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Chapter 1  

Introduction 

In this thesis, we focus on three directions to contribute to the future 5G and beyond 

networks in terms of performance and efficiency. First, proposing a new radio 

resource management (RRM), specifically, a radio resource scheduling scheme, in 

which resource blocks are distributed to the users aiming to satisfy their needs and 

simultaneously keep a high overall performance. Secondly, we study the blockage 

phenomena impact on RISs aided 5G and beyond networks, where we investigate the 

various reasons for the blockage, and their effect on RISs aided high frequency band. 

Also, we evaluate the RISs aided 5G and beyond network performance. Third, we 

investigate the RIS technology implementation in 5G and beyond networks. In this 

context, we focus on the passive beamforming (PBF) challenge. Hence, we propose 

two promising solutions to overcome this issue.  

1.1 Overview of 5G and Beyond Networks 

1.1.1 MmWave and THz for 5G and Beyond Networks 

The promising future 5G and beyond networks can be mainly enabled using mmWave 

and THz communication because they have many notable advantages. However, some 

challenges appear with the employment of up 6 GHz bands. In this subsection, we 

discussed this point. 

1.1.2 The Blockage Occurrence in High Frequency Bands 

The blocking phenomena and its impact on the high frequency bands is one of the 

main concerns that hinder these high frequencies from efficiently working for 5G and 

beyond networks, so we showed a brief introduction on it in this subsection. 

1.1.3 Reconfigurable Intelligent Surface Technology 

Nowadays, the key player, to eliminate the blockage impact in the 5G and beyond 

networks, is reconfigurable intelligent surfaces (RISs) implementation which play as 

an aid for these networks. So, it has become important to discuss it in this section. 
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1.1.4 The Concept of Heterogenous Networks 

It is mandatory to give a brief background about the working principle of the 

heterogeneous network (HetNet) that is considered the core future wireless network 

and one of main concepts to enable positioning information based networks. 

1.2 Thesis Directions 

This thesis research can be mainly divided into three directions: 

1.2.1 Designing QoS Based Radio Resource Scheduling Scheme 

The importance of scheduling in 5G communication systems motivated us to propose 

a new and efficient possible scheduling scheme to be adapted to the 5G network 

aiming to provide high QoS for the UEs in eMBB applications.  

1.2.2 The Dynamic Blockage Impact on 5G and Beyond Networks 

In this part, we are concerned about the design of the 5G and beyond network 

considering the existence of the blockage phenomena, where we aim to meet the 

future link reliability (LR) and end-to-end latency requirements. 

1.2.3 Solving RISs aided 5G and Beyond Networks Challenges 

This part focuses on proposing new techniques that can help in overcoming the PBF 

challenge in RISs, considering the occurrence of the blockage. In this part, we suggest 

a PI based CB (PI-CB) scheme for RIS passive beamforming. 

1.3 The Thesis Main Contributions 

The major contributions of our thesis are recapped in the subsequent points: 

• Proposing a quality of service based RRS for 5G eMBB use case aiming to 

enhance the overall system performance.  

• Investigating the mobile blockers effect on RISs aided mmWave/THz networks, 

to be able to efficiently plan the 5G and beyond networks.  

• Proposing a dynamic positioning information based codebook for RIS Passive 

Beamforming. 

1.4 Thesis Architecture 

Our thesis contains five chapters that deeply dive into the proposed solutions for 

enhancing the 5G and beyond networks.  

https://scholar.google.com/citations?view_op=view_citation&hl=en&user=QD8g2lMAAAAJ&sortby=pubdate&citation_for_view=QD8g2lMAAAAJ:M3ejUd6NZC8C
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=QD8g2lMAAAAJ&sortby=pubdate&citation_for_view=QD8g2lMAAAAJ:dhFuZR0502QC
https://scholar.google.com/citations?view_op=view_citation&hl=en&user=QD8g2lMAAAAJ&sortby=pubdate&citation_for_view=QD8g2lMAAAAJ:dhFuZR0502QC


 

 

Chapter 2  

Related Works 

This chapter gives a descriptive idea about the prior studies that discussed the same 

topics we will discuss in this thesis.  

2.1 Radio Resource Scheduling in 5G Networks 

The radio resource management (RRM), and especially the scheduling procedure, is a 

highly crucial step in the communication network. The literature is full of works that 

discuss scheduling in mobile communication systems and propose some techniques 

for it in 5G networks such as [1], [2], [3]. Also, some studies considered the blockage 

impact while scheduling UEs in 5G networks [4]. It is worth mentioning that these 

prior works considered some metrices while neglecting others. Moreover, if they 

consider different traffic types, they merely discuss them separately, which is an 

impractical assumption. Also, no deep discussions are provided for UEs satisfaction 

using these schemes, though this metric is highly vital. In addition, previous studies 

discussed common scheduling schemes or modify them to enhance the performance, 

however, they neglect the practical UEs requirement parameters. 

2.2 The Blockage Impact on High Frequency Bands  

In upper 6 GHz bands, the signal may be easily obstructed by three different types of 

blockage, namely static, dynamic, and self-blocking. Many works have explored the 

effect of these blockage types on communication systems [5], [6], [7]. The mobile 

blockers affect temporarily and frequently when they pass in front of the TX or RX. 

Also, the dynamic blockage is a result of several type of obstacles with various 

parameters, e.g., different types of vehicles, drones, humans, and robots, which have 

different dimensions, signal penetration characteristics, and speeds. In this context, 

several works have discussed the dynamic blockage effect in literature such as [8], 

[9], [7], [10], [11], [12], [13] and [14]. 

2.3 RIS Technology to Eliminate the Blockage Effect 

To overcome the blockage effect, researchers have suggested the implementation of the 

RISs in the network. The RIS elements can be adjusted by controlling the RIS phase 
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shifters, where a programable controller, that connects RISs with their associated BSs, 

is responsible for this process that is called RIS beamforming. Many prior studies have 

discussed the superiority of the RISs implementation to overcome the blockage effect in 

5G and beyond networks [15], [16], [17], [18]. However, actually, the RIS can 

eliminate or reduce the effect of the blockage, but it cannot totally stop and overcome it. 

Hence, it is essential to study the blockage occurrence of in RISs aided systems. 

2.4 RISs aided 5G and Beyond Networks Challenges 

The implementation of the RISs as 5G and beyond network helpers has brought some 

challenges to the network, e.g., RIS beamforming. 

2.4.1 The Challenge of RIS Passive Beamforming 

For establishing the alternative LOS link, i.e. BS-RIS-UE, the configuration of the 

RIS elements shall be done. Mainly, the PBF approaches are divided into two major 

classes: first, CE and passive beamforming optimization (CE & O) schemes [19], 

[20], [21], [22], [23], [24], and the second is training a predefined CB to define the 

cascaded end to end channel, then be able to determine the best RP.  

2.4.1.1 CE and PBF optimization based approaches    

Several works have developed CE and PBF optimization (CE & O) based schemes for 

configuring RIS [20], [21], [22], [23]. These prior methods reduced the required 

overhead and complexity of the channel estimation, however, with large RIS 

implementation, these approaches still suffer high overhead. Moreover, the time 

consumption of these schemes is required in the online stage causing a long delay. 

2.4.1.2 Predefined CBs based approaches 

These schemes are more efficient in terms of the overhead and complexity required in 

the system to configure the RIS elements, hence they can guarantee a higher effective 

rate. Moreover, CBs based schemes are able to overcome propagation errors, and can 

be easily deployed in the communication systems without any further changes to the 

existing communication frameworks. Furthermore, these schemes allow the 

separation of the A-PBF process into two stages. In addition, the control signaling 

overhead is limited by the CB size thus a high reduction in the backhaul overhead can 

be achieved. Mainly, the approaches in this class have three stages, firstly, the design 

of the RIS CBs then, the training of these CBs, third, learning stage to select the best 

reflection pattern (RP) to be utilized in data transmission period. Several works have 

been suggested in the literature depending on the concept of CBs training to perform 

the passive beamforming [25], [26], [27], [28]. The challenges in the first two CB 

based schemes stages motivate us to develop our proposals, besides the limitations 

that we found in the related works. 



 

 

Chapter 3  

Proposed QoS based Radio 

Resource Scheduling Scheme  

Radio resource scheduling is a crucial stage in the initial access of users, where an 

efficient distribution of the precious network resources among connected UEs is 

mandatory to optimize the performance in both the network and UEs side. The 

existing standards for 5G and beyond networks discuss several use cases and 

scenarios, also they provide complete definitions for the frame structure and its 

elements. However, no efficient RRS scheduling scheme is introduced. Moreover, 

implementing prior scheduling schemes without adaptation to the characteristics, 

specifications, and requirements of 5G and beyond networks cannot be a promising 

option. Hence, to this end, this Chapter presents a new quality of service (QoS) based 

radio resource scheduling approach, where we consider the channel conditions of the 

mmWave in 60 GHz band. Furthermore, our approach relies on the UEs channel 

qualities and their demands aiming to enhance the network performance, maintain 

fairness among UEs, and satisfy a higher number of UEs with their demands. 

Moreover, the blockage impact, which is inherent with the use of high frequency 

bands, is considered while evaluating the performance of the proposed scheme. 

Error! Reference source not found. lists the used symbols and notations through t

his Chapter. 

3.1 System Model 

In this Chapter, we consider the eMBB use case, where a 5G WLAN serves several 

users with various applications, e.g., VR and video streaming. 

3.2 Proposed approach 

The 5G and beyond networks arise various applications that the UEs can experience, 

e.g., virtual reality and video streaming. Thus, the UEs demands become varied and as 

a result the sent packets to each UEs become different. Therefore, proposing 

scheduling based on UEs needs is a mandatory in the future networks. Consequently, 

we propose a QoS based proportional fairness scheduling approach,), where we 
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modify and enhance the standard proportional fairness (SPF) mechanism. More, 

specifically, we modify the used priority function for each UE by combining a part to 

include the UEs demands effect. This part is the UEs required data rates relative to 

their maximum value, where the UEs with the maximum value is one of the UEs 

associated to the base station in the current frame. Algorithm 1, shown in Table 3-2, 

presents the steps of our QoS based PFS. 

Table 3-2 Algorithm 1 for the proposed QoS based PFS approach. 

Algorithm 1: Proposed QoS based PFS approach. 

Input: 𝑅𝑟𝑒𝑞𝑘
, 𝑅𝑘, 𝑟𝑘 for all UEs 

Output: Scheduling all UEs along the time frame 

Start 

1: For each time slot n 

2: Calculate 𝑤𝑘 using (6) 

3: Calculate 𝑃𝑘
∗ using (5) 

4: Sort 𝑃𝑘
∗  for all UEs 

5: Assign current time slot to the UE k with the higher 𝑃𝐹 

6: Update 𝑅𝑘 and 𝑅𝑟𝑒𝑞𝑘
 using (2) and (7), respectively 

7: End 

Stop 

3.3 Performance Metrics and Simulation Scenarios 

This section presents the performance metrics that are used to compare our proposed 

scheme to the state-of-the-art approaches. Moreover, we explain the simulation 

scenarios and parameters used for the studied environment. 

3.4 Simulation Results 

This section presents the proposed approach performance comparable to round robin 

and SPF scheduling schemes. The performance comparison between our proposal and 

RR and SPF schemes are shown in Figure 3-1 and Figure 3-2 from the network point 

of view. It is clear the superiority of the proposed QoS based PFS approach over RR 

and SPF schemes in 16 UEs case for both scenarios despite the blockage occurrence. 

Furthermore, based on Figure 3-2, it is notable that our DPF guarantees higher 

fairness in case of associating 16 UEs to the BS. The cumulative distribution 

functions (CDF) of the UEs satisfaction for 32 UEs case is presented in Figure 3-3, 

considering no blockage and 0.15 blockage probability under the study of the two 

traffic scenarios. 

We investigate why the total throughput and fairness of the proposed scheme are 

lower than the SPF ones in the 32 UEs case in the second scenario. Thus, in Figure 

3-4, we present the average throughput per UE for each application out of the four 

considered ones, i.e., 4K, 8K videos, weak, and strong interaction VR. 



 

RF PROPAGATION AND 5G SITE POSITIONING DESIGN 

7 

 

  
(a) (b) 

Figure 3-1 Total throughput of QoS-PFS, SPF, and RR approaches in 16 and 32 UEs 

cases, w/wo blocking occurrence, if (a) S1 and (b) S2, are adopted. 

 
 

(a) (b) 

Figure 3-2 Fairness index of QoS-PFS, SPF, and RR approaches in 16 and 32 UEs 

cases, w/wo blocking occurrence, if (a) first and (b) second scenarios, are adopted. 

3.5 Summary  

This Chapter mainly discussed the following points: 

• First, we proposed a new QoS based PFS approach, where both the UEs channel 

qualities and demands are considered to distribute the mmWave BS resources.  

• Secondly, the study in this Chapter considered the blockage event in the network, 

so we studied the blockage probability versus the blocker density, then we tool the 

practical assumptions while evaluating the performance of the different 

scheduling approaches including the proposed one.  

• In the simulation results, we proved that the proposed scheme guarantees better 

total system throughput, fairness, UEs satisfaction, and average throughput per 

UE than the existing scheduling algorithms, i.e., SPF and RR, considering varied 
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traffic and different eMBB applications such as 4K, 8K video streaming, weak 

and strong interaction VR. 

 

  
(a) (b) 

Figure 3-3 CDF of UEs satisfaction of all scheduling schemes if (a) first scenario and 

(b) second scenario with 32 UEs are adopted. 

  
(a) (b) 

Figure 3-4 Average throughput per UE of QoS-PFS, SPF, and RR mechanisms, when 

(a) S1, and (b) S2, are employed. 

 

RR, 32 UEs, Pb = 0 SPF, 32 UEs, Pb = 0 DPF, 32 UEs, Pb = 0

RR, 32 UEs, Pb = 0.15 SPF, 32 UEs, Pb = 0.15 DPF, 32 UEs, Pb = 0.15
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Chapter 4  

Dynamic Blockage Impact on 

RISs aided 5G and Beyond 

Networks 

This Chapter is a complete study on the mobile blockers’ impact on RISs aided 5G 

and beyond networks, where high frequency bands, namely mmWave and THz bands, 

are considered. Through this Chapter, our main focus is to deduce a mathematical 

model to describe the blockage phenomena and its impact. In which, we present 

different blocking metrics, i.e., the blockage probability, the blockage frequency, and 

the blocking duration. Furthermore, aiming to plan the RISs aided networks, we study 

the prior metrics versus the BSs/RISs density, then show the effect of network 

specifications, e.g., communication range and antennas’ heights, on the implemented 

BSs/RISs, considering the target of achieving certain link reliabilities that match the 

5G and beyond networks. Moreover, the performance of RISs aided networks is 

studied in terms of spectral efficiency (SE) and energy efficiency (EE), besides 

showing the effect of the RISs elements number and the transmitter SNR. This study 

can be highly useful for efficient planning of RISs aided networks. 

4.1 System Model 

This sections presents system model architecture of RISs aided networks considering 

various blockage types. Then, it introduces the BSs and RISs models, thereafter, the 

static, self and dynamic blockage models are described. In addition, we show in this 

section the channel model of the RISs aided systems beside their SE and EE.  

4.1.1 The RISs aided System Architecture  

4.1.2 BSs and RISs Model 

The model of the BSs and RISs locations follows a homogeneous Poisson Point Process 

(PPP) with densities 𝜆𝑀 and 𝜆𝐿, respectively. 
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4.1.3 Static, Self, and Dynamic Blockage Models 

• The static blockage model can be defined depending on random shape theory as 

[6], where static blockers are permanent objects.  

• The user’s own body causes the self-blocking zone, where it blocks the signal 

from the TX to the UE RX.  

• Homogeneous PPP describes the dynamic blockers distribution in the network 

with density 𝜆𝑏𝑙 which is united in blockers per m2 (bl/m2).  

4.1.4 RISs aided System Model 

This section presents our studied use case, system architecture, and performance 

metrics, i.e., spectral efficiency (SE) and energy efficiency (EE), of the network. 

4.2 Blockage Model in RISs aided Systems 

In this section, first, we will deduce the mathematical blockage model for single BS-

UE or RIS-UE link, then we will generalize it to multi BSs-UE or RISs-UE links case. 

4.2.1 The Model of Dynamic Blockage for a Single BS-UE or RIS-US Link 

Assuming a single BS-UE or RIS-UE link, 𝑟𝑚𝑖
 and 𝑟𝑙𝑗

, present the two dimensional 

distances from the 𝑖th BS to the UE or from 𝑗th RIS to the UE, respectively. The the 𝑖th 

BS-UE and 𝑗th RIS-UE links blockage probability can be written, respectively, as 

𝑃(𝐵𝐵𝑖
𝑑|𝑚, 𝑟𝑚𝑖

) =
𝛼𝑖

𝛼𝑖 + 𝜇
=

𝐶𝑀

𝜇 𝑟𝑚𝑖

1 +
𝐶𝑀

𝜇 𝑟𝑚𝑖

, ∀𝑖 = 1, … , 𝑚, (4.22) 

𝑃 (𝐵𝑅𝑗
𝑑|𝑙, 𝑟𝑙𝑗

) =
𝛼𝑗

𝛼𝑗 + 𝜇
=

𝐶𝐿

𝜇 𝑟𝑙𝑗

1 +
𝐶𝐿

𝜇 𝑟𝑙𝑗

, ∀𝑗 = 1, … , 𝑙. (4.23) 

4.2.2 The Model of Dynamic Blockage for multi BSs-UE and RISs-US Links 

In this subsection, we will model the dynamic blockage of multi LOS BSs-UE and 

RISs-UE links by generalizing the prior model to multi nodes case.  

4.2.2.1 Coverage probability  

At first, the BSs/RISs are in coverage, when the BSs/RISs can supply to the UE an 

accessible link which is not obstructed by static or self-blockers.  

Lemma 1: The distributions of the available BSs-UE links numbers, ℳ, and the 

available RISs-UE links numbers, ℒ, that are not obstructed by static or self-blockers, 

follow Poisson distribution.  

Proof: See Thesis Appendix. 
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Corollary 1: Let 𝐶𝐵𝐿𝑂𝑆 denotes the event that at least one LOS BS-UE link is 

available to cover the UE in the interested area of the circle 𝐶𝑀(𝑜, 𝑅𝑀), and self or 

static blockers don’t affect this link. And, let 𝐶𝑅𝐿𝑂𝑆 denotes the event that at least one 

LOS RIS-UE link is available to cover the UE in the interested area of the circle 

𝐶𝐿(𝑜, 𝑅𝐿), and self or static blockers don’t affect this link. Thus, these events 

probabilities can be defined as 

𝑃(𝐶𝐵𝐿𝑂𝑆) = 𝑃ℳ(𝓂 ≠ 0) = 1 − 𝑃ℳ(0) = 1 − 𝑒−𝛾ℳ , (4.28) 

𝑃(𝐶𝑅𝐿𝑂𝑆) = 𝑃ℒ(ℓ ≠ 0) = 1 − 𝑃ℒ(0) = 1 − 𝑒−𝛾ℒ . (4.29) 

Lemma 2: The total obtainable links number for establishing a connection between 

the BS and the UE, whether this connection is direct or indirect through the RIS, can be 

defined as 𝑁, where 𝑁 = ℳ + ℒ. Hence, using random variable transformation 

principles [53], the number of 𝑁 links follows a Poisson distribution with parameter 𝛾, 

where 𝛾 = 𝛾ℳ + 𝛾ℒ, and can be expressed as 

𝑃𝑁(𝑛) =
𝛾𝑛

𝑛!
𝑒−𝛾. (4.30) 

Corollary 2: Let 𝐶𝐿𝑂𝑆 denotes the event that at least one LOS BS-UE or LOS RIS-

UE link is available to cover the UE, and self or static blockers don’t affect this link. 

Thus, this event probability can be defined as 

𝑃(𝐶𝐿𝑂𝑆) = 𝑃𝑁(𝑛 ≠ 0) = 1 − 𝑃𝑁(0) = 1 − 𝑒−𝛾. (4.31) 

4.2.2.2 Blockage probability  

Theorem 1: The marginal LOS blockage probability of all BSs-UE links and all 

RISs-UE links can be defined as 

𝑃(𝐵𝐵𝐿𝑂𝑆) = 𝑒−𝑎𝑀𝑝𝜆𝑀𝜋𝑅𝑀
2
,  (4.36) 

𝑃(𝐵𝑅𝐿𝑂𝑆) = 𝑒−𝑎𝐿𝑝𝜆𝐿𝜋𝑅𝐿
2
, (4.37) 

Proof: See Thesis Appendix. 

The total blockage phenomena occur, if all BSs-UE and RISs-UE links, 𝑁, are 

blocked at the same time. Noting that the blockage independently affects the BSs-UE 

and RISs UE links. Thus, the joint blockage probability of all BSs-UE and RISs-UE 

links, 𝑃(𝐵𝐿𝑂𝑆), can be defined as  

𝑃(𝐵𝐿𝑂𝑆) = 𝑃(𝐵𝐵𝐿𝑂𝑆)𝑃(𝐵𝑅𝐿𝑂𝑆) = 𝑒−𝑝(𝑎𝑀𝜆𝑀𝜋𝑅𝑀
2+𝑎𝐿𝜆𝐿𝜋𝑅𝐿

2). (4.42) 

Moreover, the conditional the blockage probability of all links given their total 

coverage probability, 𝑃(𝐵𝐿𝑂𝑆|𝐶𝐿𝑂𝑆), can be expressed as 

𝑃(𝐵𝐿𝑂𝑆|𝐶𝐿𝑂𝑆) =
𝑒−𝑝(𝑎𝑀𝜆𝑀𝜋𝑅𝑀

2+𝑎𝐿𝜆𝐿𝜋𝑅𝐿
2) − 𝑒−𝛾

1 − 𝑒−𝛾
. 

(4.43) 

4.2.2.3 Expected blockage duration 

Theorem 2: The all n links conditional expected blockage duration, when they are 

blocked at the same time, given their coverage event, 𝐶𝐿𝑂𝑆, can be defined as 
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𝐸[𝑇𝐿𝑂𝑆|𝐶𝐿𝑂𝑆] =
𝑒−𝛾

𝜇(1 − 𝑒−𝛾)
𝐸𝑖[𝛾], (4.45) 

here 𝐸𝑖[𝛾] = ∑
𝛾𝑛

𝑛×𝑛!
∞
𝑛=1  is a series that can be expressed as exponential integral 

function [54]. 

Proof: See Thesis Appendix. 

4.2.2.4 Expected blockage frequency 

Theorem 2: The expected blockage frequency given the coverage, 𝐸[𝜁𝑑/𝐶𝐿𝑂𝑆], can 

be expressed as 

𝐸[𝜁𝑑/𝐶𝐿𝑂𝑆] =
𝐸[𝜁𝑑]

𝑃(𝐶𝐿𝑂𝑆)
=

𝜇𝜌(1 − 𝑎ℳ)1/2(1 − 𝑎ℒ)1/2𝑒−𝜌(1−𝑎ℳ)1/2(1−𝑎ℒ)1/2

1 − 𝑒−𝜌
. (4.48) 

Proof: See Thesis Appendix. 

4.3 Numerical Evaluation 

The valuation of the mathematical blockage model is presented in this part, where 

various blockage metrics are shown. Furthermore, the results obtained using the 

stochastic geometry based model are compared and validated with a numerical 

simulation conducted by MATLAB platform. In addition, the impact of several 

network specifications is studied, where we discuss the effect of BSs/RISs density on 

the blockage metrics. Moreover, we find out the required BSs and RISs densities in 

the network. Also, the performance of the RISs aided network is studied. Moreover, 

we study the superiority of using RISs in the future networks, where we show the 

performance versus SINR and RISs elements number. Table 4-1 shows the 5G and 

beyond networks’ requirements, i.e., link reliability and end-to-end latency, in the first 

two columns, where we aim to design the network to achieve these needs to be able to 

provide high QoS and QoE for the UEs in the network. Meanwhile, the last column 

presents the corresponding required BSs/RISs number in the studied environment. 

Table 4-1 Reliability and Latency Requirements. 

Applications Reliability 
End-to-end 

delay 

Number of required BSs/RISs under 

studied area of interest 

𝝀𝒃𝒍 = 𝟎. 𝟓 𝐛𝐥/𝐦𝟐 𝝀𝒃𝒍 = 𝟏 𝐛𝐥/𝐦𝟐 

5G (eMBB, URLLC, mMTC) Five-nines ≤ 10ms 12 15 

Beyond 5G (reliable eMBB, 

URLLC, mMTC, URLLC +eMBB) 
Six-nines 1ms 15 18 

6G (MBRLLC, mURLLC) Seven-nines ≤ 1ms 18 22 

4.3.1 Mathematical Model Evaluation and BSs/RISs Density Impact 

Figures 4.3, 4.4, and 4.5 present the blockage metrics given the coverage versus the 

BSs/RISs density in RISs aided systems comparable to BSs standalone systems. In 

these figures, we can see the matching and coinciding between the results obtained from 
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the mathematical and simulation analysis, however, small deviations are notable in 

some cases. Figures 4.3, 4.4, and 4.5 clarify the obtained enhancement in the blockage 

metrics because of using the RISs comparable to the case of using BSs alone.  

 

  

Figure 4-1 Conditional dynamic blockage 

probability given the coverage versus 

BSs/RISs density. 

Figure 4-2 Conditional expected 

dynamic blockage frequency given the 

coverage versus BSs/RISs density. 

4.3.2  The Impact of BSs/RISs Heights, Communication Range, and 

Dynamic Blockers Density 

In this subsection, we present the impact of BSs/RISs heights, communication range, 

and blockers density on the BSs/RISs density, that is required to achieve 5G and 

beyond LRs, in Figures 4.6, 4.7, and 4.8, respectively. In the first two studies, we fix the 

dynamic blocker density at 0.5 and 1 bl/m2, while the self-blocking angle at 60°. 

4.3.3 RISs aided Systems Performance under The Dynamic Blockage 

Occurrence 

To evaluate the blockage occurrence effect on the system performance, we studied the 

performance versus the BSs/RISs density, transmitter SNR and RISs elements numbers 

in Figures 4.9-14 in the original thesis.   

4.4 Summary  

This Chapter discussed the following points: 

• First, presenting a stochastic geometry based mathematical model for the dynamic 

blockage occurrence.  

BSs alone, λbl = 0.5, ω = 0⁰ BSs alone, λbl = 1, ω = 0⁰
BSs alone, λbl = 0.5, ω = 60⁰ BSs alone, λbl = 1, ω = 60⁰
Math, λbl = 0.5, ω = 0⁰ Sim, λbl = 0.5, ω = 0⁰
Math, λbl = 0.5, ω = 60⁰ Sim, λbl = 0.5, ω = 60⁰
Math, λbl = 1, ω = 0⁰ Sim, λbl = 1, ω = 0⁰
Math, λbl = 1, ω = 60⁰ Sim, λbl = 1, ω = 60⁰
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• Based on the blockage metrics, a planning of RISs aided networks can be done, 

where we studied the effect of the BSs/RISs density. 

• Third, we present the network specifications, e.g., communication range and 

BSs/RISs altitudes, impact on the design of the network in terms of required 

BSs/RISs density, Moreover, we show the impact of the blocker density on the 

BSs/RISs density.  

• Finally, the performance of RISs aided network is studied in terms of spectral 

efficiency and energy efficiency. 

 
 

Figure 4-3 Conditional expected 

dynamic blockage duration given the 

coverage versus BSs/RISs density. 

Figure 4-4 The required BSs/RISs density to 

obtain defined LR versus various BSs and 

RISs heights in RISs aided networks. 

 

 

Figure 4-5 The required BSs/RISs 

density to obtain defined link reliability 

versus various communication range, R. 

Figure 4-6 The required BSs/RISs density 

to obtain defined link reliability versus 

various blocker density, 𝜆bl. 

 

 



 

 

Chapter 5  

Solving RISs aided Networks 

Passive Beamforming Challenge 

This Chapter focuses on providing a promising solution to RISs passive beamforming 

challenge. Our suggested solution is mainly depending on the availability of the UEs 

positioning information in the future networks aiming to overcome the limitations of 

the current codebook based PBF schemes. First, we design a dynamic and 

environmentally descriptive positioning information based codebook (PI-CB), then 

train the RIS configurations whether using the entire PI-CB or a partial version of the 

it. The partial PI-CB is constructed based on the matching check between the stored 

PI and the PI of the UEs requiring the BS services, hence further reduction in the 

overhead and complexity can be achieved comparable to searching over the full PI-

CB. The two proposed PI-CB schemes guarantee better performance in respect of the 

effective obtainable data rate due to the low required overhead and complexity when 

adapting them. Furthermore, we prove that our schemes can be adapted in various use 

cases and channel conditions, however obtaining a high performance, because our 

CBs are environment independent. Noting that, to best of our knowledge, this is the 

first work in the literature that provides a descriptive steps and discussion regarding 

PI based PBF in RISs aided networks considering single and multiuser MISO system. 

Also, it clarifies the RIS size and positioning error impacts on the proposed schemes.  

5.1 System Model 

Determination of the A-PBF vectors is done using channel estimation based schemes 

or predefined CB based schemes aiming to achieve a certain objective function (OF) 

that normally maximizes a specific target metric, e.g., UEs sum rates, energy 

efficiency, etc. In our work, we jointly determining A-PBF vectors at the BS and RIS 

aiming to maximize the total UEs rate. The joint optimizing of A-PBF vectors OF is 

hard to solve within a short time. As the RIS is placed in fixed location, in front of 

buildings and walls, also the BS is fixed, determining 𝐖 can be done once at the BS. 

This active beamforming (ABF) process can be performed by CE based schemes [31], 

or any suitable ABF scheme in literature [32]. Therefore, determining the PBF vector, 

i.e., RIS configuration pattern, 𝚯, has become our main focus, where we will depend 

on training predefined CBs concept to estimate the end-to-end BS-UEs channels. 
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5.2 Proposed PI Based Codebook Techniques 

This section introduces the two proposed PI-CB schemes that we adapt for PBF process 

in RIS aided system. The proposed frameworks target enhancing the system depending 

on improving the first and second stages of the CBs based schemes.  

5.2.1 Full PI-CB Design and Link Establishment Stages 

The proposed full PI-CB is shown in Table 5-1. This PI-CB is flexible and adaptable 

depending on the environment; thus, it can efficiently and easily be designed in various 

use cases and scenarios. Figure 5-1 shows the procedure of the proposed full PI-CB 

scheme, noting that this procedure describes the CB design and BS-RIS-UEs link 

establishment framework in the first 𝑄 time frames. Thus, the proposed full PI-CB 

training overhead is 𝑂(𝑄𝐾), meanwhile its computational complexity is 𝑂(𝑄𝑀𝐾3). 

Table 5-1 Proposed designed full PI based codebook. 

Index 1 2 𝑞  …  𝑄 − 1 𝑄 

Positioning matrix 𝐏𝟏 𝐏𝟐 𝐏𝑞  …  𝐏𝑄−1 𝐏𝑄 

PBF vector 𝛉1
∗  𝛉2

∗  𝛉𝑞
∗   …  𝛉𝑄−1

∗  𝛉𝑄
∗  

 

Figure 5-1 The procedure of the proposed full PI-CB scheme. 

5.2.2 Proposed Partial PI-CB Scheme 

In this subsection, we explain the steps of the proposed partial PI-CB technique, which 

is developed to further decrease the system overhead hence improving the overall 

system performance as shown in Figure 5-2. This PI-CB framework declines the system 

overhead to 𝒪(𝑄𝑐𝐾) and computational complexity to 𝒪(𝑄(𝐾2(32 + 1) − 1) +

𝑄 log 𝑄 + 𝑄𝑐𝑀𝐾3). Moreover, its frame structure is similar to the one used in other CB 

based schemes, except in it, lower training symbols are required due to using a group of 

candidates codewords.  
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Figure 5-2 The proposed partial PI-CB scheme. 

5.3 Numerical Simulation  

This section discusses the proposed PI-CB schemes performance comparable to two 

benchmark mechanisms, namely CE & AO based scheme [22] and randomly generated 

CB based scheme. Also, we prove the outperformance of the proposed techniques in 

terms of the overall effective achievable rate, the system overhead and complexity. 

Furthermore, the superiority of the proposed PI-CB is proven with larger RIS under 

rapidly changing channels. In addition, the number of candidates RPs impact on the 

system performance is discussed, besides the effect of channel coherence time. 

Consequently, we can give an insight into the optimal number of candidates codewords 

to be chosen in RPs training group to guarantee balance between the obtained 

performance and the system overhead and complexity. Moreover, we study the 

robustness of the proposed partial PI-CB schemes against the localization error.  

5.3.1 Scenarios and Simulation Parameters  

In the numerical results, we consider RIS aided SU and MU MISO systems.  

5.3.2 Results 

5.3.2.1 The impact of different environments and CB size on the proposed full 

PI-CB approach 

The proposed PI-CB scheme performance is shown in Error! Reference source not f

ound., and Error! Reference source not found., for 2 UEs and 4 UEs, respectively, 

comparable to CE&AO based and random CB based schemes. Generally, our PI-CB 

approach proves its performance superiority over randomly generated CB based scheme 

under all cases and scenarios.  

5.3.2.2 The impact of the candidate RPs number on channel coherence time on 

the proposed full and partial PI-CB approaches 

In Figure 5-5, we emphasize on the proposed partial PI-CB based approach comparable 

to other schemes, i.e., full PI-CB, random CB, and CE&AO based schemes. In the 

partial PI-CB approach, the selected number of candidate RPs in the training group out 
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of the entire CB effects the overall performance. Based on this study results, we can 

argue that the partial PI-CB scheme can still obtain high performance despite the 

reduction done in the system overhead due to training only a group of codewords.  

Figure 5-6 (a) and (b) show the effective achievable rates when adapting various 

PBF schemes for single and multiusers cases, respectively, aiming to discuss the time-

variant channel impact on our PI-CB schemes. Moreover, this part proves that the prior 

CE&AO performance is not real, because it assumes unlimited available training slots. 

  

Figure 5-3 The achievable rate of all 

schemes in 2 UEs MISO case. 

Figure 5-4 The achievable rate of all 

schemes in 4 UEs MISO case. 

  

(a) (b) 

Figure 5-5 (a) the PI-CB approaches’ achievable rate in SU case assuming various 

CB sizes, (b) the normalized achievable rate of the PI-CB approaches in MU case 

assuming 𝑄 = 25, versus various number of candidate RP. 

Based on Figure 5-5 and Figure 5-6, we can notice these insights: first, adapting the 

partial PI-CB scheme using 𝑄𝑐 = 5 and 𝑄 = 25 is the minimum requirements to 

achieve better performance than the CE&AO and random CB based approaches. 

Second, for more robust and higher performance under slow and medium time-variant 

channel conditions, it is recommended to use 9 candidate RPs. Moreover, a balance 

between achieved performance and computational complexity of selecting the candidate 

codewords can be done by choosing an applicable initial CB size, where this 
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complexity is 𝒪(𝑄(𝐾2(𝑛2 + 1) − 1) + 𝑄 log 𝑄), that means it linearly increases 

depending on CB sizes. Also, increasing of CB size doesn’t mainly enhance the 

performance, as it saturates generally after 𝑄 = 75, however, this CB size increase 

complicates the system. Finally, the proposed partial PI-CB scheme can guarantee 

higher effective achievable rates though multiusers scenarios and rapidly changing 

channels conditions are considered.  

  

(a) (b) 

Figure 5-6 The effective achievable rate when employing full or partial PI-CB 

compared to CE&AO and random CB based schemes, when 𝑄𝑐 equals 5 and 9, (a) in 

SU scenario assuming different CB sizes, (b) in MU scenario assuming 𝑄 = 25.  

5.3.2.3 The RIS elements number effect on the performance of the system 

Figure 5-7, and Figure 5-8 show the proposed full, partial PI-CB, random CB, and 

CE&AO based schemes effective achievable rates, 𝑅𝑒, versus the RIS elements number 

in 2 UEs and 4 UEs cases, respectively.  

The overhead of the RPs training aiming to estimate the channel is a vital factor that 

generates the system delay and complexity; however, the reflection pattern optimization 

process significantly impacts on the system complexity due to the requires process for 

configuring a high number of RIS elements. Note that the applied AO method needs a 

complexity of 𝒪(𝑁𝑖𝑁
4.5), where 𝑁𝑖 denotes the iteration number in AO algorithm [24]. 

On contrary, the proposed PI-CB scheme best RP selection complexity, or other CBs 

based approaches complexity, is 𝒪(𝑄𝑁𝐾3), that is notably lower comparable to the AO 

based scheme complexity, also the CB based scheme complexity is independent of the 

RIS elements number. Moreover, adapting the partial PI-CB scheme reduces this 

complexity as it replaces 𝑄 with 𝑄𝑐 which is lower.   

Consequentially, 𝑄 and 𝑄𝑐 choosing shall be done carefully, considering the 

coherence time of the channel, to balance between the effective achievable rate and the 

system complexity. The computational complexity order of the best RP selection when 

adapting the partial PI-CB, full PI-CB, random CB and CE&AO approaches versus the 
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RIS elements number in SU and MU cases is shown in Error! Reference source not f

ound. in our thesis. 

  

Figure 5-7 The PI-CB schemes effective 

achievable rate comparable to CE&AO 

and random CB based schemes rates in 2 

UE case. 

Figure 5-8 The PI-CB schemes effective 

achievable rate comparable to CE&AO 

and random CB based schemes rates in 4 

UE case. 

5.3.2.4 The localization accuracy impact on the proposed partial PI-CB approach 

The positioning error slightly affects the achievable rate, especially when the group of 

training RPs contains a higher number of candidate codewords. These results can 

prove that the optimal number of candidate codewords selection can preserve the 

partial PI-CB scheme performance even if the provided positioning information has 

high error, and we can notice that this optimal number is 9 candidate RPs in our 

partial PI-CB approach. Furthermore, by adopting the proposed scheme with 9 elected 

RPs, a better performance can be achieved. 

5.4 Summary 

This Chapter mainly discussed the following points: 

• First, we proposed an environmentally aware PI-CB approach for RIS passive 

beamforming to overcome low performance and high overhead issues.  

• Second, for further enhancing, we propose a partial PI-CB scheme based on 

utilizing the stored UEs PI. 

• Third, we consider different environments and dynamic channels’ conditions to 

prove the ability of obtaining high performance using the proposed schemes. 

• Moreover, we studied the impact of the candidate RPs number on the performance 

of the partial PI-CB approach. Furthermore, we discuss the effect of the RIS size 

and the positioning error on the full and partial PI-CB based schemes 

performance. 



 

 

Chapter 6  

Conclusions, Publications, and 

Future Research Suggestions 

In this thesis, we focused on three directions to contribute to future 5G and beyond 

networks.  

6.1 Conclusions and Main Contributions of the Thesis 

For the first direction, we propose a new scheduling scheme to be adapted in 5G 

network aiming to provide high QoS for the UEs in eMBB applications. For the 

second direction, we are concerned about the design of 5G and beyond networks 

considering the existence of the blockage phenomena, where we aim to meet the 

future requirements of link reliability and end-to-end latency. In the third part of the 

thesis, we suggest two PI-CBs schemes for RIS passive beamforming to overcome the 

limitations existing in the prior CB based methods.  

6.2 Overview of Additional Research Contributions 

During the PhD stage, several works have been done and presented as published 

papers, however they are not included in the Chapters of this thesis aiming to preserve 

the coherence and the tightness of the thesis. These works provide some insights and 

contributions to the communication society, and they are: 

• Demand based Proportional Fairness Scheduling for 5G eMBB Services 

• A Survey on the Human Blockage Effects on the mmWave Communication 

Systems Performance 

• The Human Blockage Effect on The RIS aided Sub-THz Communication System 

Performance 

• The Impact of The Human Blockers on ARIS Assisted D2D Networks 

• Two RISs Optimal Placement in Beyond 5G Indoor Network 

• RISs Optimal Placement in Multi RISs aided Wireless System 

• Neural Network Based RISs-UEs Association 

• A Codebook Solution based on RXs Directions for RIS Passive Beamforming 

• Fingerprint Based CB for RIS PBF Training 
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6.4 Possible Future Extensions 

Through our investigations in this thesis and the other research papers related to 5G 

and beyond network enhancement topic, many ideas have come into our mind. 

However, due to the time, we couldn’t study or apply these improvements. Moreover, 

some thoughts are outside of my knowledge and experience as a PhD student. In the 

following, I will try to give a brief discussion about how some improvements can be 

added to enhance the methods and the algorithms that we suggested in our works. 

Regarding radio resource management topic: 

• MIMO system shall be considered instead of MISO to increase the network 

performance regarding the throughput. 

• Moreover, adapting MIMO systems will open the direction for further 

research because UEs clustering and scheduling should be jointly performed 

and optimized to maximize the overall network performance.  

• Moreover, available context information, e.g., UEs positions, data rates, links 

reliability, and latencies, should be considered when performing UEs 

clustering and scheduling.  

For the topic of the impact of the blockage phenomena on 5G and beyond network 

performance, we suggest the following extensions: 

• First, studying the blockage impact on more generalized networks, where 

flying RISs, BSs, UEs can exist.  

• Moreover, the system performance of the hybrid and stacked RISs aided 

networks can be investigated considering the blockage occurrence. 

• In addition, link blockage expectation algorithms shall be developed in RISs 

aided networks to be able to eliminate the blockage impact on the RIS-UE 

link. Regarding blockage expectation between the BS and UE in mmWave 

networks, some prior works [33], [34], [35] have achieved good results.  

Regarding passive beamforming challenge: 

• we suggest designing more dynamic CBs. 

• In addition, updated CI can play a role in updating the group of the trained 

RPs, when the received signals at the UEs are reduced due to UEs mobility. 

• Moreover, new techniques can be suggested for the learning stage in the CB 

based PBF schemes.  



 

 

Bibliography 

[1] A. Mamane, M. Fattah, M. el Ghazi, M. el Bekkali, Y. Balboul, and S. Mazer, “Scheduling 

Algorithms for 5G Networks and Beyond: Classification and Survey,” IEEE Access, vol. 10, 

pp. 51643–51661, 2022, doi: 10.1109/ACCESS.2022.3174579. 
[2] A. Mamane, M. Fattah, M. el Ghazi, and M. el Bekkali, “5G Enhanced Mobile Broadband 

(eMBB): Evaluation of Scheduling Algorithms Performances for Time-Division Duplex 

Mode,” International Journal of Interactive Mobile Technologies, vol. 16, no. 1, 2022, doi: 

10.3991/IJIM.V16I01.25941. 

[3] J. Ma, A. Aijaz, and M. Beach, “Recent Results on Proportional Fair Scheduling for mmWave-

based Industrial Wireless Networks,” in IEEE Vehicular Technology Conference, 2020. doi: 

10.1109/VTC2020-Fall49728.2020.9348753. 

[4] A. M. Nor, H. Esmaiel, and O. A. Omer, “Performance evaluation of proportional fairness 

scheduling in MmWave Network,” in 2019 International Conference on Computer and 

Information Sciences, ICCIS 2019, 2019. doi: 10.1109/ICCISci.2019.8716441. 

[5] T. Bai, R. Vaze, and R. W. Heath, “Using random shape theory to model blockage in random 

cellular networks,” in 2012 International Conference on Signal Processing and 

Communications (SPCOM), IEEE, Jul. 2012, pp. 1–5. doi: 10.1109/SPCOM.2012.6290250. 

[6] T. Bai, R. Vaze, and R. W. Heath, “Analysis of Blockage Effects on Urban Cellular 

Networks,” IEEE Trans Wirel Commun, vol. 13, no. 9, pp. 5070–5083, Sep. 2014, doi: 

10.1109/TWC.2014.2331971. 

[7] V. Raghavan et al., “Statistical Blockage Modeling and Robustness of Beamforming in 

Millimeter-Wave Systems,” IEEE Trans Microw Theory Tech, vol. 67, no. 7, pp. 3010–3024, 

Jul. 2019, doi: 10.1109/TMTT.2019.2899846. 

[8] M. Gapeyenko et al., “Analysis of human-body blockage in urban millimeter-wave cellular 

communications,” in 2016 IEEE International Conference on Communications (ICC), IEEE, 

May 2016. doi: 10.1109/ICC.2016.7511572. 

[9] Y. Wang, K. Venugopal, A. F. Molisch, and R. W. Heath, “Blockage and Coverage Analysis 

with MmWave Cross Street BSs Near Urban Intersections,” in 2017 IEEE International 

Conference on Communications (ICC), IEEE, May 2017, pp. 1–6. doi: 

10.1109/ICC.2017.7996974. 

[10] G. R. MacCartney, T. S. Rappaport, and S. Rangan, “Rapid Fading Due to Human Blockage in 

Pedestrian Crowds at 5G Millimeter-Wave Frequencies,” in GLOBECOM 2017 - 2017 IEEE 

Global Communications Conference, IEEE, Dec. 2017, pp. 1–7. doi: 

10.1109/GLOCOM.2017.8254900. 

[11] B. Han, L. Wang, and H. D. Schotten, “A 3D human body blockage model for outdoor 

millimeter-wave cellular communication,” Physical Communication, vol. 25, pp. 502–510, 

Dec. 2017, doi: 10.1016/j.phycom.2017.10.008. 

[12] M. Gapeyenko et al., “On the Temporal Effects of Mobile Blockers in Urban Millimeter-Wave 

Cellular Scenarios,” IEEE Trans Veh Technol, vol. 66, no. 11, pp. 10124–10138, Nov. 2017, 

doi: 10.1109/TVT.2017.2754543. 

[13] I. K. Jain, R. Kumar, and S. Panwar, “Driven by Capacity or Blockage? A Millimeter Wave 

Blockage Analysis,” in 2018 30th International Teletraffic Congress (ITC 30), IEEE, Sep. 

2018, pp. 153–159. doi: 10.1109/ITC30.2018.00032. 

[14] I. K. Jain, R. Kumar, and S. S. Panwar, “The Impact of Mobile Blockers on Millimeter Wave 

Cellular Systems,” IEEE Journal on Selected Areas in Communications, vol. 37, no. 4, 2019, 

doi: 10.1109/JSAC.2019.2898756. 

[15] S. Gong et al., “Toward Smart Wireless Communications via Intelligent Reflecting Surfaces: A 

Contemporary Survey,” IEEE Communications Surveys and Tutorials, vol. 22, no. 4, 2020, 

doi: 10.1109/COMST.2020.3004197. 

[16] Q. Wu, S. Zhang, B. Zheng, C. You, and R. Zhang, “Intelligent Reflecting Surface-Aided 

Wireless Communications: A Tutorial,” IEEE Transactions on Communications, vol. 69, no. 5, 

2021, doi: 10.1109/TCOMM.2021.3051897. 



Bibliography 

26 

 

[17] A. M. Nor, S. Halunga, and O. Fratu, “Neural Network Based IRSs-UEs Association and IRSs 

Optimal Placement in Multi IRSs Aided Wireless System,” Sensors, vol. 22, no. 14, p. 5216, 

Jul. 2022, doi: 10.3390/s22145216. 

[18] S. Zhang and R. Zhang, “Capacity Characterization for Intelligent Reflecting Surface Aided 

MIMO Communication,” IEEE Journal on Selected Areas in Communications, vol. 38, no. 8, 

2020, doi: 10.1109/JSAC.2020.3000814. 

[19] Z. Wang, L. Liu, and S. Cui, “Channel Estimation for Intelligent Reflecting Surface Assisted 

Multiuser Communications: Framework, Algorithms, and Analysis,” IEEE Trans Wirel 

Commun, vol. 19, no. 10, 2020, doi: 10.1109/TWC.2020.3004330. 

[20] M. M. Zhao, Q. Wu, M. J. Zhao, and R. Zhang, “Intelligent Reflecting Surface Enhanced 

Wireless Networks: Two-Timescale Beamforming Optimization,” IEEE Trans Wirel Commun, 

vol. 20, no. 1, 2021, doi: 10.1109/TWC.2020.3022297. 

[21] A. Abrardo, D. Dardari, and M. Di Renzo, “Intelligent Reflecting Surfaces: Sum-Rate 

Optimization Based on Statistical Position Information,” IEEE Transactions on 

Communications, vol. 69, no. 10, 2021, doi: 10.1109/TCOMM.2021.3096549. 

[22] W. Yan, X. Yuan, Z. Q. He, and X. Kuai, “Passive Beamforming and Information Transfer 

Design for Reconfigurable Intelligent Surfaces Aided Multiuser MIMO Systems,” IEEE 

Journal on Selected Areas in Communications, vol. 38, no. 8, 2020, doi: 

10.1109/JSAC.2020.3000811. 

[23] W. Yan, X. Yuan, and X. Kuai, “Passive Beamforming and Information Transfer via Large 

Intelligent Surface,” IEEE Wireless Communications Letters, vol. 9, no. 4, 2020, doi: 

10.1109/LWC.2019.2961670. 

[24] Q. Wu and R. Zhang, “Intelligent Reflecting Surface Enhanced Wireless Network via Joint 

Active and Passive Beamforming,” in IEEE Transactions on Wireless Communications, 2019. 

doi: 10.1109/TWC.2019.2936025. 

[25] J. An et al., “Codebook-Based Solutions for Reconfigurable Intelligent Surfaces and Their 

Open Challenges,” Nov. 2022. 

[26] J. An, C. Xu, L. Gan, and L. Hanzo, “Low-Complexity Channel Estimation and Passive 

Beamforming for RIS-Assisted MIMO Systems Relying on Discrete Phase Shifts,” IEEE 

Transactions on Communications, 2021, doi: 10.1109/TCOMM.2021.3127924. 

[27] J. An, C. Xu, L. Wang, Y. Liu, L. Gan, and L. Hanzo, “Joint Training of the Superimposed 

Direct and Reflected Links in Reconfigurable Intelligent Surface Assisted Multiuser 

Communications,” IEEE Transactions on Green Communications and Networking, vol. 6, no. 

2, pp. 739–754, Jun. 2022, doi: 10.1109/TGCN.2022.3143226. 

[28] Y. Zhang, B. Di, H. Zhang, M. Dong, L. Yang, and L. Song, “Dual Codebook Design for 

Intelligent Omni-Surface Aided Communications,” IEEE Trans Wirel Commun, vol. 21, no. 

11, pp. 9232–9245, Nov. 2022, doi: 10.1109/TWC.2022.3174849. 

[29] A. Garcia, Probability, Statistics, and Random Processes for Electrical Engineering. 2008. 

[30] F. Olver, “Exponential Integral,” in Asymptotics and Special Functions, 2020. doi: 

10.1201/9781439864548-173. 

[31] W. Attaoui, K. Bouraqia, and E. Sabir, “Initial Access Beam Alignment for mmWave and 

Terahertz Communications,” IEEE Access, vol. 10, 2022, doi: 

10.1109/ACCESS.2022.3161951. 

[32] A. M. Nor, S. Halunga, and O. Fratu, “Survey on positioning information assisted mmWave 

beamforming training,” Ad Hoc Networks, vol. 135, p. 102947, Oct. 2022, doi: 

10.1016/j.adhoc.2022.102947. 

[33] S. Wu, M. Alrabeiah, C. Chakrabarti, and A. Alkhateeb, “Blockage Prediction Using Wireless 

Signatures: Deep Learning Enables Real-World Demonstration,” IEEE Open Journal of the 

Communications Society, vol. 3, 2022, doi: 10.1109/OJCOMS.2022.3162591. 

[34] S. Moon, H. Kim, Y. H. You, C. H. Kim, and I. Hwang, “Online learning-based beam and 

blockage prediction for indoor millimeter-wave communications,” ICT Express, vol. 8, no. 1, 

2022, doi: 10.1016/j.icte.2022.01.013. 

[35] M. Alrabeiah and A. Alkhateeb, “Deep Learning for mmWave Beam and Blockage Prediction 

Using Sub-6 GHz Channels,” IEEE Transactions on Communications, vol. 68, no. 9, 2020, doi: 

10.1109/TCOMM.2020.3003670. 
  


