ̃RD|2 + 𝜎2
D), ℋ1

. (2.47)

Let 𝑦D (𝜓) = [𝑦D [1] (𝜓) , 𝑦D [2] (𝜓) , … , 𝑦D [𝑛] (𝜓)] denote the observation condi-

tioned on 𝜓 , where 𝑦D [𝜔] (𝜓) ∼ 𝒞 𝒩 (0, 𝜎2
D + 𝜓). Note that 𝜓 represents the sum vari-

ance of D’s received signals from S and R. To distinguish the null hypothesis ℋ0 from

the alternative hypothesis ℋ1, a couple of non-negative and real-value RVs Ψ0 and Ψ1 are

introduced, whose probability density functions (PDFs) are compactly given by

𝑓Ψ𝑞 (𝜓) =

⎧⎪
⎪
⎪
⎨
⎪
⎪
⎪⎩

exp(− 𝜓−𝜙0
𝛽𝑃RΩRD )

𝛽𝑃RΩRD
, 𝑥 > 𝜙0, 𝑞 = 0

exp[− 𝜓−𝜙1
𝛽(𝑃R+𝑃Δ)ΩRD ]

𝛽(𝑃R+𝑃Δ)ΩRD
, 𝑥 > 𝜙1, 𝑞 = 1

0, otherwise

, (2.48)

where 𝜙0 = 𝑃SΩSD + (1 − 𝛽) 𝑃RΩRD and 𝜙1 = 𝑃SΩSD + (1 − 𝛽) (𝑃R + 𝑃Δ) ΩRD.
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Furthermore, the PDF of vector 𝑦D given 𝜓 can be calculated as

𝑓𝑦D(𝜓) (𝑦) =
𝑛

∏
𝜔=1

exp(− |𝑦D[𝜔](𝜓)|2

𝜎2
D+𝜓 )

𝜋 (𝜎2
D + 𝜓)

=
[

1
𝜋 (𝜎2

D + 𝜓)]

𝑛

exp
(

−
∑𝑛

𝜔=1 |𝑦D [𝜔] (𝜓) |2

𝜎2
D + 𝜓 )

.

(2.49)

Here, invoking Fisher-Neyman Factorization Theorem [120], the total received power in

a transmission slot ∑𝑛
𝜔=1 |𝑦D [𝜔] (𝜓) |2 is a sufficient statistic for D’s hypothesis test. It

is worth noting that ∑𝑛
𝜔=1 |𝑦D [𝜔] (𝜓) |2 = (𝜎2

D + 𝜓) 𝒳 2
2𝑛 where 𝒳 2

2𝑛 denotes chi-squared

RVwith 2𝑛 degrees of freedom. Because D knows the statistical knowledge of his received

signals when either hypothesis holds, applying Neyman-Pearson Lemma, the optimal test-

ing method for D to detect is likelihood ratio test (LRT), given by

Λ (𝑦D) =
𝑓𝑦D∣ℋ1 (𝑦)
𝑓𝑦D∣ℋ0 (𝑦)

𝒟1
≷
𝒟0

Γ, (2.50)

where Γ = Pr (ℋ1) /Pr (ℋ0) = 1 due to the application of equal 𝑎 𝑝𝑟𝑖𝑜𝑟𝑖 assumption. D

does not have instantaneous knowledge of either Ψ0 or Ψ1, so it modifies its LRT as

Λ (𝑦D) =
𝔼Ψ1 [𝑓𝑦D(𝜓) (𝑦)]

𝔼Ψ0 [𝑓𝑦D(𝜓) (𝑦)]

𝒟1
≷
𝒟0

Γ. (2.51)

Note that RV 𝑋 is smaller than RV 𝑌 in the likelihood-ratio ordering, i.e., 𝑋 ≤lr 𝑌 , when

𝑓𝑌 (𝑥) /𝑓𝑋 (𝑥) is a non-decreasing function over the union of their supports.

Invoking (2.48), one has

𝑓Ψ1 (𝜓)
𝑓Ψ0 (𝜓) = 𝑃R

𝑃R + 𝑃Δ
exp

[
𝑃Δ𝜓 − (𝑃R + 𝑃Δ) 𝜙0 + 𝑃R𝜙1

𝛽𝑃R (𝑃R + 𝑃Δ) ΩRD ]
. (2.52)

It is straightforward to find that (2.52) is non-decreasing over the union of supports of Ψ0

and Ψ1, hence Ψ0 ≤lr Ψ1. From the statistical nature of chi-squared RVs, for any 𝜓1 ≤ 𝜓2,

𝑦D (𝜓1) ≤lr 𝑦D (𝜓2) stands. Then, according to Theorem 1, Chapter 11 in [121], the

monotonicity of Λ (𝑦D) is ruled by Stochastic Ordering and Λ (𝑦D) is non-decreasing
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w.r.t. ∑𝑛
𝜔=1 |𝑦D [𝜔] (𝜓) |2. Hence, the LRT (2.51) is equivalent to a received power

threshold test. Since any one-to-one transformation of a sufficient statistic remains the

sufficiency, the term ∑𝑛
𝜔=1 |𝑦D [𝜔] |2/𝑛 is also a sufficient statistic. Invoking Lebesgue’s

Dominated Convergence Theorem, it is allowed to replace 𝒳 2
2𝑛/𝑛 with 1 when 𝑛 → ∞.

Thus, one has

𝑇 = lim
𝑛→∞

1
𝑛

𝑛

∑
𝜔=1

|𝑦D [𝜔] |2 =

⎧
⎪
⎪
⎨
⎪
⎪
⎩

𝑃S|ℎSD|2 + 𝑃R|ℎ̂RD|2 + 𝑃R|ℎ̃RD|2 + 𝜎2
D, ℋ0

𝑃S|ℎSD|2 + (𝑃R + 𝑃Δ) |ℎ̂RD|2+

(𝑃R + 𝑃Δ) |ℎ̃RD|2 + 𝜎2
D, ℋ1

. (2.53)

Then, the optimal decision rule at D can be expressed as 𝑇
𝒟1
≷
𝒟0

𝜏, where 𝜏 denotes the

threshold which will be optimized to minimize ℙE. After all, a radiometer which is able

to detect the total power of received messages at D, is proved to be optimal.

2.8.2 Proof of Theorem 2.2

Invoking (2.53), the false alarm and missed detection probabilities can be calculated as

ℙFA = Pr (𝑇 > 𝜏|ℋ0) = Pr (𝑃R|ℎ̃RD|2 + 𝑗0 > 𝜏) =
⎧⎪
⎨
⎪⎩

Pr(|ℎ̃RD|2 > 𝜏−𝑗0
𝑃R ) , 𝜏 ≥ 𝑗0

1, otherwise
,

(2.54)

ℙMD = Pr (𝑇 < 𝜏|ℋ1) = Pr [(𝑃R + 𝑃Δ) |ℎ̃RD|2 + 𝑗1 < 𝜏]

=
⎧⎪
⎨
⎪⎩

Pr(|ℎ̃RD|2 < 𝜏−𝑗1
𝑃R+𝑃Δ ) , 𝜏 ≥ 𝑗1

0, otherwise
, (2.55)

respectively. Because the uncertain part of channel R→D follows distribution ℎ̃RD ∼

𝒞 𝒩 (0, 𝛽ΩRD), it is straightforward to know that |ℎ̃RD|2 obeys the Exponential distri-

bution. Thus, the CDF of |ℎ̃RD|2 can be gained as 𝐹|ℎ̃RD|2 (𝑥) = 1 − exp [−𝑥/ (𝛽ΩRD)].
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Then, after some simple algebra calculations, the closed-form expressions of false alarm

and missed detection probabilities can be derived as (2.32) and (2.33), respectively. Invok-

ing (2.32) and (2.33), closed-form expression of detection error probability can be gained

after simple derivation as (2.34).

2.8.3 Proof of Theorem 2.3

To determine the optimal detection threshold of D’s radiometer, it is supposed to solve

the optimization problem as 𝜏∗ = argmin
𝜏

ℙE. In the case of 𝜏 < 𝑗0, the detection error

probability at D remains 1. This is the worst case for D and D will never choose any value

satisfying 𝜏 < 𝑗0. In the case of 𝑗0 ≤ 𝜏 < 𝑗1, it is easy to find that ℙE monotonically

decreases w.r.t. 𝜏. Besides, the piecewise function ℙE is a continuous function alongside

the whole feasible domain of 𝜏. Thus, D will choose 𝑗1 to minimize ℙE, leading to ℙE =

exp [(𝑗0 − 𝑗1) / (𝛽𝑃RΩRD)].

In the case of 𝜏 ≥ 𝑗1, to determine the optimal value of 𝜏, the first derivative of function

ℙE w.r.t. 𝜏 is calculated as

𝜕ℙE
𝜕𝜏 = 𝑘

𝛽𝑃R (𝑃R + 𝑃Δ) ΩRD
, (2.56)

where 𝑘=𝑃R exp [(𝑗1 − 𝜏) / (𝛽 (𝑃R+𝑃Δ) ΩRD)]−(𝑃R+𝑃Δ) exp [(𝑗0 − 𝜏) / (𝛽𝑃RΩRD)].

It is easy to find that whether (2.56) is positive or not depends only on the value of 𝑘. After

simple manipulations, 𝑘 can be modified as

𝑘 = exp
[
ln𝑃R + 𝑗1 − 𝜏

𝛽 (𝑃R + 𝑃Δ) ΩRD]
− exp [ln (𝑃R + 𝑃Δ) + 𝑗0 − 𝜏

𝛽𝑃RΩRD] . (2.57)

Besides, the Exponential function exp is monotonically increasing w.r.t. the feasible in-

dependent variable region. Thus, whether 𝑘 is positive or not can be determined by

𝑘1 = ln 𝑃R
𝑃R + 𝑃Δ

+
𝑃R (𝑗1 − 𝜏) − (𝑃R + 𝑃Δ) (𝑗0 − 𝜏)

𝛽𝑃R (𝑃R + 𝑃Δ) ΩRD
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= ln 𝑃R
𝑃R + 𝑃Δ

+
𝑃Δ (𝜏 − 𝑃S|ℎSD|2 − 𝜎2

D)
𝛽𝑃R (𝑃R + 𝑃Δ) ΩRD

. (2.58)

Because 𝜏 ≥ 𝑗1 stands in this considered case, the right hand of (2.58) is absolutely posi-

tive. However, the left hand of (2.58) is negative due to 𝑃R < 𝑃R + 𝑃Δ. Most importantly,

from (2.58), it is easy to find that 𝑘1 is a monotonically increasing function w.r.t. 𝜏. Let

𝑘1 = 0, the solution (2.36) can be gained. From (2.36), it is straightforward to conclude

that 𝑘1 ≥ 0 in the case of 𝜏 ≥ 𝜏𝑘1=0 and 𝑘1 < 0 otherwise. If 𝑗1 ≥ 𝜏𝑘1=0 holds, in the case

of 𝜏 ≥ 𝑗1, one can determine that 𝑘 > 0 and furthermore 𝜕ℙE/𝜕𝜏 > 0, which means that

ℙE monotonically increases w.r.t. 𝜏 when 𝜏 ≥ 𝑗1. Here, it is the optimal choice for D to

choose 𝑗1 as the optimal threshold that is able to minimize ℙE. If 𝑗1 < 𝜏𝑘1=0, one knows

that for 𝜏 ∈ (𝑗1, 𝜏𝑘1=0), 𝜕ℙE/𝜕𝜏 < 0 and for 𝜏 ∈ (𝜏𝑘1=0, +∞), 𝜕ℙE/𝜕𝜏 > 0. Thus, the

optimal detection threshold for D is 𝜏𝑘1=0 in this case.

2.8.4 Proof of Corollary 2.2

In the case of 𝑗1 ≥ 𝜏𝑘1=0, i.e., 𝛽 ≥ −𝑃Δ|ℎ̂RD|2/ (𝑃RΩRD ln 𝑃R
𝑃R+𝑃Δ ), the first derivative of

ℙ∗
E w.r.t. 𝛽 can be calculated as

𝜕ℙ∗
E

𝜕𝛽 ∣𝑗1≥𝜏𝑘1=0= − 𝑗0 − 𝑗1
𝛽2𝑃RΩRD

exp(
𝑗0 − 𝑗1

𝛽𝑃RΩRD) , (2.59)

which is positive due to 𝑗0 < 𝑗1. For 𝑗1 < 𝜏𝑘1=0, i.e., 𝛽 < −𝑃Δ|ℎ̂RD|2/ (𝑃RΩRD ln 𝑃R
𝑃R+𝑃Δ ),

the first derivative of ℙ∗
E w.r.t. 𝛽 can be calculated as

𝜕ℙ∗
E

𝜕𝛽 ∣𝑗1<𝜏𝑘1=0= |ℎ̂RD|2

𝛽2ΩRD
×

[
exp

(
|ℎ̂RD|2

𝛽2ΩRD
+ 𝑃R

𝑃Δ
ln 𝑃R

𝑃R + 𝑃Δ )
−exp

(
|ℎ̂RD|2

𝛽2ΩRD
+ 𝑃R + 𝑃Δ

𝑃Δ
ln 𝑃R

𝑃R + 𝑃Δ )]
, (2.60)

whose value is also positive due to the truth of 𝑃R > 𝑃Δ > 0. Thus, one can conclude that

ℙ∗
E monotonically increases as 𝛽 increases.
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2.8.5 Proof of Lemma 2.2

Given that |ℎSR|2, |ℎRR|2 and |ℎRD|2 follow Exponential distribution, the corresponding

PDFs can be listed as 𝑓|ℎSR|2 (𝑥) = exp (−𝑥/ΩSR) /ΩSR, 𝑓|ℎRR|2 (𝑥) = exp (−𝑥/ΩRR) /ΩRR

and 𝑓|ℎRD|2 (𝑥) = exp (−𝑥/ΩRD) /ΩRD. Then, the derivation of 𝐹𝑌ℋ0
(𝑥) can be given by

𝐹𝑌ℋ0
(𝑥) = Pr

[
min

{
(1 − 𝜌) 𝑃S|ℎSR|2

(1 − 𝜌) 𝑘𝑃R|ℎRR|2 + 𝜎2
R

, 𝑃R|ℎRD|2

𝜎2
D }

< 𝑥
]

. (2.61)

To calculate (2.61), either element within the min function is smaller should be discussed.

In the case of (1−𝜌)𝑃S|ℎSR|2

(1−𝜌)𝑘𝑃R|ℎRR|2+𝜎2
R

> 𝑃R|ℎRD|2

𝜎2
D

, (2.61) can be rewritten as

𝐹 (1)
𝑌ℋ0

(𝑥)

= ∫
+∞

0 ∫
+∞

[(1−𝜌)𝑘𝑃R|ℎRR|2+𝜎2
R]𝑥

(1−𝜌)𝑃S
∫

𝜎2
D𝑥

𝑃R

0
𝑓|ℎRD|2 (𝑦1) 𝑓|ℎSR|2 (𝑦2) 𝑓|ℎRR|2 (𝑦3) 𝑑𝑦1𝑑𝑦2𝑑𝑦3

+ ∫
+∞

0 ∫

[(1−𝜌)𝑘𝑃R|ℎRR|2+𝜎2
R]𝑥

(1−𝜌)𝑃S

0 ∫

(1−𝜌)𝑃S|ℎSR|2𝜎2
D

𝑃R[(1−𝜌)𝑘𝑃R|ℎRR|2+𝜎2
R]

0
𝑓|ℎRD|2 (𝑦1) 𝑓|ℎSR|2 (𝑦2)

× 𝑓|ℎRR|2 (𝑦3) 𝑑𝑦1𝑑𝑦2𝑑𝑦3. (2.62)

In another case of (1−𝜌)𝑃S|ℎSR|2

(1−𝜌)𝑘𝑃R|ℎRR|2+𝜎2
R

< 𝑃R|ℎRD|2

𝜎2
D

, (2.61) can be revised as

𝐹 (2)
𝑌ℋ0

(𝑥) = ∫
+∞

0 ∫

[(1−𝜌)𝑘𝑃R|ℎRR|2+𝜎2
R]𝑥

(1−𝜌)𝑃S

0 ∫
+∞

(1−𝜌)𝑃S|ℎSR|2𝜎2
D

𝑃R[(1−𝜌)𝑘𝑃R|ℎRR|2+𝜎2
R]

𝑓|ℎRD|2 (𝑦1) 𝑓|ℎSR|2 (𝑦2)

× 𝑓|ℎRR|2 (𝑦3) 𝑑𝑦1𝑑𝑦2𝑑𝑦3. (2.63)

After calculating simple triple-integrals in (2.62) and (2.63), (2.61) can be expressed as

𝐹𝑌ℋ0
(𝑥) = 𝐹 (1)

𝑌ℋ0
(𝑥) + 𝐹 (2)

𝑌ℋ0
(𝑥), of which the closed-form expression is stated in (2.41).

For conciseness, the detailed derivation of 𝐹𝑌ℋ1
(𝑥) is omitted, which follows similar

procedure to the calculation of 𝐹𝑌ℋ0
(𝑥) as shown above.
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2.8.6 Proof of Lemma 2.3

The CDF of 𝛾D|ℋ0 can be constructed as 𝐹𝛾D|ℋ0 (𝑥) = Pr(𝛾SD + 𝑌ℋ0 < 𝑥 ⋂ 𝛾SD < 𝛾𝑡ℎ) .

Note that variable 𝛾SD should be constrained as 𝛾SD < 𝛾𝑡ℎ due to the nature of FD SWIPT

mode. Invoking (2.41) and after some simple mathematical computations, one can obtain

the closed-form expression of 𝐹𝛾D|ℋ0 (𝑥) as (2.42).

2.8.7 Proof of Lemma 2.4

The closed-form CDF expression of 𝛾D|ℋ1 should be calculated in the way similar to the

derivation of (2.42). However, this way is unfortunate to be mathematically intractable.

To tackle this problem, Gauss-Kronrod Quadrature (GKQ) method is invoked, shown as

𝐹𝛾D|ℋ1 (𝑥) = Pr [𝛾SD + 𝑌ℋ1 < 𝑥 ⋂ 𝛾SD < 𝛾𝑡ℎ]

= ∫
𝛾𝑡ℎ

0

𝜎2
D

𝑃SΩSD
𝐹𝑌ℋ1

(𝑥 − 𝑦) exp
(

−
𝜎2
D𝑦

𝑃SΩSD)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑑𝑦

fun

≈
𝑛

∑
𝑖=1

𝜚𝑖fun (𝑦𝑖) , (2.64)

where 𝜚𝑖 and 𝑦𝑖 denote the weights and points that are essential to evaluate the func-

tion fun(𝑦). Note that the GKQ formula is an adaptive method for numerical integration,

which is a variant of Gaussian quadrature. The built-in function of MATLAB named

quadgk(⋅, ⋅, ⋅) is utilized to calculate (2.64), which employs adaptive quadrature based on

a Gauss-Kronrod pair (15𝑡ℎ and 7𝑡ℎ order formulas). Then, one can derive the closed-form

approximate CDF expression of 𝛾D|ℋ1 as (2.43).

2.8.8 Proof of Theorem 2.4

In the proposed HOR model, the TOP in the case of FD SWIPT should be constructed as

𝑇 𝑂𝑃FS =Pr[log2 (1 + 𝛾D)<𝑅𝑡ℎ ⋂ ℋ0 ⋂FS]+Pr[log2 (1 + 𝛾D)<𝑅𝑡ℎ ⋂ ℋ1 ⋂FS]
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𝑎= Pr [log2 (1 + 𝛾D) < 𝑅𝑡ℎ ⋂ ℋ0 ⋂ 𝛾SD < 𝛾𝑡ℎ]
𝐿

∑
𝑖=𝜑

𝜉𝑖+

Pr [log2 (1 + 𝛾D) < 𝑅𝑡ℎ ⋂ ℋ1 ⋂ 𝛾SD < 𝛾𝑡ℎ]
𝐿

∑
𝑖=𝜑

𝜉𝑖

= 1
2

𝐿

∑
𝑖=𝜑

𝜉𝑖

⎧⎪
⎪
⎨
⎪
⎪⎩

Pr[𝛾D|ℋ0 <2𝑅𝑡ℎ −1⋂𝛾SD <𝛾𝑡ℎ]⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑓1

+Pr[𝛾D|ℋ1 <2𝑅𝑡ℎ −1⋂𝛾SD <𝛾𝑡ℎ]⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑓2

⎫⎪
⎪
⎬
⎪
⎪⎭

(2.65)

where the factor 1/2 is due to the assumption of equal 𝑎 𝑝𝑟𝑖𝑜𝑟𝑖, 𝑅𝑡ℎ is the target rate under

which the transmission outage occurs. Note that step (a) in (2.65) holds, because of the

fact that the energy requirement is independent of other factors. With the help of Lemma

2.3 and Lemma 2.4, the closed-form expressions of 𝑓1 and 𝑓2 can be derived, which is

achieved by simply replacing variable 𝑥 in (2.42) and (2.43) with factor 2𝑅𝑡ℎ − 1. Substi-

tuting 𝑓1 and 𝑓2 into (2.65), one can calculate the closed-form expression of the TOP in

FD SWIPT mode as (2.44).

2.8.9 Proof of Theorem 2.5

Similar to the derivation of (2.44), in the PEH mode, the TOP should be constructed as

𝑇 𝑂𝑃PEH = Pr [log2 (1 + 𝛾D) < 𝑅𝑡ℎ ⋂PEH]

= Pr (𝛾SD < 2𝑅𝑡ℎ − 1 ∩ 𝛾SD < 𝛾𝑡ℎ)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑓3

𝜑−1

∑
𝑖=0

𝜉𝑖 + Pr (𝛾SD < 2𝑅𝑡ℎ − 1 ∩ 𝛾SD ≥ 𝛾𝑡ℎ)⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟⏟
𝑓4

. (2.66)

In the case of {𝛾SD < 𝛾𝑡ℎ} ∩ {𝐸𝑖 < 𝐸𝑡ℎ}, Pr (𝛾SD < 2𝑅𝑡ℎ − 1) = 1 stands. It is worth

noting that hereby Pr (𝛾SD < 2𝑅𝑡ℎ − 1) and Pr (𝛾SD < 𝛾𝑡ℎ) are independent with each other

because D ceases signal processing and forces Pr (𝛾SD < 2𝑅𝑡ℎ − 1) = 1, resulting in 𝑓3 =

Pr (𝛾SD < 𝛾𝑡ℎ) = 𝑞SD. In the case of 𝛾SD ≥ 𝛾𝑡ℎ, the main wireless channel is good enough,
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the closed-form expression of CDF of 𝛾SD|𝛾SD ≥ 𝛾𝑡ℎ can be derived as

𝐹𝛾SD|𝛾SD≥𝛾𝑡ℎ (𝑥) =
⎧
⎪
⎨
⎪
⎩

exp(− 𝜎2
D𝛾𝑡ℎ

𝑃SΩSD ) − exp(− 𝜎2
D𝑥

𝑃SΩSD ) , 𝑥 > 𝛾𝑡ℎ

0, 𝑥 ≤ 𝛾𝑡ℎ

. (2.67)

Hence, the closed-form expression of 𝑓4 is given by 𝑓4 = 𝐹𝛾SD|𝛾SD≥𝛾𝑡ℎ (2𝑅𝑡ℎ − 1). Substi-

tuting 𝑓3 and 𝑓4 into (2.66), the closed-form expression of the TOP in PEH mode can be

derived as (2.45).



Chapter 3

Joint Resource Block and Beamforming

Optimization for Cellular-Connected

UAV Networks: A Hybrid D3QN-TD3

Approach

3.1 Introduction

Up to date, there exist several related works devoted to integrating UAVs into current cellu-

lar networks [3, 4, 57, 58]. However, protecting ground UEs (GUEs) located in current cell

or other cells within the coverage of UAVs was not considered in references [57] and [58],

which may significantly deteriorate the transmission performance of potentially existing

co-channel GUEs. Although literature [3] and [4] considered interference mitigation issue

while protecting ground UEs in cellular-connected UAV networks, they contain practical

limitations. First, they both assumed fixed-location UAV in their considered model, with-

out involving UAV’s mobility. Second, the A2G channel models they applied are based on

either oversimplified free-space pathloss channel model or slightly advanced probabilistic

LoS channel model. It is worth noting that probabilistic A2G channel model is statisti-
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cal, which means that it can only reflect A2G pathloss gain in an average manner without

considering local building distribution where UAVs are actually deployed [36]. Last but

not least, most of traditional optimization-based problems, e.g., those applied in [3, 4], are

highly non-convex and hard to be tackled efficiently, even with adequate information of

needed evaluation factors.

Motivated by the above observations, radio resource management issue of interfer-

ence coordination and beamforming design within downlink cellular-connected UAV net-

works is considered in this chapter, where the fundamental challenge of integrating UAVs

into worldwide cellular networks that are designed delicately for serving GUEs is taken

care of, while ML-native solution for achieving harmonious coexistence of non-terrestrial

transceivers, i.e., UAVs, and terrestrial nodes, i.e., GUEs, is designed.

• In contrast to the majority of related literature adopting statistical A2G channel

model for achievingmathematical tractability, e.g., probabilistic A2G channelmodel,

LoS/NLoS A2G pathloss is determined via checking potential blockages between

UAV and BSs in this chapter, as per one realization of building distribution sug-

gested by the International Telecommunication Union (ITU) [122]. The considered

A2G channel model is more practical than its statistical counterpart which can only

reflect average pathloss gain over large number of similar building distribution re-

alizations because the layout of local area can barely vary in practice.

• A joint time-frequency RB allocation and beamforming design optimization prob-

lem is formulated to minimize the EOD of UAV, for arbitrary trajectory and small-

scale fading modelling. Specifically, the RB allocation is utilized to assign proper

RB resource to UAVs while ensuring that the terrestrial transmissions are not vi-

olated by the potential co-channel interferences generated from BSs appointed to

serve UAVs. To enhance the quality of received signals at UAVs after RB allocation,

transmit beamforming design is invoked subject to imperfect channel estimation.

• The practical consideration of building distribution based pathloss model and the

generality of the formulated EOD minimization problem to trajectory and small-
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scale fading make it extremely difficult to be solved by classical optimization tech-

niques, e.g., convex optimization. To cope with this hassle, a DRL-based solu-

tion is proposed after mapping the proposed EOD minimization problem into an

outer MDP and an inner MDP, reflecting the dynamic RB possession environment

at BSs and small-scale fading’s time-varying characteristics, respectively. The outer

MDP contains discrete action space (i.e., RB indices), which is tackled by invoking

D3QN, while the continuous action space (i.e., beamforming vectors) in the inner

MDP is dealt with TD3. The hybrid D3QN-TD3 solution learns to optimize EOD

performance via interacting with environments in the online centralized training

phase, after which the trained D3QN and TD3 agents can be deployed to offer inde-

pendent EOD performance gains in the phase of offline decentralized exploitation.

Chapter organization: Section 3.2 presents system model and problem formulation.

Section 3.3 shows the proposed hybrid D3QN-TD3 algorithm. Simulation results and

chapter summary are presented in Sections 3.4 and 3.5, respectively.

3.2 System Model

…
…

…

…

Paired BS Interfering BS
DUE Co-RB GUE
GUE Paired with Other RB
BS Applying Other RBs

Fig. 3.1 System model

In this chapter, joint optimization of RB allocation and beamforming design for down-

link cellular-connected UAV network is considered, where a set ℬ = {1, … , 𝐵} of 𝐵 ter-
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restrial BSs serves a set 𝒰 = {1, … , 𝑈} of 𝑈 drone UEs (DUEs) and a set 𝒢 = {1, … , 𝐺}

of 𝐺 GUEs using a set 𝒦 = {1, … , 𝐾} of 𝐾 RBs at each BS, in a given subregion (e.g.,

Fig. 3.1) of cellular network. Each DUE is assumed to equip single antenna for receiving

wireless information and so as each GUE, while all the terrestrial BSs employ antenna

array for message emitting. Specifically, each terrestrial BS 𝑏 ∈ ℬ possesses 𝑀 anten-

nas, serving 𝑔𝑏 GUEs with orthogonal RBs (so there does not exist intra-cell interferences

within each cell), where 𝑔𝑏 ≥ 1, ∀𝑏 ∈ ℬ and ∑𝐵
𝑏=1 𝑔𝑏 = 𝐺. Different from terres-

trial transmission scenario, DUEs fly in the sky with relatively high altitudes, resulting in

higher probability achieving LoS-dominant links from BSs. Thus, DUEs are able to con-

nect with more BSs within their wireless coverage, which is a distinguishable feature com-

pared to terrestrial transmissions. However, this characteristic is a double-edged blade, in

terms of not only inducing more and stronger desired signals but also richer co-channel

interferences. To practically reflect the aforementioned double-edged blade feature, each

DUE is considered to be associated with at least one BS when possible, taking advantages

of macro-diversity gain from terrestrial BSs. Unfortunately, the assigned RB for a DUE

might be already occupied by some GUEs due to heavy frequency reuse in cellular net-

works, severely interfering the DUE via LoS-dominant channels. Therefore, RB allocation

plays an important role in the considered cellular-connected UAV network. Besides, after

RB assignment for a DUE, wireless transmission performance can be enhanced via invok-

ing transmit beamforming technique at the corresponding serving BSs. Note that transmit

power control strategy at each BS is not considered in this chapter, and thus 𝑃𝑏 = 𝑃 is

fixed for all terrestrial BSs.1

The 3D locations of each DUE, each ground BS and each GUE are denoted as 𝑞𝑢 =

(𝑥𝑢, 𝑦𝑢, ℎ𝑢), 𝑞𝑏 = (𝑥𝑏, 𝑦𝑏, 𝑧𝑏) and 𝑞𝑔 = (𝑥𝑔, 𝑦𝑔, 0), respectively. For simplicity and without

loss of generality, the flying altitude of each DUE is assumed universally as ℎ𝑢 = ℎ and the
1Transmit power control is indeed an important approach for interference management in cellular net-

works. In the considered model, it is straightforward to infer that all BSs should communicate with their
paired DUEs using maximum transmit power, which may cause stronger ICIs to co-channel GUEs. Besides,
all the occupied BSs are supposed to apply their minimum transmit power to reduce the level of co-channel
interference to DUEs, which inevitably deteriorates the transmission quality for their severing GUEs. There-
fore, to tackle this dilemma, the transmit powers of all considered BSs are fixed as a constant 𝑃 .



3.2. System Model | 92

height of each BS’s antenna is set identically as 𝑧𝑏 = 𝑧, where ℎ ≫ 𝑧 always holds in the

considered model. Each DUE is supposed to reach its destination 𝑞𝑢(𝐷) from predefined

initial location 𝑞𝑢(𝐼) with time duration 𝑇𝑢.2

For clarity, the considered subregion is formulated as a cubic sphere specified by

[𝑥lo, 𝑥up] × [𝑦lo, 𝑦up] × [𝑧lo, 𝑧up], where the subscripts “lo” and “up” represent the lower

and upper boarders of this 3D airspace, respectively. Furthermore, the coordinate of ar-

bitrary DUE 𝑢 at time 𝑡 ∈ [0, 𝑇𝑢] should locate in the range of 𝑞lo ⪯ 𝑞𝑢(𝑡) ⪯ 𝑞up, where

𝑞lo = (𝑥lo, 𝑦lo, 𝑧lo), 𝑞up = (𝑥up, 𝑦up, 𝑧up) and ⪯ denotes the element-wise inequality. The

start and final locations of each DUE can be given by 𝑞𝑢(0) = 𝑞𝑢(𝐼) and 𝑞𝑢(𝑇𝑢) = 𝑞𝑢(𝐷),

respectively. Then, the trajectory of each DUE 𝑢 can be fully traced by 𝑞𝑢(𝑡), ∀𝑡 ∈ [0, 𝑇𝑢].

3.2.1 The RB Allocation Criterion

To properly manage ICIs among GUEs, the following RB assignment criterion is adopted

for the considered cellular-connected UAV network. The set 𝒯 ℐ𝑏(𝑝) is defined to denote

the first 𝑝-tier BSs that encompass a specific BS 𝑏 ∈ ℬ in the considered model, where

1 ≤ 𝑝 ≤ 3 and 𝒯 ℐ𝑏(𝑝) includes this focused BS. When arbitrary RB has been assigned

to any GUE in the serving cells of BSs from 𝒯 ℐ𝑏(𝑝), this RB should not be allocated

to the focused BS 𝑏 for serving other GUEs in the corresponding cell covered by this

focused BS.3 To ensure that the total RB resource is sufficient for all GUEs in cells of

BSs from 𝒯 ℐ𝑏(𝑝), the constraint ∑�̂�∈𝒯 ℐ𝑏(𝑝) 𝑔�̂� ≤ 𝐾 should hold, where 𝑐𝑎𝑟𝑑(𝒯 ℐ𝑏(𝑝)) =

3𝑝2 + 3𝑝 + 1 and 𝑐𝑎𝑟𝑑(⋅) indicates the cardinality of a set. In this regard, the focused

BS 𝑏 cannot generate any interference to GUEs in the serving cells of BSs from 𝒯 ℐ𝑏(𝑝).

For GUEs outside the serving cells of BSs from 𝒯 ℐ𝑏(𝑝), the potential ICIs caused by

the focused BS 𝑏 are assumed to be negligible, due to severe terrestrial NLoS pathloss

and shadowing. For each possible RB 𝑘, some BSs may already occupy it to serve GUEs

in their corresponding cells. These BSs are recognized as the occupied BSs, which are
2For specific DUE 𝑢 ∈ 𝒰 , the flying duration 𝑇𝑢 is determined by its trajectory and velocity.
3In the case of sufficiently large 𝑝, the ICIs among all GUEs become ignorable, thanks to sufficient

frequency reuse and severe terrestrial pathloss.
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(a) 𝑝 = 1, 𝑐𝑎𝑟𝑑(𝒯 ℐ𝑏(1)) = 7
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(b) 𝑝 = 2, 𝑐𝑎𝑟𝑑(𝒯 ℐ𝑏(2)) = 19
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(c) 𝑝 = 3, 𝑐𝑎𝑟𝑑(𝒯 ℐ𝑏(3)) = 37
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(d) An example of BS grouping

Fig. 3.2 Illustrations of the defined first 𝑝-tier set of a focused BS 𝑏 and an instance of BS
grouping for RB 𝑘 in the case of 𝑝 = 1

denoted by the occupied BS set ℬ𝑘
𝑜 ⊂ ℬ. Furthermore, the set ̂ℬ𝑘

𝑜 = ℬ\ℬ𝑘
𝑜 includes

all the potential BSs, where the RB 𝑘 is idle. For a specific RB 𝑘 assigned to serve a

DUE, the corresponding associated BSs come from the potential set ̂ℬ𝑘
𝑜 , while all the

non-associated co-channel interferences root from the occupied set ℬ𝑘
𝑜 . For a DUE 𝑢

associated with an RB 𝑘, it is supposed to be paired with all BSs in the potential set ̂ℬ𝑘
𝑜 ,

to take the advantage of macro-diversity gain. However, this may generate additional ICIs

to GUEs in the serving cells of BSs from 𝒯 ℐ𝑏∈ ̂ℬ𝑘
𝑜
(𝑝). To avoid ICIs attenuating the

receiving quality of existing GUEs over the same RB, a potential BS 𝑏 ∈ ̂ℬ𝑘
𝑜 can be

allowed to pair DUE if and only if there are no other BSs applying RB 𝑘 in its first 𝑝-tier

neighbours, i.e.,

ℬ𝑘
𝑜 ∩ 𝒯 ℐ𝑏∈ ̂ℬ𝑘

𝑜
(𝑝) = ∅. (3.1)



3.2. System Model | 94

Then, the available BS set ̆ℬ𝑘
𝑜 ⊂ ̂ℬ𝑘

𝑜 is defined to include all BSs in the potential BSs

that satisfy (3.1). For ease of understanding, Fig. 3.2 depicts illustrations of the first 𝑝-tier

set for 𝑝 = 1, 2, 3, and one example of BS grouping for an RB 𝑘.

3.2.2 Channel Models

In contrast to terrestrial transmission between BS and GUE (denoted as B2G thereafter),

wireless links between BS and DUE (denoted as B2D thereafter) have higher probability

experiencing LoS pathloss. In the following, channel model of the considered cellular-

connected UAV network will be introduced.

B2G Channel Model

The B2G channel may include the large-scale fading caused by NLoS-dominated pathloss

and corresponding small-scale fading exponent in practice. In this chapter, downlink in-

terference management problem is concentrated, where the terrestrial transmissions could

affect the B2D communication quality as a part of co-channel interferences. This is be-

cause the occupied BSs may apply some channel-aware precoding techniques to enhance

their transmissions with corresponding GUEs. Specifically, the terrestrial small-scale fad-

ing component is denoted as ℎ⃗𝑏𝑔 ∈ ℂ1×𝑀 , ∀𝑏 ∈ ℬ, 𝑔 ∈ 𝒢 . Note that the modelling of ℎ⃗𝑏𝑔

is trivial for this chapter, which means that ℎ⃗𝑏𝑔 can take form as any practical and feasible

small-scale fading model, e.g., Rayleigh fading channel. In numerical results, an example

of terrestrial small-scale fading will be specified to perform the simulation.

B2D Channel Model

Probabilistic B2D pathloss model is widely applied to characterize wireless pathloss be-

tweenBS andDUE in current literature, where LoS andNLoS channels are considered sep-

arately with different occurrence probabilities. According to 3GPP UMa channel model

[32], the expected B2D pathloss in dB can be given by PL𝑏𝑢 =PrLoSPLLoS+PrNLoSPLNLoS,

where PrLoS represents the occurrence probability of LoS link, PrNLoS = 1 − PrLoS indi-
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cates that of NLoS channel, and PLLoS and PLNLoS denote the pathlosses for LoS and

NLoS links, respectively. Specifically, it turns out that

PrLoS =
⎧⎪
⎨
⎪⎩

min{ 𝜀1
𝑟𝑏𝑢

, 1} [1 − exp(− 𝑟𝑏𝑢
𝜀2 )] + exp(− 𝑟𝑏𝑢

𝜀2 ) , 22.5m < ℎ ≤ 100m

1, 100m < ℎ ≤ 300m
, (3.2)

PL𝑙 =
⎧⎪
⎨
⎪⎩

28.0 + 22 log10 (𝑑𝑏𝑢) + 20 log10 (𝑓𝑐) , 𝑙 = LoS

−17.5 + [46 − 7 log10 (ℎ)] log10 (𝑑𝑏𝑢) + 20 log10 (
40𝜋𝑓𝑐

3 ) , 𝑙 = NLoS
, (3.3)

inwhich 𝑟𝑏𝑢 = √𝑑2
𝑏𝑢 − ℎ2, 𝜀1 = max{460 log10 (ℎ)−700, 18}, 𝜀2 = 4300 log10 (ℎ)−3800,

𝑓𝑐 represents the carrier frequency and 𝑑𝑏𝑢 = ||𝑞𝑢 −𝑞𝑏||2 calculates the Euclidean distance

betweenDUE 𝑢 and ground BS 𝑏. Since the proposed design on beamforming vectors aims

to be adaptive to arbitrary small-scale fading environment, ℎ⃗𝑏𝑢 ∈ ℂ1×𝑀 , ∀𝑏 ∈ ℬ, 𝑢 ∈ 𝒰 is

denoted as the small-scale fading component for B2D channels and an example of specific

B2D small-scale fading model will be discussed in the numerical result section.

To practically reflect the characteristics of B2D channels in the considered subregion,

one realization of the statistical model suggested by the ITU is generated to formulate the

local building distribution (including structures’ horizontal 2D locations and their corre-

sponding heights). There are three key parameters in the ITU building distribution model:

1) �̂� indicates the ratio of land region covered by buildings to the total land area; 2) ̂𝛽

represents the mean of buildings per unit area; and 3) ̂𝛾 determines the distribution of

building heights, which is usually following Rayleigh distribution with mean ̂𝛾 > 0. Note

that the B2D pathlosses are modelled and tracked in terms of average large-scale channel

gain via calculating the occurrence probabilities of LoS/NLoS links as depicted in (3.2),

in the vast majority of related literature. This kind of approach is more mathematically

tractable, however, it can only reflect the ergodic characteristics of B2D channels over

many realizations of building distribution. On the contrary, in this chapter, the occur-

rences of LoS/NLoS links are alternatively tracked via checking whether the line of B2D

channel is blocked or not by any building, given one realization of ITU building distribu-
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tion model.4 Then, the corresponding type of large-scale pathloss can be determined for

each time of B2D channel regeneration. Fig. 3.3 illustrates the considered one realiza-

tion of local building distribution in this chapter, including their 2D locations and heights

(Fig. 3.3a) as well as its corresponding 3D view (Fig. 3.3b), where 25 building clusters

and 37 BSs are depicted in a square subregion with side length 𝐷 = 3 km, road width

�̂� = 0.02 km, �̂� = 0.3, ̂𝛽 = 103 buildings/km2 and ̂𝛾 = 20 m. With these parameter set-

tings, the total amount of buildings is ̂𝛽𝐷2 = 927 and the expected size of each building

is �̂�/ ̂𝛽 ≈ 0.003 km2. Besides, the maximum height of buildings is clipped to be under 70

m, and the locations of BSs are presented by white asterisks in Fig. 3.3a.

3.2.3 SINR at DUE

Denote 𝐶𝑘
𝑢 (𝑡) ∈ {0, 1} as the RB association indicator which means that DUE 𝑢 is occu-

pying RB 𝑘 at time 𝑡 when 𝐶𝑘
𝑢 (𝑡) = 1, and 𝐶𝑘

𝑢 (𝑡) = 0 otherwise. Each DUE is assumed to

occupy at most one single RB each time5, then ∑𝐾
𝑘=1 𝐶𝑘

𝑢 (𝑡) ≤ 1 holds.

If RB 𝑘 is feasible to be assigned to DUE 𝑢, i.e., 𝐶𝑘
𝑢 (𝑡) = 1, it has to satisfy the RB

assignment criterion presented in Subsection 3.2.1. Then, all BSs in the potential set ̂ℬ𝑘
𝑜

meeting the regulation (3.1), i.e., 𝑏 ∈ ̆ℬ𝑘
𝑜 , are recognized as the available BSs for DUE

𝑢, to take the advantage of macro-diversity gain. Besides, all BSs 𝑏 ∈ ℬ𝑘
𝑜 occupying the

selected RB 𝑘 should be classified as the source of co-channel ICIs. Thus, the received

signal of DUE 𝑢 over RB 𝑘 at time 𝑡 can be given by

𝑦𝑘
𝑢(𝑡) = 𝐶𝑘

𝑢 (𝑡)
⎡
⎢
⎢
⎣

∑
𝑏∈ ̆ℬ𝑘

𝑜

√10
−PL𝑙

10 ℎ⃗𝑏𝑢�⃗�𝑏𝑢𝑥𝑢(𝑡) + ∑
𝑏∈ℬ𝑘

𝑜

√10
−PL𝑙

10 ℎ⃗𝑏𝑢�⃗�𝑏𝑔𝑥𝑏𝑔(𝑡) + 𝑛𝑘
𝑢
⎤
⎥
⎥
⎦

, (3.4)

where �⃗�𝑏𝑢 ∈ ℂ𝑀×1 indicates the transmit beamforming vector at BS 𝑏 ∈ ̆ℬ𝑘
𝑜 for DUE

𝑢, �⃗�𝑏𝑔 ∈ ℂ𝑀×1 represents the transmit beamforming vector at BS 𝑏 ∈ ℬ𝑘
𝑜 for cor-

4Note that this approach is more practical because the building distribution of a subregion in real world
can hardly vary over time (say, days even years).

5In this chapter, the scenario in which each DUE can only occupy one single RB each time is focused.
Integrating more sophisticated RB allocation approaches might be considered in the future works.
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(a) 2D view of local building and BS distribution
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Fig. 3.3 The considered building distribution
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responding GUEs, 𝑥𝑢(𝑡) ∼ 𝒞 𝒩 (0, 𝑃 ) is the intended message6 from BS 𝑏 to DUE 𝑢,

𝑥𝑏𝑔(𝑡) ∼ 𝒞 𝒩 (0, 𝑃 ) implies the signal for GUEs, and 𝑛𝑘
𝑢 ∼ 𝒞 𝒩 (0, 𝜎2) denotes the re-

ceived AWGN at DUE 𝑢. Note that explicit type of large-scale fading between BS 𝑏 and

DUE 𝑢 at time 𝑡, i.e., 𝑙 = {LoS,NLoS}, can be determined via checking possible block-

ages according to the considered one realization of local building distribution mentioned

in Subsection 3.2.2. Taking the advantages of macro-diversity gain, all signals from the

associated BS 𝑏 ∈ ̆ℬ𝑘
𝑜 are recognized as the legitimate in-phase information and thus can

be added constructively at DUE 𝑢 [56, 123]. The CSI of ℎ⃗𝑏𝑢, 𝑏 ∈ ̆ℬ𝑘
𝑜 and ℎ⃗𝑏𝑔, 𝑏 ∈ ℬ𝑘

𝑜 can

be estimated via widely applied MMSE-based methods. Unfortunately, the CSI cannot be

perfectly obtained in practice, due to estimation error and/or feedback delay [124, 125].

Therefore, the imperfect CSI model on ℎ⃗𝑏𝑢, 𝑏 ∈ ̆ℬ𝑘
𝑜 is considered in this chapter, given by

ℎ⃗𝑏𝑢 = √𝜌⃗ℎ̈𝑏𝑢 + √1 − 𝜌Δ⃗, (3.5)

where ⃗ℎ̈𝑏𝑢 indicates the estimated CSI, Δ⃗ ∼ 𝒞 𝒩 (0, 𝐼) denotes the CSI estimation error

vector and 𝜌 ∈ [0, 1] is the correlation coefficient between ℎ⃗𝑏𝑢 and ⃗ℎ̈𝑏𝑢. For an impractical

case 𝜌 = 1, i.e., perfect CSI availability at the available BSs, maximum ratio transmission

(MRT) precoding �⃗�𝑏𝑢 = ℎ⃗†
𝑏𝑢/‖ℎ⃗𝑏𝑢‖ is obviously the optimal option. However, for prac-

tical consideration, �⃗�𝑏𝑢 should be designed according to the estimated CSI ⃗ℎ̈𝑏𝑢, whose

performance will be inevitably deteriorated due to the existence of CSI estimation error.

Then, the instantaneous SINR of DUE 𝑢 at time 𝑡 can be expressed as [56]

Γ𝑢(𝑡) =
𝐾

∑
𝑘=1

𝐶𝑘
𝑢 (𝑡)

[
∑𝑏∈ ̆ℬ𝑘

𝑜
√𝑃 10

−PL𝑙
10 |ℎ⃗𝑏𝑢�⃗�𝑏𝑢|

]

2

𝐼𝑘
𝑢 (𝑡) + 𝜎2

, (3.6)

where 𝐼𝑘
𝑢 (𝑡) = ∑𝑏∈ℬ𝑘

𝑜
𝑃 10

−PL𝑙
10 |ℎ⃗𝑏𝑢�⃗�𝑏𝑔|2 means the ICIs introduced by the co-channel

BSs in the occupied set ℬ𝑘
𝑜 .

6The available BSs are supposed to be able to cooperatively transmit the intended signal to DUE, man-
aged by the central coordinator (to be introduced later) using, e.g., the cooperative beamforming technique
[56], while the procedure and overhead of cooperative transmissions are out the scope of this chapter.
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3.2.4 Problem Formulation

Straightforwardly, the received SINR of DUE 𝑢 at time 𝑡 (3.6) is a random variable because

of the randomness introduced by small-scale fadings ℎ⃗𝑏𝑢 and ℎ⃗𝑏𝑔, as well as the RB alloca-

tion. Specifically, the RB allocation affects Γ𝑢(𝑡) in terms of how many available BSs and

interfering BSs will be involved, i.e., 𝑐𝑎𝑟𝑑( ̆ℬ𝑘
𝑜 ) and 𝑐𝑎𝑟𝑑(ℬ𝑘

𝑜 ), respectively. Then, with

given RB allocation, the transmit beamforming vector �⃗�𝑏𝑢 should be designed to adapt

to the small-scale fading ℎ⃗𝑏𝑢. Therefore, the corresponding TOP can be formulated as a

function of 𝐶𝑘
𝑢 (𝑡) and �⃗�𝑏𝑢, given by

𝑇 𝑂𝑃𝑢{𝐶𝑘
𝑢 (𝑡), �⃗�𝑏𝑢} = Pr [Γ𝑢(𝑡) < Γ𝑡ℎ] , (3.7)

where Pr outputs the probability calculated w.r.t. the aforementioned small-scale fadings

and B2D transmit beamforming vector, with given RB allocation. Then, via taking integral

of TOP over the corresponding flight time duration, the EOD [36] of DUE 𝑢 travelling with

trajectory 𝑞𝑢(𝑡), ∀𝑡 ∈ [0, 𝑇𝑢] from 𝑞𝑢(𝐼) to 𝑞𝑢(𝐷) can be calculated as

𝐸𝑂𝐷𝑢{𝐶𝑘
𝑢 (𝑡), �⃗�𝑏𝑢} = ∫

𝑇𝑢

0
𝑇 𝑂𝑃𝑢{𝐶𝑘

𝑢 (𝑡), �⃗�𝑏𝑢}𝑑𝑡. (3.8)

This chapter assumes that DUEs move with known trajectories 𝑞𝑢(𝑡), ∀𝑢 ∈ 𝒰, 𝑡 ∈

[0, 𝑇𝑢] and constant velocity 𝑉𝑢, then 𝑇𝑢 in (3.8) can be implied as a fixed parameter pos-

ing no impacts on the overall integral.7 Hence, the EOD of arbitrary DUE 𝑢 is fully de-

termined by 𝐶𝑘
𝑢 (𝑡) and �⃗�𝑏𝑢. Without loss of generality, in the following contents of this

chapter, a specific DUE in Fig. 3.1 is concentrated to evaluate the proposed scheme which

can be easily applied to other DUEs with orthogonal RB assignment. For enhancing the

downlink transmission quality of DUE across its travelling trajectory, this chapter focuses
7Note that RB allocation and beamforming design are independent of trajectories, which means that the

proposed solution is suitable for arbitrary UAV trajectory. This setup can be justified by the following facts:
1) as elaborated in Subsection 3.2.1, RB coordination for DUEs depends on the current RB possession of
each BS and has nothing to do with DUEs’ mobility; and 2) beamforming design depends on the estimated
CSI which is related to the corresponding modelling of small-scale fading. Therefore, trajectory planning
task is trivial in the considered system model and thus excluded from this chapter.
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on minimizing its EOD. Then, the corresponding optimization problem can be stated as

min
𝐶𝑘

𝑢 (𝑡),�⃗�𝑏𝑢
𝐸𝑂𝐷𝑢{𝐶𝑘

𝑢 (𝑡), �⃗�𝑏𝑢}, (3.9a)

s.t.
𝐾

∑
𝑘=1

𝐶𝑘
𝑢 (𝑡) ≤ 1, ∀𝑡 ∈ [0, 𝑇𝑢], (3.9b)

||�⃗�𝑏𝑢||2 = 1, ∀𝑏 ∈ ̆ℬ𝑘
𝑜 , ∀𝑡 ∈ [0, 𝑇𝑢], (3.9c)

𝐶𝑘
𝑢 (𝑡) ∈ {0, 1}, ∀𝑘 ∈ 𝒦, ∀𝑡 ∈ [0, 𝑇𝑢]. (3.9d)

The constraint (3.9b) makes sure that the DUE can at most occupy one single RB each

time. The constraint (3.9c) is the normalization requirement for transmit beamforming

vector, which ensures that the transmit power of each available BS 𝑏 ∈ ̆ℬ𝑘
𝑜 equals to 𝑃 .

The constraint (3.9d) indicates that 𝐶𝑘
𝑢 (𝑡) is a binary variable.

It is extremely challenging to solve the proposed optimization problem (3.9), given the

listed constraints. The main difficulties can be concluded as follows: 1) the closed-form

expression of 𝐸𝑂𝐷𝑢{𝐶𝑘
𝑢 (𝑡), �⃗�𝑏𝑢} should be derived, which is extraordinarily sophisti-

cated, if not impossible; 2) the variations of LoS/NLoS pathloss, small-scale fading ℎ⃗𝑏𝑢

and the B2G transmit beamforming vector �⃗�𝑏𝑔 should be taken into consideration, which

are dynamic over time horizon and dependent on their modellings; and 3) even given the

closed-form expression of the optimization object (3.9a) and the perfect knowledge of

the considered cellular-connected UAV network, it is still mathematically inefficient to be

tackled for the non-convexity of mix-integer constraint (3.9d) and that of the optimization

object (3.9a) w.r.t. 𝐶𝑘
𝑢 (𝑡) and �⃗�𝑏𝑢. Fortunately, DRL is famous for being able to learn

patterns from unknown environments in a trial-and-error way and thus can help solve so-

phisticated optimization problems via inherently maximizing its long-term return of raw

optimization objective. Thus, this chapter resorts to initiating a DRLmethod to solve (3.9).
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3.3 The Proposed Algorithm

3.3.1 The Formulation of MDP

To realize the DRL-based solution for the proposed optimization problem (3.9), the first

step is to formulate (3.9) into MDP which is based on discrete time slots. The length of

time slot is defined as 𝛿𝑢 for the considered model and thus the number of time slots is

equal to 𝑁𝑢 = 𝑇𝑢/𝛿𝑢 for the DUE 𝑢. Note that the duration of time slot 𝛿𝑢 should be

designed as small as possible, to achieve that the distances between the DUE and BSs

remain approximately constant and stable within each time slot. In this regard, the EOD

expression can be rewritten as

𝐸𝑂𝐷𝑢{𝐶𝑘
𝑢 (𝑛), �⃗�𝑏𝑢} ≈

𝑁𝑢

∑
𝑛=1

𝛿𝑢𝑇 𝑂𝑃𝑢{𝐶𝑘
𝑢 (𝑛), �⃗�𝑏𝑢}. (3.10)

However, even with given 𝐶𝑘
𝑢 (𝑛), the closed-form expression of the transmission out-

age probability 𝑇 𝑂𝑃𝑢{𝐶𝑘
𝑢 (𝑛), �⃗�𝑏𝑢} is still difficult to be derived, for its complex formu-

lation and the lack of designed B2D transmit beamforming vector �⃗�𝑏𝑢. Alternatively,

this challenge can be circumvented via numerical evaluation on the raw measurements of

received signals at the DUE. The reason is that, compared to the length of time slot 𝛿𝑢 (typ-

ically, on the magnitude of seconds), the length of channel coherence blocks (typically,

on the magnitude within milliseconds) is relatively small. Then, provided with 𝐶𝑘
𝑢 (𝑛) for

a time slot 𝑛, the indicator of TOP can be defined as 𝐼𝑇 𝑂𝑃𝑢{𝐶𝑘
𝑢 (𝑛), �⃗�𝑏𝑢(𝑛, 𝑖); ℎ̂(𝑛, 𝑖)} = 1

in the case of Γ𝑢(𝑛, 𝑖) < Γ𝑡ℎ, and 𝐼𝑇 𝑂𝑃𝑢{𝐶𝑘
𝑢 (𝑛), �⃗�𝑏𝑢(𝑛, 𝑖); ℎ̂(𝑛, 𝑖)} = 0 otherwise, where

ℎ̂(𝑛, 𝑖) and �⃗�𝑏𝑢(𝑛, 𝑖) indicate one realization of small-scale fadings and that of correspond-

ing beamforming vector, respectively.

Then, the corresponding TOP can be calculated as

𝑇 𝑂𝑃𝑢{𝐶𝑘
𝑢 (𝑛), �⃗�𝑏𝑢} = 𝔼ℎ̂,�⃗� [𝐼𝑇 𝑂𝑃𝑢{𝐶𝑘

𝑢 (𝑛), �⃗�𝑏𝑢(𝑛, 𝑖); ℎ̂(𝑛, 𝑖)}] . (3.11)
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To realize the average calculation 𝔼ℎ̂,�⃗� over ℎ̂ and �⃗� in (3.11), 𝜍 times of SINR mea-

surement should be performed.8 Furthermore, the arithmetic TOP of the DUE 𝑢 can be

expressed as

̄𝑇 𝑂𝑃 𝑢{𝐶𝑘
𝑢 (𝑛), �⃗�𝑏𝑢} = 1

𝜍

𝜍

∑
𝑖=1

𝐼𝑇 𝑂𝑃𝑢{𝐶𝑘
𝑢 (𝑛), �⃗�𝑏𝑢(𝑛, 𝑖); ℎ̂(𝑛, 𝑖)}. (3.12)

When sufficiently large amount of SINR measurements is performed, i.e., 𝜍 ≫ 1, the

statistical average in (3.11) can be alternatively replaced by its arithmetic counterpart in

(3.12).9 Furthermore, the EOD expression in (3.10) can be modified as

𝐸𝑂𝐷𝑢{𝐶𝑘
𝑢 (𝑛), �⃗�𝑏𝑢} ≈

𝑁𝑢

∑
𝑛=1

𝜍

∑
𝑖=1

𝛿𝑢
𝜍 𝐼𝑇 𝑂𝑃𝑢{𝐶𝑘

𝑢 (𝑛), �⃗�𝑏𝑢(𝑛, 𝑖); ℎ̂(𝑛, 𝑖)}. (3.13)

Then, the original optimization problem (3.9) can be approximately revised as

min
𝐶𝑘

𝑢 (𝑛),�⃗�𝑏𝑢(𝑛,𝑖)

𝑁𝑢

∑
𝑛=1

𝜍

∑
𝑖=1

𝛿𝑢
𝜍 𝐼𝑇 𝑂𝑃𝑢{𝐶𝑘

𝑢 (𝑛), �⃗�𝑏𝑢(𝑛, 𝑖); ℎ̂(𝑛, 𝑖)}, (3.14a)

s.t.
𝐾

∑
𝑘=1

𝐶𝑘
𝑢 (𝑛) ≤ 1, ∀𝑛 ∈ [1, 𝑁𝑢], (3.14b)

||�⃗�𝑏𝑢(𝑛, 𝑖)||2 = 1, ∀𝑏 ∈ ̆ℬ𝑘
𝑜 , ∀𝑛 ∈ [1, 𝑁𝑢], (3.14c)

𝐶𝑘
𝑢 (𝑛) ∈ {0, 1}, ∀𝑘 ∈ 𝒦, ∀𝑛 ∈ [1, 𝑁𝑢]. (3.14d)

Inspired by cloud radio access network (C-RAN) [126–130] and cell-free (CF) dis-

tributed MIMO [131], the terrestrial BSs are controlled by a central coordinator (C2)10

via high-speed fronthaul links (e.g., optical fibre), to realize the joint RB allocation and

beamforming design task. Once the DUE 𝑢 registers into the cellular network, the C2 will
8The existing soft handover technique, accompanied with reference signal received power (RSRP) and

reference signal received quality (RSRQ) reports, can be applied to help complete this kind of task [36].
9In the case of 𝜍 → +∞, lim𝜍→+∞ ̄𝑇 𝑂𝑃 𝑢{𝐶𝑘

𝑢 (𝑛), �⃗�𝑏𝑢} = 𝑇 𝑂𝑃𝑢{𝐶𝑘
𝑢 (𝑛), �⃗�𝑏𝑢} is guaranteed theoretically.

10The C2 is typically hosted in the edge cloud platform, and thereby provides high-performance comput-
ing and centralized signal processing for a large number of UEs’ data.
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first check the overall RB availability of all BSs, after which amap of RB possession (RBP)

formulated as a 2D matrix 𝒞 (𝑛) = [𝐶𝑘
𝑏 (𝑛)]𝑏×𝑘 will be generated. Note that 𝐶𝑘

𝑏 (𝑛) = 1 if

RB 𝑘 is occupied by BS 𝑏 at time slot 𝑛 and 𝐶𝑘
𝑏 (𝑛) = 0 otherwise. Then, for each RB

𝑘, following the RB allocation criterion presented in Subsection 3.2.1, the corresponding

occupied set ℬ𝑘
𝑜 , the potential set ̂ℬ𝑘

𝑜 and the available set ̆ℬ𝑘
𝑜 can be determined. Taking

the advantage of macro-diversity gain, the C2will assign all available BSs 𝑏 ∈ ̆ℬ𝑘
𝑜 to serve

the DUE cooperatively. Note that 𝒞 (𝑛) remains constant within each time slot and varies

among different time slots11, capturing the dynamics of RBP at terrestrial BSs. For each

time slot, the current location of the DUE 𝑞𝑢(𝑛) is observable. Then, the large-scale fading

distribution between the DUE and BSs can be traced, via checking the potential blockages

between the DUE and each BS according to the local building distribution as mentioned in

Subsection 3.2.2. From the point of view on SINR in (3.6), the allocated RB 𝑘 serving the

DUE can affect the value of SINR in terms of how many desired channels and interfering

links are introduced. Hence, the selection of RB resource can inherently impact the EOD

performance and should be delicately assigned. Next, with specific RB for each time slot,

the beamforming strategy adapting to the time-varying small-scale fading component can

further affect the EOD performance.

To handle the aforementioned two-step process, a hybrid D3QN-TD3 algorithm12 is

proposed, in which an outer MDP is formulated for the D3QN agent while an inner MDP

is forged for the TD3 agent. Specifically, the D3QN determines which RB should be se-

lected for each time slot and the TD3 outputs the proper beamforming vector for each links

between the DUE and BSs in the available BS set. Furthermore, the considered cellular-

connected UAV network is divided into the outer environment and the inner environment.

For time slot 𝑛, the DUE’s location 𝑞𝑢(𝑛) and the RBP map 𝒞 (𝑛) can be observed from the

outer environment. The inner environment is defined to reflect the time-varying character-

istic of small-scale fading, which is dependent on the outer environment. The reason roots
11To avoid frequent handover, the selected RB 𝑘 is considered as unchanged within each time slot.
12Please note that the proposed DRL-aided solution is trained online at the C2, rather than each BS.
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from that the B2D channel’s small-scale fading component is subject to the corresponding

experienced type of pathloss in practice, i.e., LoS or NLoS.

3.3.2 Description of the Hybrid D3QN-TD3 Solution

To derive a flexible solution which can solve the proposed optimization problem (3.14) in a

dynamic RBP and time-varying small-scale fading scenario, both the D3QN and the TD3

networks in the proposed hybrid D3QN-TD3 algorithm are trained interactively. Specif-

ically, the D3QN network maps the outer state and the RB selection into Q-values, while

the actor of TD3 agent transforms the inner state into beamforming vector and the critic

of TD3 network evaluates the corresponding Q values.

D3QN

To tackle the RB allocation problem, state-of-the-art DQN with duelling architecture will

be invoked to approximate Q function for the outer MDP. Compared to the original DQN

method, the duelling DQN explicitly separates the representation of state value and the

corresponding action advantages into two independent streams, as depicted in Fig. 3.4.

Specifically, the duelling DQN first estimates the state value and the action advantages

that are dependent on the state, and then calculates Q value for each state-action pair via

aggregation. The duelling architecture can help approximate Q function more robustly

and efficiently, especially when the Q values of various actions with the same state are

indistinguishable. The outer MDP for the D3QN agent can be formulated as follows. The

outer state s is the observed RBPmap 𝒞 (𝑛)13, while the outer action a refers to the selected

RB 𝑘∗ = arg
𝑘

{𝐶𝑘
𝑢 (𝑛) = 1}. When the dimensionality of 𝒞 (𝑛) is large, the computation

and training burdens could be unbearable if the RBP map is just flattened and then fed to

the input layer of D3QN. To circumvent this issue, a convolutional neural network (CNN)

is attached to the D3QN, for efficiently capturing the features of the RBP map and com-

pressing the data fed into the D3QN. Specifically, the CNN contains three convolutional
13The transition of RBP map is stochastic and can be observed from the outer environment, which means

that the D3QN learning process is model-free.
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The RBP Map
1@B⇥K
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Pooling
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<latexit sha1_base64="D4aTS8CSl172BS/n1qqs9mQObtk=">AAAB+XicbVDLSgNBEOyNryS+Vj16GQ2Cp7Cbix6DXjxGMA9Iljg7mU2GzD6Y6Q2EJR8iePGgiFf/xJt/42ySgybWMFBUddPd5SdSaHScb6uwsbm1vVMslXf39g8O7aPjlo5TxXiTxTJWHZ9qLkXEmyhQ8k6iOA19ydv++Db32xOutIijB5wm3AvpMBKBYBSN1LftWu/MPBQh1zmr9e2KU3XmIOvEXZJKvZQ8PQJAo29/9QYxS0MeIZNU667rJOhlVKFgks/KvVTzhLIxHfKuoRE1k7xsvvmMXBhlQIJYmR8hmau/OzIaaj0NfVMZUhzpVS8X//O6KQbXXiaiJEUescWgIJUEY5LHQAZCcYZyaghlSphdCRtRRRmasMomBHf15HXSqlVdp+reu5X6DSxQhFM4h0tw4QrqcAcNaAKDCTzDK7xZmfVivVsfi9KCtew5gT+wPn8AlNGT0A==</latexit><latexit sha1_base64="qNnc3Whqs6Wc8ST8USFiOggOzlU=">AAAB+XicbVA9TwJBEJ3zE/Dr1NLmlJhYkTsaLYk2lpjIRwRC9pY92LC3d9mdI5ILP8TExkJjbCz8J3b+Gt0DCgXfZpOX92YyM8+PBdfoul/Wyura+sZmLl/Y2t7Z3bP3D+o6ShRlNRqJSDV9opngktWQo2DNWDES+oI1/OFV5jdGTGkeyVscx6wTkr7kAacEjdS17XL72DzkIdMZK3ftoltyp3CWiTcnxUo+frh7v/+udu3Pdi+iScgkUkG0bnlujJ2UKORUsEmhnWgWEzokfdYyVBIzqZNON584p0bpOUGkzJfoTNXfHSkJtR6HvqkMCQ70opeJ/3mtBIOLTsplnCCTdDYoSISDkZPF4PS4YhTF2BBCFTe7OnRAFKFowiqYELzFk5dJvVzy3JJ34xUrlzBDDo7gBM7Ag3OowDVUoQYURvAIz/BipdaT9Wq9zUpXrHnPIfyB9fEDa2KV8A==</latexit><latexit sha1_base64="qNnc3Whqs6Wc8ST8USFiOggOzlU=">AAAB+XicbVA9TwJBEJ3zE/Dr1NLmlJhYkTsaLYk2lpjIRwRC9pY92LC3d9mdI5ILP8TExkJjbCz8J3b+Gt0DCgXfZpOX92YyM8+PBdfoul/Wyura+sZmLl/Y2t7Z3bP3D+o6ShRlNRqJSDV9opngktWQo2DNWDES+oI1/OFV5jdGTGkeyVscx6wTkr7kAacEjdS17XL72DzkIdMZK3ftoltyp3CWiTcnxUo+frh7v/+udu3Pdi+iScgkUkG0bnlujJ2UKORUsEmhnWgWEzokfdYyVBIzqZNON584p0bpOUGkzJfoTNXfHSkJtR6HvqkMCQ70opeJ/3mtBIOLTsplnCCTdDYoSISDkZPF4PS4YhTF2BBCFTe7OnRAFKFowiqYELzFk5dJvVzy3JJ34xUrlzBDDo7gBM7Ag3OowDVUoQYURvAIz/BipdaT9Wq9zUpXrHnPIfyB9fEDa2KV8A==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="En53vLfVnNXT9LEjKdhE2kJ3u2I=">AAAB7nicbZC9TsMwFIVvyl8pBQIri6FCYqqSLjAisTAWif5IbVQ5rtNadZzIvqlURX0TFgYQ4nHYeBuctAO0XMvSp3N8da9PmEph0PO+ncrO7t7+QfWwdlQ/Pjl1z+pdk2Sa8Q5LZKL7ITVcCsU7KFDyfqo5jUPJe+HsofB7c66NSNQzLlIexHSiRCQYRSuNXLc1vLQHRcxNQa2R2/CaXllkG/w1NGBd7ZH7NRwnLIu5QiapMQPfSzHIqUbBJF/WhpnhKWUzOuEDi4raSUFebr4k11YZkyjR9iokpfq7I6exMYs4tC9jilOz6RXif94gw+guyIVKM+SKrQZFmSSYkCIGMhaaM5QLC5RpYXclbEo1ZWjDqtkQ/M0vb0O31fS9pv/kQRUu4ApuwIdbuIdHaEMHGMzhBd7g3cmdV+djFVfFWed2Dn/K+fwBAbCQvQ==</latexit><latexit sha1_base64="En53vLfVnNXT9LEjKdhE2kJ3u2I=">AAAB7nicbZC9TsMwFIVvyl8pBQIri6FCYqqSLjAisTAWif5IbVQ5rtNadZzIvqlURX0TFgYQ4nHYeBuctAO0XMvSp3N8da9PmEph0PO+ncrO7t7+QfWwdlQ/Pjl1z+pdk2Sa8Q5LZKL7ITVcCsU7KFDyfqo5jUPJe+HsofB7c66NSNQzLlIexHSiRCQYRSuNXLc1vLQHRcxNQa2R2/CaXllkG/w1NGBd7ZH7NRwnLIu5QiapMQPfSzHIqUbBJF/WhpnhKWUzOuEDi4raSUFebr4k11YZkyjR9iokpfq7I6exMYs4tC9jilOz6RXif94gw+guyIVKM+SKrQZFmSSYkCIGMhaaM5QLC5RpYXclbEo1ZWjDqtkQ/M0vb0O31fS9pv/kQRUu4ApuwIdbuIdHaEMHGMzhBd7g3cmdV+djFVfFWed2Dn/K+fwBAbCQvQ==</latexit><latexit sha1_base64="x/aTcFaIWEFm1Yemkwe9mwm06lQ=">AAAB+XicbVA9T8MwEL3wWcpXgJHFUCExVUkXGCtYGItEP6Q2qhzXba06TmRfKlVR/wkLAwix8k/Y+Dc4bQZoeZalp/fudHcvTKQw6Hnfzsbm1vbObmmvvH9weHTsnpy2TJxqxpsslrHuhNRwKRRvokDJO4nmNAolb4eT+9xvT7k2IlZPOEt4ENGREkPBKFqp77q13oV9KCJuclbruxWv6i1A1olfkAoUaPTdr94gZmnEFTJJjen6XoJBRjUKJvm83EsNTyib0BHvWqqonRRki83n5MoqAzKMtf0KyUL93ZHRyJhZFNrKiOLYrHq5+J/XTXF4G2RCJSlyxZaDhqkkGJM8BjIQmjOUM0so08LuStiYasrQhlW2IfirJ6+TVq3qe1X/0avU74o4SnAOl3ANPtxAHR6gAU1gMIVneIU3J3NenHfnY1m64RQ9Z/AHzucPSp+SHQ==</latexit><latexit sha1_base64="oGjP4O+b1J07/4HuutBepjwIeJA=">AAAB+XicbVA9T8MwEL3wWcpXgJHFUCExVUkXGCtYGItEP6Q2qhzXba06TmRfKlVR/wkLAwix8k/Y+Dc4bQZoeZalp/fudHcvTKQw6Hnfzsbm1vbObmmvvH9weHTsnpy2TJxqxpsslrHuhNRwKRRvokDJO4nmNAolb4eT+9xvT7k2IlZPOEt4ENGREkPBKFqp77q13oV9KCJuclbruxWv6i1A1olfkAoUaPTdr94gZmnEFTJJjen6XoJBRjUKJvm83EsNTyib0BHvWqqonRRki83n5MoqAzKMtf0KyUL93ZHRyJhZFNrKiOLYrHq5+J/XTXF4G2RCJSlyxZaDhqkkGJM8BjIQmjOUM0so08LuStiYasrQhlW2IfirJ6+TVq3qe1X/0a/U74o4SnAOl3ANPtxAHR6gAU1gMIVneIU3J3NenHfnY1m64RQ9Z/AHzucPSu+SHg==</latexit><latexit sha1_base64="qNnc3Whqs6Wc8ST8USFiOggOzlU=">AAAB+XicbVA9TwJBEJ3zE/Dr1NLmlJhYkTsaLYk2lpjIRwRC9pY92LC3d9mdI5ILP8TExkJjbCz8J3b+Gt0DCgXfZpOX92YyM8+PBdfoul/Wyura+sZmLl/Y2t7Z3bP3D+o6ShRlNRqJSDV9opngktWQo2DNWDES+oI1/OFV5jdGTGkeyVscx6wTkr7kAacEjdS17XL72DzkIdMZK3ftoltyp3CWiTcnxUo+frh7v/+udu3Pdi+iScgkUkG0bnlujJ2UKORUsEmhnWgWEzokfdYyVBIzqZNON584p0bpOUGkzJfoTNXfHSkJtR6HvqkMCQ70opeJ/3mtBIOLTsplnCCTdDYoSISDkZPF4PS4YhTF2BBCFTe7OnRAFKFowiqYELzFk5dJvVzy3JJ34xUrlzBDDo7gBM7Ag3OowDVUoQYURvAIz/BipdaT9Wq9zUpXrHnPIfyB9fEDa2KV8A==</latexit><latexit sha1_base64="qNnc3Whqs6Wc8ST8USFiOggOzlU=">AAAB+XicbVA9TwJBEJ3zE/Dr1NLmlJhYkTsaLYk2lpjIRwRC9pY92LC3d9mdI5ILP8TExkJjbCz8J3b+Gt0DCgXfZpOX92YyM8+PBdfoul/Wyura+sZmLl/Y2t7Z3bP3D+o6ShRlNRqJSDV9opngktWQo2DNWDES+oI1/OFV5jdGTGkeyVscx6wTkr7kAacEjdS17XL72DzkIdMZK3ftoltyp3CWiTcnxUo+frh7v/+udu3Pdi+iScgkUkG0bnlujJ2UKORUsEmhnWgWEzokfdYyVBIzqZNON584p0bpOUGkzJfoTNXfHSkJtR6HvqkMCQ70opeJ/3mtBIOLTsplnCCTdDYoSISDkZPF4PS4YhTF2BBCFTe7OnRAFKFowiqYELzFk5dJvVzy3JJ34xUrlzBDDo7gBM7Ag3OowDVUoQYURvAIz/BipdaT9Wq9zUpXrHnPIfyB9fEDa2KV8A==</latexit><latexit sha1_base64="qNnc3Whqs6Wc8ST8USFiOggOzlU=">AAAB+XicbVA9TwJBEJ3zE/Dr1NLmlJhYkTsaLYk2lpjIRwRC9pY92LC3d9mdI5ILP8TExkJjbCz8J3b+Gt0DCgXfZpOX92YyM8+PBdfoul/Wyura+sZmLl/Y2t7Z3bP3D+o6ShRlNRqJSDV9opngktWQo2DNWDES+oI1/OFV5jdGTGkeyVscx6wTkr7kAacEjdS17XL72DzkIdMZK3ftoltyp3CWiTcnxUo+frh7v/+udu3Pdi+iScgkUkG0bnlujJ2UKORUsEmhnWgWEzokfdYyVBIzqZNON584p0bpOUGkzJfoTNXfHSkJtR6HvqkMCQ70opeJ/3mtBIOLTsplnCCTdDYoSISDkZPF4PS4YhTF2BBCFTe7OnRAFKFowiqYELzFk5dJvVzy3JJ34xUrlzBDDo7gBM7Ag3OowDVUoQYURvAIz/BipdaT9Wq9zUpXrHnPIfyB9fEDa2KV8A==</latexit><latexit sha1_base64="qNnc3Whqs6Wc8ST8USFiOggOzlU=">AAAB+XicbVA9TwJBEJ3zE/Dr1NLmlJhYkTsaLYk2lpjIRwRC9pY92LC3d9mdI5ILP8TExkJjbCz8J3b+Gt0DCgXfZpOX92YyM8+PBdfoul/Wyura+sZmLl/Y2t7Z3bP3D+o6ShRlNRqJSDV9opngktWQo2DNWDES+oI1/OFV5jdGTGkeyVscx6wTkr7kAacEjdS17XL72DzkIdMZK3ftoltyp3CWiTcnxUo+frh7v/+udu3Pdi+iScgkUkG0bnlujJ2UKORUsEmhnWgWEzokfdYyVBIzqZNON584p0bpOUGkzJfoTNXfHSkJtR6HvqkMCQ70opeJ/3mtBIOLTsplnCCTdDYoSISDkZPF4PS4YhTF2BBCFTe7OnRAFKFowiqYELzFk5dJvVzy3JJ34xUrlzBDDo7gBM7Ag3OowDVUoQYURvAIz/BipdaT9Wq9zUpXrHnPIfyB9fEDa2KV8A==</latexit><latexit sha1_base64="oGjP4O+b1J07/4HuutBepjwIeJA=">AAAB+XicbVA9T8MwEL3wWcpXgJHFUCExVUkXGCtYGItEP6Q2qhzXba06TmRfKlVR/wkLAwix8k/Y+Dc4bQZoeZalp/fudHcvTKQw6Hnfzsbm1vbObmmvvH9weHTsnpy2TJxqxpsslrHuhNRwKRRvokDJO4nmNAolb4eT+9xvT7k2IlZPOEt4ENGREkPBKFqp77q13oV9KCJuclbruxWv6i1A1olfkAoUaPTdr94gZmnEFTJJjen6XoJBRjUKJvm83EsNTyib0BHvWqqonRRki83n5MoqAzKMtf0KyUL93ZHRyJhZFNrKiOLYrHq5+J/XTXF4G2RCJSlyxZaDhqkkGJM8BjIQmjOUM0so08LuStiYasrQhlW2IfirJ6+TVq3qe1X/0a/U74o4SnAOl3ANPtxAHR6gAU1gMIVneIU3J3NenHfnY1m64RQ9Z/AHzucPSu+SHg==</latexit>
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Valid Padding
kc1⇥kc1<latexit sha1_base64="fOK9CjIOXdMrUQkYCaMMye5VQCQ=">AAACCnicbVDLSsNAFL2pr1pfUZdupi2CG0viRsFN0Y3LCvYBbYyT6aQdOnkwMxFKyNqNv+LGhSJu/QJ3/o2Ttoi2nmHgcM693HuPF3MmlWV9GYWl5ZXVteJ6aWNza3vH3N1rySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3usz99j0VkkXhjRrH1AnwIGQ+I1hpyTXLo9uUZG5qZ72yfooFVOYM/eiuWbVq1gRokdgzUq1Xzo/vAKDhmp+9fkSSgIaKcCxl17Zi5aRYKEY4zUq9RNIYkxEe0K6mIdYjnXRySoYOtdJHfiT0DxWaqL87UhxIOQ48XRlgNZTzXi7+53UT5Z85KQvjRNGQTAf5CUcqQnkuqM8EJYqPNcFEML0rIkMsMFE6vZIOwZ4/eZG0Tmq2VbOv7Wr9AqYowgFU4AhsOIU6XEEDmkDgAZ7gBV6NR+PZeDPep6UFY9azD39gfHwDrRSbBg==</latexit><latexit sha1_base64="C6Nr3f5wSump8LY2Sj/5H9BKIic=">AAACCnicbVC7TsMwFHXKq5RXoCOL2wqJhSpmAYmlgoWxSPQhtSFyXKe16jiR7SBVUWcWfoWFAYRYmRnY+BB2nLZC0HIsS0fn3Kt77/FjzpR2nE8rt7S8srqWXy9sbG5t79i7e00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+cOLzG/dUqlYJK71KKZuiPuCBYxgbSTPLg1vUjL2UjTulszTLKQqY/BH9+yKU3UmgIsEzUilVj47Eu/Fr7pnf3R7EUlCKjThWKkOcmLtplhqRjgdF7qJojEmQ9ynHUMFNiPddHLKGB4YpQeDSJovNJyovztSHCo1Cn1TGWI9UPNeJv7ndRIdnLopE3GiqSDTQUHCoY5glgvsMUmJ5iNDMJHM7ArJAEtMtEmvYEJA8ycvkuZxFTlVdIUqtXMwRR7sgzI4BAicgBq4BHXQAATcgQfwBJ6te+vRerFep6U5a9ZTBH9gvX0DM86c6g==</latexit><latexit sha1_base64="C6Nr3f5wSump8LY2Sj/5H9BKIic=">AAACCnicbVC7TsMwFHXKq5RXoCOL2wqJhSpmAYmlgoWxSPQhtSFyXKe16jiR7SBVUWcWfoWFAYRYmRnY+BB2nLZC0HIsS0fn3Kt77/FjzpR2nE8rt7S8srqWXy9sbG5t79i7e00VJZLQBol4JNs+VpQzQRuaaU7bsaQ49Dlt+cOLzG/dUqlYJK71KKZuiPuCBYxgbSTPLg1vUjL2UjTulszTLKQqY/BH9+yKU3UmgIsEzUilVj47Eu/Fr7pnf3R7EUlCKjThWKkOcmLtplhqRjgdF7qJojEmQ9ynHUMFNiPddHLKGB4YpQeDSJovNJyovztSHCo1Cn1TGWI9UPNeJv7ndRIdnLopE3GiqSDTQUHCoY5glgvsMUmJ5iNDMJHM7ArJAEtMtEmvYEJA8ycvkuZxFTlVdIUqtXMwRR7sgzI4BAicgBq4BHXQAATcgQfwBJ6te+vRerFep6U5a9ZTBH9gvX0DM86c6g==</latexit><latexit sha1_base64="KaH9It8agbt82NEAvo9HZp7sA98=">AAACCnicbVC7TsMwFL0pr1JeAUYWlwqJqYpZYKxgYSwSfUhtiRzXaa06D9kOUhVlZuFXWBhAiJUvYONvcNoIQcuxLB2dc6/uvceLBVfacb6s0srq2vpGebOytb2zu2fvH7RVlEjKWjQSkex6RDHBQ9bSXAvWjSUjgSdYx5tc5X7nnknFo/BWT2M2CMgo5D6nRBvJtauTu5RmboqzftU8zQOmcoZ+dNeuOXVnBrRMcEFqUKDp2p/9YUSTgIWaCqJUDzuxHqREak4Fyyr9RLGY0AkZsZ6hITEjB+nslAydGGWI/EiaH2o0U393pCRQahp4pjIgeqwWvVz8z+sl2r8YpDyME81COh/kJwLpCOW5oCGXjGoxNYRQyc2uiI6JJFSb9ComBLx48jJpn9WxU8c3uNa4LOIowxEcwylgOIcGXEMTWkDhAZ7gBV6tR+vZerPe56Ulq+g5hD+wPr4BGoyZ3A==</latexit>

sc1⇥sc1<latexit sha1_base64="keAYVvD8TLfuSH1PPXcEf+zwTLI=">AAACCnicbVDLSsNAFL2pr1pfUZdupi2CG0viRsFN0Y3LCvYBbYyT6aQdOnkwMxFKyNqNv+LGhSJu/QJ3/o2Ttoi2nmHgcM693HuPF3MmlWV9GYWl5ZXVteJ6aWNza3vH3N1rySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3usz99j0VkkXhjRrH1AnwIGQ+I1hpyTXL8jYlmZvaWa+sn2IBlTlDP7prVq2aNQFaJPaMVOuV8+M7AGi45mevH5EkoKEiHEvZta1YOSkWihFOs1IvkTTGZIQHtKtpiPVIJ52ckqFDrfSRHwn9Q4Um6u+OFAdSjgNPVwZYDeW8l4v/ed1E+WdOysI4UTQk00F+wpGKUJ4L6jNBieJjTTARTO+KyBALTJROr6RDsOdPXiStk5pt1exru1q/gCmKcAAVOAIbTqEOV9CAJhB4gCd4gVfj0Xg23oz3aWnBmPXswx8YH9/GlJsW</latexit><latexit sha1_base64="hfzUkvOQQZy7AQdgDPmxIaP6PGE=">AAACCnicbVC7TsMwFHXKq5RXoCOL2wqJhSpmAYmlgoWxSPQhtSVyXKe16jiR7SBVUWYWfoWFAYRYmRnY+BB2nLZC0HIsS0fn3Kt77/EizpR2nE8rt7S8srqWXy9sbG5t79i7e00VxpLQBgl5KNseVpQzQRuaaU7bkaQ48DhteaOLzG/dUqlYKK71OKK9AA8E8xnB2kiuXVI3CUndBKXdknmaBVRlDP7orl1xqs4EcJGgGanUymdH4r34VXftj24/JHFAhSYcK9VBTqR7CZaaEU7TQjdWNMJkhAe0Y6jAZmQvmZySwgOj9KEfSvOFhhP1d0eCA6XGgWcqA6yHat7LxP+8Tqz9017CRBRrKsh0kB9zqEOY5QL7TFKi+dgQTCQzu0IyxBITbdIrmBDQ/MmLpHlcRU4VXaFK7RxMkQf7oAwOAQInoAYuQR00AAF34AE8gWfr3nq0XqzXaWnOmvUUwR9Yb99NTpz6</latexit><latexit sha1_base64="hfzUkvOQQZy7AQdgDPmxIaP6PGE=">AAACCnicbVC7TsMwFHXKq5RXoCOL2wqJhSpmAYmlgoWxSPQhtSVyXKe16jiR7SBVUWYWfoWFAYRYmRnY+BB2nLZC0HIsS0fn3Kt77/EizpR2nE8rt7S8srqWXy9sbG5t79i7e00VxpLQBgl5KNseVpQzQRuaaU7bkaQ48DhteaOLzG/dUqlYKK71OKK9AA8E8xnB2kiuXVI3CUndBKXdknmaBVRlDP7orl1xqs4EcJGgGanUymdH4r34VXftj24/JHFAhSYcK9VBTqR7CZaaEU7TQjdWNMJkhAe0Y6jAZmQvmZySwgOj9KEfSvOFhhP1d0eCA6XGgWcqA6yHat7LxP+8Tqz9017CRBRrKsh0kB9zqEOY5QL7TFKi+dgQTCQzu0IyxBITbdIrmBDQ/MmLpHlcRU4VXaFK7RxMkQf7oAwOAQInoAYuQR00AAF34AE8gWfr3nq0XqzXaWnOmvUUwR9Yb99NTpz6</latexit><latexit sha1_base64="ADWGWFJ3gCRF8Rvmj4KUpknSkiw=">AAACCnicbVC7TsMwFHXKq5RXgJHFpUJiqmIWGCtYGItEH1JbIsd1WqvOQ/YNUhVlZuFXWBhAiJUvYONvcNoIQcuxLB2dc6/uvceLpdDgOF9WaWV1bX2jvFnZ2t7Z3bP3D9o6ShTjLRbJSHU9qrkUIW+BAMm7seI08CTveJOr3O/cc6VFFN7CNOaDgI5C4QtGwUiuXdV3KcvclGT9qnkgAq5zhn901645dWcGvExIQWqoQNO1P/vDiCUBD4FJqnWPODEMUqpAMMmzSj/RPKZsQke8Z2hIzchBOjslwydGGWI/UuaHgGfq746UBlpPA89UBhTGetHLxf+8XgL+xSAVYZwAD9l8kJ9IDBHOc8FDoTgDOTWEMiXMrpiNqaIMTHoVEwJZPHmZtM/qxKmTG1JrXBZxlNEROkaniKBz1EDXqIlaiKEH9IRe0Kv1aD1bb9b7vLRkFT2H6A+sj280DJns</latexit>

f c
1<latexit sha1_base64="+dYu8AuAfjdXGZPS6PQJKrBpfNs=">AAAB8HicbZDLSgMxFIbP1Futt6pLN6FFcGOZuFFwU3TjsoK9SFtrJs20oUlmSDJCGeYp3LhQxK2P4863Mb0stPWHwMf/n0POOUEsuLG+/+3lVlbX1jfym4Wt7Z3dveL+QcNEiaasTiMR6VZADBNcsbrlVrBWrBmRgWDNYHQ9yZtPTBseqTs7jllXkoHiIafEOus+7KU4e0hp1iuW/Yo/FVoGPIdytXR5+ggAtV7xq9OPaCKZslQQY9rYj203JdpyKlhW6CSGxYSOyIC1HSoimemm04EzdOycPgoj7Z6yaOr+7kiJNGYsA1cpiR2axWxi/pe1ExtedFOu4sQyRWcfhYlANkKT7VGfa0atGDsgVHM3K6JDogm17kYFdwS8uPIyNM4q2K/gW1yuXsFMeTiCEpwAhnOowg3UoA4UJDzDK7x52nvx3r2PWWnOm/ccwh95nz+A1ZGi</latexit><latexit sha1_base64="uqUF2eOxq9SAvWA/RiOnSZ/uJmY=">AAAB8HicbZC7SgNBFIbPxluMt2hKmyFBsDHs2CjYBG0sI5iLJGuYncwmQ2Znl5lZISz7FDYWitj6MBZ2Poi9k0uhiT8MfPz/Ocw5x48F18Z1v5zcyura+kZ+s7C1vbO7V9w/aOooUZQ1aCQi1faJZoJL1jDcCNaOFSOhL1jLH11N8tYDU5pH8taMY+aFZCB5wCkx1roLeinO7lOa9YoVt+pOhZYBz6FSK1+cyI/Sd71X/Oz2I5qETBoqiNYd7MbGS4kynAqWFbqJZjGhIzJgHYuShEx76XTgDB1Zp4+CSNknDZq6vztSEmo9Dn1bGRIz1IvZxPwv6yQmOPdSLuPEMElnHwWJQCZCk+1RnytGjRhbIFRxOyuiQ6IINfZGBXsEvLjyMjRPq9it4htcqV3CTHk4hDIcA4YzqME11KEBFEJ4hGd4cZTz5Lw6b7PSnDPvKcEfOe8/B4+Thg==</latexit><latexit sha1_base64="uqUF2eOxq9SAvWA/RiOnSZ/uJmY=">AAAB8HicbZC7SgNBFIbPxluMt2hKmyFBsDHs2CjYBG0sI5iLJGuYncwmQ2Znl5lZISz7FDYWitj6MBZ2Poi9k0uhiT8MfPz/Ocw5x48F18Z1v5zcyura+kZ+s7C1vbO7V9w/aOooUZQ1aCQi1faJZoJL1jDcCNaOFSOhL1jLH11N8tYDU5pH8taMY+aFZCB5wCkx1roLeinO7lOa9YoVt+pOhZYBz6FSK1+cyI/Sd71X/Oz2I5qETBoqiNYd7MbGS4kynAqWFbqJZjGhIzJgHYuShEx76XTgDB1Zp4+CSNknDZq6vztSEmo9Dn1bGRIz1IvZxPwv6yQmOPdSLuPEMElnHwWJQCZCk+1RnytGjRhbIFRxOyuiQ6IINfZGBXsEvLjyMjRPq9it4htcqV3CTHk4hDIcA4YzqME11KEBFEJ4hGd4cZTz5Lw6b7PSnDPvKcEfOe8/B4+Thg==</latexit><latexit sha1_base64="5257Aq8OuwErEduxRR1CVbyNXsw=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9l40WPRi8cK9kPatWTTbBuaZJckK5Rlf4UXD4p49ed489+YtnvQ1gcDj/dmmJkXJoIb6/vfXmltfWNzq7xd2dnd2z+oHh61TZxqylo0FrHuhsQwwRVrWW4F6yaaERkK1gknNzO/88S04bG6t9OEBZKMFI84JdZJD9Egw/ljRvNBtebX/TnQKsEFqUGB5qD61R/GNJVMWSqIMT3sJzbIiLacCpZX+qlhCaETMmI9RxWRzATZ/OAcnTlliKJYu1IWzdXfExmRxkxl6DolsWOz7M3E/7xeaqOrIOMqSS1TdLEoSgWyMZp9j4ZcM2rF1BFCNXe3IjommlDrMqq4EPDyy6ukfVHHfh3f4VrjuoijDCdwCueA4RIacAtNaAEFCc/wCm+e9l68d+9j0Vryiplj+APv8wfuPpB4</latexit>

strides

kernel

Cov2:

filters

Valid Padding
kc2⇥kc2<latexit sha1_base64="cjCOKgStJYVdaFBDDJDdWsSVTe8=">AAACCnicbVDLSsNAFL3xWesr6tLNtEVwY0m6UXBTdOOygn1AG+NkOmmHTh7MTIQSsnbjr7hxoYhbv8Cdf+OkLaKtZxg4nHMv997jxZxJZVlfxtLyyuraemGjuLm1vbNr7u23ZJQIQpsk4pHoeFhSzkLaVExx2okFxYHHadsbXeZ++54KyaLwRo1j6gR4EDKfEay05Jql0W1KMjetZb2SfooFVOYM/eiuWbGq1gRokdgzUqmXz0/uAKDhmp+9fkSSgIaKcCxl17Zi5aRYKEY4zYq9RNIYkxEe0K6mIdYjnXRySoaOtNJHfiT0DxWaqL87UhxIOQ48XRlgNZTzXi7+53UT5Z85KQvjRNGQTAf5CUcqQnkuqM8EJYqPNcFEML0rIkMsMFE6vaIOwZ4/eZG0alXbqtrXdqV+AVMU4BDKcAw2nEIdrqABTSDwAE/wAq/Go/FsvBnv09IlY9ZzAH9gfHwDsDabCA==</latexit><latexit sha1_base64="ps9yKMV6PJNb4BzOTdbZWrjEtXU=">AAACCnicbVA9SwNBEN3zM8avaEqbTYJgY7hLo2ATtLGMYD4gicfeZi9Zsrd37M4J4Uht41+xsVDE1trCzh9i714SRBPfsvB4b4aZeV4kuAbb/rSWlldW19YzG9nNre2d3dzefkOHsaKsTkMRqpZHNBNcsjpwEKwVKUYCT7CmN7xI/eYtU5qH8hpGEesGpC+5zykBI7m5wvAmoWM3qYw7BfOAB0ynDP/obq5kl+0J8CJxZqRULZ4dy/f8V83NfXR6IY0DJoEKonXbsSPoJkQBp4KNs51Ys4jQIemztqGSmJHdZHLKGB8apYf9UJkvAU/U3x0JCbQeBZ6pDAgM9LyXiv957Rj8027CZRQDk3Q6yI8FhhCnueAeV4yCGBlCqOJmV0wHRBEKJr2sCcGZP3mRNCplxy47V06peo6myKADVERHyEEnqIouUQ3VEUV36AE9oWfr3nq0XqzXaemSNevJoz+w3r4BNvCc7A==</latexit><latexit sha1_base64="ps9yKMV6PJNb4BzOTdbZWrjEtXU=">AAACCnicbVA9SwNBEN3zM8avaEqbTYJgY7hLo2ATtLGMYD4gicfeZi9Zsrd37M4J4Uht41+xsVDE1trCzh9i714SRBPfsvB4b4aZeV4kuAbb/rSWlldW19YzG9nNre2d3dzefkOHsaKsTkMRqpZHNBNcsjpwEKwVKUYCT7CmN7xI/eYtU5qH8hpGEesGpC+5zykBI7m5wvAmoWM3qYw7BfOAB0ynDP/obq5kl+0J8CJxZqRULZ4dy/f8V83NfXR6IY0DJoEKonXbsSPoJkQBp4KNs51Ys4jQIemztqGSmJHdZHLKGB8apYf9UJkvAU/U3x0JCbQeBZ6pDAgM9LyXiv957Rj8027CZRQDk3Q6yI8FhhCnueAeV4yCGBlCqOJmV0wHRBEKJr2sCcGZP3mRNCplxy47V06peo6myKADVERHyEEnqIouUQ3VEUV36AE9oWfr3nq0XqzXaemSNevJoz+w3r4BNvCc7A==</latexit><latexit sha1_base64="wNJ1ByW3G7K+e1XTfDANCU48aWo=">AAACCnicbVC7TsMwFL3hWcorwMjiUiExVUkXGCtYGItEH1IbIsd1WquOE9kOUhVlZuFXWBhAiJUvYONvcNsIQcuxLB2dc6/uvSdIOFPacb6sldW19Y3N0lZ5e2d3b98+OGyrOJWEtkjMY9kNsKKcCdrSTHPaTSTFUcBpJxhfTf3OPZWKxeJWTxLqRXgoWMgI1kby7cr4LiO5n9XzfsU8zSKqpgz96L5ddWrODGiZuAWpQoGmb3/2BzFJIyo04Vipnusk2suw1Ixwmpf7qaIJJmM8pD1DBTYjvWx2So5OjTJAYSzNFxrN1N8dGY6UmkSBqYywHqlFbyr+5/VSHV54GRNJqqkg80FhypGO0TQXNGCSEs0nhmAimdkVkRGWmGiTXtmE4C6evEza9Zrr1Nwbt9q4LOIowTGcwBm4cA4NuIYmtIDAAzzBC7xaj9az9Wa9z0tXrKLnCP7A+vgGHa6Z3g==</latexit>

sc2⇥sc2<latexit sha1_base64="O84UioIzEC5mrKl7aXKKFO8EACQ=">AAACCnicbVDLSsNAFL3xWesr6tLNtEVwY0m6UXBTdOOygn1AG+NkOmmHTh7MTIQSsnbjr7hxoYhbv8Cdf+OkLaKtZxg4nHMv997jxZxJZVlfxtLyyuraemGjuLm1vbNr7u23ZJQIQpsk4pHoeFhSzkLaVExx2okFxYHHadsbXeZ++54KyaLwRo1j6gR4EDKfEay05JoleZuSzE1rWa+kn2IBlTlDP7prVqyqNQFaJPaMVOrl85M7AGi45mevH5EkoKEiHEvZta1YOSkWihFOs2IvkTTGZIQHtKtpiPVIJ52ckqEjrfSRHwn9Q4Um6u+OFAdSjgNPVwZYDeW8l4v/ed1E+WdOysI4UTQk00F+wpGKUJ4L6jNBieJjTTARTO+KyBALTJROr6hDsOdPXiStWtW2qva1XalfwBQFOIQyHIMNp1CHK2hAEwg8wBO8wKvxaDwbb8b7tHTJmPUcwB8YH9/JtpsY</latexit><latexit sha1_base64="D8mGqHS6QZ5N2qdwxePwQti3IVk=">AAACCnicbVA9SwNBEJ3zM8avaEqbTYJgY7hLo2ATtLGMYD4gOcPeZi9Zsrd37O4J4Uht41+xsVDE1trCzh9i714SRBPfsvB4b4aZeV7EmdK2/WktLa+srq1nNrKbW9s7u7m9/YYKY0lonYQ8lC0PK8qZoHXNNKetSFIceJw2veFF6jdvqVQsFNd6FFE3wH3BfEawNlI3V1A3CRl3k8q4UzBPs4CqlKEfvZsr2WV7ArRInBkpVYtnx+I9/1Xr5j46vZDEARWacKxU27Ej7SZYakY4HWc7saIRJkPcp21DBTYj3WRyyhgdGqWH/FCaLzSaqL87EhwoNQo8UxlgPVDzXir+57Vj7Z+6CRNRrKkg00F+zJEOUZoL6jFJieYjQzCRzOyKyABLTLRJL2tCcOZPXiSNStmxy86VU6qewxQZOIAiHIEDJ1CFS6hBHQjcwQM8wbN1bz1aL9brtHTJmvXk4Q+st29QcJz8</latexit><latexit sha1_base64="D8mGqHS6QZ5N2qdwxePwQti3IVk=">AAACCnicbVA9SwNBEJ3zM8avaEqbTYJgY7hLo2ATtLGMYD4gOcPeZi9Zsrd37O4J4Uht41+xsVDE1trCzh9i714SRBPfsvB4b4aZeV7EmdK2/WktLa+srq1nNrKbW9s7u7m9/YYKY0lonYQ8lC0PK8qZoHXNNKetSFIceJw2veFF6jdvqVQsFNd6FFE3wH3BfEawNlI3V1A3CRl3k8q4UzBPs4CqlKEfvZsr2WV7ArRInBkpVYtnx+I9/1Xr5j46vZDEARWacKxU27Ej7SZYakY4HWc7saIRJkPcp21DBTYj3WRyyhgdGqWH/FCaLzSaqL87EhwoNQo8UxlgPVDzXir+57Vj7Z+6CRNRrKkg00F+zJEOUZoL6jFJieYjQzCRzOyKyABLTLRJL2tCcOZPXiSNStmxy86VU6qewxQZOIAiHIEDJ1CFS6hBHQjcwQM8wbN1bz1aL9brtHTJmvXk4Q+st29QcJz8</latexit><latexit sha1_base64="gcutUcvtWQUXt4tQs+go9k9tyvo=">AAACCnicbVC7TsMwFHV4lvIKMLK4VEhMVdIFxgoWxiLRh9SWyHGd1qrjRPYNUhVlZuFXWBhAiJUvYONvcNoIQcuxLB2dc6/uvcePBdfgOF/Wyura+sZmaau8vbO7t28fHLZ1lCjKWjQSker6RDPBJWsBB8G6sWIk9AXr+JOr3O/cM6V5JG9hGrNBSEaSB5wSMJJnV/RdSjMvrWf9innAQ6Zzhn90z646NWcGvEzcglRRgaZnf/aHEU1CJoEKonXPdWIYpEQBp4Jl5X6iWUzohIxYz1BJzMhBOjslw6dGGeIgUuZLwDP1d0dKQq2noW8qQwJjvejl4n9eL4HgYpByGSfAJJ0PChKBIcJ5LnjIFaMgpoYQqrjZFdMxUYSCSa9sQnAXT14m7XrNdWrujVttXBZxlNAxOkFnyEXnqIGuURO1EEUP6Am9oFfr0Xq23qz3eemKVfQcoT+wPr4BNy6Z7g==</latexit>

f c
2<latexit sha1_base64="tC2CkCGDx5jwm161w22lO+lFh2A=">AAAB8HicbZDLSgMxFIbP1Futt6pLN6FFcGOZ6aaCm6IblxXsRdqxZtJMG5pkhiQjlGGewo0LRdz6OO58G9PLQlt/CHz8/znknBPEnGnjut9Obm19Y3Mrv13Y2d3bPygeHrV0lChCmyTikeoEWFPOJG0aZjjtxIpiEXDaDsbX07z9RJVmkbwzk5j6Ag8lCxnBxlr3YT+tZg8pyfrFsltxZ0Kr4C2gXC9dnj8CQKNf/OoNIpIIKg3hWOuu58bGT7EyjHCaFXqJpjEmYzykXYsSC6r9dDZwhk6tM0BhpOyTBs3c3x0pFlpPRGArBTYjvZxNzf+ybmLCCz9lMk4MlWT+UZhwZCI03R4NmKLE8IkFTBSzsyIywgoTY29UsEfwlldehVa14rkV79Yr169grjycQAnOwIMa1OEGGtAEAgKe4RXeHOW8OO/Ox7w05yx6juGPnM8fgl6Row==</latexit><latexit sha1_base64="y8yyQW/PQJP51x7u+uLF8b5TjYk=">AAAB8HicbZC7SgNBFIbPeo3xFk1pMyQINobdNAo2QRvLCOYiyRpmJ7PJkJnZZWZWCMs+hY2FIrY+jIWdD2Lv5FJo4g8DH/9/DnPOCWLOtHHdL2dldW19YzO3ld/e2d3bLxwcNnWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRleTvPVAlWaRvDXjmPoCDyQLGcHGWndhL61m9ynJeoWyW3GnQsvgzaFcK12cyo/id71X+Oz2I5IIKg3hWOuO58bGT7EyjHCa5buJpjEmIzygHYsSC6r9dDpwho6t00dhpOyTBk3d3x0pFlqPRWArBTZDvZhNzP+yTmLCcz9lMk4MlWT2UZhwZCI02R71maLE8LEFTBSzsyIyxAoTY2+Ut0fwFldehma14rkV78Yr1y5hphwcQQlOwIMzqME11KEBBAQ8wjO8OMp5cl6dt1npijPvKcIfOe8/CRiThw==</latexit><latexit sha1_base64="y8yyQW/PQJP51x7u+uLF8b5TjYk=">AAAB8HicbZC7SgNBFIbPeo3xFk1pMyQINobdNAo2QRvLCOYiyRpmJ7PJkJnZZWZWCMs+hY2FIrY+jIWdD2Lv5FJo4g8DH/9/DnPOCWLOtHHdL2dldW19YzO3ld/e2d3bLxwcNnWUKEIbJOKRagdYU84kbRhmOG3HimIRcNoKRleTvPVAlWaRvDXjmPoCDyQLGcHGWndhL61m9ynJeoWyW3GnQsvgzaFcK12cyo/id71X+Oz2I5IIKg3hWOuO58bGT7EyjHCa5buJpjEmIzygHYsSC6r9dDpwho6t00dhpOyTBk3d3x0pFlqPRWArBTZDvZhNzP+yTmLCcz9lMk4MlWT2UZhwZCI02R71maLE8LEFTBSzsyIyxAoTY2+Ut0fwFldehma14rkV78Yr1y5hphwcQQlOwIMzqME11KEBBAQ8wjO8OMp5cl6dt1npijPvKcIfOe8/CRiThw==</latexit><latexit sha1_base64="6PvSdyIb5LL0/jqrkpyLcRZVxt8=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4Kpte9Fj04rGC/ZB2Ldk024Ym2SXJCmXZX+HFgyJe/Tne/Dem7R609cHA470ZZuaFieDG+v63t7a+sbm1Xdop7+7tHxxWjo7bJk41ZS0ai1h3Q2KY4Iq1LLeCdRPNiAwF64STm5nfeWLa8Fjd22nCAklGikecEuukh2iQ1fPHjOaDStWv+XOgVYILUoUCzUHlqz+MaSqZslQQY3rYT2yQEW05FSwv91PDEkInZMR6jioimQmy+cE5OnfKEEWxdqUsmqu/JzIijZnK0HVKYsdm2ZuJ/3m91EZXQcZVklqm6GJRlApkYzT7Hg25ZtSKqSOEau5uRXRMNKHWZVR2IeDll1dJu17Dfg3f4WrjuoijBKdwBheA4RIacAtNaAEFCc/wCm+e9l68d+9j0brmFTMn8Afe5w/vx5B5</latexit>

strides

kernel

Cov3:

filters

Valid Padding
kc3⇥kc3

<latexit sha1_base64="Iq4OpWVp9txeMCF1VrgXyk45i7I=">AAACCnicbVDLSsNAFL3xWesr6tLNtEVwY0l0oeCm6MZlBfuANsbJdNIOnTyYmQglZO3GX3HjQhG3foE7/8ZJW0RbzzBwOOde7r3HizmTyrK+jIXFpeWV1cJacX1jc2vb3NltyigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vMz91j0VkkXhjRrF1AlwP2Q+I1hpyTVLw9uUZG56knVL+ikWUJkz9KO7ZsWqWmOgeWJPSaVWPj+6A4C6a352exFJAhoqwrGUHduKlZNioRjhNCt2E0ljTIa4TzuahliPdNLxKRk60EoP+ZHQP1RorP7uSHEg5SjwdGWA1UDOern4n9dJlH/mpCyME0VDMhnkJxypCOW5oB4TlCg+0gQTwfSuiAywwETp9Io6BHv25HnSPK7aVtW+tiu1C5igAPtQhkOw4RRqcAV1aACBB3iCF3g1Ho1n4814n5QuGNOePfgD4+Mbs1ibCg==</latexit><latexit sha1_base64="A83WZ6+JtxjZWDM6QWmhbtMKOBg=">AAACCnicbVC7SgNBFJ31GeNrNaXNJEGwMexqoWATtLGMYB6QrMvsZJIMmZ1dZu4KYUlt46/YWChia21h54fYO3kgmniGgcM593LvPUEsuAbH+bQWFpeWV1Yza9n1jc2tbXtnt6ajRFFWpZGIVCMgmgkuWRU4CNaIFSNhIFg96F+M/PotU5pH8hoGMfNC0pW8wykBI/l2vn+T0qGfHg9befOAh0yPGP7RfbvolJwx8Dxxp6RYLpwdyvfcV8W3P1rtiCYhk0AF0brpOjF4KVHAqWDDbCvRLCa0T7qsaagkZqSXjk8Z4n2jtHEnUuZLwGP1d0dKQq0HYWAqQwI9PeuNxP+8ZgKdUy/lMk6ASToZ1EkEhgiPcsFtrhgFMTCEUMXNrpj2iCIUTHpZE4I7e/I8qR2VXKfkXrnF8jmaIIP2UAEdIBedoDK6RBVURRTdoQf0hJ6te+vRerFeJ6UL1rQnh/7AevsGOhKc7g==</latexit><latexit sha1_base64="A83WZ6+JtxjZWDM6QWmhbtMKOBg=">AAACCnicbVC7SgNBFJ31GeNrNaXNJEGwMexqoWATtLGMYB6QrMvsZJIMmZ1dZu4KYUlt46/YWChia21h54fYO3kgmniGgcM593LvPUEsuAbH+bQWFpeWV1Yza9n1jc2tbXtnt6ajRFFWpZGIVCMgmgkuWRU4CNaIFSNhIFg96F+M/PotU5pH8hoGMfNC0pW8wykBI/l2vn+T0qGfHg9befOAh0yPGP7RfbvolJwx8Dxxp6RYLpwdyvfcV8W3P1rtiCYhk0AF0brpOjF4KVHAqWDDbCvRLCa0T7qsaagkZqSXjk8Z4n2jtHEnUuZLwGP1d0dKQq0HYWAqQwI9PeuNxP+8ZgKdUy/lMk6ASToZ1EkEhgiPcsFtrhgFMTCEUMXNrpj2iCIUTHpZE4I7e/I8qR2VXKfkXrnF8jmaIIP2UAEdIBedoDK6RBVURRTdoQf0hJ6te+vRerFeJ6UL1rQnh/7AevsGOhKc7g==</latexit><latexit sha1_base64="qz1P0SFZlOHXCO/4fZMvv8TmJPQ=">AAACCnicbVC7TsMwFHV4lvIKMLK4VEhMVQIDjBUsjEWiD6ktkeM6rVXHiewbpCrKzMKvsDCAECtfwMbf4LQRgpZjWTo6517de48fC67Bcb6speWV1bX10kZ5c2t7Z9fe22/pKFGUNWkkItXxiWaCS9YEDoJ1YsVI6AvW9sdXud++Z0rzSN7CJGb9kAwlDzglYCTProzvUpp56VnWq5gHPGQ6Z/hH9+yqU3OmwIvELUgVFWh49mdvENEkZBKoIFp3XSeGfkoUcCpYVu4lmsWEjsmQdQ2VxIzsp9NTMnxslAEOImW+BDxVf3ekJNR6EvqmMiQw0vNeLv7ndRMILvopl3ECTNLZoCARGCKc54IHXDEKYmIIoYqbXTEdEUUomPTKJgR3/uRF0jqtuU7NvXGr9csijhI6REfoBLnoHNXRNWqgJqLoAT2hF/RqPVrP1pv1PitdsoqeA/QH1sc3INCZ4A==</latexit>

sc3⇥sc3
<latexit sha1_base64="FX3XSWsxn82jl2l9Vnxeo83nCvY=">AAACCnicbVDLSsNAFL3xWesr6tLNtEVwY0l0oeCm6MZlBfuANsbJdNIOnTyYmQglZO3GX3HjQhG3foE7/8ZJW0RbzzBwOOde7r3HizmTyrK+jIXFpeWV1cJacX1jc2vb3NltyigRhDZIxCPR9rCknIW0oZjitB0LigOP05Y3vMz91j0VkkXhjRrF1AlwP2Q+I1hpyTVL8jYlmZueZN2SfooFVOYM/eiuWbGq1hhonthTUqmVz4/uAKDump/dXkSSgIaKcCxlx7Zi5aRYKEY4zYrdRNIYkyHu046mIdYjnXR8SoYOtNJDfiT0DxUaq787UhxIOQo8XRlgNZCzXi7+53US5Z85KQvjRNGQTAb5CUcqQnkuqMcEJYqPNMFEML0rIgMsMFE6vaIOwZ49eZ40j6u2VbWv7UrtAiYowD6U4RBsOIUaXEEdGkDgAZ7gBV6NR+PZeDPeJ6ULxrRnD/7A+PgGzNibGg==</latexit><latexit sha1_base64="pqYk/XzHtcf2KiIa8t1D5oSMcHg=">AAACCnicbVC7SgNBFJ31GeNrNaXNJEGwMexqoWATtLGMYB6QxGV2MkmGzM4uM3eFsGxt46/YWChia21h54fYO3kgmniGgcM593LvPX4kuAbH+bQWFpeWV1Yza9n1jc2tbXtnt6bDWFFWpaEIVcMnmgkuWRU4CNaIFCOBL1jdH1yM/PotU5qH8hqGEWsHpCd5l1MCRvLsvL5JaOolx2krbx7wgOkRwz+6ZxedkjMGnifulBTLhbND+Z77qnj2R6sT0jhgEqggWjddJ4J2QhRwKliabcWaRYQOSI81DZXEjGwn41NSvG+UDu6GynwJeKz+7khIoPUw8E1lQKCvZ72R+J/XjKF72k64jGJgkk4GdWOBIcSjXHCHK0ZBDA0hVHGzK6Z9oggFk17WhODOnjxPakcl1ym5V26xfI4myKA9VEAHyEUnqIwuUQVVEUV36AE9oWfr3nq0XqzXSemCNe3JoT+w3r4BU5Kc/g==</latexit><latexit sha1_base64="pqYk/XzHtcf2KiIa8t1D5oSMcHg=">AAACCnicbVC7SgNBFJ31GeNrNaXNJEGwMexqoWATtLGMYB6QxGV2MkmGzM4uM3eFsGxt46/YWChia21h54fYO3kgmniGgcM593LvPX4kuAbH+bQWFpeWV1Yza9n1jc2tbXtnt6bDWFFWpaEIVcMnmgkuWRU4CNaIFCOBL1jdH1yM/PotU5qH8hqGEWsHpCd5l1MCRvLsvL5JaOolx2krbx7wgOkRwz+6ZxedkjMGnifulBTLhbND+Z77qnj2R6sT0jhgEqggWjddJ4J2QhRwKliabcWaRYQOSI81DZXEjGwn41NSvG+UDu6GynwJeKz+7khIoPUw8E1lQKCvZ72R+J/XjKF72k64jGJgkk4GdWOBIcSjXHCHK0ZBDA0hVHGzK6Z9oggFk17WhODOnjxPakcl1ym5V26xfI4myKA9VEAHyEUnqIwuUQVVEUV36AE9oWfr3nq0XqzXSemCNe3JoT+w3r4BU5Kc/g==</latexit><latexit sha1_base64="2d0Vulrf25UpQMT07HLwvYD+Kjg=">AAACCnicbVC7TsMwFL3hWcorwMjiUiExVQkMMFawMBaJPqQ2RI7rtFYdJ7IdpCrqzMKvsDCAECtfwMbf4LQRgpZjWTo6517de0+QcKa043xZS8srq2vrpY3y5tb2zq69t99ScSoJbZKYx7ITYEU5E7Spmea0k0iKo4DTdjC6yv32PZWKxeJWjxPqRXggWMgI1kby7Yq6y8jEz84mvYp5mkVU5Qz96L5ddWrOFGiRuAWpQoGGb3/2+jFJIyo04Viprusk2suw1IxwOin3UkUTTEZ4QLuGCmxGetn0lAk6NkofhbE0X2g0VX93ZDhSahwFpjLCeqjmvVz8z+umOrzwMiaSVFNBZoPClCMdozwX1GeSEs3HhmAimdkVkSGWmGiTXtmE4M6fvEhapzXXqbk3brV+WcRRgkM4ghNw4RzqcA0NaAKBB3iCF3i1Hq1n6816n5UuWUXPAfyB9fENOlCZ8A==</latexit>

f c
3

<latexit sha1_base64="ehiOA9IM+n3m23bR+skL3J3q+XE=">AAAB8HicbZDLSgMxFIbP1Futt6pLN6FFcGOZsQsFN0U3LivYi7RjzaSZNjTJDElGKMM8hRsXirj1cdz5NqaXhbb+EPj4/3PIOSeIOdPGdb+d3Mrq2vpGfrOwtb2zu1fcP2jqKFGENkjEI9UOsKacSdowzHDajhXFIuC0FYyuJ3nriSrNInlnxjH1BR5IFjKCjbXuw15azR5SkvWKZbfiToWWwZtDuVa6PH0EgHqv+NXtRyQRVBrCsdYdz42Nn2JlGOE0K3QTTWNMRnhAOxYlFlT76XTgDB1bp4/CSNknDZq6vztSLLQei8BWCmyGejGbmP9lncSEF37KZJwYKsnsozDhyERosj3qM0WJ4WMLmChmZ0VkiBUmxt6oYI/gLa68DM2ziudWvFuvXLuCmfJwBCU4AQ/OoQY3UIcGEBDwDK/w5ijnxXl3PmalOWfecwh/5Hz+AIPnkaQ=</latexit><latexit sha1_base64="KPFV80RfUa0CwB6s8rbyXuLFInY=">AAAB8HicbZC7SgNBFIbPxluMt2hKmyFBsDHsaqFgE7SxjGAukqxhdjKbDJmZXWZmhbDsU9hYKGLrw1jY+SD2ThILTfxh4OP/z2HOOUHMmTau++nklpZXVtfy64WNza3tneLuXlNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ5yVv3VGkWyRszjqkv8ECykBFsrHUb9tKT7C4lWa9YcavuVGgRvB+o1MrnR/K99FXvFT+6/YgkgkpDONa647mx8VOsDCOcZoVuommMyQgPaMeixIJqP50OnKED6/RRGCn7pEFT93dHioXWYxHYSoHNUM9nE/O/rJOY8MxPmYwTQyWZfRQmHJkITbZHfaYoMXxsARPF7KyIDLHCxNgbFewRvPmVF6F5XPXcqnftVWoXMFMe9qEMh+DBKdTgCurQAAICHuAJnh3lPDovzuusNOf89JTgj5y3bwqhk4g=</latexit><latexit sha1_base64="KPFV80RfUa0CwB6s8rbyXuLFInY=">AAAB8HicbZC7SgNBFIbPxluMt2hKmyFBsDHsaqFgE7SxjGAukqxhdjKbDJmZXWZmhbDsU9hYKGLrw1jY+SD2ThILTfxh4OP/z2HOOUHMmTau++nklpZXVtfy64WNza3tneLuXlNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ5yVv3VGkWyRszjqkv8ECykBFsrHUb9tKT7C4lWa9YcavuVGgRvB+o1MrnR/K99FXvFT+6/YgkgkpDONa647mx8VOsDCOcZoVuommMyQgPaMeixIJqP50OnKED6/RRGCn7pEFT93dHioXWYxHYSoHNUM9nE/O/rJOY8MxPmYwTQyWZfRQmHJkITbZHfaYoMXxsARPF7KyIDLHCxNgbFewRvPmVF6F5XPXcqnftVWoXMFMe9qEMh+DBKdTgCurQAAICHuAJnh3lPDovzuusNOf89JTgj5y3bwqhk4g=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="MO/YP1sJKAsXeWe93kWH680q1bs=">AAAB5XicbZBLSwMxFIXv1FetVatbN8EiuCozutCl4MZlBfuQdiyZNNOGJpkhuSOUYX6FGxeK+Jfc+W9MHwttPRD4OCch954olcKi7397pY3Nre2d8m5lr7p/cFg7qrZtkhnGWyyRielG1HIpNG+hQMm7qeFURZJ3osntLO88c2NFoh9wmvJQ0ZEWsWAUnfUYD/LL4ilnxaBW9xv+XGQdgiXUYanmoPbVHyYsU1wjk9TaXuCnGObUoGCSF5V+ZnlK2YSOeM+hporbMJ8PXJAz5wxJnBh3NJK5+/tFTpW1UxW5m4ri2K5mM/O/rJdhfB3mQqcZcs0WH8WZJJiQ2fZkKAxnKKcOKDPCzUrYmBrK0HVUcSUEqyuvQ/uiEfiN4N6HMpzAKZxDAFdwA3fQhBYwUPACb/DuGe/V+1jUVfKWvR3DH3mfP7h/jyI=</latexit><latexit sha1_base64="MO/YP1sJKAsXeWe93kWH680q1bs=">AAAB5XicbZBLSwMxFIXv1FetVatbN8EiuCozutCl4MZlBfuQdiyZNNOGJpkhuSOUYX6FGxeK+Jfc+W9MHwttPRD4OCch954olcKi7397pY3Nre2d8m5lr7p/cFg7qrZtkhnGWyyRielG1HIpNG+hQMm7qeFURZJ3osntLO88c2NFoh9wmvJQ0ZEWsWAUnfUYD/LL4ilnxaBW9xv+XGQdgiXUYanmoPbVHyYsU1wjk9TaXuCnGObUoGCSF5V+ZnlK2YSOeM+hporbMJ8PXJAz5wxJnBh3NJK5+/tFTpW1UxW5m4ri2K5mM/O/rJdhfB3mQqcZcs0WH8WZJJiQ2fZkKAxnKKcOKDPCzUrYmBrK0HVUcSUEqyuvQ/uiEfiN4N6HMpzAKZxDAFdwA3fQhBYwUPACb/DuGe/V+1jUVfKWvR3DH3mfP7h/jyI=</latexit><latexit sha1_base64="Yn09cE0kLJJMmlvE4lqhoKzuhGw=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4Klk96LHoxWMF+yHtWrJptg1NskuSFcqyv8KLB0W8+nO8+W9M2z1o64OBx3szzMwLE8GNxfjbW1ldW9/YLG2Vt3d29/YrB4ctE6easiaNRaw7ITFMcMWallvBOolmRIaCtcPxzdRvPzFteKzu7SRhgSRDxSNOiXXSQ9TPLvLHjOb9ShXX8AxomfgFqUKBRr/y1RvENJVMWSqIMV0fJzbIiLacCpaXe6lhCaFjMmRdRxWRzATZ7OAcnTplgKJYu1IWzdTfExmRxkxk6DolsSOz6E3F/7xuaqOrIOMqSS1TdL4oSgWyMZp+jwZcM2rFxBFCNXe3IjoimlDrMiq7EPzFl5dJ67zm45p/h6v16yKOEhzDCZyBD5dQh1toQBMoSHiGV3jztPfivXsf89YVr5g5gj/wPn8A8QCQeQ==</latexit><latexit sha1_base64="fdZptLXlikBHEu8nXMaexhAhUPQ=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4Khs96LHoxWMF+yHtWrJptg1NskuSFcqyv8KLB0W8+nO8+W9M2z1o64OBx3szzMwLE8GN9f1vb2V1bX1js7RV3t7Z3duvHBy2TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HN1O//cS04bG6t5OEBZIMFY84JdZJD1E/u8gfM5r3K1W/5s+AlgkuSBUKNPqVr94gpqlkylJBjOliP7FBRrTlVLC83EsNSwgdkyHrOqqIZCbIZgfn6NQpAxTF2pWyaKb+nsiINGYiQ9cpiR2ZRW8q/ud1UxtdBRlXSWqZovNFUSqQjdH0ezTgmlErJo4Qqrm7FdER0YRal1HZhYAXX14mrfMa9mv4Dlfr10UcJTiGEzgDDJdQh1toQBMoSHiGV3jztPfivXsf89YVr5g5gj/wPn8A8VCQeg==</latexit><latexit sha1_base64="KPFV80RfUa0CwB6s8rbyXuLFInY=">AAAB8HicbZC7SgNBFIbPxluMt2hKmyFBsDHsaqFgE7SxjGAukqxhdjKbDJmZXWZmhbDsU9hYKGLrw1jY+SD2ThILTfxh4OP/z2HOOUHMmTau++nklpZXVtfy64WNza3tneLuXlNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ5yVv3VGkWyRszjqkv8ECykBFsrHUb9tKT7C4lWa9YcavuVGgRvB+o1MrnR/K99FXvFT+6/YgkgkpDONa647mx8VOsDCOcZoVuommMyQgPaMeixIJqP50OnKED6/RRGCn7pEFT93dHioXWYxHYSoHNUM9nE/O/rJOY8MxPmYwTQyWZfRQmHJkITbZHfaYoMXxsARPF7KyIDLHCxNgbFewRvPmVF6F5XPXcqnftVWoXMFMe9qEMh+DBKdTgCurQAAICHuAJnh3lPDovzuusNOf89JTgj5y3bwqhk4g=</latexit><latexit sha1_base64="KPFV80RfUa0CwB6s8rbyXuLFInY=">AAAB8HicbZC7SgNBFIbPxluMt2hKmyFBsDHsaqFgE7SxjGAukqxhdjKbDJmZXWZmhbDsU9hYKGLrw1jY+SD2ThILTfxh4OP/z2HOOUHMmTau++nklpZXVtfy64WNza3tneLuXlNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ5yVv3VGkWyRszjqkv8ECykBFsrHUb9tKT7C4lWa9YcavuVGgRvB+o1MrnR/K99FXvFT+6/YgkgkpDONa647mx8VOsDCOcZoVuommMyQgPaMeixIJqP50OnKED6/RRGCn7pEFT93dHioXWYxHYSoHNUM9nE/O/rJOY8MxPmYwTQyWZfRQmHJkITbZHfaYoMXxsARPF7KyIDLHCxNgbFewRvPmVF6F5XPXcqnftVWoXMFMe9qEMh+DBKdTgCurQAAICHuAJnh3lPDovzuusNOf89JTgj5y3bwqhk4g=</latexit><latexit sha1_base64="KPFV80RfUa0CwB6s8rbyXuLFInY=">AAAB8HicbZC7SgNBFIbPxluMt2hKmyFBsDHsaqFgE7SxjGAukqxhdjKbDJmZXWZmhbDsU9hYKGLrw1jY+SD2ThILTfxh4OP/z2HOOUHMmTau++nklpZXVtfy64WNza3tneLuXlNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ5yVv3VGkWyRszjqkv8ECykBFsrHUb9tKT7C4lWa9YcavuVGgRvB+o1MrnR/K99FXvFT+6/YgkgkpDONa647mx8VOsDCOcZoVuommMyQgPaMeixIJqP50OnKED6/RRGCn7pEFT93dHioXWYxHYSoHNUM9nE/O/rJOY8MxPmYwTQyWZfRQmHJkITbZHfaYoMXxsARPF7KyIDLHCxNgbFewRvPmVF6F5XPXcqnftVWoXMFMe9qEMh+DBKdTgCurQAAICHuAJnh3lPDovzuusNOf89JTgj5y3bwqhk4g=</latexit><latexit sha1_base64="KPFV80RfUa0CwB6s8rbyXuLFInY=">AAAB8HicbZC7SgNBFIbPxluMt2hKmyFBsDHsaqFgE7SxjGAukqxhdjKbDJmZXWZmhbDsU9hYKGLrw1jY+SD2ThILTfxh4OP/z2HOOUHMmTau++nklpZXVtfy64WNza3tneLuXlNHiSK0QSIeqXaANeVM0oZhhtN2rCgWAaetYHQ5yVv3VGkWyRszjqkv8ECykBFsrHUb9tKT7C4lWa9YcavuVGgRvB+o1MrnR/K99FXvFT+6/YgkgkpDONa647mx8VOsDCOcZoVuommMyQgPaMeixIJqP50OnKED6/RRGCn7pEFT93dHioXWYxHYSoHNUM9nE/O/rJOY8MxPmYwTQyWZfRQmHJkITbZHfaYoMXxsARPF7KyIDLHCxNgbFewRvPmVF6F5XPXcqnftVWoXMFMe9qEMh+DBKdTgCurQAAICHuAJnh3lPDovzuusNOf89JTgj5y3bwqhk4g=</latexit><latexit sha1_base64="fdZptLXlikBHEu8nXMaexhAhUPQ=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSJ4Khs96LHoxWMF+yHtWrJptg1NskuSFcqyv8KLB0W8+nO8+W9M2z1o64OBx3szzMwLE8GN9f1vb2V1bX1js7RV3t7Z3duvHBy2TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HN1O//cS04bG6t5OEBZIMFY84JdZJD1E/u8gfM5r3K1W/5s+AlgkuSBUKNPqVr94gpqlkylJBjOliP7FBRrTlVLC83EsNSwgdkyHrOqqIZCbIZgfn6NQpAxTF2pWyaKb+nsiINGYiQ9cpiR2ZRW8q/ud1UxtdBRlXSWqZovNFUSqQjdH0ezTgmlErJo4Qqrm7FdER0YRal1HZhYAXX14mrfMa9mv4Dlfr10UcJTiGEzgDDJdQh1toQBMoSHiGV3jztPfivXsf89YVr5g5gj/wPn8A8VCQeg==</latexit>

strides

Feature Vector

S
<latexit sha1_base64="zdPNbeB0NAoUTb4HtDL0yuhvg7g=">AAAB8XicbVA9SwNBEJ2LX/H8ilraLAbBKtzaaCMGbSwjmg9MjrC32UuW7O0du3tCOAL+CBsLRWz9IfZ2/hv3khSa+GDg8d4M82aCRHBtPO/bKSwtr6yuFdfdjc2t7Z3S7l5Dx6mirE5jEatWQDQTXLK64UawVqIYiQLBmsHwKvebD0xpHss7M0qYH5G+5CGnxFjpvhMRMwjC7HbcLZW9ijcBWiR4RsoXn+75IwDUuqWvTi+macSkoYJo3cZeYvyMKMOpYGO3k2qWEDokfda2VJKIaT+bJB6jI6v0UBgrW9Kgifp7IiOR1qMosJ15Qj3v5eJ/Xjs14ZmfcZmkhkk6XRSmApkY5eejHleMGjGyhFDFbVZEB0QRauyTXPsEPH/yImmcVLBXwTe4XL2EKYpwAIdwDBhOoQrXUIM6UJDwBC/w6mjn2Xlz3qetBWc2sw9/4Hz8ADNXksE=</latexit><latexit sha1_base64="UvKm60QWgnleus9Ga/qWuXODNko=">AAAB8XicbVA9SwNBEJ3zM55fUUubxSBYhTsbbcSgjWVE84HJEfY2e8mSvb1ld08IR/6FjYUiWvpD7G3Ef+NekkITHww83pth3kwoOdPG876dhcWl5ZXVwpq7vrG5tV3c2a3rJFWE1kjCE9UMsaacCVozzHDalIriOOS0EQ4uc79xT5Vmibg1Q0mDGPcEixjBxkp37RibfhhlN6NOseSVvTHQPPGnpHT+4Z7Jty+32il+trsJSWMqDOFY65bvSRNkWBlGOB257VRTickA92jLUoFjqoNsnHiEDq3SRVGibAmDxurviQzHWg/j0HbmCfWsl4v/ea3URKdBxoRMDRVksihKOTIJys9HXaYoMXxoCSaK2ayI9LHCxNgnufYJ/uzJ86R+XPa9sn/tlyoXMEEB9uEAjsCHE6jAFVShBgQEPMATPDvaeXRenNdJ64IzndmDP3DefwAk5pQ1</latexit><latexit sha1_base64="UvKm60QWgnleus9Ga/qWuXODNko=">AAAB8XicbVA9SwNBEJ3zM55fUUubxSBYhTsbbcSgjWVE84HJEfY2e8mSvb1ld08IR/6FjYUiWvpD7G3Ef+NekkITHww83pth3kwoOdPG876dhcWl5ZXVwpq7vrG5tV3c2a3rJFWE1kjCE9UMsaacCVozzHDalIriOOS0EQ4uc79xT5Vmibg1Q0mDGPcEixjBxkp37RibfhhlN6NOseSVvTHQPPGnpHT+4Z7Jty+32il+trsJSWMqDOFY65bvSRNkWBlGOB257VRTickA92jLUoFjqoNsnHiEDq3SRVGibAmDxurviQzHWg/j0HbmCfWsl4v/ea3URKdBxoRMDRVksihKOTIJys9HXaYoMXxoCSaK2ayI9LHCxNgnufYJ/uzJ86R+XPa9sn/tlyoXMEEB9uEAjsCHE6jAFVShBgQEPMATPDvaeXRenNdJ64IzndmDP3DefwAk5pQ1</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="Kj+lGMg+FS8jUCKwS77MKOYD1eA=">AAAB5nicbVA9TwJBFHyHX4ioaGuzkZhYkTsbLU1sLDEKGIGQveUdbNjbu+y+MyEX/oWNhcb4k+z8N+4BhYKTbDKZeS87b8JUSUu+/+2VNja3tnfKu5W96v7BYe2o2rZJZgS2RKIS8xhyi0pqbJEkhY+pQR6HCjvh5KbwO89orEz0A01T7Md8pGUkBScnPfViTuMwyu9ng1rdb/hzsHUSLEkdlmgOal+9YSKyGDUJxa3tBn5K/ZwbkkLhrNLLLKZcTPgIu45qHqPt5/PEM3bmlCGLEuOeJjZXf2/kPLZ2GoduskhoV71C/M/rZhRd9XOp04xQi8VHUaYYJaw4nw2lQUFq6ggXRrqsTIy54YJcSRVXQrB68jppXzQCvxHc+VCGEziFcwjgEq7hFprQAgEaXuAN3j3rvXofi7pK3rK3Y/gD7/MHhi+Pmw==</latexit><latexit sha1_base64="Kj+lGMg+FS8jUCKwS77MKOYD1eA=">AAAB5nicbVA9TwJBFHyHX4ioaGuzkZhYkTsbLU1sLDEKGIGQveUdbNjbu+y+MyEX/oWNhcb4k+z8N+4BhYKTbDKZeS87b8JUSUu+/+2VNja3tnfKu5W96v7BYe2o2rZJZgS2RKIS8xhyi0pqbJEkhY+pQR6HCjvh5KbwO89orEz0A01T7Md8pGUkBScnPfViTuMwyu9ng1rdb/hzsHUSLEkdlmgOal+9YSKyGDUJxa3tBn5K/ZwbkkLhrNLLLKZcTPgIu45qHqPt5/PEM3bmlCGLEuOeJjZXf2/kPLZ2GoduskhoV71C/M/rZhRd9XOp04xQi8VHUaYYJaw4nw2lQUFq6ggXRrqsTIy54YJcSRVXQrB68jppXzQCvxHc+VCGEziFcwjgEq7hFprQAgEaXuAN3j3rvXofi7pK3rK3Y/gD7/MHhi+Pmw==</latexit><latexit sha1_base64="u/jbJYwns5SDF6J9ss1ScxrN4Nk=">AAAB8XicbVC7TsMwFL0pr1JeBUYWiwqJqUpYYKxgYSyCPkQbVY7rtFYdJ7JvkKqof8HCAEKs/A0bf4PTZoCWI1k6Oude+dwTJFIYdN1vp7S2vrG5Vd6u7Ozu7R9UD4/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJTe53nrg2IlYPOE24H9GREqFgFK302I8ojoMwu58NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDKz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z696dW2tcF3WU4QRO4Rw8uIQG3EITWsBAwTO8wptjnBfn3flYjJacYucY/sD5/AHDwJDz</latexit><latexit sha1_base64="Ibn4Ez6Ywlq6mGwHTWwUkF+LTwM=">AAAB8XicbVC7TsMwFL0pr1JeBUYWiwqJqUpYYKxgYSyCPkQbVY7rtFYdJ7JvkKqof8HCAEKs/A0bf4PTZoCWI1k6Oude+dwTJFIYdN1vp7S2vrG5Vd6u7Ozu7R9UD4/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJTe53nrg2IlYPOE24H9GREqFgFK302I8ojoMwu58NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDKz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z696dV2tcF3WU4QRO4Rw8uIQG3EITWsBAwTO8wptjnBfn3flYjJacYucY/sD5/AHEEJD0</latexit><latexit sha1_base64="UvKm60QWgnleus9Ga/qWuXODNko=">AAAB8XicbVA9SwNBEJ3zM55fUUubxSBYhTsbbcSgjWVE84HJEfY2e8mSvb1ld08IR/6FjYUiWvpD7G3Ef+NekkITHww83pth3kwoOdPG876dhcWl5ZXVwpq7vrG5tV3c2a3rJFWE1kjCE9UMsaacCVozzHDalIriOOS0EQ4uc79xT5Vmibg1Q0mDGPcEixjBxkp37RibfhhlN6NOseSVvTHQPPGnpHT+4Z7Jty+32il+trsJSWMqDOFY65bvSRNkWBlGOB257VRTickA92jLUoFjqoNsnHiEDq3SRVGibAmDxurviQzHWg/j0HbmCfWsl4v/ea3URKdBxoRMDRVksihKOTIJys9HXaYoMXxoCSaK2ayI9LHCxNgnufYJ/uzJ86R+XPa9sn/tlyoXMEEB9uEAjsCHE6jAFVShBgQEPMATPDvaeXRenNdJ64IzndmDP3DefwAk5pQ1</latexit><latexit sha1_base64="UvKm60QWgnleus9Ga/qWuXODNko=">AAAB8XicbVA9SwNBEJ3zM55fUUubxSBYhTsbbcSgjWVE84HJEfY2e8mSvb1ld08IR/6FjYUiWvpD7G3Ef+NekkITHww83pth3kwoOdPG876dhcWl5ZXVwpq7vrG5tV3c2a3rJFWE1kjCE9UMsaacCVozzHDalIriOOS0EQ4uc79xT5Vmibg1Q0mDGPcEixjBxkp37RibfhhlN6NOseSVvTHQPPGnpHT+4Z7Jty+32il+trsJSWMqDOFY65bvSRNkWBlGOB257VRTickA92jLUoFjqoNsnHiEDq3SRVGibAmDxurviQzHWg/j0HbmCfWsl4v/ea3URKdBxoRMDRVksihKOTIJys9HXaYoMXxoCSaK2ayI9LHCxNgnufYJ/uzJ86R+XPa9sn/tlyoXMEEB9uEAjsCHE6jAFVShBgQEPMATPDvaeXRenNdJ64IzndmDP3DefwAk5pQ1</latexit><latexit sha1_base64="UvKm60QWgnleus9Ga/qWuXODNko=">AAAB8XicbVA9SwNBEJ3zM55fUUubxSBYhTsbbcSgjWVE84HJEfY2e8mSvb1ld08IR/6FjYUiWvpD7G3Ef+NekkITHww83pth3kwoOdPG876dhcWl5ZXVwpq7vrG5tV3c2a3rJFWE1kjCE9UMsaacCVozzHDalIriOOS0EQ4uc79xT5Vmibg1Q0mDGPcEixjBxkp37RibfhhlN6NOseSVvTHQPPGnpHT+4Z7Jty+32il+trsJSWMqDOFY65bvSRNkWBlGOB257VRTickA92jLUoFjqoNsnHiEDq3SRVGibAmDxurviQzHWg/j0HbmCfWsl4v/ea3URKdBxoRMDRVksihKOTIJys9HXaYoMXxoCSaK2ayI9LHCxNgnufYJ/uzJ86R+XPa9sn/tlyoXMEEB9uEAjsCHE6jAFVShBgQEPMATPDvaeXRenNdJ64IzndmDP3DefwAk5pQ1</latexit><latexit sha1_base64="UvKm60QWgnleus9Ga/qWuXODNko=">AAAB8XicbVA9SwNBEJ3zM55fUUubxSBYhTsbbcSgjWVE84HJEfY2e8mSvb1ld08IR/6FjYUiWvpD7G3Ef+NekkITHww83pth3kwoOdPG876dhcWl5ZXVwpq7vrG5tV3c2a3rJFWE1kjCE9UMsaacCVozzHDalIriOOS0EQ4uc79xT5Vmibg1Q0mDGPcEixjBxkp37RibfhhlN6NOseSVvTHQPPGnpHT+4Z7Jty+32il+trsJSWMqDOFY65bvSRNkWBlGOB257VRTickA92jLUoFjqoNsnHiEDq3SRVGibAmDxurviQzHWg/j0HbmCfWsl4v/ea3URKdBxoRMDRVksihKOTIJys9HXaYoMXxoCSaK2ayI9LHCxNgnufYJ/uzJ86R+XPa9sn/tlyoXMEEB9uEAjsCHE6jAFVShBgQEPMATPDvaeXRenNdJ64IzndmDP3DefwAk5pQ1</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="Kj+lGMg+FS8jUCKwS77MKOYD1eA=">AAAB5nicbVA9TwJBFHyHX4ioaGuzkZhYkTsbLU1sLDEKGIGQveUdbNjbu+y+MyEX/oWNhcb4k+z8N+4BhYKTbDKZeS87b8JUSUu+/+2VNja3tnfKu5W96v7BYe2o2rZJZgS2RKIS8xhyi0pqbJEkhY+pQR6HCjvh5KbwO89orEz0A01T7Md8pGUkBScnPfViTuMwyu9ng1rdb/hzsHUSLEkdlmgOal+9YSKyGDUJxa3tBn5K/ZwbkkLhrNLLLKZcTPgIu45qHqPt5/PEM3bmlCGLEuOeJjZXf2/kPLZ2GoduskhoV71C/M/rZhRd9XOp04xQi8VHUaYYJaw4nw2lQUFq6ggXRrqsTIy54YJcSRVXQrB68jppXzQCvxHc+VCGEziFcwjgEq7hFprQAgEaXuAN3j3rvXofi7pK3rK3Y/gD7/MHhi+Pmw==</latexit><latexit sha1_base64="Kj+lGMg+FS8jUCKwS77MKOYD1eA=">AAAB5nicbVA9TwJBFHyHX4ioaGuzkZhYkTsbLU1sLDEKGIGQveUdbNjbu+y+MyEX/oWNhcb4k+z8N+4BhYKTbDKZeS87b8JUSUu+/+2VNja3tnfKu5W96v7BYe2o2rZJZgS2RKIS8xhyi0pqbJEkhY+pQR6HCjvh5KbwO89orEz0A01T7Md8pGUkBScnPfViTuMwyu9ng1rdb/hzsHUSLEkdlmgOal+9YSKyGDUJxa3tBn5K/ZwbkkLhrNLLLKZcTPgIu45qHqPt5/PEM3bmlCGLEuOeJjZXf2/kPLZ2GoduskhoV71C/M/rZhRd9XOp04xQi8VHUaYYJaw4nw2lQUFq6ggXRrqsTIy54YJcSRVXQrB68jppXzQCvxHc+VCGEziFcwjgEq7hFprQAgEaXuAN3j3rvXofi7pK3rK3Y/gD7/MHhi+Pmw==</latexit><latexit sha1_base64="u/jbJYwns5SDF6J9ss1ScxrN4Nk=">AAAB8XicbVC7TsMwFL0pr1JeBUYWiwqJqUpYYKxgYSyCPkQbVY7rtFYdJ7JvkKqof8HCAEKs/A0bf4PTZoCWI1k6Oude+dwTJFIYdN1vp7S2vrG5Vd6u7Ozu7R9UD4/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJTe53nrg2IlYPOE24H9GREqFgFK302I8ojoMwu58NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDKz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z696dW2tcF3WU4QRO4Rw8uIQG3EITWsBAwTO8wptjnBfn3flYjJacYucY/sD5/AHDwJDz</latexit><latexit sha1_base64="Ibn4Ez6Ywlq6mGwHTWwUkF+LTwM=">AAAB8XicbVC7TsMwFL0pr1JeBUYWiwqJqUpYYKxgYSyCPkQbVY7rtFYdJ7JvkKqof8HCAEKs/A0bf4PTZoCWI1k6Oude+dwTJFIYdN1vp7S2vrG5Vd6u7Ozu7R9UD4/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJTe53nrg2IlYPOE24H9GREqFgFK302I8ojoMwu58NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDKz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z696dV2tcF3WU4QRO4Rw8uIQG3EITWsBAwTO8wptjnBfn3flYjJacYucY/sD5/AHEEJD0</latexit><latexit sha1_base64="UvKm60QWgnleus9Ga/qWuXODNko=">AAAB8XicbVA9SwNBEJ3zM55fUUubxSBYhTsbbcSgjWVE84HJEfY2e8mSvb1ld08IR/6FjYUiWvpD7G3Ef+NekkITHww83pth3kwoOdPG876dhcWl5ZXVwpq7vrG5tV3c2a3rJFWE1kjCE9UMsaacCVozzHDalIriOOS0EQ4uc79xT5Vmibg1Q0mDGPcEixjBxkp37RibfhhlN6NOseSVvTHQPPGnpHT+4Z7Jty+32il+trsJSWMqDOFY65bvSRNkWBlGOB257VRTickA92jLUoFjqoNsnHiEDq3SRVGibAmDxurviQzHWg/j0HbmCfWsl4v/ea3URKdBxoRMDRVksihKOTIJys9HXaYoMXxoCSaK2ayI9LHCxNgnufYJ/uzJ86R+XPa9sn/tlyoXMEEB9uEAjsCHE6jAFVShBgQEPMATPDvaeXRenNdJ64IzndmDP3DefwAk5pQ1</latexit><latexit sha1_base64="UvKm60QWgnleus9Ga/qWuXODNko=">AAAB8XicbVA9SwNBEJ3zM55fUUubxSBYhTsbbcSgjWVE84HJEfY2e8mSvb1ld08IR/6FjYUiWvpD7G3Ef+NekkITHww83pth3kwoOdPG876dhcWl5ZXVwpq7vrG5tV3c2a3rJFWE1kjCE9UMsaacCVozzHDalIriOOS0EQ4uc79xT5Vmibg1Q0mDGPcEixjBxkp37RibfhhlN6NOseSVvTHQPPGnpHT+4Z7Jty+32il+trsJSWMqDOFY65bvSRNkWBlGOB257VRTickA92jLUoFjqoNsnHiEDq3SRVGibAmDxurviQzHWg/j0HbmCfWsl4v/ea3URKdBxoRMDRVksihKOTIJys9HXaYoMXxoCSaK2ayI9LHCxNgnufYJ/uzJ86R+XPa9sn/tlyoXMEEB9uEAjsCHE6jAFVShBgQEPMATPDvaeXRenNdJ64IzndmDP3DefwAk5pQ1</latexit><latexit sha1_base64="UvKm60QWgnleus9Ga/qWuXODNko=">AAAB8XicbVA9SwNBEJ3zM55fUUubxSBYhTsbbcSgjWVE84HJEfY2e8mSvb1ld08IR/6FjYUiWvpD7G3Ef+NekkITHww83pth3kwoOdPG876dhcWl5ZXVwpq7vrG5tV3c2a3rJFWE1kjCE9UMsaacCVozzHDalIriOOS0EQ4uc79xT5Vmibg1Q0mDGPcEixjBxkp37RibfhhlN6NOseSVvTHQPPGnpHT+4Z7Jty+32il+trsJSWMqDOFY65bvSRNkWBlGOB257VRTickA92jLUoFjqoNsnHiEDq3SRVGibAmDxurviQzHWg/j0HbmCfWsl4v/ea3URKdBxoRMDRVksihKOTIJys9HXaYoMXxoCSaK2ayI9LHCxNgnufYJ/uzJ86R+XPa9sn/tlyoXMEEB9uEAjsCHE6jAFVShBgQEPMATPDvaeXRenNdJ64IzndmDP3DefwAk5pQ1</latexit><latexit sha1_base64="UvKm60QWgnleus9Ga/qWuXODNko=">AAAB8XicbVA9SwNBEJ3zM55fUUubxSBYhTsbbcSgjWVE84HJEfY2e8mSvb1ld08IR/6FjYUiWvpD7G3Ef+NekkITHww83pth3kwoOdPG876dhcWl5ZXVwpq7vrG5tV3c2a3rJFWE1kjCE9UMsaacCVozzHDalIriOOS0EQ4uc79xT5Vmibg1Q0mDGPcEixjBxkp37RibfhhlN6NOseSVvTHQPPGnpHT+4Z7Jty+32il+trsJSWMqDOFY65bvSRNkWBlGOB257VRTickA92jLUoFjqoNsnHiEDq3SRVGibAmDxurviQzHWg/j0HbmCfWsl4v/ea3URKdBxoRMDRVksihKOTIJys9HXaYoMXxoCSaK2ayI9LHCxNgnufYJ/uzJ86R+XPa9sn/tlyoXMEEB9uEAjsCHE6jAFVShBgQEPMATPDvaeXRenNdJ64IzndmDP3DefwAk5pQ1</latexit><latexit sha1_base64="Ibn4Ez6Ywlq6mGwHTWwUkF+LTwM=">AAAB8XicbVC7TsMwFL0pr1JeBUYWiwqJqUpYYKxgYSyCPkQbVY7rtFYdJ7JvkKqof8HCAEKs/A0bf4PTZoCWI1k6Oude+dwTJFIYdN1vp7S2vrG5Vd6u7Ozu7R9UD4/aJk414y0Wy1h3A2q4FIq3UKDk3URzGgWSd4LJTe53nrg2IlYPOE24H9GREqFgFK302I8ojoMwu58NqjW37s5BVolXkBoUaA6qX/1hzNKIK2SSGtPz3AT9jGoUTPJZpZ8anlA2oSPes1TRiBs/myeekTOrDEkYa/sUkrn6eyOjkTHTKLCTeUKz7OXif14vxfDKz4RKUuSKLT4KU0kwJvn5ZCg0ZyinllCmhc1K2JhqytCWVLEleMsnr5L2Rd1z696dV2tcF3WU4QRO4Rw8uIQG3EITWsBAwTO8wptjnBfn3flYjJacYucY/sD5/AHEEJD0</latexit>
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KAction Advantages

State Value

QD3(s,a = 1|✓D3)
<latexit sha1_base64="5kbHxn5mAn6hyOG149wXrfw9Yn0="></latexit><latexit sha1_base64="m7aSDb+Bl5ZGo+FF21AVrtvGbkg="></latexit><latexit sha1_base64="m7aSDb+Bl5ZGo+FF21AVrtvGbkg="></latexit><latexit sha1_base64="Nn9GAHKTBfngaekc8LyW4o9S9hw=">AAACJXicbVDLSsNAFJ34rPUVdekmWIQKUhJd6EKhqAuXLdgHNKVMppN26CQTZm6EEvIzbvwVNy4sIrjyV5ykFbT1wjCHc+7h3nu8iDMFtv1pLC2vrK6tFzaKm1vbO7vm3n5TiVgS2iCCC9n2sKKchbQBDDhtR5LiwOO05Y1uM731SKViInyAcUS7AR6EzGcEg6Z65lW9l9ydp2U3wDD0/ESlpz8Qp9eOq73geoL31TjQX+LCkAJOc9NJzyzZFTsvaxE4M1BCs6r1zInbFyQOaAiEY6U6jh1BN8ESGOE0LbqxohEmIzygHQ1DHFDVTfIrU+tYM33LF1K/EKyc/e1IcKCyLXVndoGa1zLyP60Tg3/ZTVgYxUBDMh3kx9wCYWWRWX0mKQE+1gATyfSuFhliiQnoYIs6BGf+5EXQPKs4dsWpO6XqzSyOAjpER6iMHHSBquge1VADEfSEXtAbmhjPxqvxbnxMW5eMmecA/Snj6xs91KZS</latexit>

QD3(s,a = 2|✓D3)
<latexit sha1_base64="QVQD33qnYVusAChvb2OXolnqSA0="></latexit><latexit sha1_base64="X+/QuBks3h0kU9elMC7bWedwp7M="></latexit><latexit sha1_base64="X+/QuBks3h0kU9elMC7bWedwp7M="></latexit><latexit sha1_base64="vvLKtiEEhb/m5Ntn6Xl5mzWAZn0=">AAACJXicbVDLSsNAFJ3UV62vqks3wSJUkJLUhS4Uirpw2YJ9QBPCZDpph04ezNwIJeRn3PgrblxYRHDlrzhJK2jrhWEO59zDvfe4EWcSDONTK6ysrq1vFDdLW9s7u3vl/YOODGNBaJuEPBQ9F0vKWUDbwIDTXiQo9l1Ou+74NtO7j1RIFgYPMImo7eNhwDxGMCjKKV+1nOTuPK1aPoaR6yUyPfuBOL2uW8oLlhvygZz46kssGFHAaW46dcoVo2bkpS8Dcw4qaF5Npzy1BiGJfRoA4VjKvmlEYCdYACOcpiUrljTCZIyHtK9ggH0q7SS/MtVPFDPQvVCoF4Ces78dCfZltqXqzC6Qi1pG/qf1Y/Au7YQFUQw0ILNBXsx1CPUsMn3ABCXAJwpgIpjaVScjLDABFWxJhWAunrwMOvWaadTMlllp3MzjKKIjdIyqyEQXqIHuURO1EUFP6AW9oan2rL1q79rHrLWgzT2H6E9pX98/dqZT</latexit>

QD3(s,a = k|✓D3)
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Fig. 3.4 Architecture of CNN-attached duelling DQN

layers, i.e., Conv1, Conv2 and Conv3, as depicted in Fig. 3.4 where the corresponding

size of kernel, amount of filter and size of stride are denoted. Following each convolu-

tional layer, a standard max pooling layer with pool size 2 × 2 and stride 2 × 2 is invoked.

At the end, the pooled feature maps will be flattened into a vector which will then be fed

into the input layer of D3QN. The considered optimization problem is fully determined

by the value of SINR, given SINR threshold. In other word, larger available BS set and

smaller occupied BS set are favourable to minimize the EOD. For outer state s and the

selected outer action a, the corresponding available BS set ̆ℬ𝑘∗
𝑜 and the occupied BS set

ℬ𝑘∗
𝑜 can be determined according to Subsection 3.2.1. Then, the outer reward function

can be defined as

r = 𝑐𝑎𝑟𝑑( ̆ℬ𝑘∗
𝑜 )

𝑐𝑎𝑟𝑑( ̆ℬ𝑘∗
𝑜 ) + 𝑐𝑎𝑟𝑑(ℬ𝑘∗

𝑜 )
. (3.15)

The designed outer reward function (3.15) infers that the selected RB 𝑘∗ resulting in larger

available BS set and smaller occupied BS set is more favourable, which can effectively en-

large macro-diversity gain and meanwhile reduce the amount of interfering BSs according



3.3. The Proposed Algorithm | 106

to the definition of SINR (3.6). Given the formulation of outer MDP, the duelling DQN

is invoked to approximate 𝑄𝐷3(s, a|𝜃𝐷3) where 𝜃𝐷3 represents the parameter vector of

D3QN network. The D3QN network is trained to minimize its loss function via the gra-

dient descent updating rule, shown as

𝜃𝐷3(𝑡 + 1) = 𝜃𝐷3(𝑡) − 𝛼𝐷3∇𝜃𝐷3𝑙𝑜𝑠𝑠(𝜃𝐷3), (3.16)

where 𝛼𝐷3 denotes the learning rate and ∇𝜃𝐷3𝑙𝑜𝑠𝑠(𝜃𝐷3) represents the gradient of the

D3QN network’s loss function w.r.t. 𝜃𝐷3. For a mini-batch of 𝑁𝐷3 transitions randomly

sampled from the outer replay buffer, the mean-square loss function in (3.16) is defined as

𝑙𝑜𝑠𝑠(𝜃𝐷3) = 1
𝑁𝐷3

𝑁𝐷3

∑
𝑡=1

[𝑦𝑡 − 𝑄𝐷3(s𝑡, a𝑡|𝜃𝐷3)]
2 , (3.17)

where 𝑦𝑡 = r𝑡 + 𝛾𝑄𝐷3(s𝑡+1, a∗
𝑡+1|𝜃−

𝐷3) and 𝜃−
𝐷3 indicates the parameter vector of target

D3QN network. Note that the optimal outer action for the next outer state s𝑡+1 is selected

by the D3QN network instead of the target D3QN network, given by

a∗
𝑡+1 = argmax

a𝑡+1
𝑄𝐷3(s𝑡+1, a𝑡+1|𝜃𝐷3). (3.18)

In this manner, the bootstrapping outer action is evaluated by the target D3QN network

while the selection of outer action is achieved by the D3QN network, which completes the

double Q learning procedure. If the outer action selection and evaluation are accomplished

via the traditional DQN method in (1.11), it leads to overestimation of Q values while

bootstrapping, i.e., learning estimates from estimates. Applying double Q learningmethod

to separate action selection and bootstrapping evaluation into two networks can address the

overestimation bias issue introduced by the max operator in calculating the loss function.

After several steps on updating the D3QN network, the target D3QN network will be

synchronized to the D3QN network via letting 𝜃−
𝐷3 = 𝜃𝐷3.
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Given outer state s, the outer action selection strategy applied by the D3QN agent

follows the popular 𝜖-greedy policy, shown as

a =
⎧
⎪
⎨
⎪
⎩

randi(𝐾), with probalility 𝜖

argmax
𝑘=1,…,𝐾

𝑄𝐷3(s, 𝑘|𝜃𝐷3), otherwise
, (3.19)

where randi(𝐾) indicates the process of randomly picking an integer out of the range [1, 𝐾]

and the exploration parameter 𝜖 ∈ [0, 1] is used to balance exploration and exploitation in

learning process. Specifically, larger 𝜖 encourages the D3QN agent to explore the outer

action space, while smaller 𝜖 results in more frequent exploitation of learned knowledge.

Usually, the exploration parameter 𝜖 is annealing alongside the learning process, inducing

the D3QN agent from more frequent exploration to higher probability of exploitation.

TD3

For each time slot 𝑛, the D3QN agent observes the outer environment, from which it ob-

tains the DUE’s location 𝑞𝑢(𝑛) and the RBP map 𝒞 (𝑛). Then, the D3QN agent selects

the outer action, i.e., the RB 𝑘∗. With the selected RB and the current RBP map, the

corresponding set of available BSs ̆ℬ𝑘∗
𝑜 can be determined. To reduce the overheads of

CSI estimation and inner reward feedback, a random BS out of the current available BSs

will be selected by the C2 to perform beamforming optimization. Thereafter, the type of

large-scale fading between the DUE and the chosen available BS can be obtained. Then,

the inner MDP for the TD3 network can be formulated as follows. Each inner state ̂s con-

sists of a list of estimated CSI ⃗ℎ̈𝑏𝑢(𝑛, 𝑖) and its corresponding type of LoS or NLoS. It is

well known that ANNs only accept real numbers as its inputs, rather than complex values.

To circumvent this problem, the complex-value estimated CSI ⃗ℎ̈𝑏𝑢(𝑛, 𝑖) will be transferred

into a flatten layer which decouples the complex value and reshapes its real and imagery

parts into a real-value vector. However, the inner state ̂s is dominated by the flattened

CSI, while only one dimension is left for the indicator of pathloss type, which raises the

issue of dimension imbalance. To circumvent this problem, the dimension for pathloss



3.3. The Proposed Algorithm | 108

type indicator will be expanded from 1 to 𝑀 via duplicating the pathloss type indicator

into 𝑀 potions, making it comparable to the dimension of flattened CSI. Each possible

inner action â generated from the actor network is a vector of real-value numbers, which

will be reshaped into a normalized complex-value vector to construct the corresponding

beamforming vector �⃗�𝑏𝑢(𝑛, 𝑖). The transitions of inner states are determined by the ex-

perienced small-scale fading model. The inner reward function evaluates how good the

selected inner action is for each time of state transition. To reflect the quality of selected

inner action, the inner reward function is defined as

̂r = |ℎ⃗𝑏𝑢(𝑛, 𝑖)�⃗�𝑏𝑢(𝑛, 𝑖)|2

‖⃗ℎ̈𝑏𝑢(𝑛, 𝑖)‖2
. (3.20)

TD3 method belongs to actor-critic algorithms, in which the critic network learns Q

function approximation 𝑄𝑃 ( ̂s, â|𝜃𝑃 ) and the actor network is the policy generator approx-

imating the action 𝜇( ̂s|𝜃𝜇), where 𝜃𝑃 and 𝜃𝜇 denote the parameter vectors of critic and ac-

tor networks, respectively. Specifically, the actor network takes the inner state as its input

and generates deterministic continuous action as its output, unlike DQN-related methods

that output a probability distribution over discrete action space. Furthermore, the inner

action generated by the actor network will be leveraged to the input layer of the critic

network together with the current inner state. Then, the corresponding state-action value

will be generated at the output layer of the critic network. The actor network is invoked

to approximate the inner action and thus the exhaustive search of the optimal inner ac-

tion maximizing the Q function given the next inner state is avoided. Fig. 3.5 depicts the

overall architecture of TD3 network.

The gradient descent updating on the twin critic networks can be given by

𝜃𝑃 ̂𝑗
(𝑡 + 1) = 𝜃𝑃 ̂𝑗

(𝑡) − 𝛼𝑃 𝑐∇𝜃𝑃 ̂𝑗
𝑙𝑜𝑠𝑠(𝜃𝑃 ̂𝑗

), (3.21)

where 𝛼𝑃 𝑐 indicates the learning rate, ∇𝜃𝑃 ̂𝑗
𝑙𝑜𝑠𝑠(𝜃𝑃 ̂𝑗

) denotes the gradient of critic net-

work’s loss function w.r.t. 𝜃𝑃 ̂𝑗
and ̂𝑗 ∈ {1, 2} is defined to distinguish the twin critics.
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Besides, the corresponding mean-square loss function is defined as

𝑙𝑜𝑠𝑠(𝜃𝑃 ̂𝑗
) = 1

𝑁𝑃

𝑁𝑃

∑
𝑡=1

[ ̂𝑦𝑡 − 𝑄𝑃 ( ̂s𝑡, â𝑡|𝜃𝑃 ̂𝑗
)]

2
, (3.22)

where

̂𝑦𝑡 = ̂r𝑡 + 𝛾 min
̂𝑗=1,2

𝑄𝑃 [ ̂s𝑡+1, 𝜇( ̂s𝑡+1|𝜃−
𝜇 ) + 𝒩 −|𝜃−

𝑃 ̂𝑗
] (3.23)

represents the target Q value, 𝑁𝑃 is from a mini-batch of 𝑁𝑃 transitions randomly ex-

tracted from the inner replay buffer, and 𝜃−
𝑃 ̂𝑗
, 𝜃−

𝜇 and 𝒩 − denote the parameters of target

critic network, those of target actor network and additive noise for target actor network,

respectively. Note that the operator min in (3.23) and 𝒩 − are posed for accomplishing

clipped double Q learning and target policy smoothing, respectively.

Moreover, the actor network aims to maximize its expected return, defined as

𝐽(𝜃) = 𝔼 ̂s𝑡{𝑄[ ̂s𝑡, 𝜇( ̂s𝑡|𝜃𝜇)|𝜃𝑃 ]}, (3.24)

of which the derivative w.r.t. 𝜃𝜇 can be calculated with help of the chain rule, shown as

∇𝜃𝜇 𝐽(𝜃) ≈ 𝔼 ̂s𝑡{∇𝜃𝜇 𝑄[ ̂s𝑡, 𝜇( ̂s𝑡|𝜃𝜇)|𝜃𝑃 ]}

= 1
𝑁𝑃

𝑁𝑃

∑
𝑡=1

∇𝑎𝑄𝑃 ( ̂s𝑡, 𝑎|𝜃𝑃1)∇𝜃𝜇 𝜇( ̂s𝑡|𝜃𝜇), (3.25)

in which the critic 1 is anchored by the chain rule for simplicity.

Then, the gradient ascent updating of the actor network can be expressed as

𝜃𝜇(𝑡 + 1) = 𝜃𝜇(𝑡) + 𝛼𝑃 𝑎∇𝜃𝜇 𝐽(𝜃), (3.26)

where 𝛼𝑃 𝑎 is the learning rate for the actor network. Moreover, to complete the delayed

policy update procedure, the actor, target actor and the twin target critics will be updated
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less frequently than the twin critics, via updating the target networks every 𝑁𝑝𝑢𝑑 times the

twin critics are trained.

Furthermore, the Polyak averaging updates for the target critic and actor networks are

applied to enhance the stability of learning, given by

𝜃−
𝑃 ̂𝑗

← 𝜏𝜃𝑃 ̂𝑗
+ (1 − 𝜏)𝜃−

𝑃 ̂𝑗
, (3.27)

𝜃−
𝜇 ← 𝜏𝜃𝜇 + (1 − 𝜏)𝜃−

𝜇 , (3.28)

respectively, where 𝜏 is the interpolation factor in Polyak averaging method for updating

target networks and it is usually set to be close to zero, i.e., 𝜏 ≪ 1.

Different from probabilistic action selection policy on discrete actions for D3QN agent,

exploration on continuous actions for TD3 agent can be realized via adding noise sampled

from a noise process 𝒩 to the actor network, i.e., â ← â + 𝒩 , where 𝒩 can be chosen to

adapt to the inner environment [92]. For simplicity, zero-mean Normal noise with vari-

ance 𝜎2
𝑃 is applied to generate artificial noise for the output of actor network, where 𝜎2

𝑃 is

annealing alongside the learning process to guide the TD3 agent from exploration to ex-

ploitation. Without loss of generality, the additive noise posed on the target actor network

𝒩 − is generated from zero-mean Normal distribution with annealing variance 𝜎2
𝑃 as well.

The Hybrid D3QN–TD3 Algorithm

The overall pseudo-code and interacting diagram of the proposed hybrid D3QN-TD3 so-

lution are given by Algorithm 3.1 and Fig. 3.6, respectively. All the neural networks

as well as their corresponding target networks and replay buffers are first initialized (line

1). For each learning episode, the outer environment will be initialized, which means that

the drone’s location should be reset to the start coordinate of the given trajectory and the

RBP map should be re-observed as well (line 3 and 5). For each outer epoch in a learn-

ing episode, the D3QN agent picks the outer action a𝑖 according to the 𝜖-greedy action

selection policy (3.19) and then the corresponding available set ̆ℬa𝑖
𝑜 and the occupied set
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<latexit sha1_base64="lgPa5v54m9nHlBFpSVXx/7fyomY=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKDHohePFewHNCFstpN26WYTdjeFEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBwqhUtv1tlFZW19Y3ypuVre2d3T1z/6At41QQaJGYxaIbYAmMcmgpqhh0EwE4Chh0gtHt1O+MQUga8wc1ScCL8IDTkBKstOSbR+4YSObGEQxw7mdBmtf4OT3zzapdt2ewlolTkCoq0PTNL7cfkzQCrgjDUvYcO1FehoWihEFecVMJCSYjPICephxHIL1sdn9unWqlb4Wx0MWVNVN/T2Q4knISBbozwmooF72p+J/XS1V47WWUJ6kCTuaLwpRZKramYVh9KoAoNtEEE0H1rRYZYoGJ0pFVdAjO4svLpH1Rd+y6c39ZbdwUcZTRMTpBNeSgK9RAd6iJWoigR/SMXtGb8WS8GO/Gx7y1ZBQzh+gPjM8f5+eWAA==</latexit><latexit sha1_base64="lgPa5v54m9nHlBFpSVXx/7fyomY=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKDHohePFewHNCFstpN26WYTdjeFEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBwqhUtv1tlFZW19Y3ypuVre2d3T1z/6At41QQaJGYxaIbYAmMcmgpqhh0EwE4Chh0gtHt1O+MQUga8wc1ScCL8IDTkBKstOSbR+4YSObGEQxw7mdBmtf4OT3zzapdt2ewlolTkCoq0PTNL7cfkzQCrgjDUvYcO1FehoWihEFecVMJCSYjPICephxHIL1sdn9unWqlb4Wx0MWVNVN/T2Q4knISBbozwmooF72p+J/XS1V47WWUJ6kCTuaLwpRZKramYVh9KoAoNtEEE0H1rRYZYoGJ0pFVdAjO4svLpH1Rd+y6c39ZbdwUcZTRMTpBNeSgK9RAd6iJWoigR/SMXtGb8WS8GO/Gx7y1ZBQzh+gPjM8f5+eWAA==</latexit><latexit sha1_base64="lgPa5v54m9nHlBFpSVXx/7fyomY=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKDHohePFewHNCFstpN26WYTdjeFEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBwqhUtv1tlFZW19Y3ypuVre2d3T1z/6At41QQaJGYxaIbYAmMcmgpqhh0EwE4Chh0gtHt1O+MQUga8wc1ScCL8IDTkBKstOSbR+4YSObGEQxw7mdBmtf4OT3zzapdt2ewlolTkCoq0PTNL7cfkzQCrgjDUvYcO1FehoWihEFecVMJCSYjPICephxHIL1sdn9unWqlb4Wx0MWVNVN/T2Q4knISBbozwmooF72p+J/XS1V47WWUJ6kCTuaLwpRZKramYVh9KoAoNtEEE0H1rRYZYoGJ0pFVdAjO4svLpH1Rd+y6c39ZbdwUcZTRMTpBNeSgK9RAd6iJWoigR/SMXtGb8WS8GO/Gx7y1ZBQzh+gPjM8f5+eWAA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="iARF3+2i1epft+NvY8rUjXuLQkc=">AAAB9HicbZBLS8NAFIVv6qvWqtGFGzfBIlSQkrjRpeDGZQX7gCaEyfSmHTqZhJlJocQu/CtuXCjib3Hnv3H6WGjrgYGPc2a4d06Ucaa0635bpY3Nre2d8m5lr7p/cGgfVdsqzSXFFk15KrsRUciZwJZmmmM3k0iSiGMnGt3N8s4YpWKpeNSTDIOEDASLGSXaWKF94o+RFn6a4IBMwyLKp3VxyS5Cu+Y23LmcdfCWUIOlmqH95fdTmicoNOVEqZ7nZjooiNSMcpxW/FxhRuiIDLBnUJAEVVDM958658bpO3EqzRHambu/XxQkUWqSROZmQvRQrWYz87+sl+v4JiiYyHKNgi4GxTl3dOrMynD6TCLVfGKAUMnMrg4dEkmoNpVVTAne6pfXoX3V8NyG9+BCGU7hDOrgwTXcwj00oQUUnuAF3uDderZerY9FXSVr2dsx/JH1+QN0N5SW</latexit><latexit sha1_base64="iARF3+2i1epft+NvY8rUjXuLQkc=">AAAB9HicbZBLS8NAFIVv6qvWqtGFGzfBIlSQkrjRpeDGZQX7gCaEyfSmHTqZhJlJocQu/CtuXCjib3Hnv3H6WGjrgYGPc2a4d06Ucaa0635bpY3Nre2d8m5lr7p/cGgfVdsqzSXFFk15KrsRUciZwJZmmmM3k0iSiGMnGt3N8s4YpWKpeNSTDIOEDASLGSXaWKF94o+RFn6a4IBMwyLKp3VxyS5Cu+Y23LmcdfCWUIOlmqH95fdTmicoNOVEqZ7nZjooiNSMcpxW/FxhRuiIDLBnUJAEVVDM958658bpO3EqzRHambu/XxQkUWqSROZmQvRQrWYz87+sl+v4JiiYyHKNgi4GxTl3dOrMynD6TCLVfGKAUMnMrg4dEkmoNpVVTAne6pfXoX3V8NyG9+BCGU7hDOrgwTXcwj00oQUUnuAF3uDderZerY9FXSVr2dsx/JH1+QN0N5SW</latexit><latexit sha1_base64="q/juTRoMz8tcD32JEizWiUFvHrw=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSeNFj0YvHCrYWmhA220m7dHcTdjeFEnvwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlRyqjSrvttlVZW19Y3ypuVre2d3T17/6CtkkwSaJGEJbITYQWMCmhpqhl0UgmYRwweouHN1H8YgVQ0Efd6nELAcV/QmBKsjRTaR/4ISO4nHPp4EuZRNqmJc3oW2lW37s7gLBOvIFVUoBnaX34vIRkHoQnDSnU9N9VBjqWmhMGk4mcKUkyGuA9dQwXmoIJ8dv/EOTVKz4kTaUpoZ6b+nsgxV2rMI9PJsR6oRW8q/ud1Mx1fBTkVaaZBkPmiOGOOTpxpGE6PSiCajQ3BRFJzq0MGWGKiTWQVE4K3+PIyaV/UPbfu3bnVxnURRxkdoxNUQx66RA10i5qohQh6RM/oFb1ZT9aL9W59zFtLVjFziP7A+vwB5qeV/A==</latexit><latexit sha1_base64="lgPa5v54m9nHlBFpSVXx/7fyomY=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKDHohePFewHNCFstpN26WYTdjeFEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBwqhUtv1tlFZW19Y3ypuVre2d3T1z/6At41QQaJGYxaIbYAmMcmgpqhh0EwE4Chh0gtHt1O+MQUga8wc1ScCL8IDTkBKstOSbR+4YSObGEQxw7mdBmtf4OT3zzapdt2ewlolTkCoq0PTNL7cfkzQCrgjDUvYcO1FehoWihEFecVMJCSYjPICephxHIL1sdn9unWqlb4Wx0MWVNVN/T2Q4knISBbozwmooF72p+J/XS1V47WWUJ6kCTuaLwpRZKramYVh9KoAoNtEEE0H1rRYZYoGJ0pFVdAjO4svLpH1Rd+y6c39ZbdwUcZTRMTpBNeSgK9RAd6iJWoigR/SMXtGb8WS8GO/Gx7y1ZBQzh+gPjM8f5+eWAA==</latexit><latexit sha1_base64="lgPa5v54m9nHlBFpSVXx/7fyomY=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKDHohePFewHNCFstpN26WYTdjeFEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBwqhUtv1tlFZW19Y3ypuVre2d3T1z/6At41QQaJGYxaIbYAmMcmgpqhh0EwE4Chh0gtHt1O+MQUga8wc1ScCL8IDTkBKstOSbR+4YSObGEQxw7mdBmtf4OT3zzapdt2ewlolTkCoq0PTNL7cfkzQCrgjDUvYcO1FehoWihEFecVMJCSYjPICephxHIL1sdn9unWqlb4Wx0MWVNVN/T2Q4knISBbozwmooF72p+J/XS1V47WWUJ6kCTuaLwpRZKramYVh9KoAoNtEEE0H1rRYZYoGJ0pFVdAjO4svLpH1Rd+y6c39ZbdwUcZTRMTpBNeSgK9RAd6iJWoigR/SMXtGb8WS8GO/Gx7y1ZBQzh+gPjM8f5+eWAA==</latexit><latexit sha1_base64="lgPa5v54m9nHlBFpSVXx/7fyomY=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKDHohePFewHNCFstpN26WYTdjeFEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBwqhUtv1tlFZW19Y3ypuVre2d3T1z/6At41QQaJGYxaIbYAmMcmgpqhh0EwE4Chh0gtHt1O+MQUga8wc1ScCL8IDTkBKstOSbR+4YSObGEQxw7mdBmtf4OT3zzapdt2ewlolTkCoq0PTNL7cfkzQCrgjDUvYcO1FehoWihEFecVMJCSYjPICephxHIL1sdn9unWqlb4Wx0MWVNVN/T2Q4knISBbozwmooF72p+J/XS1V47WWUJ6kCTuaLwpRZKramYVh9KoAoNtEEE0H1rRYZYoGJ0pFVdAjO4svLpH1Rd+y6c39ZbdwUcZTRMTpBNeSgK9RAd6iJWoigR/SMXtGb8WS8GO/Gx7y1ZBQzh+gPjM8f5+eWAA==</latexit><latexit sha1_base64="lgPa5v54m9nHlBFpSVXx/7fyomY=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKDHohePFewHNCFstpN26WYTdjeFEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBwqhUtv1tlFZW19Y3ypuVre2d3T1z/6At41QQaJGYxaIbYAmMcmgpqhh0EwE4Chh0gtHt1O+MQUga8wc1ScCL8IDTkBKstOSbR+4YSObGEQxw7mdBmtf4OT3zzapdt2ewlolTkCoq0PTNL7cfkzQCrgjDUvYcO1FehoWihEFecVMJCSYjPICephxHIL1sdn9unWqlb4Wx0MWVNVN/T2Q4knISBbozwmooF72p+J/XS1V47WWUJ6kCTuaLwpRZKramYVh9KoAoNtEEE0H1rRYZYoGJ0pFVdAjO4svLpH1Rd+y6c39ZbdwUcZTRMTpBNeSgK9RAd6iJWoigR/SMXtGb8WS8GO/Gx7y1ZBQzh+gPjM8f5+eWAA==</latexit><latexit sha1_base64="lgPa5v54m9nHlBFpSVXx/7fyomY=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKDHohePFewHNCFstpN26WYTdjeFEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBwqhUtv1tlFZW19Y3ypuVre2d3T1z/6At41QQaJGYxaIbYAmMcmgpqhh0EwE4Chh0gtHt1O+MQUga8wc1ScCL8IDTkBKstOSbR+4YSObGEQxw7mdBmtf4OT3zzapdt2ewlolTkCoq0PTNL7cfkzQCrgjDUvYcO1FehoWihEFecVMJCSYjPICephxHIL1sdn9unWqlb4Wx0MWVNVN/T2Q4knISBbozwmooF72p+J/XS1V47WWUJ6kCTuaLwpRZKramYVh9KoAoNtEEE0H1rRYZYoGJ0pFVdAjO4svLpH1Rd+y6c39ZbdwUcZTRMTpBNeSgK9RAd6iJWoigR/SMXtGb8WS8GO/Gx7y1ZBQzh+gPjM8f5+eWAA==</latexit><latexit sha1_base64="lgPa5v54m9nHlBFpSVXx/7fyomY=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EiVJCSiKDHohePFewHNCFstpN26WYTdjeFEnPwr3jxoIhX/4Y3/43bNgdtfTDweG+GmXlBwqhUtv1tlFZW19Y3ypuVre2d3T1z/6At41QQaJGYxaIbYAmMcmgpqhh0EwE4Chh0gtHt1O+MQUga8wc1ScCL8IDTkBKstOSbR+4YSObGEQxw7mdBmtf4OT3zzapdt2ewlolTkCoq0PTNL7cfkzQCrgjDUvYcO1FehoWihEFecVMJCSYjPICephxHIL1sdn9unWqlb4Wx0MWVNVN/T2Q4knISBbozwmooF72p+J/XS1V47WWUJ6kCTuaLwpRZKramYVh9KoAoNtEEE0H1rRYZYoGJ0pFVdAjO4svLpH1Rd+y6c39ZbdwUcZTRMTpBNeSgK9RAd6iJWoigR/SMXtGb8WS8GO/Gx7y1ZBQzh+gPjM8f5+eWAA==</latexit>

â â+N (0,�2
P )<latexit sha1_base64="dubKiPcg9BJKsfZK4Lcworu6WpE="></latexit><latexit sha1_base64="dubKiPcg9BJKsfZK4Lcworu6WpE="></latexit><latexit sha1_base64="dubKiPcg9BJKsfZK4Lcworu6WpE="></latexit><latexit sha1_base64="dubKiPcg9BJKsfZK4Lcworu6WpE="></latexit>
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<latexit sha1_base64="cosUluC9Tt5LxVHL0MR9RBOEBwo=">AAAB+XicbVDLSsNAFL3xWeMr6tLNYBFclcSNbsSiG5cV7AOaUCbTSTt0Mgkzk0IJAT/EjQtF3PoR7t35N07aLrT1wMDhnHu5Z06Ycqa0635bK6tr6xublS17e2d3b985OGypJJOENknCE9kJsaKcCdrUTHPaSSXFcchpOxzdln57TKViiXjQk5QGMR4IFjGCtZF6juMPsc79GOthGOWqKHpO1a25U6Bl4s1J9frTvnoEgEbP+fL7CcliKjThWKmu56Y6yLHUjHBa2H6maIrJCA9o11CBY6qCfJq8QKdG6aMokeYJjabq740cx0pN4tBMlhHVoleK/3ndTEeXQc5EmmkqyOxQlHGkE1TWgPpMUqL5xBBMJDNZERliiYk2ZdmmBG/xy8ukdV7z3Jp371XrNzBDBY7hBM7Agwuowx00oAkExvAEL/Bq5daz9Wa9z0ZXrPnOEfyB9fEDvK+V3w==</latexit><latexit sha1_base64="N3XfVGtn9UMAHSRLCK8LkeujfPc=">AAAB+XicbVDLSsNAFJ3UV42vqEs3g0VwVRI3uhGLblxWsA9oQ5lMJ+3QySTM3BRKyJ+4EVHErR/h3o34N07aLrT1wMDhnHu5Z06QCK7Bdb+t0srq2vpGedPe2t7Z3XP2D5o6ThVlDRqLWLUDopngkjWAg2DtRDESBYK1gtFN4bfGTGkey3uYJMyPyEDykFMCRuo5TndIIOtGBIZBmOk87zkVt+pOgZeJNyeVqw/7Mnn6sus957Pbj2kaMQlUEK07npuAnxEFnAqW291Us4TQERmwjqGSREz72TR5jk+M0sdhrMyTgKfq742MRFpPosBMFhH1oleI/3mdFMILP+MySYFJOjsUpgJDjIsacJ8rRkFMDCFUcZMV0yFRhIIpyzYleItfXibNs6rnVr07r1K7RjOU0RE6RqfIQ+eohm5RHTUQRWP0gJ7Ri5VZj9ar9TYbLVnznUP0B9b7D64+l1M=</latexit><latexit sha1_base64="N3XfVGtn9UMAHSRLCK8LkeujfPc=">AAAB+XicbVDLSsNAFJ3UV42vqEs3g0VwVRI3uhGLblxWsA9oQ5lMJ+3QySTM3BRKyJ+4EVHErR/h3o34N07aLrT1wMDhnHu5Z06QCK7Bdb+t0srq2vpGedPe2t7Z3XP2D5o6ThVlDRqLWLUDopngkjWAg2DtRDESBYK1gtFN4bfGTGkey3uYJMyPyEDykFMCRuo5TndIIOtGBIZBmOk87zkVt+pOgZeJNyeVqw/7Mnn6sus957Pbj2kaMQlUEK07npuAnxEFnAqW291Us4TQERmwjqGSREz72TR5jk+M0sdhrMyTgKfq742MRFpPosBMFhH1oleI/3mdFMILP+MySYFJOjsUpgJDjIsacJ8rRkFMDCFUcZMV0yFRhIIpyzYleItfXibNs6rnVr07r1K7RjOU0RE6RqfIQ+eohm5RHTUQRWP0gJ7Ri5VZj9ar9TYbLVnznUP0B9b7D64+l1M=</latexit><latexit sha1_base64="U5HiV+hJxu5M8HzhAvIJ3xI7OEU=">AAAB+XicbVDLSsNAFL3xWesr6tJNsAiuSuJGl0U3LivYBzShTKaTduhkEmZuCiXkT9y4UMStf+LOv3HSZqGtBwYO59zLPXPCVHCNrvttbWxube/s1vbq+weHR8f2yWlXJ5mirEMTkah+SDQTXLIOchSsnypG4lCwXji9L/3ejCnNE/mE85QFMRlLHnFK0EhD2/YnBHM/JjgJo1wXxdBuuE13AWedeBVpQIX20P7yRwnNYiaRCqL1wHNTDHKikFPBirqfaZYSOiVjNjBUkpjpIF8kL5xLo4ycKFHmSXQW6u+NnMRaz+PQTJYR9apXiv95gwyj2yDnMs2QSbo8FGXCwcQpa3BGXDGKYm4IoYqbrA6dEEUomrLqpgRv9cvrpHvd9Nym9+g1WndVHTU4hwu4Ag9uoAUP0IYOUJjBM7zCm5VbL9a79bEc3bCqnTP4A+vzB013lBI=</latexit>

â
<latexit sha1_base64="9oM+CCwwNOUFaR3rcNCqw0epXjs=">AAAB+XicbVDLSsNAFL3xWeMr6tLNYBFclcSNbsSiG5cV7AOaUCbTSTt0Mgkzk0IJAT/EjQtF3PoR7t35N07aLrT1wMDhnHu5Z06Ycqa0635bK6tr6xublS17e2d3b985OGypJJOENknCE9kJsaKcCdrUTHPaSSXFcchpOxzdln57TKViiXjQk5QGMR4IFjGCtZF6juMPsc79GOthGOW4KHpO1a25U6Bl4s1J9frTvnoEgEbP+fL7CcliKjThWKmu56Y6yLHUjHBa2H6maIrJCA9o11CBY6qCfJq8QKdG6aMokeYJjabq740cx0pN4tBMlhHVoleK/3ndTEeXQc5EmmkqyOxQlHGkE1TWgPpMUqL5xBBMJDNZERliiYk2ZdmmBG/xy8ukdV7z3Jp371XrNzBDBY7hBM7Agwuowx00oAkExvAEL/Bq5daz9Wa9z0ZXrPnOEfyB9fEDoUOVzQ==</latexit><latexit sha1_base64="dtk4Pu/ll0sOxf6gcB0dJ/H+b3E=">AAAB+XicbVDLSsNAFJ3UV42vqEs3g0VwVRI3uhGLblxWsA9oQ7mZTtqhk0mYmRRKyJ+4EVHErR/h3o34N07aLrT1wMDhnHu5Z06QcKa0635bpZXVtfWN8qa9tb2zu+fsHzRVnEpCGyTmsWwHoChngjY005y2E0khCjhtBaObwm+NqVQsFvd6klA/goFgISOgjdRznO4QdNaNQA+DMIM87zkVt+pOgZeJNyeVqw/7Mnn6sus957Pbj0kaUaEJB6U6nptoPwOpGeE0t7upogmQEQxox1ABEVV+Nk2e4xOj9HEYS/OExlP190YGkVKTKDCTRUS16BXif14n1eGFnzGRpJoKMjsUphzrGBc14D6TlGg+MQSIZCYrJkOQQLQpyzYleItfXibNs6rnVr07r1K7RjOU0RE6RqfIQ+eohm5RHTUQQWP0gJ7Ri5VZj9ar9TYbLVnznUP0B9b7D5LSl0E=</latexit><latexit sha1_base64="dtk4Pu/ll0sOxf6gcB0dJ/H+b3E=">AAAB+XicbVDLSsNAFJ3UV42vqEs3g0VwVRI3uhGLblxWsA9oQ7mZTtqhk0mYmRRKyJ+4EVHErR/h3o34N07aLrT1wMDhnHu5Z06QcKa0635bpZXVtfWN8qa9tb2zu+fsHzRVnEpCGyTmsWwHoChngjY005y2E0khCjhtBaObwm+NqVQsFvd6klA/goFgISOgjdRznO4QdNaNQA+DMIM87zkVt+pOgZeJNyeVqw/7Mnn6sus957Pbj0kaUaEJB6U6nptoPwOpGeE0t7upogmQEQxox1ABEVV+Nk2e4xOj9HEYS/OExlP190YGkVKTKDCTRUS16BXif14n1eGFnzGRpJoKMjsUphzrGBc14D6TlGg+MQSIZCYrJkOQQLQpyzYleItfXibNs6rnVr07r1K7RjOU0RE6RqfIQ+eohm5RHTUQQWP0gJ7Ri5VZj9ar9TYbLVnznUP0B9b7D5LSl0E=</latexit><latexit sha1_base64="9gzA9mzsGBFDc2CY3Mg9+HWKJHI=">AAAB+XicbVDLSsNAFL3xWesr6tJNsAiuSuJGl0U3LivYBzSh3Ewn7dDJJMxMCiXkT9y4UMStf+LOv3HSZqGtBwYO59zLPXPClDOlXffb2tjc2t7Zre3V9w8Oj47tk9OuSjJJaIckPJH9EBXlTNCOZprTfiopxiGnvXB6X/q9GZWKJeJJz1MaxDgWLGIEtZGGtu1PUOd+jHoSRjkWxdBuuE13AWedeBVpQIX20P7yRwnJYio04ajUwHNTHeQoNSOcFnU/UzRFMsUxHRgqMKYqyBfJC+fSKCMnSqR5QjsL9fdGjrFS8zg0k2VEteqV4n/eINPRbZAzkWaaCrI8FGXc0YlT1uCMmKRE87khSCQzWR0yQYlEm7LqpgRv9cvrpHvd9Nym9+g1WndVHTU4hwu4Ag9uoAUP0IYOEJjBM7zCm5VbL9a79bEc3bCqnTP4A+vzBzILlAA=</latexit> QP (ŝ, â|✓P )

<latexit sha1_base64="oE5p7U6W7eyKkd3Rf7q7ntYJfKs="></latexit><latexit sha1_base64="5ItiZoP5gQufpVjvMm2rPkydaXw="></latexit><latexit sha1_base64="5ItiZoP5gQufpVjvMm2rPkydaXw="></latexit><latexit sha1_base64="ITlgYQ8acvsJC+db0/OgJN1JGaQ=">AAACLXicbVDLSsNAFJ3UV62vqks3wSJUkJK40WVRFy5bsA9oSrmZTtqhkwczN0IJ+SE3/ooILiri1t9w0mZhWw8Mczj33plzjxsJrtCyZkZhY3Nre6e4W9rbPzg8Kh+ftFUYS8paNBSh7LqgmOABayFHwbqRZOC7gnXcyX1W7zwzqXgYPOE0Yn0fRgH3OAXU0qD80BwkjbTqjAETxwccu16i0vRqSYA0dfQj6LihGKqpr6/EwTFDSLPpy0G5YtWsOcx1YuekQnI0BuV3ZxjS2GcBUgFK9Wwrwn4CEjkVLC05sWIR0AmMWE/TAHym+sl829S80MrQ9EKpT4DmXP07kYCvMpO6M/OvVmuZ+F+tF6N32094EMXIArr4yIuFiaGZRWcOuWQUxVQToJJrryYdgwSKOuCSDsFeXXmdtK9rtlWzm3alfpfHUSRn5JxUiU1uSJ08kgZpEUpeyBuZkU/j1fgwvozvRWvByGdOyRKMn18EpasI</latexit>

Fig. 3.5 Architecture of TD3 network

ℬa𝑖
𝑜 can be determined following the RB allocation regulation as mentioned in Subsection

3.2.1 (line 6). Based on the local building distribution as introduced in Subsection 3.2.2,

the types of wireless links (LoS or NLoS) between the DUE and BSs in the available set
̆ℬa𝑖
𝑜 can be determined. To initialize the inner environment for each outer epoch, a ran-

dom available BS will be selected form set ̆ℬa𝑖
𝑜 (line 7). Furthermore, the actor of TD3

agent selects the inner action â𝑗 . After executing the noised inner action, the TD3 agent

can observe the next inner state ̂s𝑗+1 from the inner environment and then calculate the

immediate reward ̂r𝑗 (line 10). Transitions of the inner MDP will be stored into the inner

replay buffer, i.e., ( ̂s𝑗 , â𝑗 , ̂s𝑗+1, ̂r𝑗) → R̂ (Line 11). After at least 𝑁𝑃 times of interaction

between the TD3 agent and the inner environment, a mini-batch of 𝑁𝑃 transitions will be

sampled from R̂ to train the twin critic, via gradient descent method in (3.21) (line 12).

For every 𝑁𝑝𝑢𝑑 times of training the twin critic networks, the actor network will be trained

as per gradient ascent approach in (3.26), and the target twin critic and the target actor net-

works will be updated following Polyak averaging rule (line 13). After the evaluation and
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training of the TD3 agent, the selected outer action a𝑖 will be conducted and the next outer

state s𝑖+1 can be observed from the outer environment, then the immediate outer reward r𝑖

can be derived (line 15). Furthermore, transitions of the outer MDP will be stored into the

outer replay buffer R, i.e., (s𝑖, a𝑖, s𝑖+1, r𝑖) → R (line 16). When at least 𝑁𝐷3 transitions are

recorded into R, a mini-batch of 𝑁𝐷3 transitions will be randomly sampled from R, which

will be utilized to train the online D3QN network (line 17). For every Υ𝐷3 steps, the target

D3QN network will be updated to the online D3QN network via letting 𝜃−
𝐷3 = 𝜃𝐷3 (line

18). For each training episode, the exploration parameter 𝜖 and Normal noise variance 𝜎2
𝑃

will be annealed by their respective decaying rates to deal with the dilemma of exploration

and exploitation (line 20).

si ! si+1
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<latexit sha1_base64="vXcb1g2nnMCRcJ49BqICQys1xoM=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSQ+0I1Q1IXLCvYBTSyT6aQdOpmEmRuhhHyJG3/FjQtFBFf6N07bLLTtgWEO59zLvff4MWcKbPvHKCwsLi2vFFdLa+sbm1vm9k5DRYkktE4iHsmWjxXlTNA6MOC0FUuKQ5/Tpj+4HvnNRyoVi8Q9DGPqhbgnWMAIBi11zDPXj3hXDUP9pS70KeDsIT3KOunNSXY5xxwbHbNsV+wxrFni5KSMctQ65pfbjUgSUgGEY6Xajh2Dl2IJjHCaldxE0RiTAe7RtqYCh1R56fi8zDrQStcKIqmfAGus/u1IcahGS+rKEENfTXsjcZ7XTiC48FIm4gSoIJNBQcItiKxRVlaXSUqADzXBRDK9q0X6WGICOtGSDsGZPnmWNI4rjl1x7k7L1as8jiLaQ/voEDnoHFXRLaqhOiLoCb2gN/RuPBuvxofxOSktGHnPLvoH4/sXvTKkEw==</latexit><latexit sha1_base64="vXcb1g2nnMCRcJ49BqICQys1xoM=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSQ+0I1Q1IXLCvYBTSyT6aQdOpmEmRuhhHyJG3/FjQtFBFf6N07bLLTtgWEO59zLvff4MWcKbPvHKCwsLi2vFFdLa+sbm1vm9k5DRYkktE4iHsmWjxXlTNA6MOC0FUuKQ5/Tpj+4HvnNRyoVi8Q9DGPqhbgnWMAIBi11zDPXj3hXDUP9pS70KeDsIT3KOunNSXY5xxwbHbNsV+wxrFni5KSMctQ65pfbjUgSUgGEY6Xajh2Dl2IJjHCaldxE0RiTAe7RtqYCh1R56fi8zDrQStcKIqmfAGus/u1IcahGS+rKEENfTXsjcZ7XTiC48FIm4gSoIJNBQcItiKxRVlaXSUqADzXBRDK9q0X6WGICOtGSDsGZPnmWNI4rjl1x7k7L1as8jiLaQ/voEDnoHFXRLaqhOiLoCb2gN/RuPBuvxofxOSktGHnPLvoH4/sXvTKkEw==</latexit><latexit sha1_base64="vXcb1g2nnMCRcJ49BqICQys1xoM=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSQ+0I1Q1IXLCvYBTSyT6aQdOpmEmRuhhHyJG3/FjQtFBFf6N07bLLTtgWEO59zLvff4MWcKbPvHKCwsLi2vFFdLa+sbm1vm9k5DRYkktE4iHsmWjxXlTNA6MOC0FUuKQ5/Tpj+4HvnNRyoVi8Q9DGPqhbgnWMAIBi11zDPXj3hXDUP9pS70KeDsIT3KOunNSXY5xxwbHbNsV+wxrFni5KSMctQ65pfbjUgSUgGEY6Xajh2Dl2IJjHCaldxE0RiTAe7RtqYCh1R56fi8zDrQStcKIqmfAGus/u1IcahGS+rKEENfTXsjcZ7XTiC48FIm4gSoIJNBQcItiKxRVlaXSUqADzXBRDK9q0X6WGICOtGSDsGZPnmWNI4rjl1x7k7L1as8jiLaQ/voEDnoHFXRLaqhOiLoCb2gN/RuPBuvxofxOSktGHnPLvoH4/sXvTKkEw==</latexit><latexit sha1_base64="vXcb1g2nnMCRcJ49BqICQys1xoM=">AAACHnicbVDLSsNAFJ3UV62vqEs3wSK4sSQ+0I1Q1IXLCvYBTSyT6aQdOpmEmRuhhHyJG3/FjQtFBFf6N07bLLTtgWEO59zLvff4MWcKbPvHKCwsLi2vFFdLa+sbm1vm9k5DRYkktE4iHsmWjxXlTNA6MOC0FUuKQ5/Tpj+4HvnNRyoVi8Q9DGPqhbgnWMAIBi11zDPXj3hXDUP9pS70KeDsIT3KOunNSXY5xxwbHbNsV+wxrFni5KSMctQ65pfbjUgSUgGEY6Xajh2Dl2IJjHCaldxE0RiTAe7RtqYCh1R56fi8zDrQStcKIqmfAGus/u1IcahGS+rKEENfTXsjcZ7XTiC48FIm4gSoIJNBQcItiKxRVlaXSUqADzXBRDK9q0X6WGICOtGSDsGZPnmWNI4rjl1x7k7L1as8jiLaQ/voEDnoHFXRLaqhOiLoCb2gN/RuPBuvxofxOSktGHnPLvoH4/sXvTKkEw==</latexit>

D3QN Replay Buffer{si,ai, ri, si+1}
<latexit sha1_base64="9eBgFFTnWmXzHzy+CN2J/gf9NPI=">AAACLXicbVDLSsNAFL2pr1pfUZduBosgVEriRpdFXbisYB/QhDCZTtqhkwczE6GE/ItrN/6KCC4q4tbfcJpW0NYDA+eecy5z7/UTzqSyrIlRWlldW98ob1a2tnd298z9g7aMU0Foi8Q8Fl0fS8pZRFuKKU67iaA49Dnt+KPrqd95oEKyOLpX44S6IR5ELGAEKy155o2TOSFWQz/IZO5lLD9DPzVeqMVCXeRrdu7knlm16lYBtEzsOak2jp3aIwA0PfPV6cckDWmkCMdS9mwrUW6GhWKE07zipJImmIzwgPY0jXBIpZsV2+boRCt9FMRCv0ihQv3dkeFQynHo6+R0UrnoTcX/vF6qgks3Y1GSKhqR2UdBypGK0fR0qM8EJYqPNcFEMD0rIkMsMFH6wBV9BHtx5WXSPq/bVt2+s6uNK5ihDEdwDKdgwwU04Baa0AICT/ACE3g3no0348P4nEVLxrznEP7A+PoGkAyrmg==</latexit><latexit sha1_base64="F9okzfFK/9bD+tlMEN0sSCwYNLI=">AAACLXicbVDLSsNAFJ3UV62vqEs3g0UQKiVxo8ugLlxWsA9oQphMJ+3QyYOZiRBC/sKvcOOviOCiIm79DSdpBU09MHDuOecy914vZlRIw5hptZXVtfWN+mZja3tnd0/fP+iJKOGYdHHEIj7wkCCMhqQrqWRkEHOCAo+Rvje9Lvz+A+GCRuG9TGPiBGgcUp9iJJXk6jd2ZgdITjw/E7mb0fwM/tSoUvNKXeZbZm7nrt402kYJuEzMBWlax3brcWalHVd/tUcRTgISSsyQEEPTiKWTIS4pZiRv2IkgMcJTNCZDRUMUEOFk5bY5PFHKCPoRVy+UsFR/d2QoECINPJUsJhVVrxD/84aJ9C+djIZxIkmI5x/5CYMygsXp4IhygiVLFUGYUzUrxBPEEZbqwA11BLO68jLpnbdNo23emU3rCsxRB0fgGJwCE1wAC9yCDugCDJ7AC5iBd+1Ze9M+tM95tKYteg7BH2hf35l2rSA=</latexit><latexit sha1_base64="F9okzfFK/9bD+tlMEN0sSCwYNLI=">AAACLXicbVDLSsNAFJ3UV62vqEs3g0UQKiVxo8ugLlxWsA9oQphMJ+3QyYOZiRBC/sKvcOOviOCiIm79DSdpBU09MHDuOecy914vZlRIw5hptZXVtfWN+mZja3tnd0/fP+iJKOGYdHHEIj7wkCCMhqQrqWRkEHOCAo+Rvje9Lvz+A+GCRuG9TGPiBGgcUp9iJJXk6jd2ZgdITjw/E7mb0fwM/tSoUvNKXeZbZm7nrt402kYJuEzMBWlax3brcWalHVd/tUcRTgISSsyQEEPTiKWTIS4pZiRv2IkgMcJTNCZDRUMUEOFk5bY5PFHKCPoRVy+UsFR/d2QoECINPJUsJhVVrxD/84aJ9C+djIZxIkmI5x/5CYMygsXp4IhygiVLFUGYUzUrxBPEEZbqwA11BLO68jLpnbdNo23emU3rCsxRB0fgGJwCE1wAC9yCDugCDJ7AC5iBd+1Ze9M+tM95tKYteg7BH2hf35l2rSA=</latexit><latexit sha1_base64="e1I7tcNUjFcRJJgcGBRgH75/Q5w=">AAACLXicbVDLSsNAFJ3UV62vqEs3g0UQlJK40WVRFy4r2Ac0IUymk3boZBJmJkIJ+SE3/ooILiri1t9wkkbQ1AsD555zLnPv8WNGpbKsuVFbWV1b36hvNra2d3b3zP2DnowSgUkXRywSAx9JwignXUUVI4NYEBT6jPT96U2u9x+JkDTiD2oWEzdEY04DipHSlGfeOqkTIjXxg1RmXkqzc/jTo0ovKn3hP7MzJ/PMptWyioLLwC5BE5TV8cxXZxThJCRcYYakHNpWrNwUCUUxI1nDSSSJEZ6iMRlqyFFIpJsW12bwRDMjGERCP65gwf6eSFEo5Sz0tTPfVFa1nPxPGyYquHJTyuNEEY4XHwUJgyqCeXRwRAXBis00QFhQvSvEEyQQVjrghg7Brp68DHoXLdtq2fd2s31dxlEHR+AYnAIbXII2uAMd0AUYPIEXMAfvxrPxZnwYnwtrzShnDsGfMr6+AX2NqhE=</latexit>

Store Transitions

Mini-Batch
Sampling

loss(✓D3) =
1

ND3

ND3X

t=1

⇥
rt + �QD3(st+1,a

⇤
t+1|✓

�
D3)�QD3(st,at|✓D3)

⇤2

<latexit sha1_base64="73sqoI2284ORAbazsJvo9oPKGoc="></latexit><latexit sha1_base64="73sqoI2284ORAbazsJvo9oPKGoc="></latexit><latexit sha1_base64="73sqoI2284ORAbazsJvo9oPKGoc="></latexit><latexit sha1_base64="73sqoI2284ORAbazsJvo9oPKGoc="></latexit>

D3QN Mean-Square Loss Function

TransitionsND3
<latexit sha1_base64="FaZjoN2nBzjL8ZdRo//N0yfLyRk=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0V9FjUgyepYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RkvLK6tr64WN4ubW9s5uaW+/YVSqKatTJZRuhcQwwSWrW24FayWakTgUrBkOryd+84lpw5V8sKOEBTHpSx5xSqyTGnfd7OZs3C2VvYo3BV4kfk7KkKPWLX11eoqmMZOWCmJM2/cSG2REW04FGxc7qWEJoUPSZ21HJYmZCbLptWN87JQejpR2JS2eqr8nMhIbM4pD1xkTOzDz3kT8z2unNroMMi6T1DJJZ4uiVGCr8OR13OOaUStGjhCqubsV0wHRhFoXUNGF4M+/vEgapxXfq/j35+XqVR5HAQ7hCE7Ahwuowi3UoA4UHuEZXuENKfSC3tHHrHUJ5TMH8Afo8wcgu47S</latexit><latexit sha1_base64="FaZjoN2nBzjL8ZdRo//N0yfLyRk=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0V9FjUgyepYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RkvLK6tr64WN4ubW9s5uaW+/YVSqKatTJZRuhcQwwSWrW24FayWakTgUrBkOryd+84lpw5V8sKOEBTHpSx5xSqyTGnfd7OZs3C2VvYo3BV4kfk7KkKPWLX11eoqmMZOWCmJM2/cSG2REW04FGxc7qWEJoUPSZ21HJYmZCbLptWN87JQejpR2JS2eqr8nMhIbM4pD1xkTOzDz3kT8z2unNroMMi6T1DJJZ4uiVGCr8OR13OOaUStGjhCqubsV0wHRhFoXUNGF4M+/vEgapxXfq/j35+XqVR5HAQ7hCE7Ahwuowi3UoA4UHuEZXuENKfSC3tHHrHUJ5TMH8Afo8wcgu47S</latexit><latexit sha1_base64="FaZjoN2nBzjL8ZdRo//N0yfLyRk=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0V9FjUgyepYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RkvLK6tr64WN4ubW9s5uaW+/YVSqKatTJZRuhcQwwSWrW24FayWakTgUrBkOryd+84lpw5V8sKOEBTHpSx5xSqyTGnfd7OZs3C2VvYo3BV4kfk7KkKPWLX11eoqmMZOWCmJM2/cSG2REW04FGxc7qWEJoUPSZ21HJYmZCbLptWN87JQejpR2JS2eqr8nMhIbM4pD1xkTOzDz3kT8z2unNroMMi6T1DJJZ4uiVGCr8OR13OOaUStGjhCqubsV0wHRhFoXUNGF4M+/vEgapxXfq/j35+XqVR5HAQ7hCE7Ahwuowi3UoA4UHuEZXuENKfSC3tHHrHUJ5TMH8Afo8wcgu47S</latexit><latexit sha1_base64="FaZjoN2nBzjL8ZdRo//N0yfLyRk=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV0V9FjUgyepYD+gXUo2zbax2WRJskJZ+h+8eFDEq//Hm//GtN2Dtj4YeLw3w8y8MBHcWM/7RkvLK6tr64WN4ubW9s5uaW+/YVSqKatTJZRuhcQwwSWrW24FayWakTgUrBkOryd+84lpw5V8sKOEBTHpSx5xSqyTGnfd7OZs3C2VvYo3BV4kfk7KkKPWLX11eoqmMZOWCmJM2/cSG2REW04FGxc7qWEJoUPSZ21HJYmZCbLptWN87JQejpR2JS2eqr8nMhIbM4pD1xkTOzDz3kT8z2unNroMMi6T1DJJZ4uiVGCr8OR13OOaUStGjhCqubsV0wHRhFoXUNGF4M+/vEgapxXfq/j35+XqVR5HAQ7hCE7Ahwuowi3UoA4UHuEZXuENKfSC3tHHrHUJ5TMH8Afo8wcgu47S</latexit>

✓D3(t+ 1) =

✓D3(t)� ↵D3r✓D3 loss(✓D3)
<latexit sha1_base64="pVvIvxS8koJcoNgFxdWBQrpB2/4="></latexit><latexit sha1_base64="pVvIvxS8koJcoNgFxdWBQrpB2/4="></latexit><latexit sha1_base64="pVvIvxS8koJcoNgFxdWBQrpB2/4="></latexit><latexit sha1_base64="pVvIvxS8koJcoNgFxdWBQrpB2/4="></latexit>

r✓D3 loss(✓D3)
<latexit sha1_base64="ZnuemXc2i9D8wKBDAdZqesAfkAk=">AAACKHicdVBNSwMxEM36WetX1aOXxSLUS9lVQW8W9eBRwWqhW5bZNG1Ds8mSzApl2Z/jxb/iRUSRXv0lprUHbfVByOO9GWbmRYngBj1v6MzNLywuLRdWiqtr6xubpa3tO6NSTVmdKqF0IwLDBJesjhwFaySaQRwJdh/1L0b+/QPThit5i4OEtWLoSt7hFNBKYekskBAJCLMgUqJtBrH9sgB7DCEPs8ujPBfKmMp/7kFYKntVbwx3lvgTUiYTXIel16CtaBoziVSAMU3fS7CVgUZOBcuLQWpYArQPXda0VELMTCsbH5q7+1Zpux2l7ZPojtWfHRnEZrSlrYwBe2baG4l/ec0UO6etjMskRSbp96BOKlxU7ig1t801oygGlgDV3O7q0h5ooGizLdoQ/OmTZ8ndYdX3qv7Ncbl2PomjQHbJHqkQn5yQGrki16ROKHkkz+SNvDtPzovz4Qy/S+ecSc8O+QXn8ws16qh6</latexit><latexit sha1_base64="ZnuemXc2i9D8wKBDAdZqesAfkAk=">AAACKHicdVBNSwMxEM36WetX1aOXxSLUS9lVQW8W9eBRwWqhW5bZNG1Ds8mSzApl2Z/jxb/iRUSRXv0lprUHbfVByOO9GWbmRYngBj1v6MzNLywuLRdWiqtr6xubpa3tO6NSTVmdKqF0IwLDBJesjhwFaySaQRwJdh/1L0b+/QPThit5i4OEtWLoSt7hFNBKYekskBAJCLMgUqJtBrH9sgB7DCEPs8ujPBfKmMp/7kFYKntVbwx3lvgTUiYTXIel16CtaBoziVSAMU3fS7CVgUZOBcuLQWpYArQPXda0VELMTCsbH5q7+1Zpux2l7ZPojtWfHRnEZrSlrYwBe2baG4l/ec0UO6etjMskRSbp96BOKlxU7ig1t801oygGlgDV3O7q0h5ooGizLdoQ/OmTZ8ndYdX3qv7Ncbl2PomjQHbJHqkQn5yQGrki16ROKHkkz+SNvDtPzovz4Qy/S+ecSc8O+QXn8ws16qh6</latexit><latexit sha1_base64="ZnuemXc2i9D8wKBDAdZqesAfkAk=">AAACKHicdVBNSwMxEM36WetX1aOXxSLUS9lVQW8W9eBRwWqhW5bZNG1Ds8mSzApl2Z/jxb/iRUSRXv0lprUHbfVByOO9GWbmRYngBj1v6MzNLywuLRdWiqtr6xubpa3tO6NSTVmdKqF0IwLDBJesjhwFaySaQRwJdh/1L0b+/QPThit5i4OEtWLoSt7hFNBKYekskBAJCLMgUqJtBrH9sgB7DCEPs8ujPBfKmMp/7kFYKntVbwx3lvgTUiYTXIel16CtaBoziVSAMU3fS7CVgUZOBcuLQWpYArQPXda0VELMTCsbH5q7+1Zpux2l7ZPojtWfHRnEZrSlrYwBe2baG4l/ec0UO6etjMskRSbp96BOKlxU7ig1t801oygGlgDV3O7q0h5ooGizLdoQ/OmTZ8ndYdX3qv7Ncbl2PomjQHbJHqkQn5yQGrki16ROKHkkz+SNvDtPzovz4Qy/S+ecSc8O+QXn8ws16qh6</latexit><latexit sha1_base64="ZnuemXc2i9D8wKBDAdZqesAfkAk=">AAACKHicdVBNSwMxEM36WetX1aOXxSLUS9lVQW8W9eBRwWqhW5bZNG1Ds8mSzApl2Z/jxb/iRUSRXv0lprUHbfVByOO9GWbmRYngBj1v6MzNLywuLRdWiqtr6xubpa3tO6NSTVmdKqF0IwLDBJesjhwFaySaQRwJdh/1L0b+/QPThit5i4OEtWLoSt7hFNBKYekskBAJCLMgUqJtBrH9sgB7DCEPs8ujPBfKmMp/7kFYKntVbwx3lvgTUiYTXIel16CtaBoziVSAMU3fS7CVgUZOBcuLQWpYArQPXda0VELMTCsbH5q7+1Zpux2l7ZPojtWfHRnEZrSlrYwBe2baG4l/ec0UO6etjMskRSbp96BOKlxU7ig1t801oygGlgDV3O7q0h5ooGizLdoQ/OmTZ8ndYdX3qv7Ncbl2PomjQHbJHqkQn5yQGrki16ROKHkkz+SNvDtPzovz4Qy/S+ecSc8O+QXn8ws16qh6</latexit>

a⇤t+1 =

argmax
at+1

QD3(st+1,at+1|✓D3)
<latexit sha1_base64="ihGw3lH9q6+VTA8fhgZOPlG/cy4="></latexit><latexit sha1_base64="ihGw3lH9q6+VTA8fhgZOPlG/cy4="></latexit><latexit sha1_base64="ihGw3lH9q6+VTA8fhgZOPlG/cy4="></latexit><latexit sha1_base64="ihGw3lH9q6+VTA8fhgZOPlG/cy4="></latexit>

QD3(st,at|✓D3)
<latexit sha1_base64="Mo/xRxT931cfkgFBTqwAKFC4vrA=">AAACK3icbVDLSsNAFJ34rPUVdekmWIQKUhIVdFmqC5ct2Ac0JUymk3bo5MHMjVBC/seNv+JCFz5w6384SSNo64Vhzj3n3pl7jxtxJsE037Wl5ZXVtfXSRnlza3tnV9/b78gwFoS2SchD0XOxpJwFtA0MOO1FgmLf5bTrTq4zvXtPhWRhcAfTiA58PAqYxwgGRTl6o+UkN+dp1fYxjF0vkamTQHr6k+I8tdULYLshH8qpr67EhjGFTFOtJ45eMWtmHsYisApQQUU0Hf3ZHoYk9mkAhGMp+5YZwSDBAhjhNC3bsaQRJhM8on0FA+xTOUjyXVPjWDFDwwuFOgEYOfu7I8G+zKZUldkOcl7LyP+0fgze1SBhQRQDDcjsIy/mBoRGZpwxZIIS4FMFMBFMzWqQMRaYgLK3rEyw5ldeBJ2zmmXWrNZFpd4o7CihQ3SEqshCl6iOblETtRFBD+gJvaI37VF70T60z1npklb0HKA/oX19A5a+qbk=</latexit><latexit sha1_base64="Mo/xRxT931cfkgFBTqwAKFC4vrA=">AAACK3icbVDLSsNAFJ34rPUVdekmWIQKUhIVdFmqC5ct2Ac0JUymk3bo5MHMjVBC/seNv+JCFz5w6384SSNo64Vhzj3n3pl7jxtxJsE037Wl5ZXVtfXSRnlza3tnV9/b78gwFoS2SchD0XOxpJwFtA0MOO1FgmLf5bTrTq4zvXtPhWRhcAfTiA58PAqYxwgGRTl6o+UkN+dp1fYxjF0vkamTQHr6k+I8tdULYLshH8qpr67EhjGFTFOtJ45eMWtmHsYisApQQUU0Hf3ZHoYk9mkAhGMp+5YZwSDBAhjhNC3bsaQRJhM8on0FA+xTOUjyXVPjWDFDwwuFOgEYOfu7I8G+zKZUldkOcl7LyP+0fgze1SBhQRQDDcjsIy/mBoRGZpwxZIIS4FMFMBFMzWqQMRaYgLK3rEyw5ldeBJ2zmmXWrNZFpd4o7CihQ3SEqshCl6iOblETtRFBD+gJvaI37VF70T60z1npklb0HKA/oX19A5a+qbk=</latexit><latexit sha1_base64="Mo/xRxT931cfkgFBTqwAKFC4vrA=">AAACK3icbVDLSsNAFJ34rPUVdekmWIQKUhIVdFmqC5ct2Ac0JUymk3bo5MHMjVBC/seNv+JCFz5w6384SSNo64Vhzj3n3pl7jxtxJsE037Wl5ZXVtfXSRnlza3tnV9/b78gwFoS2SchD0XOxpJwFtA0MOO1FgmLf5bTrTq4zvXtPhWRhcAfTiA58PAqYxwgGRTl6o+UkN+dp1fYxjF0vkamTQHr6k+I8tdULYLshH8qpr67EhjGFTFOtJ45eMWtmHsYisApQQUU0Hf3ZHoYk9mkAhGMp+5YZwSDBAhjhNC3bsaQRJhM8on0FA+xTOUjyXVPjWDFDwwuFOgEYOfu7I8G+zKZUldkOcl7LyP+0fgze1SBhQRQDDcjsIy/mBoRGZpwxZIIS4FMFMBFMzWqQMRaYgLK3rEyw5ldeBJ2zmmXWrNZFpd4o7CihQ3SEqshCl6iOblETtRFBD+gJvaI37VF70T60z1npklb0HKA/oX19A5a+qbk=</latexit><latexit sha1_base64="Mo/xRxT931cfkgFBTqwAKFC4vrA=">AAACK3icbVDLSsNAFJ34rPUVdekmWIQKUhIVdFmqC5ct2Ac0JUymk3bo5MHMjVBC/seNv+JCFz5w6384SSNo64Vhzj3n3pl7jxtxJsE037Wl5ZXVtfXSRnlza3tnV9/b78gwFoS2SchD0XOxpJwFtA0MOO1FgmLf5bTrTq4zvXtPhWRhcAfTiA58PAqYxwgGRTl6o+UkN+dp1fYxjF0vkamTQHr6k+I8tdULYLshH8qpr67EhjGFTFOtJ45eMWtmHsYisApQQUU0Hf3ZHoYk9mkAhGMp+5YZwSDBAhjhNC3bsaQRJhM8on0FA+xTOUjyXVPjWDFDwwuFOgEYOfu7I8G+zKZUldkOcl7LyP+0fgze1SBhQRQDDcjsIy/mBoRGZpwxZIIS4FMFMBFMzWqQMRaYgLK3rEyw5ldeBJ2zmmXWrNZFpd4o7CihQ3SEqshCl6iOblETtRFBD+gJvaI37VF70T60z1npklb0HKA/oX19A5a+qbk=</latexit>

QD3(st+1,a
⇤
t+1|✓

�
D3)

<latexit sha1_base64="O1d8CyQKWtQFJCEtrpeFI8eCOfU="></latexit><latexit sha1_base64="O1d8CyQKWtQFJCEtrpeFI8eCOfU="></latexit><latexit sha1_base64="O1d8CyQKWtQFJCEtrpeFI8eCOfU="></latexit><latexit sha1_base64="O1d8CyQKWtQFJCEtrpeFI8eCOfU="></latexit>

st at
<latexit sha1_base64="HYxRUNsGEbKYCOfcn6OJO0Ezpu8=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjiIiRF0WXRjcsK9gFNCJPppB06k4SZiVBC/sGNv+LGhSJu3bjzb5ykEbT1wIXDOfdy7z1BwqhUtv1lLC2vrK6t1zbqm1vbO7vm3n5XxqnApINjFot+gCRhNCIdRRUj/UQQxANGesHkuvB790RIGkd3apoQj6NRREOKkdKSb566HKlxEGYy9zOVu2OZIEwyq3mOef7jodLzzYZt2SXgInEq0gAV2r756Q5jnHISKcyQlAPHTpSXIaEoZiSvu6kketsEjchA0whxIr2s/CmHx1oZwjAWuiIFS/X3RIa4lFMe6M7iSjnvFeJ/3iBV4aWX0ShJFYnwbFGYMqhiWAQEh1QQrNhUE4QF1bdCPEYCYaVjrOsQnPmXF0m3aTm25dyeNVpXVRw1cAiOwAlwwAVogRvQBh2AwQN4Ai/g1Xg0no03433WumRUMwfgD4yPb/N7n3I=</latexit><latexit sha1_base64="HYxRUNsGEbKYCOfcn6OJO0Ezpu8=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjiIiRF0WXRjcsK9gFNCJPppB06k4SZiVBC/sGNv+LGhSJu3bjzb5ykEbT1wIXDOfdy7z1BwqhUtv1lLC2vrK6t1zbqm1vbO7vm3n5XxqnApINjFot+gCRhNCIdRRUj/UQQxANGesHkuvB790RIGkd3apoQj6NRREOKkdKSb566HKlxEGYy9zOVu2OZIEwyq3mOef7jodLzzYZt2SXgInEq0gAV2r756Q5jnHISKcyQlAPHTpSXIaEoZiSvu6kketsEjchA0whxIr2s/CmHx1oZwjAWuiIFS/X3RIa4lFMe6M7iSjnvFeJ/3iBV4aWX0ShJFYnwbFGYMqhiWAQEh1QQrNhUE4QF1bdCPEYCYaVjrOsQnPmXF0m3aTm25dyeNVpXVRw1cAiOwAlwwAVogRvQBh2AwQN4Ai/g1Xg0no03433WumRUMwfgD4yPb/N7n3I=</latexit><latexit sha1_base64="HYxRUNsGEbKYCOfcn6OJO0Ezpu8=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjiIiRF0WXRjcsK9gFNCJPppB06k4SZiVBC/sGNv+LGhSJu3bjzb5ykEbT1wIXDOfdy7z1BwqhUtv1lLC2vrK6t1zbqm1vbO7vm3n5XxqnApINjFot+gCRhNCIdRRUj/UQQxANGesHkuvB790RIGkd3apoQj6NRREOKkdKSb566HKlxEGYy9zOVu2OZIEwyq3mOef7jodLzzYZt2SXgInEq0gAV2r756Q5jnHISKcyQlAPHTpSXIaEoZiSvu6kketsEjchA0whxIr2s/CmHx1oZwjAWuiIFS/X3RIa4lFMe6M7iSjnvFeJ/3iBV4aWX0ShJFYnwbFGYMqhiWAQEh1QQrNhUE4QF1bdCPEYCYaVjrOsQnPmXF0m3aTm25dyeNVpXVRw1cAiOwAlwwAVogRvQBh2AwQN4Ai/g1Xg0no03433WumRUMwfgD4yPb/N7n3I=</latexit><latexit sha1_base64="HYxRUNsGEbKYCOfcn6OJO0Ezpu8=">AAACE3icbVDLSsNAFJ34rPUVdelmsAjiIiRF0WXRjcsK9gFNCJPppB06k4SZiVBC/sGNv+LGhSJu3bjzb5ykEbT1wIXDOfdy7z1BwqhUtv1lLC2vrK6t1zbqm1vbO7vm3n5XxqnApINjFot+gCRhNCIdRRUj/UQQxANGesHkuvB790RIGkd3apoQj6NRREOKkdKSb566HKlxEGYy9zOVu2OZIEwyq3mOef7jodLzzYZt2SXgInEq0gAV2r756Q5jnHISKcyQlAPHTpSXIaEoZiSvu6kketsEjchA0whxIr2s/CmHx1oZwjAWuiIFS/X3RIa4lFMe6M7iSjnvFeJ/3iBV4aWX0ShJFYnwbFGYMqhiWAQEh1QQrNhUE4QF1bdCPEYCYaVjrOsQnPmXF0m3aTm25dyeNVpXVRw1cAiOwAlwwAVogRvQBh2AwQN4Ai/g1Xg0no03433WumRUMwfgD4yPb/N7n3I=</latexit>

st+1
<latexit sha1_base64="VIFvA22uXkaXlzBEUrfrC6v4cCs=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEEoSQi6LLoxmUF+4A2hMl00g6dPJi5KZTQP3HjQhG3/ok7/8ZJm4W2Hhg4nHMv98wJUik0Os63tba+sbm1Xdmp7u7tHxzaR8dtnWSK8RZLZKK6AdVcipi3UKDk3VRxGgWSd4LxfeF3JlxpkcRPOE25F9FhLELBKBrJt+1+RHEUhLme+TleujPfrjl1Zw6yStyS1KBE07e/+oOEZRGPkUmqdc91UvRyqlAwyWfVfqZ5StmYDnnP0JhGXHv5PPmMnBtlQMJEmRcjmau/N3IaaT2NAjNZ5NTLXiH+5/UyDG+9XMRphjxmi0NhJgkmpKiBDITiDOXUEMqUMFkJG1FFGZqyqqYEd/nLq6R9VXeduvt4XWvclXVU4BTO4AJcuIEGPEATWsBgAs/wCm9Wbr1Y79bHYnTNKndO4A+szx+tvZOr</latexit><latexit sha1_base64="VIFvA22uXkaXlzBEUrfrC6v4cCs=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEEoSQi6LLoxmUF+4A2hMl00g6dPJi5KZTQP3HjQhG3/ok7/8ZJm4W2Hhg4nHMv98wJUik0Os63tba+sbm1Xdmp7u7tHxzaR8dtnWSK8RZLZKK6AdVcipi3UKDk3VRxGgWSd4LxfeF3JlxpkcRPOE25F9FhLELBKBrJt+1+RHEUhLme+TleujPfrjl1Zw6yStyS1KBE07e/+oOEZRGPkUmqdc91UvRyqlAwyWfVfqZ5StmYDnnP0JhGXHv5PPmMnBtlQMJEmRcjmau/N3IaaT2NAjNZ5NTLXiH+5/UyDG+9XMRphjxmi0NhJgkmpKiBDITiDOXUEMqUMFkJG1FFGZqyqqYEd/nLq6R9VXeduvt4XWvclXVU4BTO4AJcuIEGPEATWsBgAs/wCm9Wbr1Y79bHYnTNKndO4A+szx+tvZOr</latexit><latexit sha1_base64="VIFvA22uXkaXlzBEUrfrC6v4cCs=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEEoSQi6LLoxmUF+4A2hMl00g6dPJi5KZTQP3HjQhG3/ok7/8ZJm4W2Hhg4nHMv98wJUik0Os63tba+sbm1Xdmp7u7tHxzaR8dtnWSK8RZLZKK6AdVcipi3UKDk3VRxGgWSd4LxfeF3JlxpkcRPOE25F9FhLELBKBrJt+1+RHEUhLme+TleujPfrjl1Zw6yStyS1KBE07e/+oOEZRGPkUmqdc91UvRyqlAwyWfVfqZ5StmYDnnP0JhGXHv5PPmMnBtlQMJEmRcjmau/N3IaaT2NAjNZ5NTLXiH+5/UyDG+9XMRphjxmi0NhJgkmpKiBDITiDOXUEMqUMFkJG1FFGZqyqqYEd/nLq6R9VXeduvt4XWvclXVU4BTO4AJcuIEGPEATWsBgAs/wCm9Wbr1Y79bHYnTNKndO4A+szx+tvZOr</latexit><latexit sha1_base64="VIFvA22uXkaXlzBEUrfrC6v4cCs=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBEEoSQi6LLoxmUF+4A2hMl00g6dPJi5KZTQP3HjQhG3/ok7/8ZJm4W2Hhg4nHMv98wJUik0Os63tba+sbm1Xdmp7u7tHxzaR8dtnWSK8RZLZKK6AdVcipi3UKDk3VRxGgWSd4LxfeF3JlxpkcRPOE25F9FhLELBKBrJt+1+RHEUhLme+TleujPfrjl1Zw6yStyS1KBE07e/+oOEZRGPkUmqdc91UvRyqlAwyWfVfqZ5StmYDnnP0JhGXHv5PPmMnBtlQMJEmRcjmau/N3IaaT2NAjNZ5NTLXiH+5/UyDG+9XMRphjxmi0NhJgkmpKiBDITiDOXUEMqUMFkJG1FFGZqyqqYEd/nLq6R9VXeduvt4XWvclXVU4BTO4AJcuIEGPEATWsBgAs/wCm9Wbr1Y79bHYnTNKndO4A+szx+tvZOr</latexit>

rt
<latexit sha1_base64="mOM2icvi/QBM8hKWM53HozW+Nvs=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9DWMplO2qGTSZi5UUrIf7hxoYhb/8Wdf+OkzUJbDwwczrmXe+b4sRQGXffbWVldW9/YLG2Vt3d29/YrB4ctEyWa8SaLZKQ7PjVcCsWbKFDyTqw5DX3J2/7kJvfbj1wbEal7nMa8H9KREoFgFK300Aspjv0g1dkgxWxQqbo1dwayTLyCVKFAY1D56g0jloRcIZPUmK7nxthPqUbBJM/KvcTwmLIJHfGupYqG3PTTWeqMnFplSIJI26eQzNTfGykNjZmGvp3MU5pFLxf/87oJBlf9VKg4Qa7Y/FCQSIIRySsgQ6E5Qzm1hDItbFbCxlRThraosi3BW/zyMmmd1zy35t1dVOvXRR0lOIYTOAMPLqEOt9CAJjDQ8Ayv8OY8OS/Ou/MxH11xip0j+APn8wdTTpMJ</latexit><latexit sha1_base64="mOM2icvi/QBM8hKWM53HozW+Nvs=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9DWMplO2qGTSZi5UUrIf7hxoYhb/8Wdf+OkzUJbDwwczrmXe+b4sRQGXffbWVldW9/YLG2Vt3d29/YrB4ctEyWa8SaLZKQ7PjVcCsWbKFDyTqw5DX3J2/7kJvfbj1wbEal7nMa8H9KREoFgFK300Aspjv0g1dkgxWxQqbo1dwayTLyCVKFAY1D56g0jloRcIZPUmK7nxthPqUbBJM/KvcTwmLIJHfGupYqG3PTTWeqMnFplSIJI26eQzNTfGykNjZmGvp3MU5pFLxf/87oJBlf9VKg4Qa7Y/FCQSIIRySsgQ6E5Qzm1hDItbFbCxlRThraosi3BW/zyMmmd1zy35t1dVOvXRR0lOIYTOAMPLqEOt9CAJjDQ8Ayv8OY8OS/Ou/MxH11xip0j+APn8wdTTpMJ</latexit><latexit sha1_base64="mOM2icvi/QBM8hKWM53HozW+Nvs=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9DWMplO2qGTSZi5UUrIf7hxoYhb/8Wdf+OkzUJbDwwczrmXe+b4sRQGXffbWVldW9/YLG2Vt3d29/YrB4ctEyWa8SaLZKQ7PjVcCsWbKFDyTqw5DX3J2/7kJvfbj1wbEal7nMa8H9KREoFgFK300Aspjv0g1dkgxWxQqbo1dwayTLyCVKFAY1D56g0jloRcIZPUmK7nxthPqUbBJM/KvcTwmLIJHfGupYqG3PTTWeqMnFplSIJI26eQzNTfGykNjZmGvp3MU5pFLxf/87oJBlf9VKg4Qa7Y/FCQSIIRySsgQ6E5Qzm1hDItbFbCxlRThraosi3BW/zyMmmd1zy35t1dVOvXRR0lOIYTOAMPLqEOt9CAJjDQ8Ayv8OY8OS/Ou/MxH11xip0j+APn8wdTTpMJ</latexit><latexit sha1_base64="mOM2icvi/QBM8hKWM53HozW+Nvs=">AAAB9XicbVDLSsNAFL3xWeur6tLNYBFclUQEXRbduKxgH9DWMplO2qGTSZi5UUrIf7hxoYhb/8Wdf+OkzUJbDwwczrmXe+b4sRQGXffbWVldW9/YLG2Vt3d29/YrB4ctEyWa8SaLZKQ7PjVcCsWbKFDyTqw5DX3J2/7kJvfbj1wbEal7nMa8H9KREoFgFK300Aspjv0g1dkgxWxQqbo1dwayTLyCVKFAY1D56g0jloRcIZPUmK7nxthPqUbBJM/KvcTwmLIJHfGupYqG3PTTWeqMnFplSIJI26eQzNTfGykNjZmGvp3MU5pFLxf/87oJBlf9VKg4Qa7Y/FCQSIIRySsgQ6E5Qzm1hDItbFbCxlRThraosi3BW/zyMmmd1zy35t1dVOvXRR0lOIYTOAMPLqEOt9CAJjDQ8Ayv8OY8OS/Ou/MxH11xip0j+APn8wdTTpMJ</latexit>

ŝj ! ŝj+1
<latexit sha1_base64="k6Gh2R/rfzdFKVKkH3yCTSZrHbM=">AAACHnicbVDJSgNBEK1xjXEb9ehlMAqCEGYE0WPQi8cIZoFMCD2dnqRNz0J3jRKG+RIvfoVnvXhQRPCkH+LdznLQJA8KHu9VUVXPiwVXaNvfxtz8wuLScm4lv7q2vrFpbm1XVZRIyio0EpGse0QxwUNWQY6C1WPJSOAJVvN6FwO/dsuk4lF4jf2YNQPSCbnPKUEttcwTt0swdQOCXc9PVZa10pvMlbzTRSJldDfDPnKyllmwi/YQ1jRxxqRQ2v95fAKAcsv8dNsRTQIWIhVEqYZjx9hMiUROBcvybqJYTGiPdFhD05AETDXT4XuZdaCVtuVHUleI1lD9O5GSQKl+4OnOwaFq0huIs7xGgv5ZM+VhnCAL6WiRnwgLI2uQldXmklEUfU0IlVzfatEukYSiTjSvQ3AmX54m1eOiYxedK6dQOocRcrALe3AIDpxCCS6hDBWgcA/P8ApvxoPxYrwbH6PWOWM8swP/YHz9AsERp6A=</latexit><latexit sha1_base64="QxkyHzPXLZBWu7Iw8e/+sQCnbkI=">AAACHnicbVDLSsNAFJ3UV219RF26CVZBEEoiiC6LblxWsA9oSphMJ+3YyYOZm0oJ+RI3foV7EVwoIrjSD9G1k7YLbXvgwuGce7n3HjfiTIJpfmm5hcWl5ZX8aqG4tr6xqW9t12UYC0JrJOShaLpYUs4CWgMGnDYjQbHvctpw+xeZ3xhQIVkYXMMwom0fdwPmMYJBSY5+YvcwJLaPoed6iUxTJ7lJbcG6PcBChLdz7CMrdfSSWTZHMGaJNSGlyv73w9Og+FN19A+7E5LYpwEQjqVsWWYE7QQLYITTtGDHkkaY9HGXthQNsE9lOxm9lxoHSukYXihUBWCM1L8TCfalHPqu6swOldNeJs7zWjF4Z+2EBVEMNCDjRV7MDQiNLCujwwQlwIeKYCKYutUgPSwwAZVoQYVgTb88S+rHZcssW1dWqXKOxsijXbSHDpGFTlEFXaIqqiGC7tAjekGv2r32rL1p7+PWnDaZ2UH/oH3+ArmxqRo=</latexit><latexit sha1_base64="QxkyHzPXLZBWu7Iw8e/+sQCnbkI=">AAACHnicbVDLSsNAFJ3UV219RF26CVZBEEoiiC6LblxWsA9oSphMJ+3YyYOZm0oJ+RI3foV7EVwoIrjSD9G1k7YLbXvgwuGce7n3HjfiTIJpfmm5hcWl5ZX8aqG4tr6xqW9t12UYC0JrJOShaLpYUs4CWgMGnDYjQbHvctpw+xeZ3xhQIVkYXMMwom0fdwPmMYJBSY5+YvcwJLaPoed6iUxTJ7lJbcG6PcBChLdz7CMrdfSSWTZHMGaJNSGlyv73w9Og+FN19A+7E5LYpwEQjqVsWWYE7QQLYITTtGDHkkaY9HGXthQNsE9lOxm9lxoHSukYXihUBWCM1L8TCfalHPqu6swOldNeJs7zWjF4Z+2EBVEMNCDjRV7MDQiNLCujwwQlwIeKYCKYutUgPSwwAZVoQYVgTb88S+rHZcssW1dWqXKOxsijXbSHDpGFTlEFXaIqqiGC7tAjekGv2r32rL1p7+PWnDaZ2UH/oH3+ArmxqRo=</latexit><latexit sha1_base64="OFic8F0XqOcM0SMyg/gcIBrXNPs=">AAACHnicbVDLSsNAFJ34rPUVdekmWARBKBlBdFl047KCfUBTwmQ6acZOHszcKCXkS9z4K25cKCK40r9x0mahbQ9cOJxzL/fe4yWCK7DtH2NpeWV1bb2yUd3c2t7ZNff22ypOJWUtGotYdj2imOARawEHwbqJZCT0BOt4o+vC7zwwqXgc3cE4Yf2QDCPuc0pAS6557gQEMickEHh+pvLcze5zR/JhAETK+HGBfYpz16zZdXsCa57gktRQiaZrfjmDmKYhi4AKolQP2wn0MyKBU8HyqpMqlhA6IkPW0zQiIVP9bPJebh1rZWD5sdQVgTVR/05kJFRqHHq6szhUzXqFuMjrpeBf9jMeJSmwiE4X+amwILaKrKwBl4yCGGtCqOT6VosGRBIKOtGqDgHPvjxP2md1bNfxLa41rso4KugQHaEThNEFaqAb1EQtRNETekFv6N14Nl6ND+Nz2rpklDMH6B+M71/2oaTR</latexit>

Inner Environment

r̂j
<latexit sha1_base64="llVo5qsgrpLxZVizkBi9SRNMn/c=">AAAB/XicbVC7TsMwFL0pr1Je4bGxRBQkpiphgbGChbFI9CE1UeS4TmvqOJHtIJUo4ldYGECIEVa+gY0PYcdpO0DLkSwdnXOv7vEJEkalsu0vo7SwuLS8Ul6trK1vbG6Z2zstGacCkyaOWSw6AZKEUU6aiipGOokgKAoYaQfDi8Jv3xIhacyv1SghXoT6nIYUI6Ul39xzB0hlboTUIAgzked+dpP7ZtWu2WNY88SZkmr98PvtAwAavvnp9mKcRoQrzJCUXcdOlJchoShmJK+4qSQJwkPUJ11NOYqI9LJx+tw60krPCmOhH1fWWP29kaFIylEU6Mkippz1CvE/r5uq8MzLKE9SRTieHApTZqnYKqqwelQQrNhIE4QF1VktPEACYaULq+gSnNkvz5PWSc2xa86VU62fwwRl2IcDOAYHTqEOl9CAJmC4gwd4gmfj3ng0XozXyWjJmO7swh8Y7z9xQ5jJ</latexit><latexit sha1_base64="JGanwFN6dOCVQ2hFA/D4RxwYnIs=">AAAB/XicbVC5TsNAFHwOV0g4zNHRrAhIVJFNA2UEDWWQyCHFlrXerJMl60O760jBsvgVGgoQooQP4A/o+BCo2RwFBEZaaTTznt7s+AlnUlnWh1FYWFxaXimulspr6xub5tZ2U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8wfnYbw2pkCyOrtQooW6IexELGMFKS5656/SxypwQq74fZCLPvew698yKVbUmQH+JPSOV2sHny9uw/FX3zHenG5M0pJEiHEvZsa1EuRkWihFO85KTSppgMsA92tE0wiGVbjZJn6NDrXRREAv9IoUm6s+NDIdSjkJfT45jynlvLP7ndVIVnLoZi5JU0YhMDwUpRypG4ypQlwlKFB9pgolgOisifSwwUbqwki7Bnv/yX9I8rtpW1b60K7UzmKIIe7APR2DDCdTgAurQAAI3cAcP8GjcGvfGk/E8HS0Ys50d+AXj9Rtp45pD</latexit><latexit sha1_base64="JGanwFN6dOCVQ2hFA/D4RxwYnIs=">AAAB/XicbVC5TsNAFHwOV0g4zNHRrAhIVJFNA2UEDWWQyCHFlrXerJMl60O760jBsvgVGgoQooQP4A/o+BCo2RwFBEZaaTTznt7s+AlnUlnWh1FYWFxaXimulspr6xub5tZ2U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8wfnYbw2pkCyOrtQooW6IexELGMFKS5656/SxypwQq74fZCLPvew698yKVbUmQH+JPSOV2sHny9uw/FX3zHenG5M0pJEiHEvZsa1EuRkWihFO85KTSppgMsA92tE0wiGVbjZJn6NDrXRREAv9IoUm6s+NDIdSjkJfT45jynlvLP7ndVIVnLoZi5JU0YhMDwUpRypG4ypQlwlKFB9pgolgOisifSwwUbqwki7Bnv/yX9I8rtpW1b60K7UzmKIIe7APR2DDCdTgAurQAAI3cAcP8GjcGvfGk/E8HS0Ys50d+AXj9Rtp45pD</latexit><latexit sha1_base64="KZMWv/qX05u6jsdsCJzwvuo+KMo=">AAAB/XicbVC7TsMwFL0pr1Je4bGxWFRITFXCAmMFC2OR6ENqo8hxndbUcSLbQSpRxK+wMIAQK//Bxt/gtBmg5UiWjs65V/f4BAlnSjvOt1VZWV1b36hu1ra2d3b37P2DjopTSWibxDyWvQArypmgbc00p71EUhwFnHaDyXXhdx+oVCwWd3qaUC/CI8FCRrA2km8fDcZYZ4MI63EQZjLP/ew+9+2603BmQMvELUkdSrR8+2swjEkaUaEJx0r1XSfRXoalZoTTvDZIFU0wmeAR7RsqcESVl83S5+jUKEMUxtI8odFM/b2R4UipaRSYySKmWvQK8T+vn+rw0suYSFJNBZkfClOOdIyKKtCQSUo0nxqCiWQmKyJjLDHRprCaKcFd/PIy6Zw3XKfh3rr15lVZRxWO4QTOwIULaMINtKANBB7hGV7hzXqyXqx362M+WrHKnUP4A+vzB6bTlfo=</latexit>

Mini-Batch
Sampling Transitions

Store Transitions {ŝj , âj , r̂j , ŝj+1}
<latexit sha1_base64="TUBo/xvnoFYPenoASt0RPkLfOoU=">AAACRXicbZA7T8MwFIVveJbyKjCyWBQkJFCVsMBYwcJYJPqQmihyXKc1dR6yHaQqyt9iRizsbPwDFgYQsILTdqCPK1k6+s699vXxYs6kMs1XY2FxaXlltbBWXN/Y3Nou7ew2ZJQIQusk4pFoeVhSzkJaV0xx2ooFxYHHadPrX+V+854KyaLwVg1i6gS4GzKfEaw0cku2ndo9rFI7wKrn+anMMje9y07RBMVzqZhLRzecWJmduaWyWTGHhWaFNRbl6uH3wyMA1NzSi92JSBLQUBGOpWxbZqycFAvFCKdZ0U4kjTHp4y5taxnigEonHaaQoSNNOsiPhD6hQkP6fyLFgZSDwNOd+apy2svhPK+dKP/CSVkYJ4qGZPSQn3CkIpRHijpMUKL4QAtMBNO7ItLDAhOlgy/qEKzpL8+KxlnFMivWjVWuXsKoCrAPB3AMFpxDFa6hBnUg8ARv8AGfxrPxbnwZP6PWBWM8swcTZfz+AXuauBg=</latexit><latexit sha1_base64="36seqUJPbgG7nP+Eki9oxpTXUxY=">AAACRXicbZC7TsMwFIadcistlwAji0VBQgJVCQuMFSyMRaIXqYkix3VaU+ci26lURXktHgAGdjbegIUBBF3BaTrQy5Es/fr+c+zj340YFdIw3rTCyura+kZxs1Te2t7Z1ff2myKMOSYNHLKQt10kCKMBaUgqGWlHnCDfZaTlDm4yvzUkXNAwuJejiNg+6gXUoxhJhRzdshKrj2Ri+Uj2XS8RaeokD+k5nKFoKeVLaX7DmZlaqaNXjKoxKbgozKmo1I5/Hp+H5XHd0V+tbohjnwQSMyRExzQiaSeIS4oZSUtWLEiE8AD1SEfJAPlE2MkkhRSeKNKFXsjVCSSc0P8TCfKFGPmu6sxWFfNeBpd5nVh6V3ZCgyiWJMD5Q17MoAxhFinsUk6wZCMlEOZU7QpxH3GEpQq+pEIw57+8KJoXVdOomndmpXYN8iqCQ3AEToEJLkEN3II6aAAMnsA7+ARf2ov2oX1r47y1oE1nDsBMab9/dDq5kg==</latexit><latexit sha1_base64="36seqUJPbgG7nP+Eki9oxpTXUxY=">AAACRXicbZC7TsMwFIadcistlwAji0VBQgJVCQuMFSyMRaIXqYkix3VaU+ci26lURXktHgAGdjbegIUBBF3BaTrQy5Es/fr+c+zj340YFdIw3rTCyura+kZxs1Te2t7Z1ff2myKMOSYNHLKQt10kCKMBaUgqGWlHnCDfZaTlDm4yvzUkXNAwuJejiNg+6gXUoxhJhRzdshKrj2Ri+Uj2XS8RaeokD+k5nKFoKeVLaX7DmZlaqaNXjKoxKbgozKmo1I5/Hp+H5XHd0V+tbohjnwQSMyRExzQiaSeIS4oZSUtWLEiE8AD1SEfJAPlE2MkkhRSeKNKFXsjVCSSc0P8TCfKFGPmu6sxWFfNeBpd5nVh6V3ZCgyiWJMD5Q17MoAxhFinsUk6wZCMlEOZU7QpxH3GEpQq+pEIw57+8KJoXVdOomndmpXYN8iqCQ3AEToEJLkEN3II6aAAMnsA7+ARf2ov2oX1r47y1oE1nDsBMab9/dDq5kg==</latexit><latexit sha1_base64="Mh7X6FFd4/oNG8POOACbIqdzk+A=">AAACRXicbZBLSwMxFIUzPmt9jbp0EyyCoJSJG10W3bisYB/QGYZMmmljMw+SjFDC/Dk37t35D9y4UMStZtpZ2MeFwOE79yY3J0g5k8px3qyV1bX1jc3KVnV7Z3dv3z44bMskE4S2SMIT0Q2wpJzFtKWY4rSbCoqjgNNOMLot/M4TFZIl8YMap9SL8CBmISNYGeTbrqvdIVbajbAaBqGWee7rx/wCzlC8lIqldHrDOcrd3LdrTt2ZFFwUqBQ1UFbTt1/dfkKyiMaKcCxlDzmp8jQWihFO86qbSZpiMsID2jMyxhGVnp6kkMNTQ/owTIQ5sYIT+n9C40jKcRSYzmJVOe8VcJnXy1R47WkWp5miMZk+FGYcqgQWkcI+E5QoPjYCE8HMrpAMscBEmeCrJgQ0/+VF0b6sI6eO7lGtcVPGUQHH4AScAQSuQAPcgSZoAQKewTv4BF/Wi/VhfVs/09YVq5w5AjNl/f4BsSq1SQ==</latexit>

TD3 Replay Buffer

TD3 Critic Mean-Square Loss Function

TD3 Target
Critic 1

TD3 Critic 1
✓P1(t+ 1) =

✓P1(t)� ↵Pcr✓P1
loss(✓P1)

<latexit sha1_base64="M7OySxjcMjGMsl2CpEAbl4bCKm0="></latexit><latexit sha1_base64="M7OySxjcMjGMsl2CpEAbl4bCKm0="></latexit><latexit sha1_base64="M7OySxjcMjGMsl2CpEAbl4bCKm0="></latexit><latexit sha1_base64="M7OySxjcMjGMsl2CpEAbl4bCKm0="></latexit>

TD3 Critic 2
✓P2(t+ 1) =

✓P2(t)� ↵Pcr✓P2
loss(✓P2)

<latexit sha1_base64="tWeXIwpqYR4aQ/IF+lspwopdJKw="></latexit><latexit sha1_base64="tWeXIwpqYR4aQ/IF+lspwopdJKw="></latexit><latexit sha1_base64="tWeXIwpqYR4aQ/IF+lspwopdJKw="></latexit><latexit sha1_base64="tWeXIwpqYR4aQ/IF+lspwopdJKw="></latexit>

TD3 Target
Critic 2

TD3 Target
Actor

TD3 Actor
✓µ(t+ 1) =

✓µ(t) + ↵Par✓µJ(✓)
<latexit sha1_base64="u7TATEiaXapabiQ1qSe4Y6Mgbpk="></latexit><latexit sha1_base64="u7TATEiaXapabiQ1qSe4Y6Mgbpk="></latexit><latexit sha1_base64="u7TATEiaXapabiQ1qSe4Y6Mgbpk="></latexit><latexit sha1_base64="u7TATEiaXapabiQ1qSe4Y6Mgbpk="></latexit>

TD3 Actor Gradient

r✓µJ(✓) ⇡
1

NP

NPX

t=1

raQP (ŝt, a|✓P1)r✓µµ(ŝt|✓µ)
<latexit sha1_base64="fWTJhrMHYNIMhH3o2iw2AtHgGTE="></latexit><latexit sha1_base64="fWTJhrMHYNIMhH3o2iw2AtHgGTE="></latexit><latexit sha1_base64="fWTJhrMHYNIMhH3o2iw2AtHgGTE="></latexit><latexit sha1_base64="fWTJhrMHYNIMhH3o2iw2AtHgGTE="></latexit>

N�
<latexit sha1_base64="iN9FTAllvacYGHbNPTEgEOPMfCo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEN5ZEBF0W3biSCvYBbSyT6aQdOpmEmYlQQ77EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9pxvq3Syura+kZ5s7K1vbNbtff22ypKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ9e533mkUrFI3OtpTL0QjwQLGMHaSAO72g+xHhPM09vsIT3NBnbNqTszoGXiFqQGBZoD+6s/jEgSUqEJx0r1XCfWXoqlZoTTrNJPFI0xmeAR7RkqcEiVl86CZ+jYKEMURNI8odFM/b2R4lCpaeibyTymWvRy8T+vl+jg0kuZiBNNBZkfChKOdITyFtCQSUo0nxqCiWQmKyJjLDHRpquKKcFd/PIyaZ/VXafu3p3XGldFHWU4hCM4ARcuoAE30IQWEEjgGV7hzXqyXqx362M+WrKKnQP4A+vzB+6Wk0A=</latexit><latexit sha1_base64="iN9FTAllvacYGHbNPTEgEOPMfCo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEN5ZEBF0W3biSCvYBbSyT6aQdOpmEmYlQQ77EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9pxvq3Syura+kZ5s7K1vbNbtff22ypKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ9e533mkUrFI3OtpTL0QjwQLGMHaSAO72g+xHhPM09vsIT3NBnbNqTszoGXiFqQGBZoD+6s/jEgSUqEJx0r1XCfWXoqlZoTTrNJPFI0xmeAR7RkqcEiVl86CZ+jYKEMURNI8odFM/b2R4lCpaeibyTymWvRy8T+vl+jg0kuZiBNNBZkfChKOdITyFtCQSUo0nxqCiWQmKyJjLDHRpquKKcFd/PIyaZ/VXafu3p3XGldFHWU4hCM4ARcuoAE30IQWEEjgGV7hzXqyXqx362M+WrKKnQP4A+vzB+6Wk0A=</latexit><latexit sha1_base64="iN9FTAllvacYGHbNPTEgEOPMfCo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEN5ZEBF0W3biSCvYBbSyT6aQdOpmEmYlQQ77EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9pxvq3Syura+kZ5s7K1vbNbtff22ypKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ9e533mkUrFI3OtpTL0QjwQLGMHaSAO72g+xHhPM09vsIT3NBnbNqTszoGXiFqQGBZoD+6s/jEgSUqEJx0r1XCfWXoqlZoTTrNJPFI0xmeAR7RkqcEiVl86CZ+jYKEMURNI8odFM/b2R4lCpaeibyTymWvRy8T+vl+jg0kuZiBNNBZkfChKOdITyFtCQSUo0nxqCiWQmKyJjLDHRpquKKcFd/PIyaZ/VXafu3p3XGldFHWU4hCM4ARcuoAE30IQWEEjgGV7hzXqyXqx362M+WrKKnQP4A+vzB+6Wk0A=</latexit><latexit sha1_base64="iN9FTAllvacYGHbNPTEgEOPMfCo=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEN5ZEBF0W3biSCvYBbSyT6aQdOpmEmYlQQ77EjQtF3Pop7vwbJ20W2npg4HDOvdwzx485U9pxvq3Syura+kZ5s7K1vbNbtff22ypKJKEtEvFIdn2sKGeCtjTTnHZjSXHoc9rxJ9e533mkUrFI3OtpTL0QjwQLGMHaSAO72g+xHhPM09vsIT3NBnbNqTszoGXiFqQGBZoD+6s/jEgSUqEJx0r1XCfWXoqlZoTTrNJPFI0xmeAR7RkqcEiVl86CZ+jYKEMURNI8odFM/b2R4lCpaeibyTymWvRy8T+vl+jg0kuZiBNNBZkfChKOdITyFtCQSUo0nxqCiWQmKyJjLDHRpquKKcFd/PIyaZ/VXafu3p3XGldFHWU4hCM4ARcuoAE30IQWEEjgGV7hzXqyXqx362M+WrKKnQP4A+vzB+6Wk0A=</latexit>

✓�
µ  

⌧✓µ + (1� ⌧)✓�
µ

<latexit sha1_base64="bkvXabZ/GqjOyhujyW1R7fbVUC0="></latexit><latexit sha1_base64="bkvXabZ/GqjOyhujyW1R7fbVUC0="></latexit><latexit sha1_base64="bkvXabZ/GqjOyhujyW1R7fbVUC0="></latexit><latexit sha1_base64="bkvXabZ/GqjOyhujyW1R7fbVUC0="></latexit>

✓�
P1
 

⌧✓P1 + (1� ⌧)✓�
P1

<latexit sha1_base64="AEOo6ijLfpRAEpli715zhJ7nYV0="></latexit><latexit sha1_base64="AEOo6ijLfpRAEpli715zhJ7nYV0="></latexit><latexit sha1_base64="AEOo6ijLfpRAEpli715zhJ7nYV0="></latexit><latexit sha1_base64="AEOo6ijLfpRAEpli715zhJ7nYV0="></latexit>

✓�
P2
 

⌧✓P2 + (1� ⌧)✓�
P2

<latexit sha1_base64="0T4ZFOtyEZoLPekXk6VQOTnQA0s="></latexit><latexit sha1_base64="0T4ZFOtyEZoLPekXk6VQOTnQA0s="></latexit><latexit sha1_base64="0T4ZFOtyEZoLPekXk6VQOTnQA0s="></latexit><latexit sha1_base64="0T4ZFOtyEZoLPekXk6VQOTnQA0s="></latexit>

N
<latexit sha1_base64="EfBRjRqu0R2qVXC5kPfTwkrVWMk=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl040oq2Ae0oUymk3boZCbM3Agl9DPcuFDErV/jzr9x0mahrQcGDufcy5x7wkRwg5737ZTW1jc2t8rblZ3dvf2D6uFR26hUU9aiSijdDYlhgkvWQo6CdRPNSBwK1gknt7nfeWLacCUfcZqwICYjySNOCVqp148JjikR2f1sUK15dW8Od5X4BalBgeag+tUfKprGTCIVxJie7yUYZEQjp4LNKv3UsITQCRmxnqWSxMwE2TzyzD2zytCNlLZPojtXf29kJDZmGod2Mo9olr1c/M/rpRhdBxmXSYpM0sVHUSpcVG5+vzvkmlEUU0sI1dxmdemYaELRtlSxJfjLJ6+S9kXd9+r+w2WtcVPUUYYTOIVz8OEKGnAHTWgBBQXP8ApvDjovzrvzsRgtOcXOMfyB8/kDhA+RZA==</latexit><latexit sha1_base64="EfBRjRqu0R2qVXC5kPfTwkrVWMk=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl040oq2Ae0oUymk3boZCbM3Agl9DPcuFDErV/jzr9x0mahrQcGDufcy5x7wkRwg5737ZTW1jc2t8rblZ3dvf2D6uFR26hUU9aiSijdDYlhgkvWQo6CdRPNSBwK1gknt7nfeWLacCUfcZqwICYjySNOCVqp148JjikR2f1sUK15dW8Od5X4BalBgeag+tUfKprGTCIVxJie7yUYZEQjp4LNKv3UsITQCRmxnqWSxMwE2TzyzD2zytCNlLZPojtXf29kJDZmGod2Mo9olr1c/M/rpRhdBxmXSYpM0sVHUSpcVG5+vzvkmlEUU0sI1dxmdemYaELRtlSxJfjLJ6+S9kXd9+r+w2WtcVPUUYYTOIVz8OEKGnAHTWgBBQXP8ApvDjovzrvzsRgtOcXOMfyB8/kDhA+RZA==</latexit><latexit sha1_base64="EfBRjRqu0R2qVXC5kPfTwkrVWMk=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl040oq2Ae0oUymk3boZCbM3Agl9DPcuFDErV/jzr9x0mahrQcGDufcy5x7wkRwg5737ZTW1jc2t8rblZ3dvf2D6uFR26hUU9aiSijdDYlhgkvWQo6CdRPNSBwK1gknt7nfeWLacCUfcZqwICYjySNOCVqp148JjikR2f1sUK15dW8Od5X4BalBgeag+tUfKprGTCIVxJie7yUYZEQjp4LNKv3UsITQCRmxnqWSxMwE2TzyzD2zytCNlLZPojtXf29kJDZmGod2Mo9olr1c/M/rpRhdBxmXSYpM0sVHUSpcVG5+vzvkmlEUU0sI1dxmdemYaELRtlSxJfjLJ6+S9kXd9+r+w2WtcVPUUYYTOIVz8OEKGnAHTWgBBQXP8ApvDjovzrvzsRgtOcXOMfyB8/kDhA+RZA==</latexit><latexit sha1_base64="EfBRjRqu0R2qVXC5kPfTwkrVWMk=">AAAB8nicbVDLSsNAFL2pr1pfVZdugkVwVRIRdFl040oq2Ae0oUymk3boZCbM3Agl9DPcuFDErV/jzr9x0mahrQcGDufcy5x7wkRwg5737ZTW1jc2t8rblZ3dvf2D6uFR26hUU9aiSijdDYlhgkvWQo6CdRPNSBwK1gknt7nfeWLacCUfcZqwICYjySNOCVqp148JjikR2f1sUK15dW8Od5X4BalBgeag+tUfKprGTCIVxJie7yUYZEQjp4LNKv3UsITQCRmxnqWSxMwE2TzyzD2zytCNlLZPojtXf29kJDZmGod2Mo9olr1c/M/rpRhdBxmXSYpM0sVHUSpcVG5+vzvkmlEUU0sI1dxmdemYaELRtlSxJfjLJ6+S9kXd9+r+w2WtcVPUUYYTOIVz8OEKGnAHTWgBBQXP8ApvDjovzrvzsRgtOcXOMfyB8/kDhA+RZA==</latexit>

âj
<latexit sha1_base64="9z1nTdK+m3dU+wb6kcfMIvtpupc=">AAAB/XicbVC7TsMwFL0pr1Je4bGxRBQkpiphgbGChbFI9CE1UeS4TmvqOJHtIJUo4ldYGECIEVa+gY0PYcdpO0DLkSwdnXOv7vEJEkalsu0vo7SwuLS8Ul6trK1vbG6Z2zstGacCkyaOWSw6AZKEUU6aiipGOokgKAoYaQfDi8Jv3xIhacyv1SghXoT6nIYUI6Ul39xzB0hlboTUIAgzlOd+dpP7ZtWu2WNY88SZkmr98PvtAwAavvnp9mKcRoQrzJCUXcdOlJchoShmJK+4qSQJwkPUJ11NOYqI9LJx+tw60krPCmOhH1fWWP29kaFIylEU6Mkippz1CvE/r5uq8MzLKE9SRTieHApTZqnYKqqwelQQrNhIE4QF1VktPEACYaULq+gSnNkvz5PWSc2xa86VU62fwwRl2IcDOAYHTqEOl9CAJmC4gwd4gmfj3ng0XozXyWjJmO7swh8Y7z9XGZi4</latexit><latexit sha1_base64="H5zPGzVxZObKW+PDQ0NYob0pzBQ=">AAAB/XicbVC5TsNAFHwOV0g4zNHRrAhIVJFNA2UEDWWQyCHFlrXerJMl60O760jBsvgVGgoQooQP4A/o+BCo2RwFBEZaaTTznt7s+AlnUlnWh1FYWFxaXimulspr6xub5tZ2U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8wfnYbw2pkCyOrtQooW6IexELGMFKS5656/SxypwQq74fZDjPvew698yKVbUmQH+JPSOV2sHny9uw/FX3zHenG5M0pJEiHEvZsa1EuRkWihFO85KTSppgMsA92tE0wiGVbjZJn6NDrXRREAv9IoUm6s+NDIdSjkJfT45jynlvLP7ndVIVnLoZi5JU0YhMDwUpRypG4ypQlwlKFB9pgolgOisifSwwUbqwki7Bnv/yX9I8rtpW1b60K7UzmKIIe7APR2DDCdTgAurQAAI3cAcP8GjcGvfGk/E8HS0Ys50d+AXj9RtPuZoy</latexit><latexit sha1_base64="H5zPGzVxZObKW+PDQ0NYob0pzBQ=">AAAB/XicbVC5TsNAFHwOV0g4zNHRrAhIVJFNA2UEDWWQyCHFlrXerJMl60O760jBsvgVGgoQooQP4A/o+BCo2RwFBEZaaTTznt7s+AlnUlnWh1FYWFxaXimulspr6xub5tZ2U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8wfnYbw2pkCyOrtQooW6IexELGMFKS5656/SxypwQq74fZDjPvew698yKVbUmQH+JPSOV2sHny9uw/FX3zHenG5M0pJEiHEvZsa1EuRkWihFO85KTSppgMsA92tE0wiGVbjZJn6NDrXRREAv9IoUm6s+NDIdSjkJfT45jynlvLP7ndVIVnLoZi5JU0YhMDwUpRypG4ypQlwlKFB9pgolgOisifSwwUbqwki7Bnv/yX9I8rtpW1b60K7UzmKIIe7APR2DDCdTgAurQAAI3cAcP8GjcGvfGk/E8HS0Ys50d+AXj9RtPuZoy</latexit><latexit sha1_base64="KGWgNiwFikZH0dFzRQtdjI4Dwa0=">AAAB/XicbVC7TsMwFL0pr1Je4bGxWFRITFXCAmMFC2OR6ENqo8hxndbUcSLbQSpRxK+wMIAQK//Bxt/gtBmg5UiWjs65V/f4BAlnSjvOt1VZWV1b36hu1ra2d3b37P2DjopTSWibxDyWvQArypmgbc00p71EUhwFnHaDyXXhdx+oVCwWd3qaUC/CI8FCRrA2km8fDcZYZ4MI63EQZjjP/ew+9+2603BmQMvELUkdSrR8+2swjEkaUaEJx0r1XSfRXoalZoTTvDZIFU0wmeAR7RsqcESVl83S5+jUKEMUxtI8odFM/b2R4UipaRSYySKmWvQK8T+vn+rw0suYSFJNBZkfClOOdIyKKtCQSUo0nxqCiWQmKyJjLDHRprCaKcFd/PIy6Zw3XKfh3rr15lVZRxWO4QTOwIULaMINtKANBB7hGV7hzXqyXqx362M+WrHKnUP4A+vzB4yplek=</latexit>

ŝj
<latexit sha1_base64="Op52Xaf+wFIdl98U2RiYrHMWnOo=">AAAB/XicbVC7TsMwFL0pr1Je4bGxRBQkpiphgbGChbFI9CE1UeS4TmvqOJHtIJUo4ldYGECIEVa+gY0PYcdpO0DLkSwdnXOv7vEJEkalsu0vo7SwuLS8Ul6trK1vbG6Z2zstGacCkyaOWSw6AZKEUU6aiipGOokgKAoYaQfDi8Jv3xIhacyv1SghXoT6nIYUI6Ul39xzB0hlboTUIAgzmed+dpP7ZtWu2WNY88SZkmr98PvtAwAavvnp9mKcRoQrzJCUXcdOlJchoShmJK+4qSQJwkPUJ11NOYqI9LJx+tw60krPCmOhH1fWWP29kaFIylEU6Mkippz1CvE/r5uq8MzLKE9SRTieHApTZqnYKqqwelQQrNhIE4QF1VktPEACYaULq+gSnNkvz5PWSc2xa86VU62fwwRl2IcDOAYHTqEOl9CAJmC4gwd4gmfj3ng0XozXyWjJmO7swh8Y7z9yzZjK</latexit><latexit sha1_base64="atcpUerFLwxDaDGHqpxDr3Gr1Bw=">AAAB/XicbVC5TsNAFHwOV0g4zNHRrAhIVJFNA2UEDWWQyCHFlrXerJMl60O760jBsvgVGgoQooQP4A/o+BCo2RwFBEZaaTTznt7s+AlnUlnWh1FYWFxaXimulspr6xub5tZ2U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8wfnYbw2pkCyOrtQooW6IexELGMFKS5656/SxypwQq74fZDLPvew698yKVbUmQH+JPSOV2sHny9uw/FX3zHenG5M0pJEiHEvZsa1EuRkWihFO85KTSppgMsA92tE0wiGVbjZJn6NDrXRREAv9IoUm6s+NDIdSjkJfT45jynlvLP7ndVIVnLoZi5JU0YhMDwUpRypG4ypQlwlKFB9pgolgOisifSwwUbqwki7Bnv/yX9I8rtpW1b60K7UzmKIIe7APR2DDCdTgAurQAAI3cAcP8GjcGvfGk/E8HS0Ys50d+AXj9RtrbZpE</latexit><latexit sha1_base64="atcpUerFLwxDaDGHqpxDr3Gr1Bw=">AAAB/XicbVC5TsNAFHwOV0g4zNHRrAhIVJFNA2UEDWWQyCHFlrXerJMl60O760jBsvgVGgoQooQP4A/o+BCo2RwFBEZaaTTznt7s+AlnUlnWh1FYWFxaXimulspr6xub5tZ2U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb8wfnYbw2pkCyOrtQooW6IexELGMFKS5656/SxypwQq74fZDLPvew698yKVbUmQH+JPSOV2sHny9uw/FX3zHenG5M0pJEiHEvZsa1EuRkWihFO85KTSppgMsA92tE0wiGVbjZJn6NDrXRREAv9IoUm6s+NDIdSjkJfT45jynlvLP7ndVIVnLoZi5JU0YhMDwUpRypG4ypQlwlKFB9pgolgOisifSwwUbqwki7Bnv/yX9I8rtpW1b60K7UzmKIIe7APR2DDCdTgAurQAAI3cAcP8GjcGvfGk/E8HS0Ys50d+AXj9RtrbZpE</latexit><latexit sha1_base64="J2NhVw3vOpKzxlDksAFpsY7isZE=">AAAB/XicbVC7TsMwFL0pr1Je4bGxWFRITFXCAmMFC2OR6ENqo8hxndbUcSLbQSpRxK+wMIAQK//Bxt/gtBmg5UiWjs65V/f4BAlnSjvOt1VZWV1b36hu1ra2d3b37P2DjopTSWibxDyWvQArypmgbc00p71EUhwFnHaDyXXhdx+oVCwWd3qaUC/CI8FCRrA2km8fDcZYZ4MI63EQZirP/ew+9+2603BmQMvELUkdSrR8+2swjEkaUaEJx0r1XSfRXoalZoTTvDZIFU0wmeAR7RsqcESVl83S5+jUKEMUxtI8odFM/b2R4UipaRSYySKmWvQK8T+vn+rw0suYSFJNBZkfClOOdIyKKtCQSUo0nxqCiWQmKyJjLDHRprCaKcFd/PIy6Zw3XKfh3rr15lVZRxWO4QTOwIULaMINtKANBB7hGV7hzXqyXqx362M+WrHKnUP4A+vzB6hdlfs=</latexit>

NP
<latexit sha1_base64="/NtxLhGZKUjAXnK7fX8s4ws9c5g=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYNpCG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhakUBl332ymtrW9sbpW3Kzu7e/sH1cOjlkkyzbjPEpnoTkgNl0JxHwVK3kk1p3EoeTsc38789hPXRiTqEScpD2I6VCISjKKV/Pt+3pz2qzW37s5BVolXkBoUaParX71BwrKYK2SSGtP13BSDnGoUTPJppZcZnlI2pkPetVTRmJsgnx87JWdWGZAo0bYUkrn6eyKnsTGTOLSdMcWRWfZm4n9eN8PoOsiFSjPkii0WRZkkmJDZ52QgNGcoJ5ZQpoW9lbAR1ZShzadiQ/CWX14lrYu659a9h8ta46aIowwncArn4MEVNOAOmuADAwHP8ApvjnJenHfnY9FacoqZY/gD5/MHvxGOoQ==</latexit><latexit sha1_base64="/NtxLhGZKUjAXnK7fX8s4ws9c5g=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYNpCG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhakUBl332ymtrW9sbpW3Kzu7e/sH1cOjlkkyzbjPEpnoTkgNl0JxHwVK3kk1p3EoeTsc38789hPXRiTqEScpD2I6VCISjKKV/Pt+3pz2qzW37s5BVolXkBoUaParX71BwrKYK2SSGtP13BSDnGoUTPJppZcZnlI2pkPetVTRmJsgnx87JWdWGZAo0bYUkrn6eyKnsTGTOLSdMcWRWfZm4n9eN8PoOsiFSjPkii0WRZkkmJDZ52QgNGcoJ5ZQpoW9lbAR1ZShzadiQ/CWX14lrYu659a9h8ta46aIowwncArn4MEVNOAOmuADAwHP8ApvjnJenHfnY9FacoqZY/gD5/MHvxGOoQ==</latexit><latexit sha1_base64="/NtxLhGZKUjAXnK7fX8s4ws9c5g=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYNpCG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhakUBl332ymtrW9sbpW3Kzu7e/sH1cOjlkkyzbjPEpnoTkgNl0JxHwVK3kk1p3EoeTsc38789hPXRiTqEScpD2I6VCISjKKV/Pt+3pz2qzW37s5BVolXkBoUaParX71BwrKYK2SSGtP13BSDnGoUTPJppZcZnlI2pkPetVTRmJsgnx87JWdWGZAo0bYUkrn6eyKnsTGTOLSdMcWRWfZm4n9eN8PoOsiFSjPkii0WRZkkmJDZ52QgNGcoJ5ZQpoW9lbAR1ZShzadiQ/CWX14lrYu659a9h8ta46aIowwncArn4MEVNOAOmuADAwHP8ApvjnJenHfnY9FacoqZY/gD5/MHvxGOoQ==</latexit><latexit sha1_base64="/NtxLhGZKUjAXnK7fX8s4ws9c5g=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRiyepYNpCG8pmu2mXbjZhdyKU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhakUBl332ymtrW9sbpW3Kzu7e/sH1cOjlkkyzbjPEpnoTkgNl0JxHwVK3kk1p3EoeTsc38789hPXRiTqEScpD2I6VCISjKKV/Pt+3pz2qzW37s5BVolXkBoUaParX71BwrKYK2SSGtP13BSDnGoUTPJppZcZnlI2pkPetVTRmJsgnx87JWdWGZAo0bYUkrn6eyKnsTGTOLSdMcWRWfZm4n9eN8PoOsiFSjPkii0WRZkkmJDZ52QgNGcoJ5ZQpoW9lbAR1ZShzadiQ/CWX14lrYu659a9h8ta46aIowwncArn4MEVNOAOmuADAwHP8ApvjnJenHfnY9FacoqZY/gD5/MHvxGOoQ==</latexit>

QP (ŝt, ât|✓P1)<latexit sha1_base64="zuKDDwsfPIppaZdZZRMI/TLo0+Y="></latexit><latexit sha1_base64="zuKDDwsfPIppaZdZZRMI/TLo0+Y="></latexit><latexit sha1_base64="zuKDDwsfPIppaZdZZRMI/TLo0+Y="></latexit><latexit sha1_base64="zuKDDwsfPIppaZdZZRMI/TLo0+Y="></latexit> Q
P
(ŝ

t ,â
t |✓

P
2 )

<latexit sha1_base64="EkDjTuj735Rn7WHSf2TQ81taMVI="></latexit><latexit sha1_base64="EkDjTuj735Rn7WHSf2TQ81taMVI="></latexit><latexit sha1_base64="EkDjTuj735Rn7WHSf2TQ81taMVI="></latexit><latexit sha1_base64="EkDjTuj735Rn7WHSf2TQ81taMVI="></latexit>

The Chain Rule

r̂t
<latexit sha1_base64="xSJ+uD1kWLL/j03IEbJF674LCAg=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GSyCq5KIoMuiG5cV7AOaECbTSTt0MgkzN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRLBNdj2t1VZWV1b36hu1ra2d3b36vsHXR2nirIOjUWs+gHRTHDJOsBBsH6iGIkCwXrB5Kbwew9MaR7Le5gmzIvISPKQUwJG8utH7phA5kYExkGYqTz3M8j9esNu2jPgZeKUpIFKtP36lzuMaRoxCVQQrQeOnYCXEQWcCpbX3FSzhNAJGbGBoZJETHvZLH2OT40yxGGszJOAZ+rvjYxEWk+jwEwWMfWiV4j/eYMUwisv4zJJgUk6PxSmAkOMiyrwkCtGQUwNIVRxkxXTMVGEgimsZkpwFr+8TLrnTcduOncXjdZ1WUcVHaMTdIYcdIla6Ba1UQdR9Iie0St6s56sF+vd+piPVqxy5xD9gfX5A7b1lgc=</latexit><latexit sha1_base64="xSJ+uD1kWLL/j03IEbJF674LCAg=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GSyCq5KIoMuiG5cV7AOaECbTSTt0MgkzN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRLBNdj2t1VZWV1b36hu1ra2d3b36vsHXR2nirIOjUWs+gHRTHDJOsBBsH6iGIkCwXrB5Kbwew9MaR7Le5gmzIvISPKQUwJG8utH7phA5kYExkGYqTz3M8j9esNu2jPgZeKUpIFKtP36lzuMaRoxCVQQrQeOnYCXEQWcCpbX3FSzhNAJGbGBoZJETHvZLH2OT40yxGGszJOAZ+rvjYxEWk+jwEwWMfWiV4j/eYMUwisv4zJJgUk6PxSmAkOMiyrwkCtGQUwNIVRxkxXTMVGEgimsZkpwFr+8TLrnTcduOncXjdZ1WUcVHaMTdIYcdIla6Ba1UQdR9Iie0St6s56sF+vd+piPVqxy5xD9gfX5A7b1lgc=</latexit><latexit sha1_base64="xSJ+uD1kWLL/j03IEbJF674LCAg=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GSyCq5KIoMuiG5cV7AOaECbTSTt0MgkzN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRLBNdj2t1VZWV1b36hu1ra2d3b36vsHXR2nirIOjUWs+gHRTHDJOsBBsH6iGIkCwXrB5Kbwew9MaR7Le5gmzIvISPKQUwJG8utH7phA5kYExkGYqTz3M8j9esNu2jPgZeKUpIFKtP36lzuMaRoxCVQQrQeOnYCXEQWcCpbX3FSzhNAJGbGBoZJETHvZLH2OT40yxGGszJOAZ+rvjYxEWk+jwEwWMfWiV4j/eYMUwisv4zJJgUk6PxSmAkOMiyrwkCtGQUwNIVRxkxXTMVGEgimsZkpwFr+8TLrnTcduOncXjdZ1WUcVHaMTdIYcdIla6Ba1UQdR9Iie0St6s56sF+vd+piPVqxy5xD9gfX5A7b1lgc=</latexit><latexit sha1_base64="xSJ+uD1kWLL/j03IEbJF674LCAg=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GSyCq5KIoMuiG5cV7AOaECbTSTt0MgkzN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRLBNdj2t1VZWV1b36hu1ra2d3b36vsHXR2nirIOjUWs+gHRTHDJOsBBsH6iGIkCwXrB5Kbwew9MaR7Le5gmzIvISPKQUwJG8utH7phA5kYExkGYqTz3M8j9esNu2jPgZeKUpIFKtP36lzuMaRoxCVQQrQeOnYCXEQWcCpbX3FSzhNAJGbGBoZJETHvZLH2OT40yxGGszJOAZ+rvjYxEWk+jwEwWMfWiV4j/eYMUwisv4zJJgUk6PxSmAkOMiyrwkCtGQUwNIVRxkxXTMVGEgimsZkpwFr+8TLrnTcduOncXjdZ1WUcVHaMTdIYcdIla6Ba1UQdR9Iie0St6s56sF+vd+piPVqxy5xD9gfX5A7b1lgc=</latexit>

ŝt
<latexit sha1_base64="GbjK9ej73MIieegYyYmz6nNTYrQ=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GSyCq5KIoMuiG5cV7AOaECbTSTt0MgkzN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRLBNdj2t1VZWV1b36hu1ra2d3b36vsHXR2nirIOjUWs+gHRTHDJOsBBsH6iGIkCwXrB5Kbwew9MaR7Le5gmzIvISPKQUwJG8utH7phA5kYExkGY6Tz3M8j9esNu2jPgZeKUpIFKtP36lzuMaRoxCVQQrQeOnYCXEQWcCpbX3FSzhNAJGbGBoZJETHvZLH2OT40yxGGszJOAZ+rvjYxEWk+jwEwWMfWiV4j/eYMUwisv4zJJgUk6PxSmAkOMiyrwkCtGQUwNIVRxkxXTMVGEgimsZkpwFr+8TLrnTcduOncXjdZ1WUcVHaMTdIYcdIla6Ba1UQdR9Iie0St6s56sF+vd+piPVqxy5xD9gfX5A7h/lgg=</latexit><latexit sha1_base64="GbjK9ej73MIieegYyYmz6nNTYrQ=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GSyCq5KIoMuiG5cV7AOaECbTSTt0MgkzN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRLBNdj2t1VZWV1b36hu1ra2d3b36vsHXR2nirIOjUWs+gHRTHDJOsBBsH6iGIkCwXrB5Kbwew9MaR7Le5gmzIvISPKQUwJG8utH7phA5kYExkGY6Tz3M8j9esNu2jPgZeKUpIFKtP36lzuMaRoxCVQQrQeOnYCXEQWcCpbX3FSzhNAJGbGBoZJETHvZLH2OT40yxGGszJOAZ+rvjYxEWk+jwEwWMfWiV4j/eYMUwisv4zJJgUk6PxSmAkOMiyrwkCtGQUwNIVRxkxXTMVGEgimsZkpwFr+8TLrnTcduOncXjdZ1WUcVHaMTdIYcdIla6Ba1UQdR9Iie0St6s56sF+vd+piPVqxy5xD9gfX5A7h/lgg=</latexit><latexit sha1_base64="GbjK9ej73MIieegYyYmz6nNTYrQ=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GSyCq5KIoMuiG5cV7AOaECbTSTt0MgkzN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRLBNdj2t1VZWV1b36hu1ra2d3b36vsHXR2nirIOjUWs+gHRTHDJOsBBsH6iGIkCwXrB5Kbwew9MaR7Le5gmzIvISPKQUwJG8utH7phA5kYExkGY6Tz3M8j9esNu2jPgZeKUpIFKtP36lzuMaRoxCVQQrQeOnYCXEQWcCpbX3FSzhNAJGbGBoZJETHvZLH2OT40yxGGszJOAZ+rvjYxEWk+jwEwWMfWiV4j/eYMUwisv4zJJgUk6PxSmAkOMiyrwkCtGQUwNIVRxkxXTMVGEgimsZkpwFr+8TLrnTcduOncXjdZ1WUcVHaMTdIYcdIla6Ba1UQdR9Iie0St6s56sF+vd+piPVqxy5xD9gfX5A7h/lgg=</latexit><latexit sha1_base64="GbjK9ej73MIieegYyYmz6nNTYrQ=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GSyCq5KIoMuiG5cV7AOaECbTSTt0MgkzN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRLBNdj2t1VZWV1b36hu1ra2d3b36vsHXR2nirIOjUWs+gHRTHDJOsBBsH6iGIkCwXrB5Kbwew9MaR7Le5gmzIvISPKQUwJG8utH7phA5kYExkGY6Tz3M8j9esNu2jPgZeKUpIFKtP36lzuMaRoxCVQQrQeOnYCXEQWcCpbX3FSzhNAJGbGBoZJETHvZLH2OT40yxGGszJOAZ+rvjYxEWk+jwEwWMfWiV4j/eYMUwisv4zJJgUk6PxSmAkOMiyrwkCtGQUwNIVRxkxXTMVGEgimsZkpwFr+8TLrnTcduOncXjdZ1WUcVHaMTdIYcdIla6Ba1UQdR9Iie0St6s56sF+vd+piPVqxy5xD9gfX5A7h/lgg=</latexit>

ât
<latexit sha1_base64="WoAvLoWtKRXqTdHFFOgTAg9w1vE=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GSyCq5KIoMuiG5cV7AOaECbTSTt0MgkzN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRLBNdj2t1VZWV1b36hu1ra2d3b36vsHXR2nirIOjUWs+gHRTHDJOsBBsH6iGIkCwXrB5Kbwew9MaR7Le5gmzIvISPKQUwJG8utH7phA5kYExkGYkTz3M8j9esNu2jPgZeKUpIFKtP36lzuMaRoxCVQQrQeOnYCXEQWcCpbX3FSzhNAJGbGBoZJETHvZLH2OT40yxGGszJOAZ+rvjYxEWk+jwEwWMfWiV4j/eYMUwisv4zJJgUk6PxSmAkOMiyrwkCtGQUwNIVRxkxXTMVGEgimsZkpwFr+8TLrnTcduOncXjdZ1WUcVHaMTdIYcdIla6Ba1UQdR9Iie0St6s56sF+vd+piPVqxy5xD9gfX5A5zLlfY=</latexit><latexit sha1_base64="WoAvLoWtKRXqTdHFFOgTAg9w1vE=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GSyCq5KIoMuiG5cV7AOaECbTSTt0MgkzN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRLBNdj2t1VZWV1b36hu1ra2d3b36vsHXR2nirIOjUWs+gHRTHDJOsBBsH6iGIkCwXrB5Kbwew9MaR7Le5gmzIvISPKQUwJG8utH7phA5kYExkGYkTz3M8j9esNu2jPgZeKUpIFKtP36lzuMaRoxCVQQrQeOnYCXEQWcCpbX3FSzhNAJGbGBoZJETHvZLH2OT40yxGGszJOAZ+rvjYxEWk+jwEwWMfWiV4j/eYMUwisv4zJJgUk6PxSmAkOMiyrwkCtGQUwNIVRxkxXTMVGEgimsZkpwFr+8TLrnTcduOncXjdZ1WUcVHaMTdIYcdIla6Ba1UQdR9Iie0St6s56sF+vd+piPVqxy5xD9gfX5A5zLlfY=</latexit><latexit sha1_base64="WoAvLoWtKRXqTdHFFOgTAg9w1vE=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GSyCq5KIoMuiG5cV7AOaECbTSTt0MgkzN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRLBNdj2t1VZWV1b36hu1ra2d3b36vsHXR2nirIOjUWs+gHRTHDJOsBBsH6iGIkCwXrB5Kbwew9MaR7Le5gmzIvISPKQUwJG8utH7phA5kYExkGYkTz3M8j9esNu2jPgZeKUpIFKtP36lzuMaRoxCVQQrQeOnYCXEQWcCpbX3FSzhNAJGbGBoZJETHvZLH2OT40yxGGszJOAZ+rvjYxEWk+jwEwWMfWiV4j/eYMUwisv4zJJgUk6PxSmAkOMiyrwkCtGQUwNIVRxkxXTMVGEgimsZkpwFr+8TLrnTcduOncXjdZ1WUcVHaMTdIYcdIla6Ba1UQdR9Iie0St6s56sF+vd+piPVqxy5xD9gfX5A5zLlfY=</latexit><latexit sha1_base64="WoAvLoWtKRXqTdHFFOgTAg9w1vE=">AAAB/XicbVDLSsNAFJ3UV62v+ti5GSyCq5KIoMuiG5cV7AOaECbTSTt0MgkzN0INwV9x40IRt/6HO//GSZuFth4YOJxzL/fMCRLBNdj2t1VZWV1b36hu1ra2d3b36vsHXR2nirIOjUWs+gHRTHDJOsBBsH6iGIkCwXrB5Kbwew9MaR7Le5gmzIvISPKQUwJG8utH7phA5kYExkGYkTz3M8j9esNu2jPgZeKUpIFKtP36lzuMaRoxCVQQrQeOnYCXEQWcCpbX3FSzhNAJGbGBoZJETHvZLH2OT40yxGGszJOAZ+rvjYxEWk+jwEwWMfWiV4j/eYMUwisv4zJJgUk6PxSmAkOMiyrwkCtGQUwNIVRxkxXTMVGEgimsZkpwFr+8TLrnTcduOncXjdZ1WUcVHaMTdIYcdIla6Ba1UQdR9Iie0St6s56sF+vd+piPVqxy5xD9gfX5A5zLlfY=</latexit>

ŝt+1
<latexit sha1_base64="x+DdGn3It94yFq3oTfZRxqEisUY=">AAAB/3icbVBNS8NAFNzUr1q/ooIXL4tFEISSiKDHohePFWwtNKFstpt26WYTdl+EEnPwr3jxoIhX/4Y3/42bNgdtHVgYZt7jzU6QCK7Bcb6tytLyyupadb22sbm1vWPv7nV0nCrK2jQWseoGRDPBJWsDB8G6iWIkCgS7D8bXhX//wJTmsbyDScL8iAwlDzklYKS+feCNCGReRGAUhJnO834Gp27et+tOw5kCLxK3JHVUotW3v7xBTNOISaCCaN1znQT8jCjgVLC85qWaJYSOyZD1DJUkYtrPpvlzfGyUAQ5jZZ4EPFV/b2Qk0noSBWayCKrnvUL8z+ulEF76GZdJCkzS2aEwFRhiXJSBB1wxCmJiCKGKm6yYjogiFExlNVOCO//lRdI5a7hOw709rzevyjqq6BAdoRPkogvURDeohdqIokf0jF7Rm/VkvVjv1sdstGKVO/voD6zPH58Jlng=</latexit><latexit sha1_base64="x+DdGn3It94yFq3oTfZRxqEisUY=">AAAB/3icbVBNS8NAFNzUr1q/ooIXL4tFEISSiKDHohePFWwtNKFstpt26WYTdl+EEnPwr3jxoIhX/4Y3/42bNgdtHVgYZt7jzU6QCK7Bcb6tytLyyupadb22sbm1vWPv7nV0nCrK2jQWseoGRDPBJWsDB8G6iWIkCgS7D8bXhX//wJTmsbyDScL8iAwlDzklYKS+feCNCGReRGAUhJnO834Gp27et+tOw5kCLxK3JHVUotW3v7xBTNOISaCCaN1znQT8jCjgVLC85qWaJYSOyZD1DJUkYtrPpvlzfGyUAQ5jZZ4EPFV/b2Qk0noSBWayCKrnvUL8z+ulEF76GZdJCkzS2aEwFRhiXJSBB1wxCmJiCKGKm6yYjogiFExlNVOCO//lRdI5a7hOw709rzevyjqq6BAdoRPkogvURDeohdqIokf0jF7Rm/VkvVjv1sdstGKVO/voD6zPH58Jlng=</latexit><latexit sha1_base64="x+DdGn3It94yFq3oTfZRxqEisUY=">AAAB/3icbVBNS8NAFNzUr1q/ooIXL4tFEISSiKDHohePFWwtNKFstpt26WYTdl+EEnPwr3jxoIhX/4Y3/42bNgdtHVgYZt7jzU6QCK7Bcb6tytLyyupadb22sbm1vWPv7nV0nCrK2jQWseoGRDPBJWsDB8G6iWIkCgS7D8bXhX//wJTmsbyDScL8iAwlDzklYKS+feCNCGReRGAUhJnO834Gp27et+tOw5kCLxK3JHVUotW3v7xBTNOISaCCaN1znQT8jCjgVLC85qWaJYSOyZD1DJUkYtrPpvlzfGyUAQ5jZZ4EPFV/b2Qk0noSBWayCKrnvUL8z+ulEF76GZdJCkzS2aEwFRhiXJSBB1wxCmJiCKGKm6yYjogiFExlNVOCO//lRdI5a7hOw709rzevyjqq6BAdoRPkogvURDeohdqIokf0jF7Rm/VkvVjv1sdstGKVO/voD6zPH58Jlng=</latexit><latexit sha1_base64="x+DdGn3It94yFq3oTfZRxqEisUY=">AAAB/3icbVBNS8NAFNzUr1q/ooIXL4tFEISSiKDHohePFWwtNKFstpt26WYTdl+EEnPwr3jxoIhX/4Y3/42bNgdtHVgYZt7jzU6QCK7Bcb6tytLyyupadb22sbm1vWPv7nV0nCrK2jQWseoGRDPBJWsDB8G6iWIkCgS7D8bXhX//wJTmsbyDScL8iAwlDzklYKS+feCNCGReRGAUhJnO834Gp27et+tOw5kCLxK3JHVUotW3v7xBTNOISaCCaN1znQT8jCjgVLC85qWaJYSOyZD1DJUkYtrPpvlzfGyUAQ5jZZ4EPFV/b2Qk0noSBWayCKrnvUL8z+ulEF76GZdJCkzS2aEwFRhiXJSBB1wxCmJiCKGKm6yYjogiFExlNVOCO//lRdI5a7hOw709rzevyjqq6BAdoRPkogvURDeohdqIokf0jF7Rm/VkvVjv1sdstGKVO/voD6zPH58Jlng=</latexit>

loss(✓Pĵ
) =

1

NP

NPX

t=1


r̂t + �min

ĵ=1,2
QP [ŝt+1, µ(ŝt+1|✓�

µ ) +N�|✓�
Pĵ
]�QP (ŝt, ât|✓Pĵ

)

�2

<latexit sha1_base64="PCqPd5Q49wNtMt9npBCwaOybJ90="></latexit><latexit sha1_base64="PCqPd5Q49wNtMt9npBCwaOybJ90="></latexit><latexit sha1_base64="PCqPd5Q49wNtMt9npBCwaOybJ90="></latexit><latexit sha1_base64="PCqPd5Q49wNtMt9npBCwaOybJ90="></latexit>

QP [ŝt+1, µ(ŝt+1|✓�
µ ) +N�|✓�

P1
]

<latexit sha1_base64="fjeu/xAXCimFADquzY6uME9wvr0="></latexit><latexit sha1_base64="fjeu/xAXCimFADquzY6uME9wvr0="></latexit><latexit sha1_base64="fjeu/xAXCimFADquzY6uME9wvr0="></latexit><latexit sha1_base64="fjeu/xAXCimFADquzY6uME9wvr0="></latexit>

QP [ŝt+1, µ(ŝt+1|✓�
µ ) +N�|✓�

P2
]

<latexit sha1_base64="jxFjSoH85JJrbDuwrJyBqtUWADM="></latexit><latexit sha1_base64="jxFjSoH85JJrbDuwrJyBqtUWADM="></latexit><latexit sha1_base64="jxFjSoH85JJrbDuwrJyBqtUWADM="></latexit><latexit sha1_base64="jxFjSoH85JJrbDuwrJyBqtUWADM="></latexit>

µ(ŝt+1|✓�
µ )

<latexit sha1_base64="9i5r9elGig05nd5YaD4YYrvCboE="></latexit><latexit sha1_base64="9i5r9elGig05nd5YaD4YYrvCboE="></latexit><latexit sha1_base64="9i5r9elGig05nd5YaD4YYrvCboE="></latexit><latexit sha1_base64="9i5r9elGig05nd5YaD4YYrvCboE="></latexit>

B̆ai
o

<latexit sha1_base64="+p4E5kTUFPD1gPw2rYE35yBXjDU=">AAACEXicbVC7SgNBFL0bXzG+Vi1tlgQhVdi10TLExjKCeUCyhtnJ3WTI7IOZ2UBY9hds/BUbC0Vs7ewECz/FSTaFRg8MnDnnXu69x4s5k8q2P4zC2vrG5lZxu7Szu7d/YB4etWWUCIotGvFIdD0ikbMQW4opjt1YIAk8jh1vcjn3O1MUkkXhjZrF6AZkFDKfUaK0NDCrfU/gFNN+QNSYEp42smyQRtltrnh+SvSfadGs2DV7AesvcZakUi9XP78AoDkw3/vDiCYBhopyImXPsWPlpkQoRjlmpX4iMSZ0QkbY0zQkAUo3XVyUWadaGVp+JPQLlbVQf3akJJByFni6cr6mXPXm4n9eL1H+hZuyME4UhjQf5CfcUpE1j8caMoFU8ZkmhAqmd7XomAhClQ6xpENwVk/+S9pnNceuOddOpd6AHEU4gTJUwYFzqMMVNKEFFO7gAZ7g2bg3Ho0X4zUvLRjLnmP4BePtGzCzoVk=</latexit><latexit sha1_base64="swknvwa/Q5vbOUQXUoiZKquzT+Q=">AAACEXicbVC7TsNAEDyHVwgvAyWNlQgpVWTThDIKDWWQyEOKTXS+rJNTzg/dnSNFln+BhpLfoKEAITpER4fgYzjHKSBhpJPmZna1u+NGjAppmp9aYW19Y3OruF3a2d3bP9APjzoijDmBNglZyHsuFsBoAG1JJYNexAH7LoOuO7nI/O4UuKBhcC1nETg+HgXUowRLJQ30qu1ymEJi+1iOCWZJM00HSZje5IrrJVj9qRL1ilkz5zBWibUglUa5+v1Vf7tvDfQPexiS2IdAEoaF6FtmJJ0Ec0kJg7RkxwIiTCZ4BH1FA+yDcJL5RalxqpSh4YVcvUAac/V3R4J9IWa+qyqzNcWyl4n/ef1YeudOQoMolhCQfJAXM0OGRhaPMaQciGQzRTDhVO1qkDHmmEgVYkmFYC2fvEo6ZzXLrFlXVqXRRDmK6ASVURVZqI4a6BK1UBsRdIse0BN61u60R+1Fe81LC9qi5xj9gfb+A07Hou8=</latexit><latexit sha1_base64="swknvwa/Q5vbOUQXUoiZKquzT+Q=">AAACEXicbVC7TsNAEDyHVwgvAyWNlQgpVWTThDIKDWWQyEOKTXS+rJNTzg/dnSNFln+BhpLfoKEAITpER4fgYzjHKSBhpJPmZna1u+NGjAppmp9aYW19Y3OruF3a2d3bP9APjzoijDmBNglZyHsuFsBoAG1JJYNexAH7LoOuO7nI/O4UuKBhcC1nETg+HgXUowRLJQ30qu1ymEJi+1iOCWZJM00HSZje5IrrJVj9qRL1ilkz5zBWibUglUa5+v1Vf7tvDfQPexiS2IdAEoaF6FtmJJ0Ec0kJg7RkxwIiTCZ4BH1FA+yDcJL5RalxqpSh4YVcvUAac/V3R4J9IWa+qyqzNcWyl4n/ef1YeudOQoMolhCQfJAXM0OGRhaPMaQciGQzRTDhVO1qkDHmmEgVYkmFYC2fvEo6ZzXLrFlXVqXRRDmK6ASVURVZqI4a6BK1UBsRdIse0BN61u60R+1Fe81LC9qi5xj9gfb+A07Hou8=</latexit><latexit sha1_base64="3rsSrTZjKPkw2MzOWlNeHbZd0EY=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqVCUsMFZlYSwSfUhNqRz3prXqxJHtVKqi/AILv8LCAEKsbGz8DU6bAVqOZOn4nHt17z1+zJnSjvNtlTY2t7Z3yruVvf2DwyP7+KSjRCIptKngQvZ8ooCzCNqaaQ69WAIJfQ5df3qT+90ZSMVEdK/nMQxCMo5YwCjRRhraNc+XMIPUC4meUMLTZpYNU5E9LBU/SIn5MyPaVafuLIDXiVuQKirQGtpf3kjQJIRIU06U6rtOrAcpkZpRDlnFSxTEhE7JGPqGRiQENUgXF2X4wigjHAhpXqTxQv3dkZJQqXnom8p8TbXq5eJ/Xj/RwfUgZVGcaIjoclCQcKwFzuPBIyaBaj43hFDJzK6YTogkVJsQKyYEd/XkddK5rLtO3b1zq41mEUcZnaFzVEMuukINdItaqI0oekTP6BW9WU/Wi/VufSxLS1bRc4r+wPr8AR/knxM=</latexit>

Pick a BS from , then check the corresponding pathloss type and initialize the inner environment

r✓P1
loss(✓P1)

<latexit sha1_base64="xoihsUttJvlF2q/XIOlAWKMTdHQ=">AAACLnicfVBNS8NAEN34bf2qevQSLIJeSiKCHosieKxgW6EJYbLZ2sXNbtidCCXkF3nxr+hBUBGv/gy3tQdtxYFlH++9YWZenAlu0PNenJnZufmFxaXlysrq2vpGdXOrbVSuKWtRJZS+jsEwwSVrIUfBrjPNII0F68S3Z0O9c8e04Upe4SBjYQo3kvc4BbRUVD0PJMQCoiKIlUjMILVfEWCfIZRR0YwKvyxLoYzZ/8dwEFVrXt0blTsN/DGokXE1o+pTkCiap0wiFWBM1/cyDAvQyKlgZSXIDcuA3sIN61ooIWUmLEbnlu6eZRK3p7R9Et0R+7OjgNQMF7XOFLBvJrUh+ZfWzbF3EhZcZjkySb8H9XLhonKH2bkJ14yiGFgAVHO7q0v7oIGiTbhiQ/AnT54G7cO679X9y6Na43QcxxLZIbtkn/jkmDTIBWmSFqHknjySV/LmPDjPzrvz8W2dccY92+RXOZ9f66+reA==</latexit><latexit sha1_base64="xoihsUttJvlF2q/XIOlAWKMTdHQ=">AAACLnicfVBNS8NAEN34bf2qevQSLIJeSiKCHosieKxgW6EJYbLZ2sXNbtidCCXkF3nxr+hBUBGv/gy3tQdtxYFlH++9YWZenAlu0PNenJnZufmFxaXlysrq2vpGdXOrbVSuKWtRJZS+jsEwwSVrIUfBrjPNII0F68S3Z0O9c8e04Upe4SBjYQo3kvc4BbRUVD0PJMQCoiKIlUjMILVfEWCfIZRR0YwKvyxLoYzZ/8dwEFVrXt0blTsN/DGokXE1o+pTkCiap0wiFWBM1/cyDAvQyKlgZSXIDcuA3sIN61ooIWUmLEbnlu6eZRK3p7R9Et0R+7OjgNQMF7XOFLBvJrUh+ZfWzbF3EhZcZjkySb8H9XLhonKH2bkJ14yiGFgAVHO7q0v7oIGiTbhiQ/AnT54G7cO679X9y6Na43QcxxLZIbtkn/jkmDTIBWmSFqHknjySV/LmPDjPzrvz8W2dccY92+RXOZ9f66+reA==</latexit><latexit sha1_base64="xoihsUttJvlF2q/XIOlAWKMTdHQ=">AAACLnicfVBNS8NAEN34bf2qevQSLIJeSiKCHosieKxgW6EJYbLZ2sXNbtidCCXkF3nxr+hBUBGv/gy3tQdtxYFlH++9YWZenAlu0PNenJnZufmFxaXlysrq2vpGdXOrbVSuKWtRJZS+jsEwwSVrIUfBrjPNII0F68S3Z0O9c8e04Upe4SBjYQo3kvc4BbRUVD0PJMQCoiKIlUjMILVfEWCfIZRR0YwKvyxLoYzZ/8dwEFVrXt0blTsN/DGokXE1o+pTkCiap0wiFWBM1/cyDAvQyKlgZSXIDcuA3sIN61ooIWUmLEbnlu6eZRK3p7R9Et0R+7OjgNQMF7XOFLBvJrUh+ZfWzbF3EhZcZjkySb8H9XLhonKH2bkJ14yiGFgAVHO7q0v7oIGiTbhiQ/AnT54G7cO679X9y6Na43QcxxLZIbtkn/jkmDTIBWmSFqHknjySV/LmPDjPzrvz8W2dccY92+RXOZ9f66+reA==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="3O5xIlrmQ1iHHTUvDR9/5i5+jjE=">AAACI3icfVBNS8NAEJ34bf2qXr0Ei1AvJfGiR0EEjxWsLTQlTLZbu7jZDbsToYT8Ii/+FT0IKuJfcftxUCs+GObx3iw785JMCktB8OotLC4tr6yurVc2Nre2d6q7mzdW54bxFtNSm06ClkuheIsESd7JDMc0kbyd3J2P/fY9N1ZodU2jjPdSvFViIBiSk+LqRaQwkRgXUaJl345S14qIhpywjItmXIRlWUptbf2fgaO4WgsawQT+PAlnpAYzNOPqc9TXLE+5IibR2m4YZNQr0JBgkpeVKLc8Q3aHt7zrqMKU214xObf0D53S9wfauFLkT9TvLwpM7XhRN5kiDe1vbyz+5XVzGpz2CqGynLhi048GufRJ++Ps/L4wnJEcOYLMCLerz4ZokJFLuOJCCH+fPE9ujhth0AivAliDfTiAOoRwAmdwCU1oAYMHeII3ePcevRfvYxrXgjfLbQ9+wPv8ApQ6qd8=</latexit><latexit sha1_base64="3O5xIlrmQ1iHHTUvDR9/5i5+jjE=">AAACI3icfVBNS8NAEJ34bf2qXr0Ei1AvJfGiR0EEjxWsLTQlTLZbu7jZDbsToYT8Ii/+FT0IKuJfcftxUCs+GObx3iw785JMCktB8OotLC4tr6yurVc2Nre2d6q7mzdW54bxFtNSm06ClkuheIsESd7JDMc0kbyd3J2P/fY9N1ZodU2jjPdSvFViIBiSk+LqRaQwkRgXUaJl345S14qIhpywjItmXIRlWUptbf2fgaO4WgsawQT+PAlnpAYzNOPqc9TXLE+5IibR2m4YZNQr0JBgkpeVKLc8Q3aHt7zrqMKU214xObf0D53S9wfauFLkT9TvLwpM7XhRN5kiDe1vbyz+5XVzGpz2CqGynLhi048GufRJ++Ps/L4wnJEcOYLMCLerz4ZokJFLuOJCCH+fPE9ujhth0AivAliDfTiAOoRwAmdwCU1oAYMHeII3ePcevRfvYxrXgjfLbQ9+wPv8ApQ6qd8=</latexit><latexit sha1_base64="9EQRV1TEaKgeFzyoMEbqjr3XU34=">AAACLnicfVDLSgNBEJyNrxhfUY9eFoMQL2HXix6DIniMYB6QDUvvZGKGzM4sM71CWPaLvPgrehBUxKuf4eRxUCM2DFNUVdPdFSWCG/S8F6ewtLyyulZcL21sbm3vlHf3WkalmrImVULpTgSGCS5ZEzkK1kk0gzgSrB2NLiZ6+45pw5W8wXHCejHcSj7gFNBSYfkykBAJCLMgUqJvxrH9sgCHDCEPs0aY+XmeC2VM9R/DcViueDVvWu4i8OegQubVCMtPQV/RNGYSqQBjur6XYC8DjZwKlpeC1LAE6AhuWddCCTEzvWx6bu4eWabvDpS2T6I7Zb93ZBCbyaLWGQMOzW9tQv6ldVMcnPUyLpMUmaSzQYNUuKjcSXZun2tGUYwtAKq53dWlQ9BA0SZcsiH4v09eBK2Tmu/V/GuvUj+fx1EkB+SQVIlPTkmdXJEGaRJK7skjeSVvzoPz7Lw7HzNrwZn37JMf5Xx+Aepvq3Q=</latexit><latexit sha1_base64="xoihsUttJvlF2q/XIOlAWKMTdHQ=">AAACLnicfVBNS8NAEN34bf2qevQSLIJeSiKCHosieKxgW6EJYbLZ2sXNbtidCCXkF3nxr+hBUBGv/gy3tQdtxYFlH++9YWZenAlu0PNenJnZufmFxaXlysrq2vpGdXOrbVSuKWtRJZS+jsEwwSVrIUfBrjPNII0F68S3Z0O9c8e04Upe4SBjYQo3kvc4BbRUVD0PJMQCoiKIlUjMILVfEWCfIZRR0YwKvyxLoYzZ/8dwEFVrXt0blTsN/DGokXE1o+pTkCiap0wiFWBM1/cyDAvQyKlgZSXIDcuA3sIN61ooIWUmLEbnlu6eZRK3p7R9Et0R+7OjgNQMF7XOFLBvJrUh+ZfWzbF3EhZcZjkySb8H9XLhonKH2bkJ14yiGFgAVHO7q0v7oIGiTbhiQ/AnT54G7cO679X9y6Na43QcxxLZIbtkn/jkmDTIBWmSFqHknjySV/LmPDjPzrvz8W2dccY92+RXOZ9f66+reA==</latexit><latexit sha1_base64="xoihsUttJvlF2q/XIOlAWKMTdHQ=">AAACLnicfVBNS8NAEN34bf2qevQSLIJeSiKCHosieKxgW6EJYbLZ2sXNbtidCCXkF3nxr+hBUBGv/gy3tQdtxYFlH++9YWZenAlu0PNenJnZufmFxaXlysrq2vpGdXOrbVSuKWtRJZS+jsEwwSVrIUfBrjPNII0F68S3Z0O9c8e04Upe4SBjYQo3kvc4BbRUVD0PJMQCoiKIlUjMILVfEWCfIZRR0YwKvyxLoYzZ/8dwEFVrXt0blTsN/DGokXE1o+pTkCiap0wiFWBM1/cyDAvQyKlgZSXIDcuA3sIN61ooIWUmLEbnlu6eZRK3p7R9Et0R+7OjgNQMF7XOFLBvJrUh+ZfWzbF3EhZcZjkySb8H9XLhonKH2bkJ14yiGFgAVHO7q0v7oIGiTbhiQ/AnT54G7cO679X9y6Na43QcxxLZIbtkn/jkmDTIBWmSFqHknjySV/LmPDjPzrvz8W2dccY92+RXOZ9f66+reA==</latexit><latexit sha1_base64="xoihsUttJvlF2q/XIOlAWKMTdHQ=">AAACLnicfVBNS8NAEN34bf2qevQSLIJeSiKCHosieKxgW6EJYbLZ2sXNbtidCCXkF3nxr+hBUBGv/gy3tQdtxYFlH++9YWZenAlu0PNenJnZufmFxaXlysrq2vpGdXOrbVSuKWtRJZS+jsEwwSVrIUfBrjPNII0F68S3Z0O9c8e04Upe4SBjYQo3kvc4BbRUVD0PJMQCoiKIlUjMILVfEWCfIZRR0YwKvyxLoYzZ/8dwEFVrXt0blTsN/DGokXE1o+pTkCiap0wiFWBM1/cyDAvQyKlgZSXIDcuA3sIN61ooIWUmLEbnlu6eZRK3p7R9Et0R+7OjgNQMF7XOFLBvJrUh+ZfWzbF3EhZcZjkySb8H9XLhonKH2bkJ14yiGFgAVHO7q0v7oIGiTbhiQ/AnT54G7cO679X9y6Na43QcxxLZIbtkn/jkmDTIBWmSFqHknjySV/LmPDjPzrvz8W2dccY92+RXOZ9f66+reA==</latexit><latexit sha1_base64="xoihsUttJvlF2q/XIOlAWKMTdHQ=">AAACLnicfVBNS8NAEN34bf2qevQSLIJeSiKCHosieKxgW6EJYbLZ2sXNbtidCCXkF3nxr+hBUBGv/gy3tQdtxYFlH++9YWZenAlu0PNenJnZufmFxaXlysrq2vpGdXOrbVSuKWtRJZS+jsEwwSVrIUfBrjPNII0F68S3Z0O9c8e04Upe4SBjYQo3kvc4BbRUVD0PJMQCoiKIlUjMILVfEWCfIZRR0YwKvyxLoYzZ/8dwEFVrXt0blTsN/DGokXE1o+pTkCiap0wiFWBM1/cyDAvQyKlgZSXIDcuA3sIN61ooIWUmLEbnlu6eZRK3p7R9Et0R+7OjgNQMF7XOFLBvJrUh+ZfWzbF3EhZcZjkySb8H9XLhonKH2bkJ14yiGFgAVHO7q0v7oIGiTbhiQ/AnT54G7cO679X9y6Na43QcxxLZIbtkn/jkmDTIBWmSFqHknjySV/LmPDjPzrvz8W2dccY92+RXOZ9f66+reA==</latexit><latexit sha1_base64="xoihsUttJvlF2q/XIOlAWKMTdHQ=">AAACLnicfVBNS8NAEN34bf2qevQSLIJeSiKCHosieKxgW6EJYbLZ2sXNbtidCCXkF3nxr+hBUBGv/gy3tQdtxYFlH++9YWZenAlu0PNenJnZufmFxaXlysrq2vpGdXOrbVSuKWtRJZS+jsEwwSVrIUfBrjPNII0F68S3Z0O9c8e04Upe4SBjYQo3kvc4BbRUVD0PJMQCoiKIlUjMILVfEWCfIZRR0YwKvyxLoYzZ/8dwEFVrXt0blTsN/DGokXE1o+pTkCiap0wiFWBM1/cyDAvQyKlgZSXIDcuA3sIN61ooIWUmLEbnlu6eZRK3p7R9Et0R+7OjgNQMF7XOFLBvJrUh+ZfWzbF3EhZcZjkySb8H9XLhonKH2bkJ14yiGFgAVHO7q0v7oIGiTbhiQ/AnT54G7cO679X9y6Na43QcxxLZIbtkn/jkmDTIBWmSFqHknjySV/LmPDjPzrvz8W2dccY92+RXOZ9f66+reA==</latexit><latexit sha1_base64="xoihsUttJvlF2q/XIOlAWKMTdHQ=">AAACLnicfVBNS8NAEN34bf2qevQSLIJeSiKCHosieKxgW6EJYbLZ2sXNbtidCCXkF3nxr+hBUBGv/gy3tQdtxYFlH++9YWZenAlu0PNenJnZufmFxaXlysrq2vpGdXOrbVSuKWtRJZS+jsEwwSVrIUfBrjPNII0F68S3Z0O9c8e04Upe4SBjYQo3kvc4BbRUVD0PJMQCoiKIlUjMILVfEWCfIZRR0YwKvyxLoYzZ/8dwEFVrXt0blTsN/DGokXE1o+pTkCiap0wiFWBM1/cyDAvQyKlgZSXIDcuA3sIN61ooIWUmLEbnlu6eZRK3p7R9Et0R+7OjgNQMF7XOFLBvJrUh+ZfWzbF3EhZcZjkySb8H9XLhonKH2bkJ14yiGFgAVHO7q0v7oIGiTbhiQ/AnT54G7cO679X9y6Na43QcxxLZIbtkn/jkmDTIBWmSFqHknjySV/LmPDjPzrvz8W2dccY92+RXOZ9f66+reA==</latexit>

r
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<latexit sha1_base64="mNRljYpp98hvnkGkws85n+BqQG0=">AAACLnicfVBNS8NAEN34bf2KevQSLIJeSiKCHosieKxgW6EJYbLd2sXNbtidCCXkF3nxr+hBUBGv/gy3tQdtxYFlH++9YWZekglu0PdfnJnZufmFxaXlysrq2vqGu7nVMirXlDWpEkpfJ2CY4JI1kaNg15lmkCaCtZPbs6HevmPacCWvcJCxKIUbyXucAloqds9DCYmAuAgTJbpmkNqvCLHPEMq4aMTFYVmWQhmz/4/hIHarfs0flTcNgjGoknE1Yvcp7Cqap0wiFWBMJ/AzjArQyKlgZSXMDcuA3sIN61goIWUmKkbnlt6eZbpeT2n7JHoj9mdHAakZLmqdKWDfTGpD8i+tk2PvJCq4zHJkkn4P6uXCQ+UNs/O6XDOKYmABUM3trh7tgwaKNuGKDSGYPHkatA5rgV8LLo+q9dNxHEtkh+ySfRKQY1InF6RBmoSSe/JIXsmb8+A8O+/Ox7d1xhn3bJNf5Xx+Ae7eq3o=</latexit><latexit sha1_base64="mNRljYpp98hvnkGkws85n+BqQG0=">AAACLnicfVBNS8NAEN34bf2KevQSLIJeSiKCHosieKxgW6EJYbLd2sXNbtidCCXkF3nxr+hBUBGv/gy3tQdtxYFlH++9YWZekglu0PdfnJnZufmFxaXlysrq2vqGu7nVMirXlDWpEkpfJ2CY4JI1kaNg15lmkCaCtZPbs6HevmPacCWvcJCxKIUbyXucAloqds9DCYmAuAgTJbpmkNqvCLHPEMq4aMTFYVmWQhmz/4/hIHarfs0flTcNgjGoknE1Yvcp7Cqap0wiFWBMJ/AzjArQyKlgZSXMDcuA3sIN61goIWUmKkbnlt6eZbpeT2n7JHoj9mdHAakZLmqdKWDfTGpD8i+tk2PvJCq4zHJkkn4P6uXCQ+UNs/O6XDOKYmABUM3trh7tgwaKNuGKDSGYPHkatA5rgV8LLo+q9dNxHEtkh+ySfRKQY1InF6RBmoSSe/JIXsmb8+A8O+/Ox7d1xhn3bJNf5Xx+Ae7eq3o=</latexit><latexit sha1_base64="mNRljYpp98hvnkGkws85n+BqQG0=">AAACLnicfVBNS8NAEN34bf2KevQSLIJeSiKCHosieKxgW6EJYbLd2sXNbtidCCXkF3nxr+hBUBGv/gy3tQdtxYFlH++9YWZekglu0PdfnJnZufmFxaXlysrq2vqGu7nVMirXlDWpEkpfJ2CY4JI1kaNg15lmkCaCtZPbs6HevmPacCWvcJCxKIUbyXucAloqds9DCYmAuAgTJbpmkNqvCLHPEMq4aMTFYVmWQhmz/4/hIHarfs0flTcNgjGoknE1Yvcp7Cqap0wiFWBMJ/AzjArQyKlgZSXMDcuA3sIN61goIWUmKkbnlt6eZbpeT2n7JHoj9mdHAakZLmqdKWDfTGpD8i+tk2PvJCq4zHJkkn4P6uXCQ+UNs/O6XDOKYmABUM3trh7tgwaKNuGKDSGYPHkatA5rgV8LLo+q9dNxHEtkh+ySfRKQY1InF6RBmoSSe/JIXsmb8+A8O+/Ox7d1xhn3bJNf5Xx+Ae7eq3o=</latexit><latexit sha1_base64="mNRljYpp98hvnkGkws85n+BqQG0=">AAACLnicfVBNS8NAEN34bf2KevQSLIJeSiKCHosieKxgW6EJYbLd2sXNbtidCCXkF3nxr+hBUBGv/gy3tQdtxYFlH++9YWZekglu0PdfnJnZufmFxaXlysrq2vqGu7nVMirXlDWpEkpfJ2CY4JI1kaNg15lmkCaCtZPbs6HevmPacCWvcJCxKIUbyXucAloqds9DCYmAuAgTJbpmkNqvCLHPEMq4aMTFYVmWQhmz/4/hIHarfs0flTcNgjGoknE1Yvcp7Cqap0wiFWBMJ/AzjArQyKlgZSXMDcuA3sIN61goIWUmKkbnlt6eZbpeT2n7JHoj9mdHAakZLmqdKWDfTGpD8i+tk2PvJCq4zHJkkn4P6uXCQ+UNs/O6XDOKYmABUM3trh7tgwaKNuGKDSGYPHkatA5rgV8LLo+q9dNxHEtkh+ySfRKQY1InF6RBmoSSe/JIXsmb8+A8O+/Ox7d1xhn3bJNf5Xx+Ae7eq3o=</latexit>

Fig. 3.6 Workflow of the hybrid D3QN-TD3 solution
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Algorithm 3.1: The proposed hybrid D3QN-TD3 solution
1 Initialization: Initialize randomly the D3QN network 𝑄𝐷3(𝑠, 𝑎|𝜃𝐷3) and its

target network 𝑄𝐷3(𝑠, 𝑎|𝜃−
𝐷3), with 𝜃−

𝐷3 ← 𝜃𝐷3. Initialize randomly the TD3
network, including the actor network 𝜇(𝑠|𝜃𝜇), the twin critic networks
𝑄𝑃 (𝑠, 𝑎|𝜃𝑃 ̂𝑗

), the target actor network 𝜇(𝑠|𝜃−
𝜇 ) and the twin target critic

networks 𝑄𝑃 (𝑠, 𝑎|𝜃−
𝑃 ̂𝑗

), with 𝜃−
𝜇 ← 𝜃𝜇 and 𝜃−

𝑃 ̂𝑗
← 𝜃𝑃 ̂𝑗

. Initialize the D3QN
replay buffer R with capacity D̀ and the TD3 replay buffer R̂ with capacity D́;

2 for 𝑒𝑝𝑖𝑠𝑜𝑑𝑒 = [1, 𝑒𝑝𝑖] do
3 Initialize the outer environment and reset the UAV’s location to 𝑞𝑢(0);
4 for 𝑖 = [1, 𝑒𝑝𝑜𝑜𝑢𝑡𝑒𝑟] do
5 Observe the outer state s𝑖;
6 Select the outer action a𝑖, observe the available set ̆ℬa𝑖

𝑜 and the occupied
set ℬa𝑖

𝑜 ;
7 Randomly select a BS ̆𝑏 ∈ ̆ℬa𝑖

𝑜 and check the corresponding type of
pathloss, i.e., LoS or NLoS, then initialize the inner environment;

8 for 𝑗 = [1, 𝑒𝑝𝑜𝑖𝑛𝑛𝑒𝑟] do
9 Observe the inner state ̂s𝑗 ;
10 Select and execute the inner action â𝑗 , then observe the next inner

state ̂s𝑗+1 and calculate the corresponding inner reward ̂r𝑗 ;
11 Store transition ( ̂s𝑗 , â𝑗 , ̂s𝑗+1, ̂r𝑗) into R̂;
12 Sample a mini-batch of 𝑁𝑃 transitions from R̂, then update the twin

critic networks 𝑄𝑃 (𝑠, 𝑎|𝜃𝑃 ̂𝑗
) via gradient descent method in (3.21);

13 Every 𝑁𝑝𝑢𝑑 times the twin critics are trained, update the actor
network 𝜇(𝑠|𝜃𝜇) via gradient ascent approach in (3.26), and update
the target networks 𝑄𝑃 (𝑠, 𝑎|𝜃−

𝑃 ̂𝑗
) and 𝜇(𝑠|𝜃−

𝜇 ), following the Polyak
averaging rule in (3.27) and (3.28), respectively;

14 end
15 Execute the outer action a𝑖, then observe the next outer state s𝑖+1 and

calculate the outer reward r𝑖;
16 Store transition (s𝑖, a𝑖, s𝑖+1, r𝑖) into R;
17 Sample a mini-batch of 𝑁𝐷3 transitions from R, then update the D3QN

network 𝑄𝐷3(𝑠, 𝑎|𝜃𝐷3) via gradient descent method in (3.16);
18 Update the D3QN target network 𝑄𝐷3(𝑠, 𝑎|𝜃−

𝐷3) every Υ𝐷3 steps, i.e.,
𝜃−

𝐷3 ← 𝜃𝐷3;
19 end
20 Update 𝜖 ← 𝜖 × 𝑑𝑒𝑐𝜖 and 𝜎2

𝑃 ← 𝜎2
𝑃 × 𝑑𝑒𝑐𝜎;

21 end
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Complexity Analysis and Justification of the Proposed D3QN-TD3 Algorithm

C2

…

…

High-Speed
Fronthaul Links

Clusters of Antennas

DUE

B2D Downlink
Channels

BS 1 …

BS 2 …

BS 3 …

BS 4 …

BS 5 …
BS B …
BS B-1 …

…

Occupied BS Potential BS Available BS

Fig. 3.7 An example illustrating offline exploitation of hybrid D3QN-TD3 solution

The proposed D3QN-TD3 method is genuinely an online-centralized-learning-and-

offline-decentralized-execution algorithm, for realizing its efficient implementation with-

out introducing heavy burden of computations or unbearable delays and overheads of in-

formation transferring, e.g., imperfect CSIs and designed beamforming vectors between

the C2 and available BSs, during its exploitation for radio resource management. Specif-

ically, the proposed DRL-enabled algorithm is trained in a manner of online and central-

ized learning, aided by stochastic gradient descent/ascent with back-propagation, while

interacting with outer and inner environments. Then, within the phase of offline ex-

ploitation, the trained D3QN agent would remain centralized at the C2, while the trained

TD3 agent would be copied and distributed to be implanted to all the involved BSs, in-

spired by distributed ML frameworks, e.g., federated learning (FL) [132–134]. The C2

would select the optimal RB index for DUE after observing the current RBP map, with

the help of trained D3QN agent. Furthermore, according to Subsection 3.2.1, available

BSs would be appointed by the C2, after which these available BSs would activate their

TD3 agents to perform transmit beamforming. Therefore, D3QN and TD3 components
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carry out a two-step optimization process of RB coordination and beamforming design,

via forward-propagations of the observed RBP map and local imperfect CSI, respectively.

It is well known that, for feedforward neural networks, forward-propagation is much less

computation-hungry than parameter update with back-propagation. For ease of interpret-

ing, Fig. 3.7 shows an example of appointed available BSs, potential BSs, current occupied

BSs and the corresponding B2D downlink transmissions, for selected RB index by the C2.

During the online training phase, overheads rooted in interactions between the pro-

posed D3QN-TD3 method and the environments as well as errors introduced by informa-

tion observing and sharing would be another main source of concern. The outer reward

function (3.15) and inner reward function (3.20) are designed to have nothing to do with

extra environment information, e.g., CSIs and beamforming vectors of occupied BSs and

AWGN variance, but focus on introducing more available BSs and optimizing beamform-

ing performance of the selected available BS, respectively. These setups of reward func-

tions significantly reduce overheads of information acquisitions during online training,

while the aforementioned extra environment information is only used for calculating EOD

for numerical results during offline execution. As the RBP map is genuinely a 2D binary

matrix, it is assumed that the D3QN agent can observe it without errors or delays. Regard-

ing the accuracy of available BS’s CSI, estimation error has been modelled in (3.5), for

enhancing modelling practicality and highlighting the motivation of applying DRL-aided

beamforming design. Thanks to the presence of experience replay buffer, both D3QN and

TD3 are trained as per sampled mini-batch data out of their respective experience replay

buffer, which means that their online trainings are off-policy and they could learn pat-

terns of outer and inner environments from past experiences. Therefore, the TD3 agent

is steered to select one single BS from current set of available BSs, for relieving issues of

overheads and delays of CSI estimation and transfer during online learning stage. Though

each time TD3 agent interacts with only one available BS, with the help of experience re-

play buffer, TD3 agent can still be trained to learn patterns of the inner environment with

sufficient amount of stored transitions.
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Table 3.1 Simulation parameter settings

Parameters Values Parameters Values
Capacities of replay buffers D̀/D́ 100,000/100,000 Given TOP threshold Γ𝑡ℎ 0 dB
Number of episodes 𝑒𝑝𝑖 100 Capacity of ℬ 37
Number of outer epochs 𝑒𝑝𝑜𝑜𝑢𝑡𝑒𝑟 22 Capacity of 𝒦 100
Number of inner epochs 𝑒𝑝𝑜𝑖𝑛𝑛𝑒𝑟 200 Transmit power of each BS 𝑃 15 dBm
Target network update frequency Υ𝐷3 500 Number of antennas at each BS 𝑀 8
Initial exploration parameter 𝜖/𝜎2

𝑃 0.9/1 Tier of ICI 𝑝 1
Exploration annealing rate 𝑑𝑒𝑐𝜖/𝑑𝑒𝑐𝜎 0.93/0.91 Power of AWGN 𝜎2 -90 dBm
Size of mini-batch 𝑁𝐷3/𝑁𝑃 128/128 Carrier frequency 𝑓𝑐 2 GHz
Polyak interpolation factor 𝜏 0.00005 DUE’s Altitude ℎ/BS’s antenna height 𝑧 100 m/25 m
Learning rates 𝛼𝐷3/𝛼𝑃 𝑐/𝛼𝑃 𝑎 0.001/0.002/0.001 SINR measurements 𝜍 1000
Discount factor 𝛾 0.99 Duration of time slot 𝛿𝑢 1.82 s
Nakagami shape factor 𝑚 for LoS/NLoS 3/1 Imperfect B2D CSI correlation factor 𝜌 0.75
Policy update delay factor 𝑁𝑝𝑢𝑑 2 Prior-activation penalty coefficient 𝜅 1
Absolute saturation value of Tanh 𝜉 2.5 Size of CNN’s kernel 𝑘𝑐

1/𝑘
𝑐
2/𝑘

𝑐
3 5/4/3

Number of CNN’s filter 𝑓 𝑐
1 /𝑓

𝑐
2 /𝑓

𝑐
3 32/32/32 Size of CNN’s stride 𝑠𝑐

1/𝑠
𝑐
2/𝑠

𝑐
3 1/1/1
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3.4 Simulation Results

In this section, numerical results will be provided to evaluate the performance of the pro-

posed hybrid D3QN-TD3 solution. An urban subregion specified by [0, 3]×[0, 3]×[0, 0.1]

(in km) is focused, in which local building distribution is generated via one realization of

ITU statistical model as shown in Fig. 3.3. The parameter setting of this statistical model

is in line with Subsection 3.2.2. Note that the generated building distribution remains

stable and unchanged for the entire simulation process, which consents with the practi-

cal scenario in real life. In the considered model, the DUE’s location at each time slot is

observed to determine the LoS/NLoS links via checking potential blockages between the

DUE and the BSs. Note that there are up to 2𝑐𝑎𝑟𝑑(ℬ)×𝑐𝑎𝑟𝑑(𝒦) variants of the RBP map,

which cannot be traversed in simulation or even in practice, due to its Exponential expan-

sion. To generate repetitive simulation results, the total RBP variants are assumed to equal

to the amount of time slots and these RBP variants form the pool of RBP map. For each

interaction between the D3QN agent and the outer environment, the RBP map can only

vary randomly in the range of RBP pool.14 It is a reasonable assumption because these

RBP variants can be recognized as the most likely experienced cases in the considered

cellular network, and the remaining RBP variants are ignored for their rareness.

For ease of implementation and due to the trajectory-independent nature of formulated

radio resource management problem (3.14), the DUE’s initial location and destination are

fixed at 𝑞𝑢(𝐼)=(1, 1, 0.1) km and 𝑞𝑢(𝐷)=(2, 2, 0.1) km, respectively. The given trajectory

is defined as the line between 𝑞𝑢(𝐼) and 𝑞𝑢(𝐷), of which the length is √‖𝑞𝑢(𝐷) − 𝑞𝑢(𝐼)‖2 ≈

1.4 km. Besides, the velocity of DUE is set as 𝑉𝑢 =35 m/s and hence the DUE will spend

𝑇𝑢 =40 s to travel between 𝑞𝑢(𝐼) and 𝑞𝑢(𝐷). Nakagami-𝑚 fading15 is taken as an example
14Please note that no matter how large the RBP pool is, the D3QN agent of proposed solution can still

be trained to reach a satisfactory learning performance, but the training time cost will inevitably become
heavier, i.e., more outer epochs will be involved and more learning episodes are needed.

15In contrast to terrestrial communication scenarios where Rayleigh fading is widely applied to model
small-scale fading, Rician [135, 136] or Nakagami-𝑚 [137] fading is more suitable to track the characteristics
of B2D small-scale fading when LoS pathloss is experienced. For Nakagami-𝑚 fading model, special case
𝑚 = 1 is equivalent to Rayleigh fading while the case with 𝑚 > 1 can be utilized as an alternative of Rician
fading where 𝑚 reflects the strength of LoS component.
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to model the small-scale fading component for B2D channels in this chapter. Besides,

the popularly used Rayleigh fading [119, 138] is applied to model the terrestrial small-

scale fading component and the beamforming vector for terrestrial transmission is set as

�⃗�𝑏𝑔 = ℎ⃗†
𝑏𝑔/||ℎ⃗𝑏𝑔|| for simplicity.16 Unless otherwise mentioned, the simulation parameter

setting is in accordance with Table 3.1.

3.4.1 Construction of DNNs

The proposed hybrid D3QN-TD3 solution is implemented on Python 3.8 with TensorFlow

2.3.1 and Keras. The optimizer minimizing the mean square error (MSE) for all the ap-

plied DNNs is Adam with fixed learning rate. The activation function at each hidden layer

(including each convolutional layer of CNN) is ReLU function, for its simplicity and gen-

erality. Besides, the activation function utilized for both output layers in D3QN and critic

network of TD3 is Linear, while that for actor network of TD3 is Tanh.17

The DNN of D3QN agent is constructed with fully connected feedforward ANN, in

which 3 hidden layers contain 512, 256 and 128 neurons, respectively. The shapes of

CNN’s input and output layer of D3QN are determined by the dimension of RBP map and

the number of possible RBs, i.e., 𝑐𝑎𝑟𝑑(ℬ) × 𝑐𝑎𝑟𝑑(𝒦) and 𝑐𝑎𝑟𝑑(𝒦), respectively. Before

the output layer and after the last hidden layer, there is a duelling layer with 𝑐𝑎𝑟𝑑(𝒦) +

1 neurons, where one neuron reflects the estimation of state-value and the remaining

𝑐𝑎𝑟𝑑(𝒦) neurons track the action advantages for the 𝑐𝑎𝑟𝑑(𝒦) possible actions. After

aggregation, the output layer generates the estimation of the 𝑐𝑎𝑟𝑑(𝒦) state-action values,

as depicted in Fig. 3.4.

Both the twin critic and actor networks’ DNNs in TD3 agent are fully connected feed-

forward ANNs with 3 hidden layers consisting of 512, 256 and 128 neurons. The dimen-
16This chapter focuses on the interference management for cellular-connected UAV networks and the

precoding configuration regarding terrestrial transmissions is not interested. Here, it is assumed that the
occupied BSs simply perform MRT technique for their serving GUEs.

17On the contrary to other popular activation functions, inter alia, ReLU, Softmax or Sigmoid, Tanh does
not lose the degree of freedom to output both positive and negative values, which is of essence for the
design of beamforming vector. Besides, the output of Tanh is bounded within the range of (-1,1), which
may enhance stability and robustness of training process.
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sions of input layer and output layer of the twin critic networks correspond to 2𝑀 + 𝑀 +

2𝑀 and 1, while those of the actor network are 2𝑀 + 𝑀 and 2𝑀 , respectively. This

is because the Nakagami-𝑚 fading component is in form of complex value, which should

be decoupled at the input layers of the critic and actor networks. Besides, 𝑀 additional

neurons should be added into the input layers of the critic and actor networks to help them

identify LoS/NLoS inner environment. To calculate the inner reward function (3.20), the

actor network’s outputs will be reconstructed into complex-value vector with 𝑀 × 1 di-

mension, after which the vector will be normalized to satisfy constraint (3.14c).

Although activation function Tanh is popular and effective, it may suffer from satura-

tion. As depicted in Fig. 3.8, when the input of Tanh locates in the left (right) saturation

region, the corresponding output will unreasonably approach -1 (1), raising gradient van-

ishing issue amid back-propagation of the training process [139]. To tackle this problem,

prior-activation penalty will be posed onto the actor network’s loss function, which can

direct the input of Tanh to remain in the range of unsaturation area. In implementation,

gradient ascent on actor’s expected return (3.26) is accomplished via inverse batch gradi-

ent descent on the estimated Q function of critic 1 network, given by

𝜃𝜇(𝑡 + 1) = 𝜃𝜇(𝑡) − 𝛼𝑃 𝑎∇𝜃𝜇 𝑙𝑜𝑠𝑠(𝜃𝜇), (3.29)

where the mean loss function of actor network is denoted as

𝑙𝑜𝑠𝑠(𝜃𝜇) = − 1
𝑁𝑃

𝑁𝑃

∑
𝑡=1

𝑄𝑃 [ ̂s𝑡, 𝜇( ̂s𝑡|𝜃𝜇)|𝜃𝑃1] . (3.30)

Then, to perform prior-activation penalty trick, the mean loss function of actor network

(3.30) is rewritten as

𝑙𝑜𝑠𝑠(𝜃𝜇) = 1
𝑁𝑃

𝑁𝑃

∑
𝑡=1

{−𝑄𝑃 [ ̂s𝑡, 𝜇( ̂s𝑡|𝜃𝜇)|𝜃𝑃1] +
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, (3.31)

where 𝜅 indicates the coefficient of prior-activation penalty, 𝜉 represents the absolute sat-

uration value of Tanh activation function, and 𝜚𝑡,𝑚 denotes the prior-activation value of the

corresponding neuron 𝑚 = {1, 2, ⋯ , 2𝑀} over one time of sampling 𝑡 from mini-batch

transitions. The actor is trained to minimize (3.31), which can directly navigate the prior-

activation values of actor’s output neurons to remain in the unsaturation region and thus

helping circumvent the issue of gradient vanishing caused by saturation.
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Fig. 3.8 An illustration of Tanh activation function’s saturation and gradient vanishing

3.4.2 Training of Hybrid D3QN-TD3 Algorithm

Fig. 3.9 shows reward history curves versus training episodes for the proposed hybrid

D3QN-TD3 solution. The average reward reflects the expected value of epoch rewards

for each episode, which is calculated via averaging accumulated rewards over training

epochs. It can be observed from Fig. 3.9 that both D3QN and TD3 networks illustrate

increasing trending of average reward alongside the training process, though experiencing

some fluctuations that are usual phenomena in the regime of DRL-related algorithms.

Specifically, the D3QN’s average reward converges to the optimum (around 0.57) after 70

training episodes, while the TD3 converges to its highest average reward (about 0.51) after
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Fig. 3.9 Reward history
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40 training episodes. Fig. 3.9a validates that the D3QN agent can adapt to the dynamic

RBP environment via allocating proper RB index to the DUE for each time slot, while

Fig. 3.9b verifies that the TD3 agent is able to adjust transmit beamforming vectors to

fit the small-scale fading environment. After saving the hybrid D3QN-TD3 model with

the highest average rewards, it can be re-loaded to realize EOD performance comparison

which will be illustrated in Subsection 3.4.4.

3.4.3 Impacts of Hyper-parameters

It is well known that the overall performance of DRL-related algorithms is sensitive to

hyper-parameters, e.g., target network update and learning rate. The hyper-parameters

should be picked carefully for given system settings, to realize satisfactory learning quality

and convergence speed.

Fig. 3.10a delivers average D3QN reward curves versus training episodes with various

𝛼𝐷3, while Fig. 3.11a demonstrates average TD3 reward curves versus training episodes

with different combinations of 𝛼𝑃 𝑎 and 𝛼𝑃 𝑐 . From these figures, it can be observed that

learning rates pose significant impacts on learning performance and convergence speed.

With relatively high 𝛼𝐷3, i.e., 𝛼𝐷3 = {0.1, 0.01}, although the D3QN’s convergences are

quite rapid, it reaches extremely unsatisfactory learning scores (both around 0.3). With

relatively small 𝛼𝐷3, i.e., 𝛼𝐷3 = {0.001, 0.0001}, the D3QN agent can achieve higher

scores (about 0.57 and 0.54, respectively). Surprisingly, when 𝛼𝐷3 is extremely small,

i.e., 𝛼𝐷3 = 0.000001, it leads to unsatisfactory learning performance in the range of 100

training episodes. However, 𝛼𝐷3 = 0.000001 may have the potential to help the D3QN

agent reach a new highest score, for which the price is that muchmore training episodes are

needed (i.e., less favourable convergence rate). For Fig. 3.11a, learning rate combination

[𝛼𝑃 𝑎 = 0.001, 𝛼𝑃 𝑐 = 0.002] is selected as the anchor for comparison, which can converge

to its optimal score (around 0.51) after about 40 training episodes. With higher 𝛼𝑃 𝑎, i.e.,

[𝛼𝑃 𝑎 = 0.01, 𝛼𝑃 𝑐 = 0.002], the TD3 agent barely learns anything and achieves signifi-

cantly worse score (around 0.06). With smaller 𝛼𝑃 𝑎, i.e., [𝛼𝑃 𝑎 = 0.0001, 𝛼𝑃 𝑐 = 0.002],
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Fig. 3.10 Impact of learning rates and target network update frequency
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the TD3 agent converges to a worse score (about 0.38) than the anchor, after around 60

training episodes, which means that it experiences slower convergence rate. With higher

𝛼𝑃 𝑐 , i.e., [𝛼𝑃 𝑎 = 0.001, 𝛼𝑃 𝑐 = 0.02], the TD3 agent converges to worse learning quality

(around 0.18), although the corresponding convergence speed is relatively rapid. With

smaller 𝛼𝑃 𝑐 , i.e., [𝛼𝑃 𝑎 = 0.001, 𝛼𝑃 𝑐 = 0.0002], the TD3 agent can only reach much lower

learning score (around 0.37), while experiencing a comparable convergence speed (con-

verging after around 40 training episodes). From the above observations, it is straightfor-

ward to conclude that the proposed hybrid D3QN-TD3 solution is unsurprisingly sensitive

to learning rate which should be selected delicately for accomplishing a good trade-off be-

tween learning quality and convergence speed.

Fig. 3.10b depicts average D3QN reward curves versus training episodes with differ-

ent Υ𝐷3, while Fig. 3.11b illustrates average TD3 reward curves versus training episodes

with various 𝜏. From these figures, it can be easily concluded that target network tech-

nique adopted in the proposed hybrid D3QN-TD3 algorithm is undoubtedly of essence.

Specifically, less frequent updating (i.e., larger Υ𝐷3) on D3QN’s target network can help

the D3QN agent achieve better learning scores, while less amount of updating (i.e., smaller

𝜏) on TD3’s target networks is more favourable. However, larger Υ𝐷3 and smaller 𝜏 may

result in slower convergence speed. Hence, the picking of Υ𝐷3 and 𝜏 is important for the

proposed hybrid D3QN-TD3 solution to deal with the dilemma between learning perfor-

mance and convergence speed.

3.4.4 Performance Comparison

After online centralized training, performance comparison between representative base-

lines and the trained D3QN-TD3 solution can be conducted within the offline decentral-

ized exploitation phase, where the following benchmarks are provided. 1) RR w/o BD: the

RB index selected for each time slot and the beamforming vector at each available BS are

both randomly generated. Note that this approach is supposed to be the worst, which may

lead the DUE to suffer from the maximal transmission outage duration. 2) RR w/ BD: the
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RB index scheduled for each time slot is randomly selected, but the beamforming vectors

at available BSs are generated with the help of trained TD3 agent. 3) RR w/ MRT: different

from RR w/ BD, MRT technique is invoked to generate the beamforming vectors, based

on the corresponding estimated CSIs. 4) ER w/ BD: the RB index assigned for each time

slot is the optimal via exhaustive search method, which can maximize (3.15) for every

observed RBP map. Besides, the beamforming vector at each available BS is obtained

from the trained TD3 agent. Note that this benchmark serves as the lower bound of EOD

performance, which is supposed to help the DUE suffer the minimal transmission outage

duration. 5) ER w/ MRT: different from ER w/ BD, the beamforming vectors are designed

with the help of MRT technique, based on the corresponding estimated CSIs.

The proposed hybrid D3QN-TD3 solution provides the proper RB index for each time

slot and designed beamforming vector for each available BS, with the aid of trained D3QN

agent and TD3 agent, respectively. Fig. 3.12a and Fig. 3.12b show EOD curves of the

proposed D3QN-TD3 solution and benchmarks versus 𝑃 and 𝑀 , respectively. It is clearly

illustrated in Fig. 3.12a that the EOD curves decrease dramatically with the increase of 𝑃 ,

which means that higher 𝑃 can help the DUE achieve better transmission outage perfor-

mance (i.e., lower EOD). Comparing the EOD curves of RR w/o BD and RR w/ BD, EOD

performance enhancement can be observed (especially, for 𝑃 ∈ [−10, 20] dBm), which

validates the effectiveness of TD3 component. Furthermore, via comparing the curves

of RR w/ BD and RR w/ MRT, one can observe that the trained TD3 agent can help the

UAV suffer from less amount of EOD than MRT beamforming scheme (for 𝑃 ∈ [−10, 20]

dBm), in case of imperfect CSI estimation. Similar phenomenon can be observed via com-

paring ERw/ BD and ERw/MRT. This is because theMRT beamforming strategy can only

adapt to the estimated CSI, while the TD3 agent is trained to adapt to the overall imperfect

CSI. Besides, greater EOD performance improvement can be achieved with the help of

D3QN component, via comparing the EOD curves of RR w/ BD and the proposed hybrid

D3QN-TD3 solution (especially, for 𝑃 ∈ [−20, 20] dBm). The aforementioned observa-

tions validate that the D3QN and TD3 agents are able to offer independent EOD perfor-
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mance gains, which is a remarkable feature of the proposed hybrid D3QN-TD3 solution.

Compared to the optimal method ER w/ BD, the proposed hybrid D3QN-TD3 solution

can help the DUE achieve sub-optimal EOD performance which performs slightly worse

than the optimal approach but can provide significant EOD reduction than benchmarks

RR w/o BD, RR w/ BD and RR w/ MRT. Most importantly, the proposed hybrid D3QN-

TD3 solution outperforms ER w/ MRT as well, which means that the joint RB allocation

and beamforming design provided by the proposed hybrid D3QN-TD3 solution can offer

more significant EOD reduction than that offered by MRT beamforming with optimal RB

allocation. Similar conclusions can be drawn from Fig. 3.12b which demonstrates EOD

curves versus various 𝑀 . Note that for specific antenna number configuration, the pro-

posed hybrid D3QN-TD3 algorithm needs to be retrained with the corresponding antenna

number.18 From this figure, one can find the other fact that increasing 𝑀 can help en-

hance EOD performance for solutions with beamforming design (RR w/ BD, RR w/ MRT,

Hybrid D3QN-TD3, ER w/ BD and ER w/ MRT), but cannot achieve any EOD reduction

for solution without beamforming design (RR w/o BD).

3.5 Chapter Summary

This chapter studied a joint RB allocation and beamforming design optimization prob-

lem in cellular-connected UAV network while protecting GUEs’ transmission quality, in

which the EOD of DUE was minimized via the proposed hybrid D3QN-TD3 algorithm.

Specifically, the D3QN and TD3 agents were trained to accomplish the RB allocation in

discrete action domain and beamforming design in continuous action regime, respectively.

To realize this, an outer MDP was defined to characterize the dynamic RBP environment

at the terrestrial BSs, while the inner MDP was formulated to trace the time-varying fea-

ture of B2D small-scale fading. The hybrid D3QN-TD3 solution was proposed to solve

the outer MDP and the inner MDP interactively so that sub-optimal EOD performance
18The robustness of TD3 agent to various antenna number configuration can be further enhanced via

adopting hypernetwork [140], meta-learning [141] and/or transfer learning [142], which is left as future
work and is envisioned to relieve the retraining burden or even liberate the TD3 agent from being retrained.



3.5. Chapter Summary | 129

for the considered optimization problem can be achieved. Numerical results illustrated

that the proposed hybrid D3QN-TD3 solution can significantly reduce EOD for the DUE

and achieve sub-optimal EOD performance, compared to the provided benchmarks. Most

importantly, the trained D3QN and TD3 agents were also validated to offer independent

improvements on EOD performance.



Chapter 4

Intelligent Trajectory Planning in

UAV-Mounted Wireless Networks: A

Quantum-Inspired Reinforcement

Learning Perspective

4.1 Introduction

Balancing exploration and exploitation remains the inherent challenge of RL-based intel-

ligent systems, which poses significant impacts on learning efficiency and quality, e.g.,

𝜖-greedy and Boltzmann action selection strategies [98, 106, 143]. On one hand, 𝜖-greedy

method renders that a random action is executed with probability 𝜖 ∈ [0, 1], and the opti-

mal action is selected with probability (1 − 𝜖) according to the developed action selection

policy. This method is simple and effective. However, one of its drawbacks is that it

selects uniformly among all possible actions while exploring, which means that it cannot

distinguish the next-to-optimal action from other possible counterparts. On the other hand,

Boltzmann (or the Softmax) exploration method introduces an action selection probability

exp(𝑄(𝑠, 𝑎)/𝜏)/(∑𝑖 exp(𝑄(𝑠, 𝑎𝑖)/𝜏)) based on the Q function 𝑄(𝑠, 𝑎) of state 𝑠 and action
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𝑎, where the parameter 𝜏 represents the temperature in the Boltzmann distribution. How-

ever, finding a good 𝜏 which can properly balance exploration and exploitation is difficult.

The parameters 𝜖 and 𝜏 pose significant impacts on the convergence performance and

the quality of learning output, which makes it necessary to develop new action selection

strategy for conventional RL (CRL)1.

In this chapter, a novel RL algorithm inspired by quantum mechanism, which is in-

dependent on exploration parameters, is applied to tackle the trajectory planning problem

in UAV-aided uplink transmission scenario. Specifically, in this proposed QiRL solution,

balancing exploration and exploitation is realized in a manner inspired by the collapse

phenomenon of quantum superposition and the quantum amplitude amplification.2 Dif-

ferent from [98] and [99], the quantum explanation of QiRL from fixed rotation angles is

extended to their flexible counterparts in this chapter, which is an alternative of [106] and

[100]. Besides, the limitation of linear function mapping in [106] and that of empirical

rotation angle setting in [100] are further relaxed. This chapter aims at providing the first

exploration of emerging QiRL for UAV-aided wireless networks.

Chapter organization: Section 4.2 presents the system model. Section 4.3 formulates

the considered optimization goal. Section 4.4 shows the proposed QiRL solution. Simu-

lation results are presented in Section 4.5 and chapter summary is drawn in Section 4.6.

4.2 System Model

This chapter concentrates on the uplink transmission scenario consisting of one UAV3 and

𝐾 GUEs, in which the location of each ground user is denoted as 𝑞G
𝑘 = (𝑥𝑘, 𝑦𝑘, 0) where

𝑘 ∈ {1, 2, … , 𝐾}. It is assumed that all the GUEs are uploading their messages in a fre-
1The abbreviation “CRL” denotes the RL methods without involving neural networks, distinguishing

itself from DRL.
2In QRL, it is expected to implement real quantum computation on practical quantum computers, while

QiRL algorithm invokes several ideas from quantum theory and is still in the frame of CRL which can be
directly conducted on traditional computers.

3Without loss of generality, the system model with one single UAV is focused, while the proposed QiRL
algorithm can be similarly applied to other UAVs. The multi-UAV scenario is of importance to be evaluated,
which is out of the scope of this chapter and left as one of future research directions.
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quency division multiplexing manner. Thus, each GUE transmits sorely on its assigned

channel and inner-channel interference can be approximately ignored. Besides, the UAV

is assumed to fly with constant velocity 𝑉 (m/s) and fixed altitude 𝐻 (m).4 A practical

assumption on the availability of network information is applied, in which the UAV can-

not obtain any environment knowledge, e.g., transmit power of the GUEs, locations of

the GUEs, and can only observe raw signals from GUEs.5 The goal of the UAV is to

maximize the expected sum uplink transmit rate (ESUTR) of the GUEs via intelligently

adjusting its flying trajectory from the start location 𝑞0 = (𝑥0, 𝑦0, 𝐻) to the destination

𝑞𝐹 = (𝑥𝐹 , 𝑦𝐹 , 𝐻). Assume that the feasible region where the UAV can explore is a rect-

angular area [𝑥0, 𝑥𝐹 ] × [𝑦0, 𝑦𝐹 ], denoted as Φ for clarity. To make the trajectory design

tractable, the entire trajectory is discretized into 𝐹 equal-spacing steps, via evenly quanti-

fying the time horizon into 𝐹 time slots, where the length of each time slot is predefined

as 𝑇 (s). Furthermore, the 3D Cartesian coordinate at the beginning of each time slot can

be given by ℒ = {𝑞0, 𝑞1, … , 𝑞𝐹 }, in which 𝑞0 ⪯ 𝑞𝑓 ⪯ 𝑞𝐹 , ∀𝑓 ∈ [0, 𝐹 ].

The large-scale pathloss model on the sub-6 GHz band [144] is considered to charac-

terize the channel gains for wireless links between the UAV and all GUEs, which can be

given by 𝑃 𝐿𝑓𝑘(dB) = 20 lg(𝑑𝑓𝑘) + 20 lg(𝜛) − 147.55, where 𝑑𝑓𝑘 = ‖𝑞𝑓 − 𝑞G
𝑘 ‖ denotes

the Euclidean distance between the UAV at sampled location 𝑞𝑓 and the GUE 𝑘, and 𝜛

represents the carrier frequency. Note that herein LoS-dominated channel gain is taken as

an example to evaluate the proposed system model, which is suitable for suburban or rural

scenario, i.e., the channel gain between the drone and GUEs can be characterized by the

distance-based fading channel model.6

The received SNR at the UAV from GUE 𝑘 can be derived as Γ𝑓𝑘 = 𝑃𝑘/(𝜎2
𝑘10𝑃 𝐿𝑓𝑘/10),

where 𝑃𝑘 represents the uplink transmit power of GUE 𝑘 and 𝜎2
𝑘 denotes power of AWGN.

4The UAV’s altitude 𝐻 is assumed as a fixed parameter, which may correspond to the lowest altitude
required for terrain or building avoidance, under the regulation of local laws in practice.

5The UAV can measure its received raw signals via existing communication protocols, e.g., RSRP and
RSRQ measurements [36].

6This chapter focuses on strong LoS pathloss channel model and the effects of small-scale fading (e.g.,
Rician fading or Nakagami-𝑚 fading) is omitted. Besides, NLoS channel gain can also be easily integrated
into the proposed model via involving extra NLoS fading component, which means the proposed algorithm
is still applicable for NLoS case and this case is omitted for conciseness.
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4.3 Problem Formulation

This chapter focuses on maximizing the ESUTR for the UAV travelling from the prede-

fined start location to the destination, via finding its optimal trajectory. It is straightforward

to conclude that, at each sampled UAV coordinate 𝑞𝑓 , the sum uplink transmission rate

can be characterized by ∑𝐾
𝑘=1 ♭𝑘 log(1 + Γ𝑓𝑘) where ♭𝑘 means the bandwidth occupied by

the GUE 𝑘. Furthermore, the problem of ESUTR maximization can be stated as

max
ℒ

1
𝐹

𝐹

∑
𝑓=1

𝐾

∑
𝑘=1

♭𝑘 log(1 + Γ𝑓𝑘), (4.1a)

s.t. ‖𝑞𝑓 − 𝑞𝑓−1‖ = 𝑉 𝑇 , (4.1b)

𝑞0 ⪯ 𝑞𝑓 ⪯ 𝑞𝐹 , (4.1c)

𝐹 𝑇 ≤ 𝐸, (4.1d)

∑
𝑘

♭𝑘 ≤ 𝐵, (4.1e)

where 𝐵 indicates bandwidth capacity of the system and 𝐸 represents the maximum flight

time threshold. Note that the constraint (4.1b) ensures that the flying distance between

arbitrary adjacent time slots is fixed as the UAV’s roaming capacity 𝑉 𝑇 ; the constraint

(4.1c) makes sure that the UAV’s trajectory is exclusively within the feasible regime; the

constraint (4.1d) declares that the maximum exploration time 𝐹 𝑇 is constrained by the

on-board power capacity of the UAV; and the constraint (4.1e) limits that the sum of each

GUE’s occupied bandwidth should lie in the range of available bandwidth resource.

The proposed problem (4.1) cannot be tackled via traditional optimization approaches

due to the lack of environment information but can be solved by model-free RL algo-

rithms in a trial-and-error manner, e.g., Q-learning. However, CRL with tuned explo-

ration parameters, e.g., hyper-parameters 𝜖 and 𝜏, may suffer from difficulty of balancing

exploration and exploitation, which can further affect its learning quality and convergence

performance. To give a better alternative for solving problem (4.1), the QiRL technique

will be invoked to tackle the proposed optimal trajectory planning problem.
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4.4 QiRL Solution

The above trajectory design problem can be interpreted as a sequential decision-making

process following Markov property, which means that the UAV’s movement decision for

the current time slot can be sorely determined according to the information of the previous

time slot, regardless those of time slots before the previous time slot. Therefore, MDP is

a suitable candidate for solving the trajectory optimization problem, forging the optimal

mapping, i.e., the optimal action selection policy, from the state space to the corresponding

action selections.

4.4.1 The MDP Formulation

To formulate the MDP, it is needed to clarify the states of the proposed QiRL solution for

the considered scenario. The feasible area Φ is divided into 𝑁1 by 𝑁2 small grids and

the side length of each grid equals 𝑉 𝑇 . Besides, it is assumed that the sum of received

signal strength keeps constant within each grid.7 The GUEs are located in some of the

small squares, which will be specified in the numerical results. According to the discrete

tabular form of Φ, the state set of the UAV can be written as 𝒮 = {𝑠1, 𝑠2, … , 𝑠𝑁1𝑁2},

where 𝑠𝑖 ∈ 𝒮 represents a small square in Φ. Because this chapter focuses on the ESUTR

maximization problem, it is straightforward to define 𝑅(𝑠𝑖) = ∑𝐾
𝑘=1 ♭𝑘 log(1 + Γ𝑠𝑖𝑘) as

the reward function for state 𝑠𝑖 (also denoting 𝑅(𝑠𝑖) as 𝑅 for simplicity), where 𝑞𝑠𝑖 in Γ𝑠𝑖𝑘

denotes the location of 𝑠𝑖. In the case of reaching the boundary of Ψ, the UAV will be

rebounded back and the reward for this trial is set to zero.8 Note that the UAV is only

able to observe 𝑅 while other network information is inaccessible, i.e., 𝑃𝑘, ♭𝑘, 𝜎2
𝑘 and 𝑞G

𝑘 .

The UAV aims to find an optimal path, in which the ESUTR of the GUEs should be the

greatest among all possible UAV roaming routes from 𝑞0 to 𝑞𝐹 . To drive the UAV to the

destination 𝑞𝐹 , the UAVwill gain a special reward which is defined as �̂� = 10×max
𝑠𝑖∈𝒮

𝑅(𝑠𝑖),

7This assumption is reasonable because the acreage of each grid is far less than that of Φ, in the case of
sufficient discretization.

8Hereby, zero reward for crashing into the boundary is taken as an example. Of course, one can let this
kind of scenario be punished by minus reward.
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once it reaches 𝑞𝐹 . Regarding the UAV’s possible actions, the movement options of the

UAV are limited in the following action set 𝒜 = {forward, backward, left, right}, which

will be denoted as quantum eigenactions in the proposed QiRL solution. The goal of the

proposed QiRL algorithm is to learn a mapping from states to actions, i.e., the UAV aims

to learn a policy 𝜋 ∶𝒮×𝒜 →[0, 1] so that the expected sum of discounted rewards for each

episode can be maximized. The value function of state 𝑠 at trial 𝑡 is defined as 𝑉𝜋 (𝑠) =

𝔼𝜋 [∑𝐹
𝑙=0 𝛾 𝑙𝑅 (𝑡 + 𝑙 + 1) |𝒮 (𝑡) = 𝑠], where 𝛾 represents the discount factor. Furthermore,

the TD-based value updating rule [99] of the proposed QiRL can be described as 𝑉 (𝑠) ←

𝑉 (𝑠) + 𝛼 [𝑅 (𝑠′) + 𝛾𝑉 (𝑠′) − 𝑉 (𝑠)], where 𝑠′ means the next state after taking an action

and 𝛼 indicates the learning rate.

4.4.2 Collapsing Action Selection

According to quantum mechanics [145], a quantum state |Ψ⟩ (Dirac representation) can

describe the state of a closed quantum system, which is a unit vector (i.e., ⟨Ψ|Ψ⟩ = 1) in

Hilbert space. The quantum state |Ψ⟩ consisting of 𝑛 qubits9 can be expanded as

|Ψ⟩ = |𝜓1⟩ ⊗ |𝜓2⟩ ⊗ ⋯ ⊗ |𝜓𝑛⟩ =

𝑛
⏞11...1

∑
𝑝=00...0

ℎ𝑝 |𝑝⟩ , (4.2)

where |𝜓𝑖⟩ , 𝑖 ∈ [1, 𝑛] represents the 𝑖-th qubit which is a two-state quantum system and the

basic unit of quantum information, the complex coefficient ℎ𝑝 (subject to ∑11...1
𝑝=00...0 |ℎ𝑝|2 =

1) denotes the probability amplitude for eigenstate |𝑝⟩ of |Ψ⟩ and ⊗ represents the ten-

sor product. The representation of 𝑛-qubit quantum state |Ψ⟩ follows the quantum phe-

nomenon called state superposition principle. Note that ℎ𝑝 can take 2𝑛 complex values so

that the 𝑛-qubit quantum state |Ψ⟩ can be regarded as the superposition of 2𝑛 eigenstates,

in the range from |00...0⟩ to |11...1⟩.
9A qubit can be realized by a two-state system, e.g., 1) a two-level atom, in which |0⟩ denotes the ground

state and |1⟩ indicates the excited state; 2) a photon, where |0⟩ represents the horizontal polarization state
and |1⟩ means the vertical polarization state; or 3) a spin system, in which the states of spin up and spin
down are described by |0⟩ and |1⟩, respectively.
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To represent the four possible actions in QiRL, two qubits are sufficient. Furthermore,

eigenactions, i.e., the quantum representations of physical actions |𝑎1⟩ , |𝑎2⟩ , |𝑎3⟩ , |𝑎4⟩,

are allocated to denote the actions forward, backward, left and right, respectively. Inspired

by the superposition principle of quantum theory, the four egienactions can be represented

in their quantum superposition form, given by |𝐴(𝑙)⟩ = |𝜓1⟩ ⊗ |𝜓2⟩ = ∑11
𝑎=00 ℎ𝑎 |𝑎⟩ →

∑4
𝑛=1 ℎ𝑛 |𝑎𝑛⟩, where 𝑙 represents a specific trial and the complex coefficients ℎ𝑛 and ℎ𝑎

are the probability amplitudes under the normalisation constraints ∑4
𝑛=1 |ℎ𝑛|2 = 1 and

∑11
𝑎=00 |ℎ𝑎|2 =1, respectively. Note that the two-qubit superposition |𝐴(𝑙)⟩ is a unit vector

in a 4-dimensional Hilbert space spanned by the four orthogonal bases |00⟩, |01⟩, |10⟩ and

|11⟩. Specifically, the action taken by the UAV before any quantum measurement lies in a

superposition state (four options in total, i.e., |𝑎1⟩, |𝑎2⟩, |𝑎3⟩ and |𝑎4⟩), which is mapped

into the tensor product of two qubits.

In quantum theory, when an external agency, e.g., experimenter, measures the quantum

state |Ψ⟩=∑𝑛 𝜚𝑛 |𝜓𝑛⟩ with the eigenbasis {𝜓𝑛}, |Ψ⟩ will collapse from the superposition

state to one of its eigenstates |𝜓𝑛⟩, i.e., |Ψ⟩ → |𝜓𝑛⟩, with probability | ⟨𝜓𝑛|Ψ⟩ |2=|𝜚𝑛|2.

Inspired by this quantum collapse phenomenon, the superposition |𝐴(𝑙)⟩ is supposed to

collapse onto one of its eigenactions |𝑎𝑛⟩ with probability of |ℎ𝑛|2, during action picking

in the proposed QiRL algorithm.

4.4.3 Grover Iteration

The quantum representation |𝐴(𝑙)⟩ establishes a bridge between quantum eigenactions and

the physical action set 𝒜 , which allows us to apply quantum amplitude amplification as

a reinforcement strategy. The probability amplitude of each eigenaction can be ampli-

fied or attenuated via specific quantum algorithm, e.g., Grover’s iteration [145], gradually

modifying the probability distribution of collapsing. To realize this, two unitary oper-

ators can be employed for the currently chosen action |𝑎𝑖⟩ which is from the 𝑙-th trial

|𝐴(𝑙)⟩ = ∑4
𝑛=1 ℎ𝑛 |𝑎𝑛⟩ = ℎ𝑖 |𝑎𝑖⟩ + ℎ𝑎⟂

𝑖 |𝑎⟂
𝑖 ⟩, shown as 𝑈 |𝑎𝑖⟩ = 𝐼 − (1 − 𝑒𝑗𝜙1) |𝑎𝑖⟩ ⟨𝑎𝑖| and

𝑈 |𝐴(𝑙)⟩ = (1−𝑒𝑗𝜙2) |𝐴(𝑙)⟩ ⟨𝐴(𝑙)|−𝐼 , where |𝑎⟂
𝑖 ⟩ = ∑𝑛≠𝑖

ℎ𝑛
ℎ𝑎⟂

𝑖
|𝑎𝑛⟩means the vector orthog-
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onal to |𝑎𝑖⟩, ℎ𝑎⟂
𝑖

= √∑𝑛≠𝑖 |ℎ𝑛|2 = √1 − |ℎ𝑖|2, 𝐼 represents the identity matrix, and ⟨𝑎𝑛|
and ⟨𝐴(𝑙)| are Hermitian transposes of |𝑎𝑛⟩ and |𝐴(𝑙)⟩, respectively. Then, the Grover op-

erator can be constructed as unitary transformation𝐺 = 𝑈 |𝐴(𝑙)⟩𝑈 |𝑎𝑖⟩. After 𝑚 times of ap-

plying𝐺 on |𝐴(𝑙)⟩, the amplitude vector in the next trial becomes |𝐴(𝑙 + 1)⟩ = 𝐺𝑚 |𝐴(𝑙)⟩ .

There are mainly two methods to deal with the aforementioned probability amplitude

updating task. One is to choose a feasible value of 𝑚 with fixed parameters 𝜙1 and 𝜙2

(commonly both of them equal to 𝜋); the other is to fix 𝑚 = 1 with dynamic parameters

𝜙1 and 𝜙2. Because the former updating approach can only modify the amplitudes in

a discrete manner, the later method is chosen in this chapter, i.e., Grover iteration with

flexible parameters 𝜙1 and 𝜙2. Then, the impacts of𝐺 on the superposition representation

|𝐴(𝑙)⟩ can be given by the following proposition.

Proposition 4.1. The overall effects of 𝐺 with free parameters 𝜙1 and 𝜙2 on the superpo-

sition representation |𝐴(𝑙)⟩ at the 𝑙-th trial can be expressed analytically as 𝐺 |𝐴(𝑙)⟩ =

(𝒬 − 𝑒𝑗𝜙1)ℎ𝑖 |𝑎𝑖⟩ + (𝒬 − 1)ℎ𝑎⟂
𝑖 |𝑎⟂

𝑖 ⟩, where 𝒬 = (1 − 𝑒𝑗𝜙2) [1 − (1 − 𝑒𝑗𝜙1)|ℎ𝑖|2].

Proof. The impacts of 𝑈 |𝑎𝑖⟩ on |𝑎𝑖⟩ and |𝑎⟂
𝑖 ⟩ can be given by

𝑈 |𝑎𝑖⟩ |𝑎𝑖⟩ = [𝐼 − (1 − 𝑒𝑗𝜙1) |𝑎𝑖⟩ ⟨𝑎𝑖|] |𝑎𝑖⟩ = 𝑒𝑗𝜙1 |𝑎𝑖⟩ , (4.3)

𝑈 |𝑎𝑖⟩ |𝑎⟂
𝑖 ⟩ = [𝐼 − (1 − 𝑒𝑗𝜙1) |𝑎𝑖⟩ ⟨𝑎𝑖|] |𝑎⟂

𝑖 ⟩ = |𝑎⟂
𝑖 ⟩ , (4.4)

respectively. Furthermore, one has

𝑈 |𝑎𝑖⟩ |𝐴(𝑙)⟩ = [𝐼 − (1 − 𝑒𝑗𝜙1) |𝑎𝑖⟩ ⟨𝑎𝑖|] |𝐴(𝑙)⟩ = 𝑒𝑗𝜙1ℎ𝑖 |𝑎𝑖⟩ + ℎ𝑎⟂
𝑖 |𝑎⟂

𝑖 ⟩ , (4.5)

in which𝑈 |𝑎𝑖⟩ plays the role as a conditional phase shift operator in quantum computation.

At the end, one can obtain

𝐺 |𝐴(𝑙)⟩ = 𝑈 |𝐴(𝑙)⟩𝑈 |𝑎𝑖⟩ |𝐴(𝑙)⟩

= (1 − 𝑒𝑗𝜙2) [ℎ𝑖 |𝑎𝑖⟩ + ℎ𝑎⟂
𝑖 |𝑎⟂

𝑖 ⟩] [ℎ†
𝑖 ⟨𝑎𝑖| + ℎ†

𝑎⟂
𝑖

⟨𝑎⟂
𝑖 |]𝑈 |𝑎𝑖⟩ |𝐴(𝑙)⟩ − 𝑈 |𝑎𝑖⟩ |𝐴(𝑙)⟩
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= (𝒬 − 𝑒𝑗𝜙1)ℎ𝑖 |𝑎𝑖⟩ + (𝒬 − 1)ℎ𝑎⟂
𝑖 |𝑎⟂

𝑖 ⟩ , (4.6)

where 𝒬 = (1 − 𝑒𝑗𝜙2) [1 − (1 − 𝑒𝑗𝜙1)|ℎ𝑖|2] . ■

Remark 4.1. The ratio between the probability amplitudes of |𝑎𝑖⟩ after being acted by the

Grover operator 𝐺 and before that can be expressed as Λ = (1 − 𝑒𝑗𝜙1 − 𝑒𝑗𝜙2) − (1 −

𝑒𝑗𝜙1)(1 − 𝑒𝑗𝜙2)|ℎ𝑖|2. Then, the updated occurrence probability of the selected action |𝑎𝑖⟩

can be given by |Λ|2|ℎ𝑖|2.

Remark 4.2. For ease of understanding the effect of 𝐺, its algebraic visualization will be

depicted. In Fig. 4.1, |𝐴(𝑙)⟩ is reconstructed via polar coordinates on the Bloch sphere,

shown as |𝐴(𝑙)⟩ = 𝑒𝑗𝜁 (cos 𝜃
2 |𝑎𝑖⟩ + 𝑒𝑗𝜑 sin 𝜃

2 |𝑎⟂
𝑖 ⟩) ≃ cos 𝜃

2 |𝑎𝑖⟩ + 𝑒𝑗𝜑 sin 𝜃
2 |𝑎⟂

𝑖 ⟩, where 𝑒𝑗𝜁

can be omitted because a global phase poses no observable effects [106]. Note that the

polar angle parameter 𝜃 and the azimuthal angle variable 𝜑 define the unit vector |𝐴(𝑙)⟩

on the Bloch sphere, as shown in Fig. 4.1. The impact of 𝑈 |𝑎𝑖⟩ can be understood as a

clockwise rotation around the 𝑧-axis by 𝜙1 (the red circle) on the Bloch sphere, leading to

the rotation from |𝐴(𝑙)⟩ to |𝐴(𝑙)′⟩. Similarly, if one changes the basis from {|𝑎𝑖⟩ , |𝑎⟂
𝑖 ⟩} to

{|𝐴(𝑙)⟩ , |𝐴(𝑙)⟂⟩}, 𝑈 |𝐴(𝑙)⟩ makes a clockwise rotation around the new 𝑧-axis |𝐴(𝑙)⟩ by 𝜙2

(the blue circle), which rotates |𝐴(𝑙)′⟩ to |𝐴(𝑙 + 1)⟩. Therefore, the overall effect of 𝐺 on

|𝐴(𝑙)⟩ is a two-step rotation which can modify the polar angle 𝜃, when the basis is locked

as {|𝑎𝑖⟩ , |𝑎⟂
𝑖 ⟩}. Via controlling parameters 𝜙1 and 𝜙2, it is possible to realize arbitrary

parametric rotation on the Bloch sphere, which acts as the foundation for modifying the

probability amplitudes of |𝐴(𝑙)⟩. The smaller 𝜃 is, the higher probability |𝐴(𝑙)⟩ will col-

lapse to |𝑎𝑖⟩ when it is measured, which inspires us to apply it as a reinforcement strategy.

The core of this reinforcement approach is to achieve a smaller 𝜃 via manipulating 𝜙1

and 𝜙2 when |𝑎𝑖⟩ is recognized as a “good” action. Otherwise, if |𝑎𝑖⟩ is determined as a

“bad” action, 𝜙1 and 𝜙2 should be modified to enlarge 𝜃.
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Fig. 4.1 Geometric explanation of the Grover rotation

4.4.4 The Proposed QiRL Algorithm

Remark 4.1 and Remark 4.2 give an explanation for amplitude amplification in quantum

mechanism, which can be applied as the quantum-inspired reinforcement strategy for the

proposed QiRL approach. According to Remark 4.1, it is straightforward to conclude that

|Λ|2 should be designed to be larger than 1, if the current representation |𝑎𝑖⟩ is determined

as a “good” action. Otherwise, |Λ|2 should be manipulated to be smaller than 1. By

selecting feasible 𝜙1 and 𝜙2, it is possible to manipulate the value of |Λ|2 in the manner as

mentioned before, which can be interpreted geometrically via Remark 4.2. For the sake to

simulate it on a conventional computer, 𝑒𝑘∗[𝑅+𝑉 (𝑠′)] is used to alternatively represent the

overall effects of 𝐺 on probability |ℎ𝑖|2, which means the updated occurrence probability

of the selected action |𝑎𝑖⟩ should be 𝑒𝑘∗[𝑅+𝑉 (𝑠′)]|ℎ𝑖|2. If 𝑘 > 0, the current action will be

rewarded while it will be punished if 𝑘 < 0. The updating amplification is controlled via

𝑘 ∗ [𝑅 + 𝑉 (𝑠′)].10
10The absolute value of constant hyper-parameter 𝑘 should be chosen as per the environment, to avoid

over-updating issue on occurrence probability of the selected action. Then, the updating amplification is
dynamically steered by 𝑅 + 𝑉 (𝑠′) with constant 𝑘 because the state values are being modified alongside the
learning process.
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Note that all the possible probability amplitudes together should be re-normalized af-

ter each implementation of amplitude amplification, which is subject to the normalization

constraint of quantum superposition. The proposed QiRL solution is concluded in Algo-

rithm 4.1, which can be conducted in conventional computers.

Remark 4.3. The quantum-inspired reinforcement strategy prioritizes all possible actions

in ranked probability sequence which is gradually updated alongside the learning pro-

cess. Thus, it can naturally balance the exploration and exploitation, in which no tuned

exploration parameter is necessary. This enhancement has the potential to help realize

faster convergence and satisfactory learning quality, which will be later illustrated in the

simulation results.

Proposition 4.2. The convergence of the proposed QiRL algorithm is guaranteed when the

learning rate 𝛼 is non-negative and satisfies lim
𝑇 →∞

∑𝑇
𝑘=1 𝛼𝑘 = ∞ and lim

𝑇 →∞
∑𝑇

𝑘=1 𝛼2
𝑘 < ∞.

Proof. The proof is similar to that of Proposition 2 in [98], omitted for its simplicity. ■

Algorithm 4.1: The proposed QiRL algorithm
Input: Learning parameters: 𝛼 ∈ [0, 1], 𝛾 = 1; UAV informations: 𝑞0, 𝑞𝐹 , 𝐻 , 𝑉 ,

𝑇 , 𝐸;
Output: The optimal policy 𝜋∗=AmpMem;

1 Initialization: 𝑒𝑝 = 0; s = 𝑞0; 𝑉 (𝑠) = 0, ∀ 𝑠 ∈ 𝒮 ; AmpMem =
defaultdict(𝑙𝑎𝑚𝑏𝑑𝑎: [1

4 ,
1
4 ,

1
4 ,

1
4 ]);

2 while ep ≤ NumEp do
3 repeat
4 Pick 𝑎 for 𝑠 via measuring AmpMem[s];
5 Apply 𝑎 and observe reward 𝑅 and next state 𝑠′;
6 Update the value function as per
7 𝑉 (𝑠) ← 𝑉 (𝑠) + 𝛼 [𝑅 + 𝛾𝑉 (𝑠′) − 𝑉 (𝑠)];
8 Apply quantum-inspired reinforcement factor 𝑒𝑘∗[𝑅+𝑉 (𝑠′)] on

AmpMem[s][a]. When the UAV hits the boundary or value difference
Δ𝑉 (𝑠) < 0, 𝑘 < 0. Otherwise, 𝑘 > 0;

9 Re-normalize AmpMem[s] and set 𝑠 ← 𝑠′;
10 until 𝐹 > 𝐸/𝑇 or 𝑠′ == 𝑞𝐹 ;
11 𝑒𝑝 += 1;
12 end
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4.5 Simulation Results

In this section, experimental results are evaluated for the considered UAV trajectory plan-

ning problem via the proposed QiRL solution. For comparison, two CRL methods (i.e.,

Q-learning with 𝜖-greedy and Boltzmann exploration strategies) are performed as bench-

marks. It is assumed that the feasible UAV exploration field Φ is a square area with side

length 200 m, where 5 GUEs are located on the ground (denoted by the red stars). By

default, the length of each time slot is fixed as 𝑇 =2 s and the constant flying altitude and

speed of the UAV are set as 𝐻 =100 m and 𝑉 =10 m/s, respectively. The area Φ is divided

into 10-by-10 small grids and the side length of each grid equals 𝑉 𝑇 = 20 m. The start

location and the destination are predefined at 𝑞0 = (10, 190, 100) and 𝑞𝐹 = (190, 10, 100),

respectively. Considering the on-board power capacity of the UAV, the total flying time

of the UAV is constrained as 𝐹 𝑇 ≤ 1800 s so that 𝐸 = 1800 is set. Besides, it is assumed

that 𝑃𝑘 = 1 Watt, 𝜎2
𝑘 = 1, 𝜛 = 2 GHz, 𝐵 = 10 MHz and ♭𝑘 = 2 MHz, in line with [22].

Fig. 4.2 shows the performance comparison of one widely used CRL approach called

Q-learning with two action selection strategies, i.e., 𝜖-greedy and Boltzmann, and the pro-

posed QiRL solution. Note that exploration parameters 𝜖 and 𝜏 of Q-learning approach

keep annealing alongside the learning progress, which controls the ratio of exploration and

exploitation and significantly affects the overall learning quality and convergence perfor-

mance. In this figure, the learned trajectories of Q-learning and QiRL are also depicted

for intuitive comparison. Specifically, Fig. 4.2a shows the expected reward curves, which

corresponds to Fig. 4.2b.

From Fig. 4.2a, it is straightforward to observe that the proposed QiRL solution can

converge much faster than Q-learning with 𝜖-greedy action selection strategy, while it

has relatively faster convergence speed than Q-learning with advanced Boltzmann action

selection strategy, which illustrates that the proposed QiRL algorithm can offer better

convergence performance. Moreover, from Fig. 4.2b and Fig. 4.2c, one can observe

that all the simulated RL approaches can output proper trajectories in these two different

network environments. However, while Boltzmann strategy can offer faster convergence
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(a) Accumulated Reward Comparison

(b) Learned Trajectory Comparison (Env. 1)

(c) Learned Trajectory Comparison (Env. 2)

Fig. 4.2 Performance comparison of two Q-learning approaches and the proposed QiRL
solution
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performance than 𝜖-greedy, it leads to sub-optimal trajectory, as shown in Fig. 4.2a and

Fig. 4.2b. According to Fig. 4.2, the proposed QiRL solution can not only enhance

convergence performance but also achieve the equivalently optimal trajectory compared

to Q-learning with 𝜖-greedy action selection strategy. Note that the balancing between

exploration and exploitation in 𝜖-greedy or Boltzmann aided Q-learning approach is con-

trolled by the pickings of initial exploration parameter (i.e., 𝜖 or 𝜏, respectively) and their

corresponding annealing speeds, which directly and inherently influences convergence

performance and learning quality. Generally speaking, the initial exploration parameters

and their corresponding annealing speeds are modified via empirical knowledge when the

learning environment varies. However, simply decaying exploration parameter (linearly

or non-linearly) alongside the learning progress could easily lead to insufficient learning

or low speed of convergence. To deal with this unsatisfactoriness, the proposed QiRL

algorithm applies quantum-inspired action selection approach, offering natural balancing

between exploration and exploitation alongside the learning progress and thus can better

deal with the trade-off between convergence speed and learning quality.

4.6 Chapter Summary

This chapter introduced a QiRL solution to tackle the trajectory planning problem which

aims to optimize the ESUTR performance for the UAV flying from the start location to the

destination. Specifically, the proposed QiRL approach utilizes the novel collapse action

selection strategy inspired by quantum mechanism, which can offer a natural way to bal-

ance exploration and exploitation via sorting probabilities of action collapse in a ranking

sequence. Numerical results compared the convergence performance and the learned tra-

jectories between the proposed QiRL solution and the widely used Q-learning approach

with 𝜖-greedy and Boltzmann exploration strategies, validated the effectiveness of the

proposed QiRL solution and showed that the QiRL solution can better deal with trade-off

between convergence speed and learning quality than traditional Q-learning approaches.



Chapter 5

Path Planning for Cellular-Connected

UAV: A DRL Solution with

Quantum-Inspired Experience Replay

5.1 Introduction

In this chapter, several ideas from quantummechanics are integrated with DRL techniques

to solve intelligent trajectory planning problem for cellular-connected UAV networks. The

main contributions of this chapter are summarized as follows.

• Different from the vast majority of existing literature, more practical A2G pathloss

model based on one realization of local building distribution and directional antenna

with fixed 3D radiation pattern are considered in this chapter. Then, a cellular-

connected UAV trajectory planning problem is formulated to minimize the weighted

sum of flight time cost and the corresponding expected outage duration. Without

prior knowledge of the wireless environment, the focused path planning problem is

challenging to be tackled via conventional optimization techniques. Alternatively,

the proposed optimization problem is mapped intoMDP and solved by the proposed

DRL solution with novel QiER technique.
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• A novel QiER framework is coined to help the learning agent achieve better training

performance, via a three-phase quantum-inspired process. Specifically, the quan-

tum initialization phase allocates initial priority for the newly recorded experiences,

the quantum preparation phase generates the updated priority for the sampled transi-

tions with the help of Grover iteration, and the quantummeasurement phase outputs

distribution of sampling probabilities to help accomplish the mini-batch training

procedure.

• To demonstrate advantages offered by the proposed DRL-QiER solution, perfor-

mance comparison against representative baselines is performed. Compared toDRL

approach with standard experience relay (DRL-ER) [89] or prioritized ER (DRL-

PER) [96], deep curriculum reinforcement learning (DCRL) method [146] and si-

multaneous navigation and radio mapping (SNARM) strategy [36], simulation re-

sults demonstrate that the proposed DRL-QiER solution can achieve more efficient

and steady learning performance. Moreover, the proposed DRL-QiER does not in-

clude extra neural networks like SNARM approach, and requires much less hyper-

parameter tuning like DCRL or DRL-PERmethod, which means that it is easier and

more robust for implementation.

Although this chapter and [36] both focus on designing a DRL-aided solution for intel-

ligently navigating cellular-connected UAV, the main differences are: 1) detailed antenna

gain model and pathloss model are provided in this chapter, which makes the formulated

UAV navigation problemmore specific; 2) to overcome the bias issue and relieve the heavy

computation burden induced by the extra neural network of SNARM approach [36], i.e.,

the model-learning component termed as radio map, a light but reliable DRL-QiER solu-

tion is proposed, which is model-free and contains only one online training neural network;

and 3) quantum mechanism is introduced to aid experience replay efficiency for DRL

agent, enabling the proposed DRL-QiER solution to have the potential to perform out-

standingly than conventional DRL methods. Moreover, with the help of Grover iteration

in quantum computation, the QiER method in [147] is extended from 2D discrete rotation
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to its 3D continuous alternative, which introduces fewer additional hyper-parameters and

thus makes the QiER technique more flexible and reliable. Last but not least, compared

to Chapter 4, the quantum aid of enhancing action selection quality for tabular RL frame-

work [107] is extended to improve experience replay performance for DRL counterpart,

breaking the curse of dimensionality and enabling the agent to practically solve problems

with continuous state space.

Chapter organization: Section 5.2 presents the system model. Section 5.3 briefly in-

troduces quantum state and quantum amplitude amplification. Section 5.4 presents the

proposed DRL-QiER solution. Simulation results are given in Section 5.5, while chapter

summery is drawn in Section 5.6.

5.2 System Model

A downlink transmission scenario inside cellular-connected UAV network is considered,

where a set 𝒰 of 𝑈 UAVs is served by a set ℬ of 𝐵 BSs within cellular coverage.

These UAVs are supposed to reach a common destination from their respective initial

locations, for accomplishing their own missions.1 Intuitively, each UAV should be nav-

igated with a feasible trajectory, alongside which the corresponding time consumption

should be the shortest and wireless transmission quality provided by the cellular network

should be maintained satisfactorily.2 Without loss of generality, an arbitrary UAV (de-

noted as 𝑢 hereafter) out of these 𝑈 drones are concentrated for investigating the naviga-

tion task.3 For clarity, the UAV’s exploration environment is defined as a cubic subregion

𝔸 ∶ [𝑥lo, 𝑥up] × [𝑦lo, 𝑦up] × [𝑧lo, 𝑧up], where the subscripts “lo” and “up” represent the

lower and upper boundaries of this 3D airspace, respectively. Furthermore, the coordi-
1For example, one typical UAV application case is parcel collection. Various UAVs are launched from

different costumers’ properties carrying parcels to the local distribution centre of delivery firm. Besides,
collision avoidance during UAVs’ flights needs to be guaranteed, via separating UAV’s operation spaces
and keeping their flying altitudes higher than the tallest building.

2This chapter concentrates on UAV navigation task within coverage of cellular networks, while GPS-
supported UAV navigation is beyond the scope of this chapter and left as one of future research directions.

3These UAVs share the same airspace and common location-dependent database, which means that the
trained DRL model can be downloaded by the remaining UAVs, helping them accomplish their navigation
tasks.
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nate of the focused UAV at time 𝑡 should locate in the range of 𝑞lo ⪯ 𝑞𝑢(𝑡) ⪯ 𝑞up, where

𝑞lo = (𝑥lo, 𝑦lo, 𝑧lo) and 𝑞up = (𝑥up, 𝑦up, 𝑧up). The initial location and the destination are

given by 𝑞𝑢(𝐼) ∈ ℝ1∗3 and 𝑞𝑢(𝐷) ∈ ℝ1∗3, respectively. Therefore, the overall trajec-

tory of this UAV’s flight can be fully traced by 𝑞𝑢(𝑡) = (𝑥𝑢(𝑡), 𝑦𝑢(𝑡), 𝑧𝑢(𝑡)), starting from

𝑞𝑢(𝐼) and ending at 𝑞𝑢(𝐷). Besides, the location of arbitrary BS 𝑏 ∈ ℬ is indicated as

𝑞𝑏 = (𝑥𝑏, 𝑦𝑏, 𝑧𝑏), where 𝑞lo ⪯ 𝑞𝑏 ⪯ 𝑞up.

5.2.1 Antenna Model

While A2G channel model is of importance for characterize the performance of A2G links,

antenna model for cellular BSs is vital as well. Terrestrial transmission usually assumes

that the distance between transceivers is much greater than the height difference of their

antennas. In this regard, antenna modelling for terrestrial communications mainly con-

cerns 2D antenna gain on the horizontal domain. Unfortunately, 2D antenna modelling is

not sufficiently feasible for A2G transmissions, where high-altitude UAVs are involved.

More practically, 3D antenna gain should be considered for A2G transmissions, which

takes both the azimuth and elevation angles into account.

𝑑!

𝑑!z1
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zM
<latexit sha1_base64="g3pzuGr7zj0MSJWIi479lmmCBDg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgqmFNpTNdtIu3WzC7kaoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6e0srq2vlHerGxt7+zuVfcPWjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU+BCOrqf+wyMqzRN5b8YpBjEdSB5xRo2V/KdefjvpVWtu3Z2BLBOvIDUo0OxVv7r9hGUxSsME1brjuakJcqoMZwInlW6mMaVsRAfYsVTSGHWQz46dkBOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiyyDnMs0MSjZfFGWCmIRMPyd9rpAZMbaEMsXtrYQNqaLM2HwqNgRv8eVl0jqre27duzuvNa6KOMpwBMdwCh5cQANuoAk+MODwDK/w5kjnxXl3PuatJaeYOYQ/cD5/AP3ijso=</latexit><latexit sha1_base64="g3pzuGr7zj0MSJWIi479lmmCBDg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgqmFNpTNdtIu3WzC7kaoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6e0srq2vlHerGxt7+zuVfcPWjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU+BCOrqf+wyMqzRN5b8YpBjEdSB5xRo2V/KdefjvpVWtu3Z2BLBOvIDUo0OxVv7r9hGUxSsME1brjuakJcqoMZwInlW6mMaVsRAfYsVTSGHWQz46dkBOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiyyDnMs0MSjZfFGWCmIRMPyd9rpAZMbaEMsXtrYQNqaLM2HwqNgRv8eVl0jqre27duzuvNa6KOMpwBMdwCh5cQANuoAk+MODwDK/w5kjnxXl3PuatJaeYOYQ/cD5/AP3ijso=</latexit><latexit sha1_base64="g3pzuGr7zj0MSJWIi479lmmCBDg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgqmFNpTNdtIu3WzC7kaoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6e0srq2vlHerGxt7+zuVfcPWjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU+BCOrqf+wyMqzRN5b8YpBjEdSB5xRo2V/KdefjvpVWtu3Z2BLBOvIDUo0OxVv7r9hGUxSsME1brjuakJcqoMZwInlW6mMaVsRAfYsVTSGHWQz46dkBOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiyyDnMs0MSjZfFGWCmIRMPyd9rpAZMbaEMsXtrYQNqaLM2HwqNgRv8eVl0jqre27duzuvNa6KOMpwBMdwCh5cQANuoAk+MODwDK/w5kjnxXl3PuatJaeYOYQ/cD5/AP3ijso=</latexit><latexit sha1_base64="g3pzuGr7zj0MSJWIi479lmmCBDg=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0GPRixehgqmFNpTNdtIu3WzC7kaoob/BiwdFvPqDvPlv3LY5aOuDgcd7M8zMC1PBtXHdb6e0srq2vlHerGxt7+zuVfcPWjrJFEOfJSJR7ZBqFFyib7gR2E4V0jgU+BCOrqf+wyMqzRN5b8YpBjEdSB5xRo2V/KdefjvpVWtu3Z2BLBOvIDUo0OxVv7r9hGUxSsME1brjuakJcqoMZwInlW6mMaVsRAfYsVTSGHWQz46dkBOr9EmUKFvSkJn6eyKnsdbjOLSdMTVDvehNxf+8TmaiyyDnMs0MSjZfFGWCmIRMPyd9rpAZMbaEMsXtrYQNqaLM2HwqNgRv8eVl0jqre27duzuvNa6KOMpwBMdwCh5cQANuoAk+MODwDK/w5kjnxXl3PuatJaeYOYQ/cD5/AP3ijso=</latexit>

xULA
<latexit sha1_base64="lCK1QU7UzI7ZTIGwjYg0dGU2XgQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8lUQEPVa9ePBQwbSFNpbNdtMu3WzC7kRbQv6HFw+KePW/ePPfuP04aOuDgcd7M8zMCxLBNTrOt7W0vLK6tl7YKG5ube/slvb26zpOFWUejUWsmgHRTHDJPOQoWDNRjESBYI1gcD32G49MaR7LexwlzI9IT/KQU4JGehh2sjayIWbe7WWed0plp+JMYC8Sd0bKMEOtU/pqd2OaRkwiFUTrlusk6GdEIaeC5cV2qllC6ID0WMtQSSKm/WxydW4fG6Vrh7EyJdGeqL8nMhJpPYoC0xkR7Ot5byz+57VSDC/8jMskRSbpdFGYChtjexyB3eWKURQjQwhV3Nxq0z5RhKIJqmhCcOdfXiT104rrVNy7s3L1ahZHAQ7hCE7AhXOowg3UwAMKCp7hFd6sJ+vFerc+pq1L1mzmAP7A+vwB/Y6S0A==</latexit><latexit sha1_base64="lCK1QU7UzI7ZTIGwjYg0dGU2XgQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8lUQEPVa9ePBQwbSFNpbNdtMu3WzC7kRbQv6HFw+KePW/ePPfuP04aOuDgcd7M8zMCxLBNTrOt7W0vLK6tl7YKG5ube/slvb26zpOFWUejUWsmgHRTHDJPOQoWDNRjESBYI1gcD32G49MaR7LexwlzI9IT/KQU4JGehh2sjayIWbe7WWed0plp+JMYC8Sd0bKMEOtU/pqd2OaRkwiFUTrlusk6GdEIaeC5cV2qllC6ID0WMtQSSKm/WxydW4fG6Vrh7EyJdGeqL8nMhJpPYoC0xkR7Ot5byz+57VSDC/8jMskRSbpdFGYChtjexyB3eWKURQjQwhV3Nxq0z5RhKIJqmhCcOdfXiT104rrVNy7s3L1ahZHAQ7hCE7AhXOowg3UwAMKCp7hFd6sJ+vFerc+pq1L1mzmAP7A+vwB/Y6S0A==</latexit><latexit sha1_base64="lCK1QU7UzI7ZTIGwjYg0dGU2XgQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8lUQEPVa9ePBQwbSFNpbNdtMu3WzC7kRbQv6HFw+KePW/ePPfuP04aOuDgcd7M8zMCxLBNTrOt7W0vLK6tl7YKG5ube/slvb26zpOFWUejUWsmgHRTHDJPOQoWDNRjESBYI1gcD32G49MaR7LexwlzI9IT/KQU4JGehh2sjayIWbe7WWed0plp+JMYC8Sd0bKMEOtU/pqd2OaRkwiFUTrlusk6GdEIaeC5cV2qllC6ID0WMtQSSKm/WxydW4fG6Vrh7EyJdGeqL8nMhJpPYoC0xkR7Ot5byz+57VSDC/8jMskRSbpdFGYChtjexyB3eWKURQjQwhV3Nxq0z5RhKIJqmhCcOdfXiT104rrVNy7s3L1ahZHAQ7hCE7AhXOowg3UwAMKCp7hFd6sJ+vFerc+pq1L1mzmAP7A+vwB/Y6S0A==</latexit><latexit sha1_base64="lCK1QU7UzI7ZTIGwjYg0dGU2XgQ=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBE8lUQEPVa9ePBQwbSFNpbNdtMu3WzC7kRbQv6HFw+KePW/ePPfuP04aOuDgcd7M8zMCxLBNTrOt7W0vLK6tl7YKG5ube/slvb26zpOFWUejUWsmgHRTHDJPOQoWDNRjESBYI1gcD32G49MaR7LexwlzI9IT/KQU4JGehh2sjayIWbe7WWed0plp+JMYC8Sd0bKMEOtU/pqd2OaRkwiFUTrlusk6GdEIaeC5cV2qllC6ID0WMtQSSKm/WxydW4fG6Vrh7EyJdGeqL8nMhJpPYoC0xkR7Ot5byz+57VSDC/8jMskRSbpdFGYChtjexyB3eWKURQjQwhV3Nxq0z5RhKIJqmhCcOdfXiT104rrVNy7s3L1ahZHAQ7hCE7AhXOowg3UwAMKCp7hFd6sJ+vFerc+pq1L1mzmAP7A+vwB/Y6S0A==</latexit>

yULA
<latexit sha1_base64="mxwDKYsvhWWZdCBGDCmn6OPg8Pk=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPViwcPFUxbaGPZbDft0s0m7E7UEPI/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPD8WXINtf1ulpeWV1bXyemVjc2t7p7q719JRoihzaSQi1fGJZoJL5gIHwTqxYiT0BWv746uJ335gSvNI3kEaMy8kQ8kDTgkY6T7tZz1gT5C5Nxd53q/W7Lo9BV4kTkFqqECzX/3qDSKahEwCFUTrrmPH4GVEAaeC5ZVeollM6JgMWddQSUKmvWx6dY6PjDLAQaRMScBT9fdERkKt09A3nSGBkZ73JuJ/XjeB4NzLuIwTYJLOFgWJwBDhSQR4wBWjIFJDCFXc3IrpiChCwQRVMSE48y8vktZJ3bHrzu1prXFZxFFGB+gQHSMHnaEGukZN5CKKFHpGr+jNerRerHfrY9ZasoqZffQH1ucP/x+S0Q==</latexit><latexit sha1_base64="mxwDKYsvhWWZdCBGDCmn6OPg8Pk=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPViwcPFUxbaGPZbDft0s0m7E7UEPI/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPD8WXINtf1ulpeWV1bXyemVjc2t7p7q719JRoihzaSQi1fGJZoJL5gIHwTqxYiT0BWv746uJ335gSvNI3kEaMy8kQ8kDTgkY6T7tZz1gT5C5Nxd53q/W7Lo9BV4kTkFqqECzX/3qDSKahEwCFUTrrmPH4GVEAaeC5ZVeollM6JgMWddQSUKmvWx6dY6PjDLAQaRMScBT9fdERkKt09A3nSGBkZ73JuJ/XjeB4NzLuIwTYJLOFgWJwBDhSQR4wBWjIFJDCFXc3IrpiChCwQRVMSE48y8vktZJ3bHrzu1prXFZxFFGB+gQHSMHnaEGukZN5CKKFHpGr+jNerRerHfrY9ZasoqZffQH1ucP/x+S0Q==</latexit><latexit sha1_base64="mxwDKYsvhWWZdCBGDCmn6OPg8Pk=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPViwcPFUxbaGPZbDft0s0m7E7UEPI/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPD8WXINtf1ulpeWV1bXyemVjc2t7p7q719JRoihzaSQi1fGJZoJL5gIHwTqxYiT0BWv746uJ335gSvNI3kEaMy8kQ8kDTgkY6T7tZz1gT5C5Nxd53q/W7Lo9BV4kTkFqqECzX/3qDSKahEwCFUTrrmPH4GVEAaeC5ZVeollM6JgMWddQSUKmvWx6dY6PjDLAQaRMScBT9fdERkKt09A3nSGBkZ73JuJ/XjeB4NzLuIwTYJLOFgWJwBDhSQR4wBWjIFJDCFXc3IrpiChCwQRVMSE48y8vktZJ3bHrzu1prXFZxFFGB+gQHSMHnaEGukZN5CKKFHpGr+jNerRerHfrY9ZasoqZffQH1ucP/x+S0Q==</latexit><latexit sha1_base64="mxwDKYsvhWWZdCBGDCmn6OPg8Pk=">AAAB9XicbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPViwcPFUxbaGPZbDft0s0m7E7UEPI/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPD8WXINtf1ulpeWV1bXyemVjc2t7p7q719JRoihzaSQi1fGJZoJL5gIHwTqxYiT0BWv746uJ335gSvNI3kEaMy8kQ8kDTgkY6T7tZz1gT5C5Nxd53q/W7Lo9BV4kTkFqqECzX/3qDSKahEwCFUTrrmPH4GVEAaeC5ZVeollM6JgMWddQSUKmvWx6dY6PjDLAQaRMScBT9fdERkKt09A3nSGBkZ73JuJ/XjeB4NzLuIwTYJLOFgWJwBDhSQR4wBWjIFJDCFXc3IrpiChCwQRVMSE48y8vktZJ3bHrzu1prXFZxFFGB+gQHSMHnaEGukZN5CKKFHpGr+jNerRerHfrY9ZasoqZffQH1ucP/x+S0Q==</latexit>

zULA
<latexit sha1_base64="Y9pq+Yl0IsZmPFiWfnB3+Mu1004=">AAAB9XicbVBNS8NAEN34WetX1aOXYBE8lUQEPVa9ePBQwbSFNpbNdtIu3WzC7kStIf/DiwdFvPpfvPlv3H4ctPXBwOO9GWbmBYngGh3n21pYXFpeWS2sFdc3Nre2Szu7dR2nioHHYhGrZkA1CC7BQ44CmokCGgUCGsHgcuQ37kFpHstbHCbgR7QnecgZRSPdPXWyNsIjZt71eZ53SmWn4oxhzxN3Sspkilqn9NXuxiyNQCITVOuW6yToZ1QhZwLyYjvVkFA2oD1oGSppBNrPxlfn9qFRunYYK1MS7bH6eyKjkdbDKDCdEcW+nvVG4n9eK8XwzM+4TFIEySaLwlTYGNujCOwuV8BQDA2hTHFzq836VFGGJqiiCcGdfXme1I8rrlNxb07K1YtpHAWyTw7IEXHJKamSK1IjHmFEkWfySt6sB+vFerc+Jq0L1nRmj/yB9fkDAL+S0g==</latexit><latexit sha1_base64="Y9pq+Yl0IsZmPFiWfnB3+Mu1004=">AAAB9XicbVBNS8NAEN34WetX1aOXYBE8lUQEPVa9ePBQwbSFNpbNdtIu3WzC7kStIf/DiwdFvPpfvPlv3H4ctPXBwOO9GWbmBYngGh3n21pYXFpeWS2sFdc3Nre2Szu7dR2nioHHYhGrZkA1CC7BQ44CmokCGgUCGsHgcuQ37kFpHstbHCbgR7QnecgZRSPdPXWyNsIjZt71eZ53SmWn4oxhzxN3Sspkilqn9NXuxiyNQCITVOuW6yToZ1QhZwLyYjvVkFA2oD1oGSppBNrPxlfn9qFRunYYK1MS7bH6eyKjkdbDKDCdEcW+nvVG4n9eK8XwzM+4TFIEySaLwlTYGNujCOwuV8BQDA2hTHFzq836VFGGJqiiCcGdfXme1I8rrlNxb07K1YtpHAWyTw7IEXHJKamSK1IjHmFEkWfySt6sB+vFerc+Jq0L1nRmj/yB9fkDAL+S0g==</latexit><latexit sha1_base64="Y9pq+Yl0IsZmPFiWfnB3+Mu1004=">AAAB9XicbVBNS8NAEN34WetX1aOXYBE8lUQEPVa9ePBQwbSFNpbNdtIu3WzC7kStIf/DiwdFvPpfvPlv3H4ctPXBwOO9GWbmBYngGh3n21pYXFpeWS2sFdc3Nre2Szu7dR2nioHHYhGrZkA1CC7BQ44CmokCGgUCGsHgcuQ37kFpHstbHCbgR7QnecgZRSPdPXWyNsIjZt71eZ53SmWn4oxhzxN3Sspkilqn9NXuxiyNQCITVOuW6yToZ1QhZwLyYjvVkFA2oD1oGSppBNrPxlfn9qFRunYYK1MS7bH6eyKjkdbDKDCdEcW+nvVG4n9eK8XwzM+4TFIEySaLwlTYGNujCOwuV8BQDA2hTHFzq836VFGGJqiiCcGdfXme1I8rrlNxb07K1YtpHAWyTw7IEXHJKamSK1IjHmFEkWfySt6sB+vFerc+Jq0L1nRmj/yB9fkDAL+S0g==</latexit><latexit sha1_base64="Y9pq+Yl0IsZmPFiWfnB3+Mu1004=">AAAB9XicbVBNS8NAEN34WetX1aOXYBE8lUQEPVa9ePBQwbSFNpbNdtIu3WzC7kStIf/DiwdFvPpfvPlv3H4ctPXBwOO9GWbmBYngGh3n21pYXFpeWS2sFdc3Nre2Szu7dR2nioHHYhGrZkA1CC7BQ44CmokCGgUCGsHgcuQ37kFpHstbHCbgR7QnecgZRSPdPXWyNsIjZt71eZ53SmWn4oxhzxN3Sspkilqn9NXuxiyNQCITVOuW6yToZ1QhZwLyYjvVkFA2oD1oGSppBNrPxlfn9qFRunYYK1MS7bH6eyKjkdbDKDCdEcW+nvVG4n9eK8XwzM+4TFIEySaLwlTYGNujCOwuV8BQDA2hTHFzq836VFGGJqiiCcGdfXme1I8rrlNxb07K1YtpHAWyTw7IEXHJKamSK1IjHmFEkWfySt6sB+vFerc+Jq0L1nRmj/yB9fkDAL+S0g==</latexit>

(Boresight Direction)

…
 …

✓ULA
<latexit sha1_base64="r7YDZG+Qkfws/9An7T4EwBZ9Rd4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE0GPViwcPFUxbaELZbKft0s0HuxOxhPhXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCARXKFtfxulldW19Y3yZmVre2d3z9w/aKk4lQxcFotYdgKqQPAIXOQooJNIoGEgoB2Mr6d++wGk4nF0j5ME/JAOIz7gjKKWembVwxEg7WUewiNm7u1lnvfMml23Z7CWiVOQGinQ7JlfXj9maQgRMkGV6jp2gn5GJXImIK94qYKEsjEdQlfTiIag/Gx2fG4da6VvDWKpK0Jrpv6eyGio1CQMdGdIcaQWvan4n9dNcXDhZzxKUoSIzRcNUmFhbE2TsPpcAkMx0YQyyfWtFhtRSRnqvCo6BGfx5WXSOq07dt25O6s1roo4yuSQHJET4pBz0iA3pElcwsiEPJNX8mY8GS/Gu/Exby0ZxUyV/IHx+QNNwJUt</latexit><latexit sha1_base64="r7YDZG+Qkfws/9An7T4EwBZ9Rd4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE0GPViwcPFUxbaELZbKft0s0HuxOxhPhXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCARXKFtfxulldW19Y3yZmVre2d3z9w/aKk4lQxcFotYdgKqQPAIXOQooJNIoGEgoB2Mr6d++wGk4nF0j5ME/JAOIz7gjKKWembVwxEg7WUewiNm7u1lnvfMml23Z7CWiVOQGinQ7JlfXj9maQgRMkGV6jp2gn5GJXImIK94qYKEsjEdQlfTiIag/Gx2fG4da6VvDWKpK0Jrpv6eyGio1CQMdGdIcaQWvan4n9dNcXDhZzxKUoSIzRcNUmFhbE2TsPpcAkMx0YQyyfWtFhtRSRnqvCo6BGfx5WXSOq07dt25O6s1roo4yuSQHJET4pBz0iA3pElcwsiEPJNX8mY8GS/Gu/Exby0ZxUyV/IHx+QNNwJUt</latexit><latexit sha1_base64="r7YDZG+Qkfws/9An7T4EwBZ9Rd4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE0GPViwcPFUxbaELZbKft0s0HuxOxhPhXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCARXKFtfxulldW19Y3yZmVre2d3z9w/aKk4lQxcFotYdgKqQPAIXOQooJNIoGEgoB2Mr6d++wGk4nF0j5ME/JAOIz7gjKKWembVwxEg7WUewiNm7u1lnvfMml23Z7CWiVOQGinQ7JlfXj9maQgRMkGV6jp2gn5GJXImIK94qYKEsjEdQlfTiIag/Gx2fG4da6VvDWKpK0Jrpv6eyGio1CQMdGdIcaQWvan4n9dNcXDhZzxKUoSIzRcNUmFhbE2TsPpcAkMx0YQyyfWtFhtRSRnqvCo6BGfx5WXSOq07dt25O6s1roo4yuSQHJET4pBz0iA3pElcwsiEPJNX8mY8GS/Gu/Exby0ZxUyV/IHx+QNNwJUt</latexit><latexit sha1_base64="r7YDZG+Qkfws/9An7T4EwBZ9Rd4=">AAAB/HicbVBNS8NAEN3Ur1q/oj16CRbBU0lE0GPViwcPFUxbaELZbKft0s0HuxOxhPhXvHhQxKs/xJv/xm2bg7Y+GHi8N8PMvCARXKFtfxulldW19Y3yZmVre2d3z9w/aKk4lQxcFotYdgKqQPAIXOQooJNIoGEgoB2Mr6d++wGk4nF0j5ME/JAOIz7gjKKWembVwxEg7WUewiNm7u1lnvfMml23Z7CWiVOQGinQ7JlfXj9maQgRMkGV6jp2gn5GJXImIK94qYKEsjEdQlfTiIag/Gx2fG4da6VvDWKpK0Jrpv6eyGio1CQMdGdIcaQWvan4n9dNcXDhZzxKUoSIzRcNUmFhbE2TsPpcAkMx0YQyyfWtFhtRSRnqvCo6BGfx5WXSOq07dt25O6s1roo4yuSQHJET4pBz0iA3pElcwsiEPJNX8mY8GS/Gu/Exby0ZxUyV/IHx+QNNwJUt</latexit>

✓ULA
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(a) Coordinate system of ULA

dB

𝜃!"!#$

(b) Vertical pattern at boresight

Fig. 5.1 Demonstration of ULA’s coordinate system and vertical radiation pattern
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In compliance with BS’s antenna modelling of current cellular networks, directional

antenna with fixed 3D radiation pattern is assumed to be equipped at each BS. Following

standard sectorization, each BS is portioned to cover three sectors. Therefore, there are

3𝐵 sectors in total within the interested airspace 𝔸. Specifically, it is assumed that three

vertically placed 𝑀-element uniform linear arrays (ULAs) are equipped by each BS with

boresights directed to their corresponding sectors covered by this BS, subject to the 3GPP

specification on cellular BS’s antenna model [148]. In individual and independent coordi-

nate system of each ULA (e.g., Fig. 5.1a), antenna element’s placing location is denoted

as (0, 0, 𝑧𝑚), where 𝑚 = {1, 2, … , 𝑀}.

Then, the wave factor of ULA can be given by

�⃗� = 2𝜋
𝜆 (sin 𝜃ULA cos𝜙ULA, sin 𝜃ULA sin𝜙ULA, cos 𝜃ULA) , (5.1)

where 𝜆 = 𝑐/𝑓𝑐 represents the wavelength, 𝑐 denotes the light speed and 𝑓𝑐 indicates the

carrier frequency. Furthermore, the steering vector can be derived as

𝑠𝑣 = [exp(−𝑗�⃗�(0, 0, 𝑧1)𝑇
), … , exp(−𝑗�⃗�(0, 0, 𝑧𝑀 )𝑇

)]
𝑇

. (5.2)

Suggested by 3GPP, vertical and horizontal radiation patterns in dB of each ULA are given

by

𝐴𝑉 (𝜃ULA, 𝜙ULA = 0°) = −min
{

12 (
𝜃ULA − 90°

Θ3dB )
2

, 30dB
}

, (5.3)

𝐴𝐻 (𝜃ULA = 90°, 𝜙ULA) = −min
{

12 (
𝜙ULA
Φ3dB )

2
, 30dB

}
, (5.4)

respectively. Then, each ULA’s 3D element pattern in dB can be calculated as

𝐴 (𝜃ULA, 𝜙ULA)=−min{−[𝐴𝑉 (𝜃ULA, 𝜙ULA = 0°)+𝐴𝐻 (𝜃ULA = 90°, 𝜙ULA)] , 30dB} .

(5.5)

Note that each antenna element of ULA is directional, specified by half-power beamwidths

Θ3dB and Φ3dB for the vertical and horizontal dimensions, respectively. To suppress ICIs



5.2. System Model | 149

in cellular networks, themain lobe of ULA’s radiation pattern should be electrically steered

by 𝜃𝑒𝑡𝑖𝑙𝑡 ∈ [0°, 180°], where 𝜃𝑒𝑡𝑖𝑙𝑡 = 90° means perpendicular to the ULA. To achieve the

steering angle 𝜃𝑒𝑡𝑖𝑙𝑡, fixed phase shift for each antenna element of ULA can be executed,

for which the complex coefficient of the 𝑚-th antenna element is given by

℘𝑚 = 1
𝑀 exp [−𝑗 2𝜋

𝜆 (𝑚 − 1)𝑑𝑣 cos 𝜃𝑒𝑡𝑖𝑙𝑡] , (5.6)

where 𝑑𝑣 indicates the vertical elements’ spacing distance. Furthermore, the array factor

can be formulated as

𝐴𝐹 =
𝑀

∑
𝑚=1

℘𝑚 exp(−𝑗�⃗�(0, 0, 𝑧𝑚)𝑇
) = ℘⃗𝑠𝑣, (5.7)

where ℘⃗ = (℘1, … , ℘𝑀 )∗ is the weight vector and the superscript ∗ indicates the complex

conjugate. In the end, the 3D antenna gain of each ULA in dB can be calculated as [148]

𝐺 (𝜃ULA, 𝜙ULA) = 10 lg
(

|√10
𝐴(𝜃ULA,𝜙ULA)

10 𝐴𝐹 |2
)

. (5.8)

Fig. 5.1b illustrates an example for 𝜃𝑒𝑡𝑖𝑙𝑡 = 100°, under parameter setting Θ3dB =

Φ3dB = 65°, 𝑑𝑣 = 𝜆/2 and 𝑀 = 8. It is straightforward to observe that the main lobe

is downtilted towards the ground for serving terrestrial communications, and the upper

side lobes can be utilized to support A2G transmissions. Denote 𝑖 ∈ {1, … , 3𝐵} as the

label of sectors in the considered region. Then, the transmit antenna gain from arbitrary

sector to the UAV can be explicitly determined by UAV’s location, denoted as 𝐺𝑖 [𝑞𝑢(𝑡)] =

𝐺 (𝜃𝑖𝑢, 𝜙𝑖𝑢), where 𝜃𝑖𝑢 and 𝜙𝑖𝑢 can be obtained via taking 𝑞𝑢(𝑡), the location of ULA for

sector 𝑖 and the ULA’s boresight direction into account.4

4Note that the location of ULA for sector 𝑖 is assumed to be the same as its associated BS, which is a
reasonable consideration because the distance among ULAs on the BS is much smaller than that between
the UAV and the BS.
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5.2.2 Pathloss Model

Different from terrestrial transmissions, A2G links are more likely to experience LoS

pathloss. In this subsection, the adopted A2G channel model will be interpreted.

According to 3GPP UMa pathloss model [32], the A2G pathloss in dB from sector 𝑖

to the UAV at time 𝑡 is given by

PL𝑖 [𝑞𝑢(𝑡)] =
⎧⎪
⎨
⎪⎩

28.0 + 22 log10 (𝑑𝑖𝑢) + 20 log10 (𝑓𝑐) , if LoS

−17.5 + [46 − 7 log10 (𝑧𝑢(𝑡))] log10 (𝑑𝑖𝑢) + 20 log10 (
40𝜋𝑓𝑐

3 ) , if NLoS
,

(5.9)

where 𝑑𝑖𝑢 = ||𝑞𝑢(𝑡)−𝑞𝑖||2 outputs the Euclidean distance between theUAVand the location

of ULA for sector 𝑖.

To practically trace the type of A2G pathlosses, building distribution in the interested

airspace 𝔸 should be taken into consideration. Fig. 5.2 illustrates an example of local

building distribution, including their horizontal locations on the ground and heights (Fig.

5.2a), as well as the corresponding 3D view (Fig. 5.2b). With given building distribution,

the type of large-scale pathloss of A2G channels for UAV at arbitrary location 𝑞𝑢(𝑡), i.e.,

LoS or NLoS in (5.9), can be accurately determined via checking the potential blockages

between the UAV and sectors.5

5.2.3 SINR at UAV

With the aforementioned antenna and pathloss models, the received signal of the focused

UAV 𝑢 at arbitrary location 𝑞𝑢 over time 𝑡 can be formulated as

𝑦𝑢(𝑡)=
3𝐵

∑
𝑖=1

√10
𝐺𝑖[𝑞𝑢(𝑡)]−PL𝑖[𝑞𝑢(𝑡)]

10 ℎ𝑖𝑢𝑥𝑖(𝑡) + 𝑛𝑢(𝑡), (5.10)

5Note that this method generating A2G pathloss is more practical than the widely used probabilistic A2G
channel model in current literature because the later can only characterize the average A2G pathloss rather
than its real counterpart.
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(b) 3D view of local building distribution

Fig. 5.2 The building distribution under consideration
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where 𝑥𝑖(𝑡) ∼ 𝒞 𝒩 (0, 𝑃𝑖) is the emitted message from sector 𝑖 to the UAV with aver-

age transmit power 𝑃𝑖, ℎ𝑖𝑢 represents the corresponding small-scale fading channel6 and

𝑛𝑢(𝑡) ∼ 𝒞 𝒩 (0, 𝜎2) denotes the received AWGN at the UAV. Note that the explicit type of

pathloss, i.e., LoS or NLoS, can be determined via checking possible blockages according

to one realization of local building distribution as mentioned in Subsection 5.2.2. Assume

that the UAV is associated with sector ̂𝑖 at time 𝑡, the instantaneous SINR at the UAV can

be derived as

Γ𝑢(𝑡) = 𝑃 ̂𝑖10
𝐺 ̂𝑖[𝑞𝑢(𝑡)]−PL ̂𝑖[𝑞𝑢(𝑡)]

10 |ℎ ̂𝑖𝑢|2

𝐼𝑢(𝑡) + 𝜎2 , (5.11)

where 𝐼𝑢(𝑡) = ∑𝑖≠ ̂𝑖 𝑃𝑖10
𝐺𝑖[𝑞𝑢(𝑡)]−PL𝑖[𝑞𝑢(𝑡)]

10 |ℎ𝑖𝑢|2 means the ICIs from un-associated sectors.7

5.2.4 Problem Formulation

The received SINR (5.11) is a random variable because of the randomness introduced by

small-scale fadings, given UAV coordinate 𝑞𝑢(𝑡) and cell association ̂𝑖(𝑡). Hence, the cor-

responding TOP can be formulated as a function of 𝑞𝑢(𝑡) and ̂𝑖(𝑡), i.e., 𝑇 𝑂𝑃𝑢{𝑞𝑢(𝑡), ̂𝑖(𝑡)} =

Pr [Γ𝑢(𝑡) < Γ𝑡ℎ], where Pr outputs probability calculated w.r.t. the aforementioned small-

scale fadings. Then, the EOD of the UAV 𝑢 travelling with trajectory 𝑞𝑢(𝑡), ∀𝑡 ∈ [0, 𝑇𝑢]

from 𝑞𝑢(𝐼) to 𝑞𝑢(𝐷) can be expressed as

𝐸𝑂𝐷𝑢{𝑞𝑢(𝑡), ̂𝑖(𝑡)} = ∫
𝑇𝑢

0
𝑇 𝑂𝑃𝑢{𝑞𝑢(𝑡), ̂𝑖(𝑡)}𝑑𝑡. (5.12)

According to (5.12), the UAV has more freedom to adjust its flying trajectory for vis-

iting stronger wireless coverage areas (say, regions with lower TOP) if longer flight time

budget 𝑇𝑢 is achievable. However, 𝑇𝑢 is commonly expected to be as short as possible,

for the consideration of energy consumption and time cost for accomplishing the corre-

sponding mission. Therefore, a dilemma of minimizing both 𝑇𝑢 and 𝐸𝑂𝐷𝑢 exists in-
6This chapter aims to develop a UAV navigation method for arbitrary small-scale channel model. Hence,

the type of small-scale fading is not specified here, e.g., Rayleigh, Rician or Nakagami-𝑚.
7This chapter focuses on the worst case where universal frequency reuse is assumed, which means that

all the non-associated co-channel sectors will be taken into account as the sources of ICIs.
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evitably. To balance this, this chapter focuses on minimizing the weighted sum of 𝑇𝑢 and

𝐸𝑂𝐷𝑢{𝑞𝑢(𝑡), ̂𝑖(𝑡)} via designing 𝑞𝑢(𝑡) and ̂𝑖(𝑡). Unfortunately, continuous time 𝑡 implies

infinite amount of velocity constraints and location possibilities, leading the UAV path

planning task too sophisticated to be handled. Alternatively, the flight period 𝑇𝑢 is uni-

formly divided into 𝑁 time slots, making the navigation task practically trackable. The

duration of each time slot Δ𝑡 = 𝑇𝑢/𝑁 is controlled to be sufficiently small so that the dis-

tance, pathloss and antenna gain from each sector towards the UAV can be considered as

approximately static within arbitrary time slot.8 Besides, sector assignment is commonly

dependent on pathloss to avoid non-stop handover in practice, and thus the associated sec-

tor within each time slot is assumed unchanged. Therefore, (5.12) can be approximated as

𝐸𝑂𝐷𝑢{𝑞𝑢(𝑡), ̂𝑖(𝑡)} ≈ ∑𝑁
𝑛=1 Δ𝑡𝑇 𝑂𝑃𝑢{𝑞𝑢(𝑛), ̂𝑖(𝑛)}. With given 𝑞𝑢(𝑛) and ̂𝑖(𝑛) for each time

slot, 𝑇 𝑂𝑃𝑢{𝑞𝑢(𝑛), ̂𝑖(𝑛)} can be obtained via numerical signal measurement at the UAV.9

In this regard, one has

𝑇 𝑂𝑃𝑢{𝑞𝑢(𝑛), ̂𝑖(𝑛)} ≃ 1
𝐿

𝐿

∑
𝜄=1

𝐼𝑇 𝑂𝑃 {𝑞𝑢(𝑛), ̂𝑖(𝑛)|ℎ(𝜄)}, (5.13)

where ℎ(𝜄) indicates one realization of the involved small-scale fading components, 𝐿 rep-

resents the amount of signal measurements, the TOP indicator 𝐼𝑇 𝑂𝑃 {𝑞𝑢(𝑛), ̂𝑖(𝑛)|ℎ(𝜄)} =

1 if Γ𝑢{𝑞𝑢(𝑛), ̂𝑖(𝑛)|ℎ(𝜄)} < Γ𝑡ℎ and 𝐼𝑇 𝑂𝑃 {𝑞𝑢(𝑛), ̂𝑖(𝑛)|ℎ(𝜄)} = 0 otherwise. Note that 𝐿 ≫ 1

stands in practice, which means that the approximation (5.13) is feasible to be treated as

an equation. Then, the corresponding optimization problem can be stated as

min
𝑣𝑢(𝑛)

𝜏Δ𝑡
𝐿

𝑁

∑
𝑛=1

𝐿

∑
𝜄=1

𝐼𝑇 𝑂𝑃 {𝑞𝑢(𝑛), ̂𝑖(𝑛)|ℎ(𝜄)} + 𝑁, (5.14a)

8In the case of Δ𝑡 → 0, the discrete flight trajectory can accurately approach its continuous counterpart,
resulting in extremely heavy computation burden. Therefore, the length of time slot Δ𝑡 should be delicately
chosen to achieve satisfactory balance of approximation accuracy and computational complexity.

9The closed-form expression of 𝑇 𝑂𝑃𝑢{𝑞𝑢(𝑛), ̂𝑖(𝑛)} cannot be derived because this chapter aims to develop
a UAV navigation framework for arbitrary small-scale fading environment and the modelling of ℎ𝑖𝑢, 𝑖 ∈
{1, 2, ⋯ , 3𝐵} is not specified. Besides, Δ𝑡 (typically on the magnitude of second) is relatively greater than
the length of channel coherence block (on the magnitude of millisecond) caused by the small-scale fading.
Therefore, 𝑇 𝑂𝑃𝑢{𝑞𝑢(𝑛), ̂𝑖(𝑛)} can be practically evaluated by numerical measurements on the raw received
signals at the UAV via, e.g., RSRP and RSRQ reports [36].
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s.t. ̂𝑖(𝑛) = argmin
𝑖∈{1,2,⋯,3𝐵}

𝑃 𝐿𝑖 [𝑞𝑢(𝑛)] , (5.14b)

𝑞(𝑛 + 1) = 𝑞(𝑛) + 𝑉𝑢Δ𝑡𝑣𝑢(𝑛), ‖𝑣𝑢(𝑛)‖ = 1, (5.14c)

𝑞lo ⪯ 𝑞𝑢(𝑛) ⪯ 𝑞up, 𝑞𝑢(0) = 𝑞𝑢(𝐼), 𝑞𝑢(𝑁) = 𝑞𝑢(𝐷), (5.14d)

where 𝜏 is the weight balancing the aforementioned minimization dilemma, 𝑉𝑢 represents

the UAV’s flying velocity and 𝑣𝑢(𝑛) specifies the mobility direction. The constraint (5.14b)

holds because the sector association strategy is dependent sorely on pathlosses from all the

sectors within each time slot and it is clear that the UAV should always pair with the sector

which can offer the least degree of pathloss.

It is straightforward to conclude that antenna gain and LoS/NLoS condition from each

sector to the UAV are dependent on the UAV’s location with given building and BS

distribution, which further impacts the corresponding pathloss and type of small-scale

fading. This makes it extremely sophisticated to solve problem (5.14) via standard opti-

mization methods, if not impossible, because the considered 3D antenna model, building

distribution-based pathloss model, un-specified small-scale fading setup are coupled with

each other in a complex manner. To provide a better alternative solving the proposed opti-

mization problem (5.14), a DRL-aided solution with a novel QiER framework is proposed

in this chapter.

5.3 Quantum State and Quantum Amplitude Amplifica-

tion

In this section, several basic concepts in quantum computation are briefly introduced,

which is of essence to the development of DRL-QiER solution.
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5.3.1 Quantum State

As a special case of general quantum state introduced in Subsection 4.4.2, a two-eigenstate

quantum system (say, a single qubit) can be described as an arbitrary superposition state

of eigenstates |0⟩ and |1⟩, given by

|Ψ⟩ = 𝛼 |0⟩ + 𝛽 |1⟩ , (5.15)

where the complex coefficients 𝛼 = ⟨0|Ψ⟩ and 𝛽 = ⟨1|Ψ⟩ denote the probability ampli-

tudes for eigenstates |0⟩ and |1⟩, respectively. Note that the single-qubit superposition |Ψ⟩

is a unit vector (i.e., ⟨Ψ|Ψ⟩ = 1) in Hilbert space spanned by orthogonal bases |0⟩ and |1⟩,

subject to |𝛼|2 + |𝛽|2 = 1. According to quantum collapse phenomenon, after measure-

ment or observation of an external experimenter, |Ψ⟩ will collapse from its superposition

state onto one of its eigenstates |0⟩ and |1⟩ with probabilities |𝛼|2 and |𝛽|2, respectively.

5.3.2 Quantum Amplitude Amplification

For a two-eigenstate qubit |Ψ⟩, probability amplitudes of each eigenstate can be changed

via a quantum operation (e.g., Grover iteration [145]), gradually modifying the collapse

probability distribution. Two unitary reflections are applied to achieve Grover iteration,

given by

𝑈 |0⟩ = 𝐼 − (1 − 𝑒𝑗𝜙1) |0⟩ ⟨0| , (5.16)

𝑈 |Ψ⟩ = (1 − 𝑒𝑗𝜙2) |Ψ⟩ ⟨Ψ| − 𝐼 , (5.17)

where {𝜙1, 𝜙2} ∈ [0, 2𝜋], 𝐼 indicates identity matrix, and ⟨0| and ⟨Ψ| are Hermitian

transposes of |0⟩ and |Ψ⟩, respectively. Then, the Grover iterator can be formulated as𝐺 =

𝑈 |Ψ⟩𝑈 |0⟩, which remains unitary. After 𝑚 times of acting 𝐺 on |Ψ⟩, the two-eigenstate

qubit with updated probability amplitudes can be given by |Ψ⟩ ← 𝐺𝑚 |Ψ⟩ . Two updating

approaches can be used to accomplish quantum amplitude amplification task: 1) 𝑚 = 1

with dynamic parameters 𝜙1 and 𝜙2; and 2) dynamic 𝑚 with fixed parameters 𝜙1 and
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𝜙2 (e.g., 𝜋). The latter updating method can only change the probability amplitudes in a

discrete manner, and thus the former solution is chosen in this chapter.

Proposition 5.1. For Grover iteration with flexible parameters, the overall effects of 𝐺 on

the superposition |Ψ⟩ can be derived analytically as𝐺 |Ψ⟩ = (𝒬−𝑒𝑗𝜙1)𝛼 |0⟩+(𝒬−1)𝛽 |1⟩,

where 𝒬 = (1 − 𝑒𝑗𝜙2) [1 − (1 − 𝑒𝑗𝜙1)|𝛼|2] and |(𝒬 − 𝑒𝑗𝜙1)|2|𝛼|2 + |(𝒬 − 1)|2|𝛽|2 = 1.

Proof. The effects of 𝑈 |0⟩ on |0⟩ and |1⟩ are expressed as

𝑈 |0⟩ |0⟩ = [𝐼 − (1 − 𝑒𝑗𝜙1) |0⟩ ⟨0|] |0⟩ = 𝑒𝑗𝜙1 |0⟩ , (5.18)

𝑈 |0⟩ |1⟩ = [𝐼 − (1 − 𝑒𝑗𝜙1) |0⟩ ⟨0|] |1⟩ = |1⟩ , (5.19)

respectively. Then, one obtains

𝑈 |0⟩ |Ψ⟩ = [𝐼 − (1 − 𝑒𝑗𝜙1) |0⟩ ⟨0|] |Ψ⟩ = 𝑒𝑗𝜙1𝛼 |0⟩ + 𝛽 |1⟩ , (5.20)

where 𝑈 |0⟩ plays the role as a conditional phase shift operator.

Furthermore, one gets

𝐺 |Ψ⟩ = 𝑈 |Ψ⟩𝑈 |0⟩ |Ψ⟩ = (1 − 𝑒𝑗𝜙2) [𝛼 |0⟩ + 𝛽 |1⟩] [𝛼† ⟨0| + 𝛽† ⟨1|]𝑈 |0⟩ |Ψ⟩ − 𝑈 |0⟩ |Ψ⟩

= (𝒬 − 𝑒𝑗𝜙1)𝛼 |0⟩ + (𝒬 − 1)𝛽 |1⟩ , (5.21)

where 𝒬 = (1 − 𝑒𝑗𝜙2)(𝑒𝑗𝜙1|𝛼|2 + |𝛽|2) = (1 − 𝑒𝑗𝜙2) [1 − (1 − 𝑒𝑗𝜙1)|𝛼|2].

Because Grover operator 𝐺 is unitary, the updated superposition |Ψ⟩ ← 𝐺 |Ψ⟩ still

follows the normalization rule of probability amplitudes, i.e., |(𝒬 − 𝑒𝑗𝜙1)|2|𝛼|2 + |(𝒬 −

1)|2|𝛽|2 = 1. ■

Corollary 5.1. The ratio between collapse probabilities of |Ψ⟩ → |0⟩ before and after

being impacted by 𝐺 can be given by |ℛ|2 =|(1−𝑒𝑗𝜙1−𝑒𝑗𝜙2)−(1−𝑒𝑗𝜙1)(1−𝑒𝑗𝜙2)|𝛼|2|2, which

is symmetric w.r.t. 𝜙1 = 𝜙2 and 𝜙1 = 2𝜋 − 𝜙2. Then, the updated collapse probabilities

onto eigenstates |0⟩ and |1⟩ can be given by |ℛ|2|𝛼|2 and 1 − |ℛ|2|𝛼|2, respectively.
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Proof. Based on (5.15) and (5.21), the ratio between the probability amplitudes of |0⟩

after being acted by 𝐺 and before that can be derived as ℛ = (1 − 𝑒𝑗𝜙1 − 𝑒𝑗𝜙2) − (1 −

𝑒𝑗𝜙1)(1 − 𝑒𝑗𝜙2)|𝛼|2, which completes the proof. ■

Remark 5.1. The process of |Ψ⟩ ← 𝐺 |Ψ⟩ can be depicted geometrically on the Bloch

sphere. In Fig. 5.3a, |Ψ⟩ is reconstructed in Polar coordinates, given by

|Ψ⟩ = 𝑒𝑗𝜁 (cos 𝜃
2 |0⟩ + 𝑒𝑗𝜑 sin 𝜃

2 |1⟩) ≃ cos 𝜃
2 |0⟩ + 𝑒𝑗𝜑 sin 𝜃

2 |1⟩ , (5.22)

where 𝑒𝑗𝜁 poses no observable effects [106]. Then, the unit vector |Ψ⟩ on the Bloch sphere

is uniquely specified by angle variables 𝜃 ∈ [0, 𝜋] and 𝜑 ∈ [0, 2𝜋). The effect of 𝑈 |0⟩ can

be regarded as a clockwise rotation around the 𝑧-axis by 𝜙1 (the red circle) on the Bloch

sphere, leading to the rotation from |Ψ⟩ to |Ψ′⟩. In a similar manner, when the basis is

changed from {|0⟩ , |1⟩} to {|Ψ⟩ , |Ψ⟂⟩}, 𝑈 |Ψ⟩ results in a clockwise rotation around the

new 𝑧-axis |Ψ⟩ by 𝜙2 (the blue circle), rotating |Ψ′⟩ to |Ψ(1)⟩. Hence, the overall impact

of 𝐺 on |Ψ⟩ is a two-step process rotating the polar angle 𝜃, on the perspective of basis

{|0⟩ , |1⟩}. With flexible 𝜙1 and 𝜙2, it is possible to achieve arbitrary parametric rotation

on the Bloch sphere, which serves as the foundation for quantum amplitude amplification

task. The smaller 𝜃 is, the higher probability |Ψ⟩ will collapse onto |0⟩ when it is observed

by an external examiner, and vice versa.

5.4 DRL-QiER Algorithm

In this section, a DRL-QiER solution is developed to solve optimization problem (5.14).

5.4.1 The MDP Formulation

To solve the optimal trajectory planning problem (5.14) via DRL-aided technique, the first

step is to map it into an MDP, which can be described as follows.
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(a) Grover rotation on |Ψ⟩

(b) Grover rotation on |+⟩

Fig. 5.3 Geometric explanation of the Grover rotation
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• 𝒮 : The state space consists of possible UAV locations 𝑞𝑢 under constraint 𝑞lo ⪯

𝑞𝑢 ⪯ 𝑞up, which means that the state space is continuous.

• 𝒜 : The continuous action space involves all the feasible flying directions 𝑣𝑢 under

constraint ‖𝑣𝑢‖ = 1. To break the curse of dimensionality caused by continuous

state and action spaces, the action space is discretized as

𝒜 = {[1, 0, 0], [0, 1, 0], [−1, 0, 0], [0, −1, 0], [√2/2, √2/2, 0],

[−√2/2, √2/2, 0], [√2/2, −√2/2, 0], [−√2/2, −√2/2, 0]} , (5.23)

corresponding to flying directions right, forward, left, backward, right-forward, left-

forward, right-backward and left-backward, respectively. Thus, the action space

contains 𝑁𝑓𝑑 = 8 direction options.

• 𝒯 : State transition is deterministic and controlled by themobility constraint (5.14c).

• 𝑟: The goal is to minimize the weighted sum of time cost and EOD. Thus, one may

design the reward function as 𝑟(𝑞𝑢) = −1 − 𝜏Δ𝑡
𝐿 ∑𝐿

𝜄=1 𝐼𝑇 𝑂𝑃 {𝑞𝑢|ℎ(𝜄)}. The formu-

lation of 𝑟(𝑞𝑢) can be interpreted as follows: 1) for each time of state transition, the

agent will receive a movement penalty 1, encouraging the UAV to use less steps to

generate the trajectory; and 2) on top of the movement penalty, the UAV will get

a weighted outage duration penalty 𝜏Δ𝑡
𝐿 ∑𝐿

𝜄=1 𝐼𝑇 𝑂𝑃 {𝑞𝑢|ℎ(𝜄)} as well, pushing the

UAV to visit locations with stronger wireless coverage quality. Besides, two special

cases are considered as follows: 1) once the UAV reaches the predefined destina-

tion 𝑞𝑢(𝐷), the training episode terminates and a positive value 𝑟𝐷 will replace the

reward function; and 2) once the UAV crashes onto the boundary of the considered

airspace, the training episode terminates and a negative value 𝑟𝑜𝑏 will replace the

reward function instead. In summary, the aforementioned design of reward func-

tion aims to encourage the UAV to reach 𝑞𝑢(𝐷) with as fewer steps as possible,

while avoiding hitting the boundary and visiting areas with weak wireless coverage

strength.
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• 𝛾: To connect the objective function of (5.14) and the discounted accumulated-

rewards over each learning episode, the discount factor is chosen as 𝛾 = 1.

Note that the formulated MDP is episodic, which means that each training episode

terminates once the terminal state is reached and then a new episode will be initiated with

the environment being reset. The terminal state of MDP corresponds to the predefined

destination or collision with the boundary.

5.4.2 Quantum-Inspired Representation of Experience’s Priority

In the proposed DRL-QiER solution, the priority of experienced transition 𝑒𝑥𝑝𝑡 is repre-

sented by the 𝑘-th qubit, where the scalar index 𝑘 indicates this transition’s location index

in the QiER buffer. Specifically, the quantum representation of stored transition’s priority

can be given by

|Ψ𝑘⟩ = 𝛼𝑘 |0⟩ + 𝛽𝑘 |1⟩ , (5.24)

where the complex-valued probability amplitudes 𝛼𝑘 and 𝛽𝑘 follow the normalization con-

straint |𝛼𝑘|2 + |𝛽𝑘|2 = 1. It is worth noting that the eigenstates |0⟩ and |1⟩ in (5.24) mean

accepting and denying this transition, respectively. After quantum measurement, the su-

perposition |Ψ𝑘⟩ will collapse onto eigenstate |0⟩ with probability | ⟨0|Ψ𝑘⟩ |2 = |𝛼𝑘|2 or

eigenstate |1⟩ with probability | ⟨1|Ψ𝑘⟩ |2 = |𝛽𝑘|2. The complex coefficients 𝛼𝑘 and 𝛽𝑘 are

of importance and essence in the QiER system, influencing the occurrence probability of

accepting or denying the corresponding transition when |Ψ𝑘⟩ is observed. The quantum

representation |Ψ𝑘⟩ establishes a bridge between quantum eigenstates and accepting or

denying particular transition, which allows us to apply quantum amplitude amplification

to realize manipulation of quantum collapse.

5.4.3 QiER Framework

The proposed QiER framework consists of the following three phases.
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Quantum Initialization Phase

When transition 𝑒𝑥𝑝𝑡 is stored into the QiER buffer with finite capacity 𝐶 , a label 𝑘 ∈

{1, … , 𝐶} will be assigned to 𝑒𝑥𝑝𝑡, which specifies the location of 𝑒𝑥𝑝𝑡 being recorded

within the QiER buffer.10 Then, experience 𝑒𝑥𝑝𝑡 and the 𝑘-th qubit |Ψ𝑘⟩ together will be

stored into the QiER buffer, which can be regarded as a collection of (𝑒𝑥𝑝𝑡, |Ψ𝑘⟩). When

a new transition is recorded into the QiER buffer and before being sampled out to feed

the training agent, its associated qubit |Ψ𝑘⟩ should be initialized as eigenstate |0⟩, i.e.,

|Ψ𝑘⟩ ← |0⟩. The reason is that the agent has never been trained with these un-sampled

transitions that may have unimaginable potentials to help the agent learn the characteristics

of environment with which the agent is interacting. Thus, these newly recorded transitions

are allocated with the highest priority, encouraging the agent to more likely learn from

them.

Quantum Preparation Phase

After an experience is sampled from the QiER buffer to train the agent, the quantum prepa-

ration phase should be performed on its associated qubit, updating the corresponding pri-

ority. This is due to two reasons: 1) the TD error of this transition is updated; and 2) the

experience becomes older for the agent.

The uniform quantum state is defined as

|+⟩ = √2
2 (|0⟩ + |1⟩) , (5.25)

which can be understood as a unit vector on the x-axis of Bloch sphere (Fig. 5.3b) with

𝜃 = 𝜋/2 and 𝜑 = 0. The absolute value of TD error |𝛿𝑡| is chosen to reflect priority of the

corresponding transition 𝑒𝑥𝑝𝑡. Once a recorded transition is sampled, its associated qubit

|Ψ𝑘⟩ should first be reset to the uniform quantum state, i.e., |Ψ𝑘⟩ ← |+⟩. Then, to map the
10The QiER buffer is designed to be with fixed-size capacity in line with standard ER technique of DRL,

which means that the first stored experience will be popped out first to create space for recording the new-
coming transition when the QiER buffer is fully exploited. Therefore, each recorded experience is supposed
to remain in the buffer for a fixed time.
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updated priority of 𝑒𝑥𝑝𝑡 into |Ψ𝑘⟩, one time of Grover iteration with flexible parameters

will be applied on the uniform quantum state, shown as

|Ψ𝑘⟩ = 𝑈 |+⟩𝑈 |0⟩ |+⟩ (𝑎)= (𝒫 − 𝑒𝑗𝜙1)√2
2 |0⟩ + (𝒫 − 1)√2

2 |1⟩ , (5.26)

where 𝒫 = (1 − 𝑒𝑗𝜙2) [1 − 0.5(1 − 𝑒𝑗𝜙1)] and the derivation (𝑎) is based on Proposition

5.1. According to Remark 5.1, the transformation from |+⟩ to |Ψ𝑘⟩ can be depicted on the

Bloch sphere as Fig. 5.3b. In this example, the phase shift parameters are set as 𝜙1 < 𝜋/2

and 𝜙2 < 𝜋/2. It is straightforward to observe that the probability of collapsing onto

eigenstate |0⟩ enlarges after the quantum preparation phase (i.e., |+⟩
𝑈 |+⟩𝑈 |0⟩⟶ |Ψ𝑘⟩), be-

cause the polar angle rotates from ∠90∘ (of |+⟩) to an acute angle 𝜃Ψ𝑘 (of |Ψ𝑘⟩). Similarly,

the collapse probability onto eigenstate |0⟩ after one time of Grover iteration on |+⟩ can be

kept unchanged or shrinked via selecting feasible combination of phase shift parameters

𝜙1 ∈ [0, 2𝜋] and 𝜙2 ∈ [0, 2𝜋].

In practical applications, some experiences may be sampled for training with undesired

high frequency, leading to over-training issue. Besides, the finite size of QiER buffer

could further deteriorate this disservice [149], which will cause unfair and biased sampling

performance. To circumvent this issue, the replay time of each stored transition should be

taken into consideration for the quantum preparation phase, which enables it to enrich

sample diversity to improve the learning performance. In the early stage of training the

agent, the importance of each experience is ambiguous. However, alongside the learning

process, the absolute TD errors of some transitions remain relatively large, despite many

times they have been sampled for training. Hence, it is necessary to relate training episode

to the quantum preparation phase.

The quantum preparation phase aims tomodify the collapse probability onto eigenstate

|0⟩, via one time of Grover iteration with free parameters 𝜙1 and 𝜙2. To quantify the



5.4. DRL-QiER Algorithm | 163

amplification step of quantum preparation phase, it is set that

𝜙1 = 𝑒
|𝛿𝑡|𝜋
𝛿max − 𝑒− |𝛿𝑡|𝜋

𝛿max

𝑒
|𝛿𝑡|𝜋
𝛿max + 𝑒− |𝛿𝑡|𝜋

𝛿max

𝜋
2 = 𝜋

2 𝑡𝑎𝑛ℎ (
|𝛿𝑡|𝜋
𝛿max ) ∈ [0, 𝜋

2 ) , (5.27)

𝜙2 = 𝑟𝑡𝑘
𝑟𝑡max

𝑡𝑒
𝑡𝑒max

𝜋 + 𝜋
2 ∈ (

𝜋
2 , 3𝜋

2 ] . (5.28)

With (5.27) and (5.28), the quantum amplitude amplification is related with the corre-

sponding absolute TD error |𝛿𝑡|, maximum TD error 𝛿max, replay times 𝑟𝑡𝑘, maximum

replay time 𝑟𝑡max, current training episode 𝑡𝑒 and the total training episode 𝑡𝑒max, which

means that the quantum preparation phase updates the priority of 𝑒𝑥𝑝𝑡 into its associated

𝑘-th qubit |Ψ𝑘⟩.

Remark 5.2. The collapse probability of |Ψ𝑘⟩ onto eigenstate |0⟩ versus 𝜙1 ∈ [0, 2𝜋]

and 𝜙2 ∈ [0, 2𝜋] is depicted in Fig. 5.4. From this figure, one can find that | ⟨0|Ψ𝑘⟩ |2 =

0.5|𝒫 −𝑒𝑗𝜙1|2 is a symmetric function w.r.t. 𝜙1 = 𝜙2 and 𝜙1 = 2𝜋−𝜙2, which is a specific

case (i.e., |𝛼|2 = 0.5) ofCorollary 5.1. If one concentrates on surface within 𝜙1 ∈ [0, 𝜋/2]

and 𝜙2 ∈ [𝜋/2, 3𝜋/2], it is straightforward to conclude that (5.27) and (5.28) together can

control the quantum amplification step and direction. Specifically, larger 𝜙1 will lead

to greater amplitude amplification step, for arbitrary fixed 𝜙2. Besides, 𝜙2 controls the

amplification direction, where 𝜙2 ∈ [𝜋/2, 𝜋) means that the probability of collapsing onto

|0⟩ will be enlarged, while 𝜙2 ∈ (𝜋, 3𝜋/2) indicates that the probability of collapsing onto

|0⟩ will be reduced.

Remark 5.3. In the early stage of training, the radio 𝑟𝑡𝑘/𝑟𝑡max remains relatively large be-

cause 𝑟𝑡max is not sufficiently updated yet. To avoid unreasonably denying all the sampled

transitions in the early stage of training, the factor 𝑡𝑒/𝑡𝑒max is introduced to steer parameter

𝜙2 in (5.28).

After performing the initialization and preparation phases, the priority of each stored

experience can be determined via quantummeasurement on its corresponding qubit, which

is the foundation for mini-batch sampling in the proposed DRL-QiER solution.
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(a) 3D View (b) The corresponding top view

Fig. 5.4 Collapse probability onto |0⟩ versus 𝜙1 and 𝜙2

Quantum Measurement Phase

After the QiER buffer is fully occupied by recorded transitions, a mini-batch of experi-

ences will be sampled to perform network training for the agent, via standard gradient

descent method. To prepare the mini-batch sampling procedure under constraint of priori-

ties, quantum measurement on the associated qubits should be accomplished first. Specif-

ically, the probability of the 𝑘-th qubit collapsing onto eigenstate |0⟩ can be calculated as

| ⟨0|Ψ𝑘⟩ |2. Then, the probability of the corresponding experience being picked up dur-

ing the mini-batch sampling process can be defined as 𝑏𝑝𝑘 = | ⟨0|Ψ𝑘⟩ |2/ ∑𝐶
𝑒=1 | ⟨0|Ψ𝑒⟩ |2,

in which the denominator means the sum of collapse probabilities onto eigenstate |0⟩ of

qubits that are associated with all stored experiences.

During the mini-batch sampling period, several times of picking recorded experiences

from the QiER buffer will be executed, following the generated picking probability vector

𝑏𝑝 = [𝑏𝑝1, 𝑏𝑝2, … , 𝑏𝑝𝐶 ] after quantum measurement phase. Note that the total sampling

time is equal to the size of mini-batch, which will be specified in the numerical result

section later.

Remark 5.4. Although the QiER buffer involves quantum representations and operations,

the corresponding processes, i.e., the quantum initialization phase, the quantum prepara-

tion phase and the quantum measurement phase, can be imitated on conventional com-



5.4. DRL-QiER Algorithm | 165

puting devices without implementing real quantum computations on practical quantum

computers.

Remark 5.5. The associated qubit of sampled experience should be reset to the uniform

quantum state, which means that the corresponding quantum preparation phase starts

from the uniform quantum state rather than the previous counterpart. This is in line with

the quantum phenomenon where a quantum system will collapse onto one of its eigenstates

after an observation. Note that the sampled transitions are still remained in the QiER

buffer until they are discarded.

5.4.4 The Proposed DRL-QiER Solution

The proposed DRL-QiER algorithm is summarized in Algorithm 5.1, and its flow chart

is illustrated in Fig. 5.5. To solve the formulated MDP in Subsection 5.4.1, DDQN with

duelling architecture, i.e., D3QN, is adopted to approximate the Q function 𝑄(𝑞𝑢, 𝑣𝑢). To

further speed up and stabilize the learning process, 𝑁𝑚𝑠-step learning and target network

techniques are adopted for updating parameters of the online D3QN. Specifically, accord-

ing to (1.12), the online D3QN aims to minimize the following loss function

ℒ(𝜃𝐷3) = [𝑟𝑡∶𝑡+𝑁𝑚𝑠 + 𝛾𝑁𝑚𝑠𝑄(𝑞𝑢(𝑡+𝑁𝑚𝑠), 𝑣∗
𝑢|𝜃−

𝐷3) − 𝑄(𝑞𝑢(𝑡), 𝑣𝑢(𝑡)|𝜃𝐷3)]
2

, (5.29)

where 𝜃𝐷3 is the parameter vector of the online D3QN, 𝜃−
𝐷3 means the parameter vector

of the target D3QN. The selected action 𝑣∗
𝑢 in (5.29) is chosen from the online D3QN

rather than the target D3QN, i.e., 𝑣∗
𝑢 = argmax

𝑣𝑢∈𝒜
𝑄(𝑞𝑢(𝑡+𝑁𝑚𝑠), 𝑣𝑢|𝜃𝐷3), which completes the

DDQN procedure.

Algorithm 5.1 starts with network and hyper-parameter initializations, as shown in

step 1. At the beginning of each training episode, the UAV’s initial location is randomly

picked from the state space 𝒮 (step 3). Then, the UAV chooses an action following the

popular 𝜖-greedy action selection policy, which means that the UAV either selects a ran-

dom action from the action space 𝒜 with probability 𝜖 ∈ [0, 1] or chooses the optimal
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action that maximizes the state-action approximation of the online D3QN with probabil-

ity 1−𝜖. After the execution of the selected action, the environment will feed back the next

state and the corresponding immediate reward (step 5). The experienced transition 𝑒𝑥𝑝𝑛

will then be recorded by a sliding buffer, to prepare for the 𝑁𝑚𝑠-step learning (step 17).

When the sliding buffer is full, the latest 𝑁𝑚𝑠-step experience can be generated and then

delivered into the QiER buffer (step 18-step 24). Each training episode terminates when

one of the following cases are encountered: reaching the destination, hitting the boundary,

or exhausting the step threshold (step 26).11 When one episode is over, the exploration

parameter 𝜖 will be annealed to encourage exploitation from exploration. For every fixed

amount of training episodes, the target D3QN will be updated to the online counterpart

(step 27). Once the QiER buffer is fully occupied, the mini-batch training for the online

D3QN begins (step 6-step 16). With the mini-batch samples, the online D3QN is trained

to minimize the mean counterpart of loss function (5.29), via standard stochastic gradient

descent approach (step 15).
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~qu(n)
<latexit sha1_base64="BkIZfljMVBSLQ6TpAg84V+1G7mg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxWMF+wFtLJvtpF262cTdTaWE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPjzlT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVFEiKTZoxCPZ9olCzgQ2NNMc27FEEvocW/7oZuq3xigVi8S9nsTohWQgWMAo0UZ66I6Rpo9ZL02yijjrlcpO1ZnBXiZuTsqQo94rfXX7EU1CFJpyolTHdWLtpURqRjlmxW6iMCZ0RAbYMVSQEJWXzq7O7FOj9O0gkqaEtmfq74mUhEpNQt90hkQP1aI3Ff/zOokOrryUiTjRKOh8UZBwW0f2NAK7zyRSzSeGECqZudWmQyIJ1SaoognBXXx5mTTPq65Tde8uyrXrPI4CHMMJVMCFS6jBLdShARQkPMMrvFlP1ov1bn3MW1esfOYI/sD6/AGisJKU</latexit><latexit sha1_base64="BkIZfljMVBSLQ6TpAg84V+1G7mg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxWMF+wFtLJvtpF262cTdTaWE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPjzlT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVFEiKTZoxCPZ9olCzgQ2NNMc27FEEvocW/7oZuq3xigVi8S9nsTohWQgWMAo0UZ66I6Rpo9ZL02yijjrlcpO1ZnBXiZuTsqQo94rfXX7EU1CFJpyolTHdWLtpURqRjlmxW6iMCZ0RAbYMVSQEJWXzq7O7FOj9O0gkqaEtmfq74mUhEpNQt90hkQP1aI3Ff/zOokOrryUiTjRKOh8UZBwW0f2NAK7zyRSzSeGECqZudWmQyIJ1SaoognBXXx5mTTPq65Tde8uyrXrPI4CHMMJVMCFS6jBLdShARQkPMMrvFlP1ov1bn3MW1esfOYI/sD6/AGisJKU</latexit><latexit sha1_base64="BkIZfljMVBSLQ6TpAg84V+1G7mg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxWMF+wFtLJvtpF262cTdTaWE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPjzlT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVFEiKTZoxCPZ9olCzgQ2NNMc27FEEvocW/7oZuq3xigVi8S9nsTohWQgWMAo0UZ66I6Rpo9ZL02yijjrlcpO1ZnBXiZuTsqQo94rfXX7EU1CFJpyolTHdWLtpURqRjlmxW6iMCZ0RAbYMVSQEJWXzq7O7FOj9O0gkqaEtmfq74mUhEpNQt90hkQP1aI3Ff/zOokOrryUiTjRKOh8UZBwW0f2NAK7zyRSzSeGECqZudWmQyIJ1SaoognBXXx5mTTPq65Tde8uyrXrPI4CHMMJVMCFS6jBLdShARQkPMMrvFlP1ov1bn3MW1esfOYI/sD6/AGisJKU</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="QlnF69nKIUEj+379/op/CkqBQ60=">AAAB6nicbZBLSwMxFIXv1FetVatbN8Ei1E2ZcWOXghuXFewD2rFk0jttaCYzJplKGeZ/uHGhiD/Inf/G9LHQ1gOBj3MS7s0JEsG1cd1vp7C1vbO7V9wvHZQPj44rJ+W2jlPFsMViEatuQDUKLrFluBHYTRTSKBDYCSa387wzRaV5LB/MLEE/oiPJQ86osdZjf4ose8oHWZrX5OWgUnXr7kJkE7wVVGGl5qDy1R/GLI1QGiao1j3PTYyfUWU4E5iX+qnGhLIJHWHPoqQRaj9bbJ2TC+sMSRgre6QhC/f3i4xGWs+iwN6MqBnr9Wxu/pf1UhM2/IzLJDUo2XJQmApiYjKvgAy5QmbEzAJlittdCRtTRZmxRZVsCd76lzehfVX33Lp370IRzuAcauDBNdzAHTShBQwUvMAbvDvPzqvzsayr4Kx6O4U/cj5/AFLYkTQ=</latexit><latexit sha1_base64="QlnF69nKIUEj+379/op/CkqBQ60=">AAAB6nicbZBLSwMxFIXv1FetVatbN8Ei1E2ZcWOXghuXFewD2rFk0jttaCYzJplKGeZ/uHGhiD/Inf/G9LHQ1gOBj3MS7s0JEsG1cd1vp7C1vbO7V9wvHZQPj44rJ+W2jlPFsMViEatuQDUKLrFluBHYTRTSKBDYCSa387wzRaV5LB/MLEE/oiPJQ86osdZjf4ose8oHWZrX5OWgUnXr7kJkE7wVVGGl5qDy1R/GLI1QGiao1j3PTYyfUWU4E5iX+qnGhLIJHWHPoqQRaj9bbJ2TC+sMSRgre6QhC/f3i4xGWs+iwN6MqBnr9Wxu/pf1UhM2/IzLJDUo2XJQmApiYjKvgAy5QmbEzAJlittdCRtTRZmxRZVsCd76lzehfVX33Lp370IRzuAcauDBNdzAHTShBQwUvMAbvDvPzqvzsayr4Kx6O4U/cj5/AFLYkTQ=</latexit><latexit sha1_base64="SBTKts7lk5AfQXGW5Wz0lKVLf9I=">AAAB9XicbVBNT8JAEJ3iF+IX6tFLIzHBC2m96JHoxSMm8pFAJdtlChu227q7xZCm/8OLB43x6n/x5r9xgR4UfMkkL+/NZGaeH3OmtON8W4W19Y3NreJ2aWd3b/+gfHjUUlEiKTZpxCPZ8YlCzgQ2NdMcO7FEEvoc2/74Zua3JygVi8S9nsbohWQoWMAo0UZ66E2Qpo9ZP02yqjjvlytOzZnDXiVuTiqQo9Evf/UGEU1CFJpyolTXdWLtpURqRjlmpV6iMCZ0TIbYNVSQEJWXzq/O7DOjDOwgkqaEtufq74mUhEpNQ990hkSP1LI3E//zuokOrryUiTjRKOhiUZBwW0f2LAJ7wCRSzaeGECqZudWmIyIJ1SaokgnBXX55lbQuaq5Tc++cSv06j6MIJ3AKVXDhEupwCw1oAgUJz/AKb9aT9WK9Wx+L1oKVzxzDH1ifP6FwkpA=</latexit><latexit sha1_base64="BkIZfljMVBSLQ6TpAg84V+1G7mg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxWMF+wFtLJvtpF262cTdTaWE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPjzlT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVFEiKTZoxCPZ9olCzgQ2NNMc27FEEvocW/7oZuq3xigVi8S9nsTohWQgWMAo0UZ66I6Rpo9ZL02yijjrlcpO1ZnBXiZuTsqQo94rfXX7EU1CFJpyolTHdWLtpURqRjlmxW6iMCZ0RAbYMVSQEJWXzq7O7FOj9O0gkqaEtmfq74mUhEpNQt90hkQP1aI3Ff/zOokOrryUiTjRKOh8UZBwW0f2NAK7zyRSzSeGECqZudWmQyIJ1SaoognBXXx5mTTPq65Tde8uyrXrPI4CHMMJVMCFS6jBLdShARQkPMMrvFlP1ov1bn3MW1esfOYI/sD6/AGisJKU</latexit><latexit sha1_base64="BkIZfljMVBSLQ6TpAg84V+1G7mg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxWMF+wFtLJvtpF262cTdTaWE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPjzlT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVFEiKTZoxCPZ9olCzgQ2NNMc27FEEvocW/7oZuq3xigVi8S9nsTohWQgWMAo0UZ66I6Rpo9ZL02yijjrlcpO1ZnBXiZuTsqQo94rfXX7EU1CFJpyolTHdWLtpURqRjlmxW6iMCZ0RAbYMVSQEJWXzq7O7FOj9O0gkqaEtmfq74mUhEpNQt90hkQP1aI3Ff/zOokOrryUiTjRKOh8UZBwW0f2NAK7zyRSzSeGECqZudWmQyIJ1SaoognBXXx5mTTPq65Tde8uyrXrPI4CHMMJVMCFS6jBLdShARQkPMMrvFlP1ov1bn3MW1esfOYI/sD6/AGisJKU</latexit><latexit sha1_base64="BkIZfljMVBSLQ6TpAg84V+1G7mg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxWMF+wFtLJvtpF262cTdTaWE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPjzlT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVFEiKTZoxCPZ9olCzgQ2NNMc27FEEvocW/7oZuq3xigVi8S9nsTohWQgWMAo0UZ66I6Rpo9ZL02yijjrlcpO1ZnBXiZuTsqQo94rfXX7EU1CFJpyolTHdWLtpURqRjlmxW6iMCZ0RAbYMVSQEJWXzq7O7FOj9O0gkqaEtmfq74mUhEpNQt90hkQP1aI3Ff/zOokOrryUiTjRKOh8UZBwW0f2NAK7zyRSzSeGECqZudWmQyIJ1SaoognBXXx5mTTPq65Tde8uyrXrPI4CHMMJVMCFS6jBLdShARQkPMMrvFlP1ov1bn3MW1esfOYI/sD6/AGisJKU</latexit><latexit sha1_base64="BkIZfljMVBSLQ6TpAg84V+1G7mg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxWMF+wFtLJvtpF262cTdTaWE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPjzlT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVFEiKTZoxCPZ9olCzgQ2NNMc27FEEvocW/7oZuq3xigVi8S9nsTohWQgWMAo0UZ66I6Rpo9ZL02yijjrlcpO1ZnBXiZuTsqQo94rfXX7EU1CFJpyolTHdWLtpURqRjlmxW6iMCZ0RAbYMVSQEJWXzq7O7FOj9O0gkqaEtmfq74mUhEpNQt90hkQP1aI3Ff/zOokOrryUiTjRKOh8UZBwW0f2NAK7zyRSzSeGECqZudWmQyIJ1SaoognBXXx5mTTPq65Tde8uyrXrPI4CHMMJVMCFS6jBLdShARQkPMMrvFlP1ov1bn3MW1esfOYI/sD6/AGisJKU</latexit><latexit sha1_base64="BkIZfljMVBSLQ6TpAg84V+1G7mg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxWMF+wFtLJvtpF262cTdTaWE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPjzlT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVFEiKTZoxCPZ9olCzgQ2NNMc27FEEvocW/7oZuq3xigVi8S9nsTohWQgWMAo0UZ66I6Rpo9ZL02yijjrlcpO1ZnBXiZuTsqQo94rfXX7EU1CFJpyolTHdWLtpURqRjlmxW6iMCZ0RAbYMVSQEJWXzq7O7FOj9O0gkqaEtmfq74mUhEpNQt90hkQP1aI3Ff/zOokOrryUiTjRKOh8UZBwW0f2NAK7zyRSzSeGECqZudWmQyIJ1SaoognBXXx5mTTPq65Tde8uyrXrPI4CHMMJVMCFS6jBLdShARQkPMMrvFlP1ov1bn3MW1esfOYI/sD6/AGisJKU</latexit><latexit sha1_base64="BkIZfljMVBSLQ6TpAg84V+1G7mg=">AAAB9XicbVBNS8NAEJ34WetX1aOXYBHqpSQi6LHoxWMF+wFtLJvtpF262cTdTaWE/A8vHhTx6n/x5r9x2+agrQ8GHu/NMDPPjzlT2nG+rZXVtfWNzcJWcXtnd2+/dHDYVFEiKTZoxCPZ9olCzgQ2NNMc27FEEvocW/7oZuq3xigVi8S9nsTohWQgWMAo0UZ66I6Rpo9ZL02yijjrlcpO1ZnBXiZuTsqQo94rfXX7EU1CFJpyolTHdWLtpURqRjlmxW6iMCZ0RAbYMVSQEJWXzq7O7FOj9O0gkqaEtmfq74mUhEpNQt90hkQP1aI3Ff/zOokOrryUiTjRKOh8UZBwW0f2NAK7zyRSzSeGECqZudWmQyIJ1SaoognBXXx5mTTPq65Tde8uyrXrPI4CHMMJVMCFS6jBLdShARQkPMMrvFlP1ov1bn3MW1esfOYI/sD6/AGisJKU</latexit>

~qu(n+ 1)
<latexit sha1_base64="MU69tFqbeQ+/QR1bn4mR4/I1CKw=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahIpREBD0WvXisYD+gDWGznbRLN5u4uymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGdzO/MwGpWCwe9TQBLyJDwUJGiTaSb9v9CdDsKfezNK+JC/fct6tO3ZkDrxK3IFVUoOnbX/1BTNMIhKacKNVznUR7GZGaUQ55pZ8qSAgdkyH0DBUkAuVl88tzfGaUAQ5jaUpoPFd/T2QkUmoaBaYzInqklr2Z+J/XS3V442VMJKkGQReLwpRjHeNZDHjAJFDNp4YQKpm5FdMRkYRqE1bFhOAuv7xK2pd116m7D1fVxm0RRxmdoFNUQy66Rg10j5qohSiaoGf0it6szHqx3q2PRWvJKmaO0R9Ynz/7UpM1</latexit><latexit sha1_base64="MU69tFqbeQ+/QR1bn4mR4/I1CKw=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahIpREBD0WvXisYD+gDWGznbRLN5u4uymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGdzO/MwGpWCwe9TQBLyJDwUJGiTaSb9v9CdDsKfezNK+JC/fct6tO3ZkDrxK3IFVUoOnbX/1BTNMIhKacKNVznUR7GZGaUQ55pZ8qSAgdkyH0DBUkAuVl88tzfGaUAQ5jaUpoPFd/T2QkUmoaBaYzInqklr2Z+J/XS3V442VMJKkGQReLwpRjHeNZDHjAJFDNp4YQKpm5FdMRkYRqE1bFhOAuv7xK2pd116m7D1fVxm0RRxmdoFNUQy66Rg10j5qohSiaoGf0it6szHqx3q2PRWvJKmaO0R9Ynz/7UpM1</latexit><latexit sha1_base64="MU69tFqbeQ+/QR1bn4mR4/I1CKw=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahIpREBD0WvXisYD+gDWGznbRLN5u4uymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGdzO/MwGpWCwe9TQBLyJDwUJGiTaSb9v9CdDsKfezNK+JC/fct6tO3ZkDrxK3IFVUoOnbX/1BTNMIhKacKNVznUR7GZGaUQ55pZ8qSAgdkyH0DBUkAuVl88tzfGaUAQ5jaUpoPFd/T2QkUmoaBaYzInqklr2Z+J/XS3V442VMJKkGQReLwpRjHeNZDHjAJFDNp4YQKpm5FdMRkYRqE1bFhOAuv7xK2pd116m7D1fVxm0RRxmdoFNUQy66Rg10j5qohSiaoGf0it6szHqx3q2PRWvJKmaO0R9Ynz/7UpM1</latexit><latexit sha1_base64="MU69tFqbeQ+/QR1bn4mR4/I1CKw=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBahIpREBD0WvXisYD+gDWGznbRLN5u4uymUkH/ixYMiXv0n3vw3btsctPXBwOO9GWbmBQlnSjvOt1VaW9/Y3CpvV3Z29/YP7MOjtopTSaFFYx7LbkAUcCagpZnm0E0kkCjg0AnGdzO/MwGpWCwe9TQBLyJDwUJGiTaSb9v9CdDsKfezNK+JC/fct6tO3ZkDrxK3IFVUoOnbX/1BTNMIhKacKNVznUR7GZGaUQ55pZ8qSAgdkyH0DBUkAuVl88tzfGaUAQ5jaUpoPFd/T2QkUmoaBaYzInqklr2Z+J/XS3V442VMJKkGQReLwpRjHeNZDHjAJFDNp4YQKpm5FdMRkYRqE1bFhOAuv7xK2pd116m7D1fVxm0RRxmdoFNUQy66Rg10j5qohSiaoGf0it6szHqx3q2PRWvJKmaO0R9Ynz/7UpM1</latexit>

rn
<latexit sha1_base64="50GXvTYmwJGFxbTrH6EIfgUfd38=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSrwe5mg2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QMj1o7j</latexit><latexit sha1_base64="50GXvTYmwJGFxbTrH6EIfgUfd38=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSrwe5mg2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QMj1o7j</latexit><latexit sha1_base64="50GXvTYmwJGFxbTrH6EIfgUfd38=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSrwe5mg2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QMj1o7j</latexit><latexit sha1_base64="50GXvTYmwJGFxbTrH6EIfgUfd38=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48VTFtoQ9lsN+3SzSbsToQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O6WNza3tnfJuZW//4PCoenzSNkmmGfdZIhPdDanhUijuo0DJu6nmNA4l74STu7nfeeLaiEQ94jTlQUxHSkSCUbSSrwe5mg2qNbfuLkDWiVeQGhRoDapf/WHCspgrZJIa0/PcFIOcahRM8lmlnxmeUjahI96zVNGYmyBfHDsjF1YZkijRthSShfp7IqexMdM4tJ0xxbFZ9ebif14vw+gmyIVKM+SKLRdFmSSYkPnnZCg0ZyinllCmhb2VsDHVlKHNp2JD8FZfXiftq7rn1r2H61rztoijDGdwDpfgQQOacA8t8IGBgGd4hTdHOS/Ou/OxbC05xcwp/IHz+QMj1o7j</latexit>

an
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expn = {~qu(n), an, rn, ~qu(n+ 1)}
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Fig. 5.5 Flow chart of the proposed DRL-QiER algorithm

Remark 5.6. The proposed QiER framework for manipulating mini-batch sampling is re-

alized via adopting an unsorted data structure known as binary sum-tree, inspired by the

PER approach [96]. The motivation is that for achieving an efficient sampling perfor-

mance based on the current picking distribution 𝑏𝑝 = [𝑏𝑝1, 𝑏𝑝2, … , 𝑏𝑝𝐶 ], the complexity

should not depend on 𝐶 which could be unbearably large in practice. An illustration of
11It is worth noting that although an explicit energy cost model (commonly for the UAV propulsion power

consumption) is not specified in the considered UAV navigation scenario, the global constraint of energy
consumption is implied because the step threshold 𝑁max poses a shared budget of propulsion energy cost for
all possible trajectories.
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Algorithm 5.1: The Proposed DRL-QiER Solution
1 Initialization: Initialize the online D3QN network 𝑄𝐷3(𝑠, 𝑎|𝜃𝐷3) and its target network

𝑄𝐷3(𝑠, 𝑎|𝜃−
𝐷3), with 𝜃−

𝐷3 ← 𝜃𝐷3. Initialize the QiER buffer R with capacity 𝐶 . Initialize
the vector of replay time as 𝑟𝑡 = [𝑟𝑡1, 𝑟𝑡2, … , 𝑟𝑡𝐶 ] = 0⃗. Set the size of mini-batch as
𝑁𝑚𝑏. Set the order index of R as 𝑘 = 1. Set the flag indicating whether the QiER buffer
is fully occupied or not as 𝐿𝐹 = 𝐹 𝑎𝑙𝑠𝑒. Set the maximum TD error as 𝛿max = 1.;

2 for 𝑡𝑒 = [1, 𝑡𝑒max] do
3 Set time step 𝑛 = 0. Randomly set the the UAV’s initial location as 𝑞𝑢(𝑛) ∈ 𝒮 .

Initialize a sliding buffer R̂ with capacity 𝑁𝑚𝑠.;
4 repeat
5 Select and execute action 𝑎𝑛, then observe the next state 𝑞𝑢(𝑛 + 1) and the

immediate reward 𝑟𝑛 = 𝑟𝑛[𝑞𝑢(𝑛 + 1)];
6 if 𝐿𝐹 == 𝑇 𝑟𝑢𝑒 then
7 Perform quantum measurement on all stored experiences’ qubits and get the

vector of their replaying probabilities [𝑏𝑝1, 𝑏𝑝2, … , 𝑏𝑝𝐶 ];
8 for 𝑛𝑚𝑏 = [1, 𝑁𝑚𝑏] do
9 Sample a transition according to [𝑏𝑝1, 𝑏𝑝2, … , 𝑏𝑝𝐶 ] and get its location

index 𝑑 ∈ {1, 2, … , 𝐶};
10 Reset the 𝑑-th qubit back to uniform quantum state |Ψ𝑑⟩ = |+⟩;
11 Update the corresponding replay time 𝑟𝑡𝑑+ = 1 and 𝑟𝑡max = max(𝑟𝑡);
12 Calculate the sampled transition’s absolute 𝑁𝑚𝑠-step TD error |𝛿𝑁𝑚𝑠

|
and update the maximum TD error 𝛿max = max(𝛿max, |𝛿𝑁𝑚𝑠

|);
13 Perform quantum preparation phase on the 𝑑-th qubit;
14 end
15 Update the online D3QN network 𝑄𝐷3(𝑠, 𝑎|𝜃𝐷3) via gradient descent

method using the mini-batch of sampled 𝑁𝑚𝑏 transitions from R;
16 end
17 Get and record transition 𝑒𝑥𝑝𝑛 = {𝑞𝑢(𝑛), 𝑎𝑛, 𝑟𝑛, 𝑞𝑢(𝑛 + 1)} into R̂;
18 if 𝑛 ≥ 𝑁𝑚𝑠 then
19 Generate the 𝑁𝑚𝑠-step reward 𝑟𝑛−𝑁𝑚𝑠∶𝑛 from R̂ and record 𝑁𝑚𝑠-step

experience 𝑒𝑥𝑝𝑛−𝑁𝑚𝑠∶𝑛 = {𝑞𝑢(𝑛 − 𝑁𝑚𝑠), 𝑎𝑛−𝑁𝑚𝑠
, 𝑟𝑛−𝑁𝑚𝑠∶𝑛, 𝑞𝑢(𝑛)} into R with

order index 𝑘;
20 Perform quantum initialization phase on the 𝑘-th qubit as |Ψ𝑘⟩ = |0⟩. Reset

𝑟𝑡𝑘 = 0 and let 𝑘+ = 1;
21 if 𝑘 > 𝐶 then
22 Set 𝐿𝐹 = 𝑇 𝑟𝑢𝑒 and reset 𝑘 = 1;
23 end
24 end
25 Let 𝑛+ = 1;
26 until 𝑞𝑢(𝑛) = 𝑞𝑢(𝐷) || 𝑞𝑢(𝑛) ∉ 𝒮 || 𝑛 = 𝑁max;
27 Update 𝜖 ← 𝜖 × 𝑑𝑒𝑐𝜖. Update the target D3QN 𝑄𝐷3(𝑠, 𝑎|𝜃−

𝐷3) every Υ𝐷3 episodes,
i.e., 𝜃−

𝐷3 ← 𝜃𝐷3;
28 end



5.5. Numerical Results | 168

the used sum-tree architecture can be found in Fig. 5.6, where either the root node or

the parent node contains at most two child nodes as their offspring while their values

equal to the sum of their child nodes. Specifically, the 𝑘-th leaf node of the sum-tree is

pointed to qubit |Ψ𝑘⟩ and the corresponding stored transition in the QiER buffer, and

therefore there are 𝐶 leaf nodes in total. When performing the quantum measurement

phase after the priority updating of quantum initialization phase or quantum preparation

phase, the sum of collapse probabilities onto eigenstate |0⟩ of all involved qubits, i.e.,

∑𝐶
𝑒=1 | ⟨0|Ψ𝑒⟩ |2, can be updated via propagating the measurement of any updated qubit

from the corresponding leaf node to the root node, enabling 𝒪[log(𝐶)] updating and sam-

pling. Besides, the quantum amplitude amplification in quantum preparation phase is

based on Proposition 5.1 and Corollary 5.1, where the quantum collapse probability up-

dating is steered by closed-form expressions and thus negligible extra computation cost is

required. Therefore, complexity of the proposed QiER framework is comparable to that of

propositional PER and DCRL strategies. With the aforementioned efficient implementa-

tion, the proposed QiER framework only costs negligible extra computational power and

memory, compared to conventional ER approach. Note that SNARM approach adopting

ER strategy maintains an extra neural network for radio mapping, which is undoubtedly

more computation-expensive than DRL-ER, DRL-PER, DCRL and the proposed DRL-

QiER solution. Moreover, the QiER framework does not destruct the convergence of any

DRL agent that it is plugged onto, but may result in different convergence curve against

DRL agent aided with other experience replay techniques, because it sorely focuses on

polishing the picking process of stored transitions, as depicted in Fig. 5.5.

5.5 Numerical Results

In this section, simulation results for the proposed DRL-QiER solution and the corre-

sponding performance comparison against several baselines are performed.
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| 2i
<latexit sha1_base64="zSgbFAvLMAt0vwziJVe+aBk1fWM=">AAACCnicbVBLSgNBFHzjN8Zf1KWbxiC4CjNB0GXQjcsI5gPJGHo6PUmTng/db4RhmBt4ALd6BHfi1kt4Aq9hJ5mFSSx4UFS9Rz3Ki6XQaNvf1tr6xubWdmmnvLu3f3BYOTpu6yhRjLdYJCPV9ajmUoS8hQIl78aK08CTvONNbqd+54krLaLwAdOYuwEdhcIXjKKRHvsTjlm/qcUgq+f5oFK1a/YMZJU4BalCgeag8tMfRiwJeIhMUq17jh2jm1GFgkmel/uJ5jFlEzriPUNDGnDtZrOvc3JulCHxI2UmRDJT/15kNNA6DTyzGVAc62VvKv7n9RL0r91MhHGCPGTzID+RBCMyrYAMheIMZWoIZUqYXwkbU0UZmqIWUuJxqgXTedk04yz3sEra9Zpj15z7y2rjpuioBKdwBhfgwBU04A6a0AIGCl7gFd6sZ+vd+rA+56trVnFzAguwvn4BGlubpw==</latexit><latexit sha1_base64="zSgbFAvLMAt0vwziJVe+aBk1fWM=">AAACCnicbVBLSgNBFHzjN8Zf1KWbxiC4CjNB0GXQjcsI5gPJGHo6PUmTng/db4RhmBt4ALd6BHfi1kt4Aq9hJ5mFSSx4UFS9Rz3Ki6XQaNvf1tr6xubWdmmnvLu3f3BYOTpu6yhRjLdYJCPV9ajmUoS8hQIl78aK08CTvONNbqd+54krLaLwAdOYuwEdhcIXjKKRHvsTjlm/qcUgq+f5oFK1a/YMZJU4BalCgeag8tMfRiwJeIhMUq17jh2jm1GFgkmel/uJ5jFlEzriPUNDGnDtZrOvc3JulCHxI2UmRDJT/15kNNA6DTyzGVAc62VvKv7n9RL0r91MhHGCPGTzID+RBCMyrYAMheIMZWoIZUqYXwkbU0UZmqIWUuJxqgXTedk04yz3sEra9Zpj15z7y2rjpuioBKdwBhfgwBU04A6a0AIGCl7gFd6sZ+vd+rA+56trVnFzAguwvn4BGlubpw==</latexit><latexit sha1_base64="zSgbFAvLMAt0vwziJVe+aBk1fWM=">AAACCnicbVBLSgNBFHzjN8Zf1KWbxiC4CjNB0GXQjcsI5gPJGHo6PUmTng/db4RhmBt4ALd6BHfi1kt4Aq9hJ5mFSSx4UFS9Rz3Ki6XQaNvf1tr6xubWdmmnvLu3f3BYOTpu6yhRjLdYJCPV9ajmUoS8hQIl78aK08CTvONNbqd+54krLaLwAdOYuwEdhcIXjKKRHvsTjlm/qcUgq+f5oFK1a/YMZJU4BalCgeag8tMfRiwJeIhMUq17jh2jm1GFgkmel/uJ5jFlEzriPUNDGnDtZrOvc3JulCHxI2UmRDJT/15kNNA6DTyzGVAc62VvKv7n9RL0r91MhHGCPGTzID+RBCMyrYAMheIMZWoIZUqYXwkbU0UZmqIWUuJxqgXTedk04yz3sEra9Zpj15z7y2rjpuioBKdwBhfgwBU04A6a0AIGCl7gFd6sZ+vd+rA+56trVnFzAguwvn4BGlubpw==</latexit><latexit sha1_base64="zSgbFAvLMAt0vwziJVe+aBk1fWM=">AAACCnicbVBLSgNBFHzjN8Zf1KWbxiC4CjNB0GXQjcsI5gPJGHo6PUmTng/db4RhmBt4ALd6BHfi1kt4Aq9hJ5mFSSx4UFS9Rz3Ki6XQaNvf1tr6xubWdmmnvLu3f3BYOTpu6yhRjLdYJCPV9ajmUoS8hQIl78aK08CTvONNbqd+54krLaLwAdOYuwEdhcIXjKKRHvsTjlm/qcUgq+f5oFK1a/YMZJU4BalCgeag8tMfRiwJeIhMUq17jh2jm1GFgkmel/uJ5jFlEzriPUNDGnDtZrOvc3JulCHxI2UmRDJT/15kNNA6DTyzGVAc62VvKv7n9RL0r91MhHGCPGTzID+RBCMyrYAMheIMZWoIZUqYXwkbU0UZmqIWUuJxqgXTedk04yz3sEra9Zpj15z7y2rjpuioBKdwBhfgwBU04A6a0AIGCl7gFd6sZ+vd+rA+56trVnFzAguwvn4BGlubpw==</latexit>

| ki
<latexit sha1_base64="axK+BNnqNcu8VVTs2rWQgXVVulY=">AAACCnicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047KCfUATy2Q6aYdMJmHmRgghf+AHuNVPcCdu/Qm/wN9w2mZhWw9cOJxzL+dy/ERwDbb9bVXW1jc2t6rbtZ3dvf2D+uFRV8epoqxDYxGrvk80E1yyDnAQrJ8oRiJfsJ4f3k793hNTmsfyAbKEeREZSx5wSsBIj27IIHfbmg/zsCiG9YbdtGfAq8QpSQOVaA/rP+4opmnEJFBBtB44dgJeThRwKlhRc1PNEkJDMmYDQyWJmPby2dcFPjPKCAexMiMBz9S/FzmJtM4i32xGBCZ62ZuK/3mDFIJrL+cySYFJOg8KUoEhxtMK8IgrRkFkhhCquPkV0wlRhIIpaiElmWSaU13UTDPOcg+rpHvRdOymc3/ZaN2UHVXRCTpF58hBV6iF7lAbdRBFCr2gV/RmPVvv1of1OV+tWOXNMVqA9fULdd6b4A==</latexit><latexit sha1_base64="axK+BNnqNcu8VVTs2rWQgXVVulY=">AAACCnicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047KCfUATy2Q6aYdMJmHmRgghf+AHuNVPcCdu/Qm/wN9w2mZhWw9cOJxzL+dy/ERwDbb9bVXW1jc2t6rbtZ3dvf2D+uFRV8epoqxDYxGrvk80E1yyDnAQrJ8oRiJfsJ4f3k793hNTmsfyAbKEeREZSx5wSsBIj27IIHfbmg/zsCiG9YbdtGfAq8QpSQOVaA/rP+4opmnEJFBBtB44dgJeThRwKlhRc1PNEkJDMmYDQyWJmPby2dcFPjPKCAexMiMBz9S/FzmJtM4i32xGBCZ62ZuK/3mDFIJrL+cySYFJOg8KUoEhxtMK8IgrRkFkhhCquPkV0wlRhIIpaiElmWSaU13UTDPOcg+rpHvRdOymc3/ZaN2UHVXRCTpF58hBV6iF7lAbdRBFCr2gV/RmPVvv1of1OV+tWOXNMVqA9fULdd6b4A==</latexit><latexit sha1_base64="axK+BNnqNcu8VVTs2rWQgXVVulY=">AAACCnicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047KCfUATy2Q6aYdMJmHmRgghf+AHuNVPcCdu/Qm/wN9w2mZhWw9cOJxzL+dy/ERwDbb9bVXW1jc2t6rbtZ3dvf2D+uFRV8epoqxDYxGrvk80E1yyDnAQrJ8oRiJfsJ4f3k793hNTmsfyAbKEeREZSx5wSsBIj27IIHfbmg/zsCiG9YbdtGfAq8QpSQOVaA/rP+4opmnEJFBBtB44dgJeThRwKlhRc1PNEkJDMmYDQyWJmPby2dcFPjPKCAexMiMBz9S/FzmJtM4i32xGBCZ62ZuK/3mDFIJrL+cySYFJOg8KUoEhxtMK8IgrRkFkhhCquPkV0wlRhIIpaiElmWSaU13UTDPOcg+rpHvRdOymc3/ZaN2UHVXRCTpF58hBV6iF7lAbdRBFCr2gV/RmPVvv1of1OV+tWOXNMVqA9fULdd6b4A==</latexit><latexit sha1_base64="axK+BNnqNcu8VVTs2rWQgXVVulY=">AAACCnicbVDLSsNAFJ3UV62vqks3g0VwVRIRdFl047KCfUATy2Q6aYdMJmHmRgghf+AHuNVPcCdu/Qm/wN9w2mZhWw9cOJxzL+dy/ERwDbb9bVXW1jc2t6rbtZ3dvf2D+uFRV8epoqxDYxGrvk80E1yyDnAQrJ8oRiJfsJ4f3k793hNTmsfyAbKEeREZSx5wSsBIj27IIHfbmg/zsCiG9YbdtGfAq8QpSQOVaA/rP+4opmnEJFBBtB44dgJeThRwKlhRc1PNEkJDMmYDQyWJmPby2dcFPjPKCAexMiMBz9S/FzmJtM4i32xGBCZ62ZuK/3mDFIJrL+cySYFJOg8KUoEhxtMK8IgrRkFkhhCquPkV0wlRhIIpaiElmWSaU13UTDPOcg+rpHvRdOymc3/ZaN2UHVXRCTpF58hBV6iF7lAbdRBFCr2gV/RmPVvv1of1OV+tWOXNMVqA9fULdd6b4A==</latexit>

| Ci
<latexit sha1_base64="YrjRu/TctshWErHQKlHgJ9zxNqg=">AAACCnicbVDLSsNAFJ34rPVVdekmWARXJRFBl8VuXFawD2hjmUxv2qGTSZi5EULIH/gBbvUT3Ilbf8Iv8DectlnY1gMXDufcy7kcPxZco+N8W2vrG5tb26Wd8u7e/sFh5ei4raNEMWixSESq61MNgktoIUcB3VgBDX0BHX/SmPqdJ1CaR/IB0xi8kI4kDzijaKTH/gQw6zc1H2SNPB9Uqk7NmcFeJW5BqqRAc1D56Q8jloQgkQmqdc91YvQyqpAzAXm5n2iIKZvQEfQMlTQE7WWzr3P73ChDO4iUGYn2TP17kdFQ6zT0zWZIcayXvan4n9dLMLjxMi7jBEGyeVCQCBsje1qBPeQKGIrUEMoUN7/abEwVZWiKWkiJx6nmTOdl04y73MMqaV/WXKfm3l9V67dFRyVySs7IBXHJNamTO9IkLcKIIi/klbxZz9a79WF9zlfXrOLmhCzA+voFNaabuA==</latexit><latexit sha1_base64="YrjRu/TctshWErHQKlHgJ9zxNqg=">AAACCnicbVDLSsNAFJ34rPVVdekmWARXJRFBl8VuXFawD2hjmUxv2qGTSZi5EULIH/gBbvUT3Ilbf8Iv8DectlnY1gMXDufcy7kcPxZco+N8W2vrG5tb26Wd8u7e/sFh5ei4raNEMWixSESq61MNgktoIUcB3VgBDX0BHX/SmPqdJ1CaR/IB0xi8kI4kDzijaKTH/gQw6zc1H2SNPB9Uqk7NmcFeJW5BqqRAc1D56Q8jloQgkQmqdc91YvQyqpAzAXm5n2iIKZvQEfQMlTQE7WWzr3P73ChDO4iUGYn2TP17kdFQ6zT0zWZIcayXvan4n9dLMLjxMi7jBEGyeVCQCBsje1qBPeQKGIrUEMoUN7/abEwVZWiKWkiJx6nmTOdl04y73MMqaV/WXKfm3l9V67dFRyVySs7IBXHJNamTO9IkLcKIIi/klbxZz9a79WF9zlfXrOLmhCzA+voFNaabuA==</latexit><latexit sha1_base64="YrjRu/TctshWErHQKlHgJ9zxNqg=">AAACCnicbVDLSsNAFJ34rPVVdekmWARXJRFBl8VuXFawD2hjmUxv2qGTSZi5EULIH/gBbvUT3Ilbf8Iv8DectlnY1gMXDufcy7kcPxZco+N8W2vrG5tb26Wd8u7e/sFh5ei4raNEMWixSESq61MNgktoIUcB3VgBDX0BHX/SmPqdJ1CaR/IB0xi8kI4kDzijaKTH/gQw6zc1H2SNPB9Uqk7NmcFeJW5BqqRAc1D56Q8jloQgkQmqdc91YvQyqpAzAXm5n2iIKZvQEfQMlTQE7WWzr3P73ChDO4iUGYn2TP17kdFQ6zT0zWZIcayXvan4n9dLMLjxMi7jBEGyeVCQCBsje1qBPeQKGIrUEMoUN7/abEwVZWiKWkiJx6nmTOdl04y73MMqaV/WXKfm3l9V67dFRyVySs7IBXHJNamTO9IkLcKIIi/klbxZz9a79WF9zlfXrOLmhCzA+voFNaabuA==</latexit><latexit sha1_base64="YrjRu/TctshWErHQKlHgJ9zxNqg=">AAACCnicbVDLSsNAFJ34rPVVdekmWARXJRFBl8VuXFawD2hjmUxv2qGTSZi5EULIH/gBbvUT3Ilbf8Iv8DectlnY1gMXDufcy7kcPxZco+N8W2vrG5tb26Wd8u7e/sFh5ei4raNEMWixSESq61MNgktoIUcB3VgBDX0BHX/SmPqdJ1CaR/IB0xi8kI4kDzijaKTH/gQw6zc1H2SNPB9Uqk7NmcFeJW5BqqRAc1D56Q8jloQgkQmqdc91YvQyqpAzAXm5n2iIKZvQEfQMlTQE7WWzr3P73ChDO4iUGYn2TP17kdFQ6zT0zWZIcayXvan4n9dLMLjxMi7jBEGyeVCQCBsje1qBPeQKGIrUEMoUN7/abEwVZWiKWkiJx6nmTOdl04y73MMqaV/WXKfm3l9V67dFRyVySs7IBXHJNamTO9IkLcKIIi/klbxZz9a79WF9zlfXrOLmhCzA+voFNaabuA==</latexit>

PC
e=1 | h0| ei |2

<latexit sha1_base64="3Pr79IYD9jjgLJncxTGbGaC6Hlg="></latexit><latexit sha1_base64="AECvbubNtDtOAimE51/nfXjQdqY="></latexit><latexit sha1_base64="AECvbubNtDtOAimE51/nfXjQdqY="></latexit><latexit sha1_base64="JRYiR7HIzUJqTlPqDpeDR2X2+jw=">AAACLHicbVDLSsNAFJ3UV62vqEs3wSK4Kkk3uhGK3bisYB/QtGEyvWmHTh7M3Agl5C/8Dj/ArX6CGxG3+htOHwvbemDgcM653DvHTwRXaNsfRmFjc2t7p7hb2ts/ODwyj09aKk4lgyaLRSw7PlUgeARN5Cigk0igoS+g7Y/rU7/9CFLxOHrASQK9kA4jHnBGUUueWXFVGnoZ3Dh5P6vnrs6i60s6BszsPHMbims3nxv9qmeW7Yo9g7VOnAUpkwUanvnjDmKWhhAhE1SprmMn2MuoRM4E5CU3VZBQNqZD6Goa0RBUL5v9K7cutDKwgljqF6E1U/9OZDRUahL6OhlSHKlVbyr+53VTDK57GY+SFCFi80VBKiyMrWlJ1oBLYCgmmlAmub7VYiMqKUNd5dKWZDRRnKm8pJtxVntYJ61qxbErzr1Trt0uOiqSM3JOLolDrkiN3JEGaRJGnsgLeSVvxrPxbnwaX/NowVjMnJIlGN+/Lbyp4w==</latexit>

Fig. 5.6 Sum-tree architecture

5.5.1 Simulation Environment Setups

For conducting the simulation, the UAV’s exploration airspace is set as 𝔸 ∶ [0, 1]×[0, 1]×

[0, 0.1] km. Fig. 5.7a delivers the top view of 𝔸, in which the locations of involved BSs

and the direction of each ULA’s boresight are specified. To generate building distribution

within𝔸, one realization of statisticalmodel suggested by the ITU [122] is invoked, subject

to parameters �̂�, ̂𝛽 and ̂𝛾 as defined in Subsection 3.2.2. Besides, the small-scale fading

component of A2G link is assumed to follow block Nakagami-𝑚 channel model. The

common destination’s location is fixed at 𝑞𝑢 = (0.8, 0.8, 0.1) km, without loss of generality.

Unless otherwise mentioned, the parameter setups regarding simulation environment

are in line with Table 5.1. With the generated local building distribution, antenna model

and small-scale fading model, the corresponding TOP distribution over arbitrary UAV

location within 𝔸 can be previewed as Fig. 5.7b.
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Table 5.1 Parameter settings for simulation environment

Parameters Values Parameters Values
Amount of BSs 𝐵 4 Amount of sectors 3𝐵 12
Horizontal side-length of 𝔸 𝐷 1 km Amount of each ULA’s array elements 𝑀 8
Half-power beamwidth Θ3dB/Φ3dB 65°/65° Speed of light 𝑐 3 × 108 m/s
Carrier frequency 𝑓𝑐 2 GHz Wave length 𝜆 15 cm
ULA’s element spacing distance 𝑑𝑣 7.5 cm ULA’s electrically titled angle 𝜃𝑒𝑡𝑖𝑙𝑡 100°
Antenna height of BS 25 m Flying altitude of UAV 100 m
ITU building distribution parameter 𝛼 0.3 ITU building distribution parameter ̂𝛽 118
ITU building distribution parameter ̂𝛾 25 Total amount of buildings ̂𝛽𝐷2 118
Expected size of each building 𝛼/ ̂𝛽 0.0025 km2 Maximum height of buildings 70 m
Transmit power of each sector 𝑃𝑖 20 dBm Nakagami shape factor 𝑚 for LoS/NLoS 3/1
Transmission outage threshold Γ𝑡ℎ 0 dB Average power of AWGN 𝜎2 -90 dBm
Duration of time slot Δ𝑡 0.5 s Velocity of the UAV 𝑉𝑢 30 m/s
Amount of signal Measurements 𝐿 1000 Weight balancing the minimization 𝜏 50

Table 5.2 Hyper-parameter settings for learning process

Parameters Values Parameters Values
Capacity of QiER buffer 𝐶 20000 Size of mini-batch 𝑁𝑚𝑏 128
Initial 𝜖-greedy factor 𝜖 0.5 Annealing speed 𝑑𝑒𝑐𝜖 0.994/episode
Target D3QN update frequency Υ𝐷3 5 Length of sliding buffer 𝑁𝑚𝑠 30
Positive special reward 𝑟𝐷 400 Negative special reward 𝑟𝑜𝑏 -10000
Learning rate 𝛼𝑙𝑟 Adam’s default Discount factor 𝛾 1
Maximum training episodes 𝑡𝑒max 2000 Step threshold 𝑁max 400
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5.5.2 Structure of DNNs and Hyper-parameter Settings for Learning

Process

The proposed DRL-QiER algorithm is implemented on Python 3.8 with TensorFlow 2.3.1

and Keras. Specifically, the DNNs of online D3QN agent are constructed with fully-

connected feedforward ANNs. The shapes of the online D3QN’s input and output layers

are subject to the UAV’s horizontal locations and the amount of possible flying directions,

respectively. Between the input and output layers, there are 4 hidden layers, where the

first 3 hidden layers contain 512, 256, 128 neurons, respectively. The last hidden layer

plays the role as duelling layer consisting of 𝑁𝑓𝑑 + 1 neurons, where one neuron indicates

the estimation of state-value and the other 𝑁𝑓𝑑 neurons reflect action advantages. Then,

the outputs of the duelling layer will be aggregated to generate the estimation of the 𝑁𝑓𝑑

actions at the output layer. Besides, the optimizer minimizing the MSE for the DRL-QiER

agent is Adam with fixed learning rate. The activation functions for each hidden layer and

the output layer are Relu and Linear, respectively. Note that the target D3QN shares the

same structure as its online counterpart.

The settings of hyper-parameter for learning process are stated in Table 5.2.

5.5.3 Training of the DRL-QiER algorithm

Fig. 5.8a and Fig. 5.8b depict the return history and designed trajectories of the proposed

DRL-QiER solution, respectively. Note that the moving average return for each training

episode is calculated via a moving window with length of 200 episodes, while the corre-

sponding designed trajectories are picked with spatially separated initial locations in the

late training stage (in the range of episodes 1900-2000), for the sake of neat and sufficient

demonstration. From Fig. 5.8a, it is straightforward to conclude that the moving aver-

age returns steadily converge to the maximum alongside the training process, although

some fluctuations are experienced, which is a typical phenomenon in DRL field. Besides,

from Fig. 5.8b, it is observed that the proposed DRL-QiER solution can direct the UAV

from various initial locations to the common destination, with designed trajectories adap-
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Fig. 5.7 Simulation environment and the corresponding preview on TOP distribution
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tive to the TOP distribution. Regions with higher TOP are avoided while keeping the

UAV being directed to reach the common destination with possibly fewer moving steps

(equivalently, as short flying time cost as possible). For instance, even the near-to-zero

but extremely narrow TOP slots around (0.4, 0.78, 0.1) km and (0.6, 0.79, 0.1) km can be

recognized. On the contrary, higher TOP regions in the range of (0.4 − 0.6, 0 − 0.5, 0.1)

km are bypassed as much as possible. Another good example is the trajectory starting

from location around (0.95, 0.09, 0.1) km, where the “V” shape around (0.95, 0.2, 0.1) km

perfectly demonstrates the effectiveness of the proposed DRL-QiER solution, in which the

higher TOP fields are avoided. Note that larger weight factor 𝜏 will generally lead the de-

signed path to experience lower TOP regions, but inevitably enlarging the time cost (say,

longer and more tortuous trajectory) reaching the common destination. This is the reason

why weight factor 𝜏 is invoked to balance the proposed minimization problem (5.14).

5.5.4 Performance Comparison

Four DRL-aided baselines are considered for performance comparison, listed as follows.

• DRL-ER: The D3QN is trained via mini-batch sampling from standard ER buffer

with uniform sample-picking strategy, which means that the transitions are picked

randomly from the ER buffer to accomplish the mini-batch sampling process.

• DRL-PER: The D3QN is trained via stochastic mini-batch sampling from the PER

buffer with proportional prioritization method, in line with [96]. In this approach,

the priority of each recorded transition 𝑥 is measured by its corresponding abso-

lute TD error |𝛿(𝑥)|. Then, the probability of picking a transition from the PER

buffer follows 𝑝(𝑥) = (|𝛿(𝑥)| + 𝜉)𝛼PER/ ∑𝑥′(|𝛿(𝑥′)| + 𝜉)𝛼PER , where a small positive

constant 𝜉 is used to avoid zero-priority case and 𝛼PER determines how much priori-

tization is applied, with 𝛼PER = 0 corresponding to the special case that is equivalent

to DRL-ER baseline. To correct the bias caused by priority-based sampling, nor-

malized importance-sampling (IS) weight 𝑊 (𝑥) = (𝐶 × 𝑝(𝑥))−𝛽PER/max𝑥′ 𝑊 (𝑥′)

is calculated to scale the updating of DNNs, where 𝐶 is the capacity of the PER
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Fig. 5.8 Training results of the proposed DRL-QiER solution
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buffer and 𝛽PER reflects the amount of IS correction. The parameter 𝛽PER should be

incremented from a relatively small positive constant to 1 over the training process

because a full-step update is more important when the algorithm begins to converge.

• DCRL: The DCRL training paradigm aims to offer better mini-batch sampling ef-

ficiency, according to the complexities of recorded experiences. Specifically, the

complexity of each transition is determined by self-paced priority and coverage

penalty, where self-paced priority maps TD error into the difficulty of current cur-

riculum and coverage penalty uses replay times of transitions to enhance sampling

diversity. For detailed implementation of DCRL, please refer to [146].

• SNARM: The framework SNARM invokes an extra DNN termed as radio map to

help improve the overall learning efficiency. The signal measurements alongside the

UAV’s trajectory are utilized to train not only the online D3QN but also the radio

map. The radio map enables it to generate simulated trajectories and thus reduces

actual trials. Based on standard Dyna architecture, one D3QN update with the actual

experiences follows several extra updates with the simulated transitions. Therefore,

the SNARMapproach is promised to help achieve better learning performancewhile

reducing the cost of data acquisition from actual experiences. For more details of

SNARM, please refer to [36].

For fair comparison, the structures of online and target D3QNs for all baselines are the

same as those of the proposed DRL-QiER solution, while the hyper-parameter settings

of these baselines are in line with Table 5.2. Besides, the construction of radio map’s

DNN and the corresponding hyper-parameter settings of baseline SNARM are in accor-

dance to [36], while the complexity index function, the curriculum evaluation function,

the self-paced prioritized function, the coverage penalty function and the correspond-

ing DCRL hyper-parameter settings are in line with [146]. Furthermore, the additional

hyper-parameters regarding PER in DRL-PER baseline are set as 𝛼PER = 1, 𝜉 = 0.01 and

𝛽PER = 0.4. All the baselines are altered to involve multi-step learning and start training

after their replay buffers are fully exploited. Nevertheless, all the baselines share the same
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randomly generated initial UAV locations with the proposed DRL-QiER solution, for each

training episode.

Fig. 5.9a delivers the performance comparison on moving average returns of the pro-

posed DRL-QiER solution and considered baselines, versus training episodes. From this

figure, it is easy to find that SNARM approach can offer satisfactory learning performance,

thanks to the simulated trajectories enabled by the extra DNN (i.e., the radio map). Es-

pecially, in the range of training episode from 400 to 1000, despite that the radio map is

getting well trained as the training process going. Besides, DRL-PER, DRL-QiER and

DCRL approaches can achieve better moving average returns than DRL-ER method, in

the early-to-middle training stage (e.g., episodes 500-750). The reason is that DRL-ER

solution samples transitions uniformly without considering their priorities, which leads

transitions with higher importance to have less opportunities for training the online D3QN.

However, DRL-PER method experiences server fluctuations than DRL-QiER and DCRL

(e.g., episodes 1250-2000), which is because DRL-PER does not take transitions’ replay

time into account and thus some transitions are sampled with undesired high frequency

while their absolute TD errors remain relatively large. The proposed DRL-QiER solution

showcases more steady learning ability, with less amplification of fluctuation and overall

raising trend, thanks to the QiER technique which balances sampling priority and diver-

sity in a better manner. Although SNARM and DCRL approaches can offer satisfactory

learning performances, their respective shortcomings are: 1) SNARM framework needs to

train an extra DNN, which thus introduces heavy training burden; and 2) it is difficult to set

up feasible complexity index function, curriculum evaluation function, self-paced priori-

tized function, coverage penalty function and the corresponding DCRL hyper-parameters,

which limits the robustness of DCRL solution. The proposed DRL-QiER method requires

less hyper-parameters tuning and contains no extra DNN, and therefore is easier and more

robust for implementation. Besides, the evolution history of flight paths governed by all

the considered algorithms amid training process are demonstrated in Fig. 5.9b, Fig. 5.9c

and Fig. 5.9d. Specifically, Fig. 5.9b and Fig. 5.9c depict the generated trajectories in the
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early and middle stages of training, picked from episode ranges 350-360 and 1000-1004,

respectively. Trajectories in Fig. 5.9b fail to find the destination and violate the regula-

tion of either not exhausting maximum step threshold or not crushing onto the boundaries,

while those in Fig. 5.9c are more adaptive to the cellular coverage environment but some

of them still violate the regulation of not colliding onto boundaries. As training goes by,

it is clear that all the simulated algorithms are getting more experienced and thus adaptive

trajectories are becoming more likely to be generated. At the end, Fig. 5.9d depicts the

comparison on designed trajectories of the implemented algorithms, over three represen-

tative starting locations chosen from episodes 1910-2000. It is straightforward to observe

that the proposed DRL-QiER and the considered baselines direct the UAV to hit the com-

mon destination with different trajectories that are in line with the formulated trajectory

optimization goal.

Fig. 5.10a demonstrates comparison on average time cost of designed trajectories and

the corresponding EOD for the considered algorithms, over four episode slots 1-1400,

1401-1600, 1601-1800 and 1801-2000. From this figure, one can find that the proposed

DRL-QiER solution can help achieve both lower average EOD and average time cost,

within each episode slot. Especially, in the late training state (e.g., episode slot 1800-

2000), the proposed DRL-QiER method outperforms other baselines, in terms of both

average EOD and average time cost. Furthermore, Fig. 5.10b illustrates comparison on

average duration and average weighted sum of EOD and time cost over the last 200 training

episodes, for all the DRL-aided approaches and non-learning-based strategy termed as

straight-line. From this figure, it is easy to find that while the straight-line solution offers

the cheapest average time cost, it leads theUAV to suffer the highest average EOD,which is

extremely non-preferable and thus unveils the benefits provided byDRL-aided approaches.

On the contrary, the proposed DRL-QiER solution can not only help the UAV experience

the lowest average EOD, compared to both other DRL-aided approaches and the straight-

line strategy, but also direct the UAV to reach the common destination with the cheapest

average time cost, against other DRL-aided solutions.
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Fig. 5.9 Performance comparison on moving average returns and designed trajectories
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Fig. 5.9 Performance comparison on moving average returns and designed trajectories
(cont.)
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To further highlight superiority of the proposed DRL-QiER solution against conven-

tional path planning approach, performance comparisons between DRL-QiER and two

other non-learning baselines are demonstrated in Fig. 5.11 and Table 5.3, for three dif-

ferent initial locations. Specifically, the BS-approaching baseline aims to direct UAV to

travel across the nearest BS alongside the flight because intuitively locations nearby BS

can provide stronger coverage quality. The other non-learning baseline is based on the

assumption of BS’s circular coverage, within which arbitrary location is simply treated

as that can provide satisfactory coverage strength. The circles in Fig. 5.11 are taken as

examples to evaluate the designed trajectories under the circular coverage assumption.

Note that unlike the aforementioned DRL-related approaches, both of these two consid-

ered baselines are not dependent on the actual TOP distribution, and thus naive and inferior

trajectories could be generated. To validate this, Table 5.3 delivers comparison on average

durations of circular, BS-approaching and DRL-QiER solutions, over trajectories started

from the considered three initial locations. From this table, it is straightforward to observe

that the proposed DRL-QiER solution can direct UAV to achieve the minimum amount of

average weighted sum of time cost and EOD where the corresponding average EOD is the

cheapest, while the other two non-learning baselines suffer from greater average EOD.

The corresponding reason can be interpreted as that the proposed DRL-QiER solution

(more generally, DRL-aided approaches) is trained via interacting with the actual TOP

distribution, which validates the advantages provided by DRL-related solutions against

non-learning alternatives.

Circular BS-Approaching DRL-QiER
Time Cost 28.440 s 31.916 s 31.234 s
EOD 10.469 s 12.128 s 8.136 s
Weighted Sum of
Time Cost and EOD 551.890 638.316 438.034

Table 5.3 Comparison on average durations of circular, BS-approaching and DRL-QiER
solutions
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Fig. 5.11 Comparison on designed trajectories of circular, BS-approaching and DRL-
QiER solutions

5.6 Chapter Summary

In this chapter, an intelligent navigation task for cellular-connected UAV networks was in-

vestigated, aiming at minimizing the weighted sum of time cost and expected outage dura-

tion alongside UAVs’ flying trajectories towards the common destination with randomly-

generated initial UAV locations. To navigate the UAV, a DRL-QiER solution was pro-

posed, in which the innovative QiER technique helps the DRL agent hit a better learn-

ing efficiency. Simulation results validated the effectiveness of the proposed DRL-QiER

solution, while performance comparison against both several DRL-aided baselines and

straight-line strategy showcased DRL-QiER method’s superiority. Moreover, the pro-

posed QiER framework can be potentially extended into other existing DRL frameworks

that are dependent on ER technique, e.g., DDPG, TD3, SAC and Rainbow.



Chapter 6

Conclusions and Future Works

In this chapter, the major contributions and insights of this thesis are summarized, possible

extensions of current technical contents are blueprinted, and promising future research

directions are mentioned.

6.1 Conclusions

This thesis concentrated on one hot and prominent subfield of wireless communications,

i.e., UAV-aided networks. To help achieve efficient applications and implementations of

UAV from the perspective of wireless transmissions, this thesis comprehensively consid-

ered three key technical challenges, i.e., performance analysis, radio resource management

and trajectory optimization. Specifically, analyses on transmission outage and covert-

ness were conducted to analyse and evaluate the proposed HOR UAV-relaying protocol

in Chapter 2. Besides, radio resource management issue for interference coordination and

transmission enhancement in the scenario of cellular-connected UAV networks was inves-

tigated in Chapter 3. Moreover, integrating several ideas from quantum mechanics with

cutting-edge RL/DRL frameworks, Chapter 4 and Chapter 5 proposed QiRL and DRL-

QiER algorithms to solve optimal UAV navigation problems in the cases of UAV-BS and

cellular-connected UAV, respectively. The main contributions and meaningful insights

are briefly drawn as follows.
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Taking advantages of UAV’s high flying altitude to help relay wireless messages from

ground transmitter to terrestrial receiver, a UAV-relaying protocol named HOR was pro-

posed in Chapter 2. To cope with UAV’s restricted on-board power supply issue and in-

evitable SE loss of HD relaying strategy, SWIPT and FD technologies were adopted into

the proposed HOR scheme. For truly enabling FD SWIPT functionality, a hybrid battery

model was adopted, whose time-varying charge-discharge behaviour was tracked with the

help of energy discretization and MC’s stationary distribution. To characterize perfor-

mance of the proposed HOR protocol, evaluate impacts of key system parameters and

expose fundamental trade-offs, transmission outage analysis was performed via deriving

closed-form expressions of TOP. Then, to better detect potential covert transmissions that

may leak essential information of legitimate transceivers if the UAV-relay was malicious,

covert communication analysis was investigated through deriving closed-form expressions

of minimum detection error probability. Numerical results validated the effectiveness and

superiority of the proposed HOR protocol for improving TOP performance, compared

to benchmarks where no relay or conventional relay is helping terrestrial transmissions.

Besides, it was also demonstrated that the derived closed-form expression of optimal de-

tection threshold is able to help terrestrial transceivers to achieve a more solid detection

performance of potential information leakage. Some representative findings and trade-

offs exposed by the aforementioned performance analyses are: 1) the minimum detection

error probability is a monotonically-increasing function w.r.t. the degree of channel un-

certainty, which means that a more accurate channel estimation quality is beneficial for

hitting a higher probability of successfully detecting the potential information leakage; 2)

the trade-off of harvesting more energy and pursuing stronger received SNR makes the

optimal PS factor existing and more delicate energy discretization leads the optimal PS

factor to be smaller which means that more portion of harvested energy can be allocated

to information processing; and 3) a shorter propagation distance between the UAV-relay

and the ground transmitter is preferred for achieving a better TOP performance because the

amount of harvested energy is sensitive to pathloss. In short, the proposed HOR protocol
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for UAV-relaying networks has been proven to be effective for helping achieve higher wire-

less energy manipulating efficiency, better wireless transmission performance and more

solid privacy protection for wireless communications.

In Chapter 3, a hybrid D3QN-TD3 algorithm was designed to deal with radio resource

management issue, for ICI mitigation and transmission enhancement in cellular-connected

UAV networks. To realize harmonious coexistence of UAV and ground UEs in cellular

networks, a time-frequency RB allocation criteria was initiated. Then, for improving wire-

less transmissions from ground BS to UAV, transmit beamforming technique was adopted.

The considered joint design of RB allocation and transmit beamforming is challenging to

be tackled via conventional optimization techniques because the practical considerations

of, e.g., building distribution based A2G pathloss model, compatibility of different small-

scale (fast) fading channel models and rich channel dynamics inferred by UAV mobility.

Alternatively, DRL-aided frameworks, i.e., D3QN and TD3 agents were applied to solve

RB allocation in discrete domain and beamforming vector design in continuous regime

for the formulated radio resource management task, respectively. To circumvent poten-

tial training difficulties caused by large RBP matrix, CNN was invoked to extract features

from RBP matrix, which then will be flattened and fed to the D3QN network for further

training. To deal with dimension imbalance and gradient vanishing, dimension expansion

and prior-activation penalty tricks were adopted to help the TD3 network commit a more

reliable and robust learning performance. After interactively interacting with environment

and sufficient training, the proposed hybrid D3QN-TD3 solution was validated to be ca-

pable of selecting proper RB index and generating effective beamforming vector in the

challenging scenario of heavy channel reuse and highly dynamic channel varying, where

D3QN and TD3 components were demonstrated to be able to offer independent perfor-

mance gain. Theoretically, the proposed hybrid D3QN-TD3 algorithm is adaptive to any

types of potentially feasible small-scale fading and arbitrary trajectories, rooted from facts

that the formulated optimization problem did not pose any specification on small-scale
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fading model and the time-varying RBP matrix as well as fast fading is independent to

UAV’s mobility, which means that it possesses favourable flexibility and generality.

In Chapter 4, a QiRL solution was proposed for UAV path planning to maximize ES-

UTR, where UAV plays the role as aerial BS collecting data from terrestrial UEs in the

uplink. Without a prior information regarding wireless transmission environment, tabular

RL framework was invoked to solve the formulated UAV navigation problem in a trial-

and-error manner. Unfortunately, conventional value-based RL algorithm suffers from

dealing with the dilemma of exploration and exploitation, which is due to the fact that ac-

tion selection policy is inherently related to tuning exploration factor. However, the initial

exploration factor and its annealing rate are manually selected to realize valid training for

different application scenarios, which severely constrains the robustness, adaptiveness and

reliability of tabular RL algorithms. For pursuing a better way to improve learning perfor-

mance via innovating new action selection policy for tabular RL framework, state super-

position and amplitude amplification from quantum mechanics were adopted to formulate

a novel quantum-inspired action selection policy, which can cope with the balancing of

exploration and exploitation without tuning exploration factor. It was illustrated that the

proposed QiRL solution is capable to efficiently solve the considered path planning prob-

lem for different radio environments, while advantages offered by the quantum-inspired

action selection policy were showcased via comparing with typical RL baselines.

In Chapter 5, an intelligent cellular-connected UAV navigation problem with various

initial UAV locations and a common destination, aiming at minimizing the weighted sum

of flight time cost and EOD, was formulated and then solved by a DRL-aided approach

with QiER technique, i.e., the proposed DRL-QiER solution. This chapter considered

one of the most challenging wireless propagation cases, where practical 3GPP-suggested

A2G pathloss model with local building distribution and ULA with fixed 3D radiation

pattern were invoked to generate the complex cellular coverage environment. Although

DRL-related frameworks can help circumvent shortcomings of conventional optimization

techniques for solving problems without explicit environment information, it may still fail
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to help the UAV accomplish the considered minimization task on weighted sum of time

cost and EOD in an efficient way. To further polish learning quality of DRL agent, a QiER

framework was coined to help DRL agent commit a better experience replay performance,

via a three-phase procedure inspired by superposition phenomenon of qubit, quantum am-

plitude amplification and collapse measurement. Complexity comparison validated that

the proposed QiER framework only requires negligible extra computational resource and

memory, to achieve which unsorted sum-tree data structure was adopted. Numerical re-

sults demonstrated that the proposed DRL-QiER can efficiently direct the UAV to accom-

plish the formulated navigation goal, compared to several representative DRL-based and

non-learning baselines. An interesting and prominently promising feature of the coined

QiER framework is that it is a plug-in attachment for DRL agent, altering traditional or

advanced experience replay exponent, e.g., ER or PER technique, which means that it can

be easily and smoothly transplanted to aid other DRL algorithms where experience replay

buffer and transition sampling are of necessity, e.g., Rainbow, TD3 and SAC.

6.2 Future Works

6.2.1 Extensions of Current Works

Incorporating Subsection 1.5.3, the technical contents included in this thesis are expected

to be further polished and fortified in the following several directions.

− For extending Chapter 2, the following perspectives are worth considering: 1) for

LoS/NLoS A2G transmissions, different small-scale fading models should be in-

tegrated separately, i.e., adopting Rician or Nakagami-𝑚 fading with 𝑚 > 1 and

Rayleigh fading to characterize LoS and NLoS A2G links, respectively; and 2) tak-

ing average on distances to analyse the corresponding ergodic transmission outage

performance. For example, the UAV’s location could be assumed following Poisson

Point Process that is suitable for modelling UAVs as user hotspots, or Matern hard-

core process that is commonly used in the scenario where UAVs are supposed to be
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apart from each other farer than a distance threshold, Then, with the help of stochas-

tic geometry, expected transmission outage performance could be performed, if the

related derivations are not mathematically intractable.

− The contributions of Chapter 3 can be further delimited by involving UAV trajectory

design, to realize a joint optimization on time-frequency RB allocation, transmit

beamforming and UAV navigation. Furthermore, more sophisticated but flexible

RB allocation may deliver a more solid performance enhancement, e.g., the UAV

is able to occupy more than one RB index each time. Another important extension

direction could be taking the procedure and overhead of cooperative transmission

into account, which may enhance practicality of the proposed solution.

− The curse of dimension of proposed tabular QiRL framework in Chapter 4 could be

broken via adopting DNN to estimate Q values, which can enable it to tackle tra-

jectory optimization problem with continuous state and/or action spaces. However,

how to integrate Grover iteration to aid action selection policy of RL algorithm with

DNN is still an open challenging problem and thus an important extension direction.

− Altering the D3QN agent adopted in Chapter 5 with DRL agent that can solve path

planning involving continuous action space is a promising extension direction, for

realizing 360° UAV navigation. Fortunately, the coined Grover iteration based ex-

perience replay framework is independent to DRL agent that it is attached to, which

makes it simple and straightforward to be plugged onto other state-of-the-art DRL

algorithms that are able to tackle problem containing continuous state and action

spaces, e.g., TD3 and SAC. Besides, relaxing the assumption of fixed UAV’s flying

speed may help achieve a better quality of UAV navigation, i.e., 360° path planning

with continuous propulsion speed. However, a fully-flexible navigation with contin-

uous velocity will introduce infinite possibilities of flying direction and speed, which

could be extremely challenging and may need more tricks to help achieve the for-

mulated UAV navigation goal, e.g., model pre-training for letting the UAV prefer to
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fly toward the common destination, learning rate scheduling, delayed policy update,

pre-activation penalty and next-action planning including repetition avoiding that is

used to free the UAV from being trapped in a local subregion and coverage-aware

directing that requires training another DNN to learn the model (strength distribu-

tion of cellular coverage). Moreover, UAVs are mainly supported by GPS system

to realize localization and navigation in current practice, therefore GPS-enabled or

opportunistic-GPS-cellular-empowered UAV trajectory design is an essential and

promising research direction.

Apart from the aforementioned extension envisions for each specific technical chapter,

some common issues that are not considered or solved in this thesis leave spaces for future

investigations, listed as follows.

+ Multi-UAV Scenario: Although performance analysis and optimization focusing on

single UAV can provide significant insights for analysing and optimizing perfor-

mance of UAV-aided networks, considering multi-UAV communication scenario

where UAVs are cooperating or interfering with each other can help deliver more

generalized and less limited contributions, e.g., UAV swarm networks.

+ Energy-Efficient UAV Transmissions: In UAV-mounted networks, power consump-

tion spent by UAV for wireless communications are relatively insignificant com-

pared to that cost by propulsion. Despite that this thesis does not consider explicit

model of UAV propulsion energy cost, energy-efficient UAV communications aim-

ing at dealing with the trade-off between maintaining satisfactory A2G transmission

quality and minimizing propulsion energy consumption could be an essential and

promising extension direction.

+ Decentralized/Distributed Learning: All the proposed RL/DRL based learning al-

gorithms belong to the field of centralized learning where one single model is being

trained over a centralized dataset, despite that quantum mechanics are adopted to

help achieve a better learning performance. Although centralized learning solutions
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are proven to work efficiently for the considered UAV transmission scenarios in

this thesis, decentralized/distributed learning may help further unleash the power of

learning-based approaches, e.g., federated DRL.

6.2.2 Promising Research Directions on UAVs

In addition to this thesis’s current technical contents and blueprinted extensions, there

are many interesting and promising future research directions in the field of UAV-aided

wireless networks, of which some emerging examples are listed as follows.

Security-Aware UAV-Mounted Transmissions

As the development and advancement of modern wireless networks, e.g., 5G and beyond,

increasing number of wireless transceivers and more complex architectures of networking

are inevitably emerging, which raises communication security issue to a new high level

of priority. Among many solutions for enhancing transmission security where UAVs are

legitimate users, e.g., cryptography, information-theoreticmethod that utilizes the inherent

randomness characteristics of wireless channel, i.e., physical layer security, embraces new

opportunities for helping achieve secure transmissions of UAV-aided networks [150, 151],

thanks to LoS-involved A2G links and UAV’s mobility. However, on the other point of

view, if UAVs are playing the role as eavesdroppers, it leads ensuring security to be more

profoundly challenging. Therefore, how to adopt physical layer security techniques to

realize secure transmissions for legitimate UAVs or combat airborne eavesdropping from

malicious UAVs is a new challenge that is worthy of delicate future research.

UAV-Aided 3D MIMO

Due to the nature that UAVs are flying aloft in the sky and their locations can be flexibly

deployed, they are suitable to be applied as aerial platform performing flexible 3D MIMO

for ground UEs, which is able to create propagation beams in both horizontal and vertical

directions. Different from traditional 2D MIMO, 3D MIMO is able to support more UEs
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and achieve higher MIMO spatial multiplexing gain, which is more adaptive to environ-

ment where the served UEs are distributed in various 3D locations with different antenna

heights [5, 152]. Blessed by high working altitude of UAV, ground UEs located in 3D

space could be more easily to be recognized and distinguished, while LoS-involved A2G

links can help realize high-quality and robust beamforming performance in both elevation

and azimuth slices. Therefore, how to efficiently deploy UAV to realize significant 3D

MIMO gain is a promising future research direction.

UAV-Enabled Offloading

Some emerging wireless technologies, e.g., autonomous driving, virtual reality (VR) and

augmented reality (AR), are implicitly sensitive to latency caused by, inter alia, wireless

transmissions and computations, within scenario where a huge number of transceivers are

included. However, it is extremely difficult to efficiently implement the aforementioned

emerging technologies in practice. The involved wireless transceivers are usually of con-

strained computation and storage resources, and thus ultra-low latency signal exchanges

are challenging to be achieved. For relieving this suffering, mobile edge computing (MEC)

is deemed as a promising solution, via enabling computation-limited UEs to offload their

unbearable computation mission to nearby servers, e.g., BS. For applying such solution,

UAV could be highly beneficial, thanks to UAV’s configurable mobility nature. UAVs

can play the role as aerial access point to help edge UEs more seamlessly offload their

computation tasks, via flying closer to them [17, 153, 154]. To maintain satisfactory A2G

transmission links, UAV is usually required to hover at a certain location for serving edge

UEs to achieve the most efficient offloading performance. However, if UAV’s propulsion

energy consumption is taken into consideration, it will lead the UAV-aided offloading

problem to be more sophisticated, which demands future investigations, e.g., to realize

efficient UAV-aided offloading performance whilst minimizing UAV’s propulsion energy

cost for supporting both marching and hovering.
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