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ABSTRACT

Heterogeneous Traffic Multiplexing in Next Generation Cellular

Networks

Mohammed Al-Mekhlafi, Ph.D.

Concordia University, 2023

The vision shaping the upcoming sixth-generation (6G) wireless cellular networks

has recently gained considerable attention from researchers in academia and indus-

try. 6G networks are expected to fulfill the limitations of the fifth-generation (5G)

networks and support a wide range of new applications and services beyond those

supported by 5G, namely, enhanced mobile broadband (eMBB), ultra-reliable and

low latency communications (URLLC) and massive machine-type communications

(mMTC). Further, these emerging networks are thus mandated to support new emerg-

ing applications that concurrently demand multiple quality of service (QoS) require-

ments of data rate, reliability, latency, and connectivity. Due to the fundamental

trade-off of such extremely diverse QoS requirements, the coexistence of these emerg-

ing applications has been identified as a major challenge in 6G networks and their

predecessors. This dissertation aims at addressing the coexistence problem, specifi-

cally URLLC and eMBB traffic, by developing spectrally efficient multiplexing and

scheduling solutions.

By considering different key enabling technologies, this dissertation provides unique

research contributions to the coexistence problem that led to effective designs. In

particular, coupling URLLC and eMBB through the Third Generation Partnership

Project (3GPP) superposition/puncturing scheme naturally arises as a promising op-

tion due to the latter’s tolerance in terms of latency and reliability. Moreover, re-

configurable intelligent surface (RIS) has been proposed as a potential low-cost and

energy-efficient technology that can control the wireless propagation environment pro-

viding endless benefits in supporting coexisting 6G services.

Regarding the superposition scheme, this thesis investigates the joint schedul-

ing of eMBB and URLLC traffic while minimizing the eMBB rate loss, considering
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URLLC reliability and the eMBB QoS. In the context of puncturing, this thesis stud-

ied the interplay between the RIS configuration, URLLC reliability and eMBB rate

by proposing proactive RIS configurations to guarantee the URLLC latency require-

ments. Although simulation results demonstrate that adopting the proposed scheme

can further boost eMBB and URLLC traffic performance, the computational complex-

ity of optimizing the RIS phase shifts is challenging. To this end, this thesis proposes

two low-complexity methods for optimizing the RIS phase shift matrix. The first

solution proposes reducing the number of optimization variables configuring the RIS

to the number of users. The second algorithm is based on a closed-form expression

for the RIS phase shift matrix. Finally, a new puncturing strategy is proposed to mit-

igate the impact on the eMBB transmission. The key idea of the proposed scheme is

to puncture the eMBB data that has maximum symbol similarities with the URLLC

leading to reducing the contaminated eMBB symbols. We study the performance of

the proposed schemes in terms of the eMBB spectral efficiency, URLLC reliability

and low complexity. We show analytically and through simulations the efficacy of the

proposed schemes over their existing counterparts.
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Chapter 1

Introduction

1.1 Next-Generation Cellular Networks

Given the continually rising demand for data rates and connectivity, the upcom-

ing sixth-generation (6G) wireless networks are expected to support a wide range of

new applications and services beyond those supported by the current fifth-generation

(5G) wireless networks, including enhanced mobile broadband (eMBB), ultra-reliable

and low latency communications (URLLC) and massive machine-type communica-

tions (mMTC) [5–7]. Thus, 6G networks should fulfill the limitations of 5G networks

and support emerging applications that concurrently demand multiple quality of ser-

vice (QoS) requirements in terms of reliability, rate, latency and connectivity [7], [5].

For example, high reliability, low latency and high data rates are services that are all

needed for enabling extended reality (XR), which is one of the envisioned applications

of 6G networks [5, 7]. As a result, supporting such heterogeneous services within the

same network architecture, specifically, the coexistence of URLLC traffic with other

service class, is marked as the major problem in 5G networks and it is going to be

expanded in 6G networks.

In order to accommodate future heterogeneous services (enormous traffic demand,

diverse and stringent quality of services (QoS) requirements, and massive connectiv-

ity), non-conventional technologies and networking architectures are recognized as

core solutions for beyond 5G and 6G networks [5, 8]. Recently, next-generation

multiple access (NGMA) schemes have gained much attention from researchers in

1



academia and industry to keep track of the dramatic growth of the number of con-

nected devices and the expected high demand for wireless data in next-generation

wireless networks [6, 7, 9, 10]. For instance, non-orthogonal multiple access (NOMA)

techniques have been widely studied as auspicious candidate due to its capability in

supporting high number of users that is larger than the number of available orthog-

onal resources [11, 12]. Moreover, the research community has recently focused on

rate splitting multiple access (RSMA) as a potential next-generation multiple access

technique for upcoming wireless networks [13]. Furthermore, massive multiple-input

multiple output (mMIMO) is also considered as one of the key components for 5G and

6G to achieve high spectral efficiency and coverage [1, 14]. Meanwhile, new operating

frequency bands, such as mm-wave communications and visible light communications

technologies, are explored to achieve higher data rates compared to the achieved rates

of radio frequency bands [15, 16].

The above mentioned improvements in terms of the achievable data rates, latency,

reliability, which are achieved only through the enhancement at the sender or the re-

ceiver sides (or both) may not be sufficient to fulfill the strict requirements demanded

by future networks [17]. In this regard, reconfigurable intelligent surfaces (RISs) has

been recently proposed as a promising low-cost and energy-efficient technology that is

able to control the wireless propagation environment leading to enhance the spectral

efficiency, latency and reliability [17–19].

On the other hand, since the reliability is coupled with the latency for URLLC

applications, it is essential to reduce or eliminate the sources of latency that impact

the URLLC service class. According to the Third Generation Partnership Project

(3GPP) standard for the 5G new radio (NR), the URLLC latency must be less than

1 msec and the URLLC reliability must be higher than 0.99999 within a time period of

less than 1 msec for the case of a URLLC packet of size 32 bytes [1, 20]. Accordingly,

the latency, in the context of URLLC, measures the end-to-end time of delivering a

packet, whereas the reliability is defined as the probability of the successful delivering

of a packet within a limited time period. Based on this, the 3GPP standard proposes

a shorter transmission time within the conventional transmission time interval, also

known as the eMBB time-slot, in a way to accommodate the URLLC traffic. Pre-

cisely, the transmission time is reduced from 1 msec in Long Term Evolution (LTE)

to 0.143 msec in 5G new radio, referred to as a mini-slot [1, 3, 20]. Moreover, key
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Fig. 1.1: Key enablers for low latency and high reliability [1].

enabling technologies, such as multiple waveform numerology, hybrid automatic re-

peat request (HARQ), and packet duplication, were introduced to accommodate the

URLLC service class. Fig.1.1 presents an overview of the key enablers for low latency

and high reliability.

Despite the numerous beneficial applications of URLLC, there are still several

challenges which need to be tackled in 5G and beyond networks. These challenges

are related to the extremely strict QoS requirements for URLLC and multiplexing of

eMBB and URLLC traffic in which eMBB users and URLLC users coexist. Hence,

maintaining such strict URLLC QoS requirements while guaranteeing resource avail-

ability is not an easy task, as the efficiencies of both spectrum and energy should not

be compromised with URLLC.
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This chapter presents the main potential applications of URLLC in communica-

tion systems. Then, it presents the main challenges associated with URLLC service

as well as the key next-generation Enabling Technologies. Finally, the contributions

of this dissertation are summarized.

1.2 URLLC Potential Applications

URLLC service class is the main enabler for several emerging applications that

have various latency and reliability requirements, such as Industry 4.0, health care,

intelligent transportation system (ITS), virtual reality (VR) etc, as shown in Fig.1.2.

In this chapter, some URLLC applications are briefly discussed.

Fig. 1.2: URLLC use cases[2].

1.2.1 Industrial Automation

URLLC is the key enabling technology for the fourth industrial revolution, so-

called Industry 4.0, wherein wireless communications replace wired connections [14,

21]. Wireless connections offer low manufacturing, installation, and maintenance
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costs, and deployment flexibility. In practice, industrial processes such as motion

control, factory automation and process automation, require extremely reliable com-

munications between sensors, actuators and controllers. Hence, enabling such appli-

cations necessitates extreme reliability of 1 − 10−9 with an end-to-end latency lower

than 0.5 ms [14, 21].

1.2.2 Intelligent Transportation Systems

Another important application of URLLC is to empower technological transforma-

tions in the transportation industry [21]. These transformations include autonomous

driving with safety and efficiency services. In practice, these shifts require vehicles

to be fully networked and connected to collaboratively respond to the complicated

road conditions instead of relying on local information. In other words, the informa-

tion needs to be distributed between vehicles in a reliable manner within short time

duration. Hence, the typical requirements of such application require reliability of

1− 10−5 and end-to-end latency of 1-5 ms [14, 21, 22].

1.2.3 Health Care

The use cases of URLLC in health care involve remote diagnosis and remote

treatment [21].The patient is constantly monitored remotely and communicated via

devices that measure vital signs like blood pressure and body temperature. Remote

treatment is automatically performed for patients who require an urgent response

based on monitoring data. Remote surgical consultations, for example, can occur

when a patient has a medical emergency and cannot wait to be carried to the hospital

[21]. The typical requirements for remote surgery scenario are extreme reliability of

1− 10−9 with an end-to-end latency less than 1 ms [14, 21, 22].

1.2.4 Other Potential Applications

Besides the above potential applications of URLLC, URLLC lies in the overlapped

area of the internet of things (IoT) and tactile internet, and smart grid as illustrated

in Fig.1.2. For instance, URLLC can provide a deterministic service guarantee with

stringent latency and reliability requirements for operational and energy modules in
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the electrical grid, such as smart meters and devices. As previously stated, URLLC

becomes conflated with both mMTC and eMBB. Augmented reality (AR) and mixed

reality (MR), for example, necessitate larger data rates in addition to latency and

reliability requirements [22, 23]. Table 1.1 summarizes URLLC uses cases and its

requirements.

Table 1.1: URLLC use case and requirements [2].

Use case Latency (ms) Reliability (%) Packet Size (bytes)
Smart grid 3 ∼ 20 99.999 80 ∼ 1000

Professional audio 2 99.99999 3 ∼ 1000
Self-driving car 1 99 144

Industrial automation 0.25 ∼ 10 99.9999999 10 ∼ 300
Process automation 50 ∼ 100 99.99 40 ∼ 100

Health care 1 ∼ 30 99.9999999 28 ∼ 1400
Augmented reality 0.4 ∼ 2 99.999 12k ∼ 16k

ITS 5 ∼ 10 99.999 50 ∼ 200
Tactile internet 1 99.99999 250

1.3 URLLC Challenges

1.3.1 QoS Requirements

Several delay components may impact the URLLC latency and reliability require-

ments. In practice, the latency components of the URLLC traffic include 1) transmis-

sion latency, which is the time required to transmit a packet; 2) processing latency,

which represents the time required to perform the encoding and decoding at the

transmitter and the receiver sides, respectively; 3) The retransmission latency that is

required to perform HARQ in case of a decoding failure; and 4) The signalling latency

required for a connection request, scheduling grant, channel training and feedback,

and queueing.

All these sources of latency have to be controlled so that the anticipated URLLC

QoS is maintained [20]. As a physical layer enabler, multiple waveform numerol-

ogy has been proposed to support the latency requirements. Accordingly, the sub-

carrier spacing can have a bandwidth of {15, 30, 60, 120, 240} kHz, while the transmis-

sion time interval (TTI) is also divided into mini-slots with sub-millisecond duration
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{143, 66.77, 33.33, 16.67, 8.33} µsec [24]. As a result, the URLLC TTI duration can

be controlled based on the cell size and the operating frequency band. Although

reducing the TTI duration enhances the service reliability and the service latency

as queuing delay and the time needed for HARQ retransmissions, it involves more

signal control overhead hence the availability of resources for other URLLC data

transmissions is impacted [1].

1.3.2 Coexistence with eMBB

Fig. 1.3: Illustration of superposition/puncturing approach for multiplexing eMBB
and URLLC [3].

Since the available bandwidth is limited, the eMBB and URLLC service classes

could coexist in the same spectrum. I In order to accommodate both traffic, reserva-

tion based scheduling and instant scheduling ( also called on-air resource allocation)

have been proposed to enable the immediate scheduling of the URLLC traffic [20].

The reservation based scheduling consists of reserving a part of the resources to the

URLLC load prior to its arrival whereas the instant scheduling consists of serving

the URLLC packets immediately once arrived, immediately transmitted in the next

mini-time slot, by interrupting the ongoing eMBB traffic [20]. Within the instant
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scheduling strategy, the puncturing/superposition schemes have been proposed by

the 3GPP standard to promote the support of URLLC traffic [3, 20]. Puncturing

refers to preempting part of the eMBB frequency resources by allocating zero power

to the eMBB traffic to allocate the URLLC packets whereas superposition refers

to multiplexing both eMBB and URLLC using superposition coding by allocating

a fraction of the eMBB power to the URLLC packets. Because of the fundamen-

tal trade-off between latency, reliability, and spectral efficiency, achieving extreme

spectral efficiency for eMBB and ultra-reliability and low latency for URLLC is a

complicated scheduling task. In other words, when adopting the puncturing scheme,

the punctured eMBB data is completely lost, whereas for the superposition scheme,

the eMBB receivers can still recover their data using one of the interference cancel-

lation techniques. However, the interference that is resulting from the eMBB signals

and experienced at the URLLC receivers, impacts the strict URLLC reliability, even

when the conventional interference cancellation techniques are employed.

1.4 Motivations and Contributions

Despite the numerous studies on accommodating heterogeneous services, specially

URLLC and eMBB, in the same network architecture, there are still shortcomings

in spectrally efficient scheduling and multiplexing coexisting services. This is the

primary momentum for exploring possible ways to schedule URLLC traffic while pro-

tecting coexisting eMBB users. In this section, motivations and thesis contributions

are summarized.

1.4.1 Joint eMBB/URLLC Scheduling Through Superposi-

tion

As discussed earlier in this chapter, by employing the superposition scheme, the

eMBB receivers can recover their data using interference cancellation techniques.

Hence, in practice, the superposition scheme could be more spectrally efficient than

the puncturing scheme. However, the fundamental disadvantage of superposition is

that the interference from eMBB signals received at URLLC receivers has an impact
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on the stringent URLLC reliability. In this regard, few works have considered super-

position for the coexistence problem in downlink wireless networks [25, 26].

Motivated by the apparent shortcomings, Chapter 2 studies the trade-off between

the eMBB spectral efficiency and the URLLC QoS while jointly scheduling eMBB

and URLLC traffic using superposition and puncturing. To achieve this goal, a re-

source allocation problem is formulated to minimize the rate loss of the eMBB service

and URLLC packet segmentation loss while satisfying the eMBB and URLLC QoS

constraints. Since the formulated problem is a mixed-integer non-linear program

(MINLP), which is generally hard to solve directly, we proposed low complexity one-

to-one and many-to-many pairing algorithms for accommodating the URLLC packets

over the eMBB users. In terms of performance, simulation results show that the pro-

posed algorithm achieves a higher URLLC packet admission rate and lower rate loss

for eMBB compared to the baseline methods. Moreover, it is shown that at least

30% more URLLC users can be served without degrading their QoS while keeping

the impact on the eMBB rate minimal.

1.4.2 RIS Assisted Wireless Networks

Although there has been extensive research regarding jointly scheduling the eMBB

and URLLC traffic, there is a clear gap in facilitating the low-latency and high-

reliability requirements of the emerging 6G applications. Specifically, the key perfor-

mance indicators, i.e., reliability and latency requirements, of emerging URLLC ap-

plications are much stricter, visioned to be 99.99999% reliability, and 0.1-millisecond

latency [27]. Hence, the allocation of URLLC traffic based on the 5G enabling tech-

nologies is insufficient to satisfy these extreme requirements. In this regard, it has

been shown that RIS enhances the channel quality of the targeted users, which is

reflected as improvement to the service reliability, resource efficiency, and capacity

[28]. This motivates us to investigate the integration of RISs to assist the coexisting

URLLC and eMBB traffic in wireless networks. Consequently, we have conducted a

comprehensive study on the benefits, challenges and possible directions of integrating

RIS in wireless networks to assist URLLC and eMBB traffic simultaneously [29]. To

the best of our knowledge, this is the first work to consider RIS in the context of the

coexistence problem.

In Chapter 3, two optimization problems are formulated: a time slot basis eMBB
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allocation problem and a mini-time slot basis URLLC allocation problem. The eMBB

allocation problem aims at maximizing the eMBB sum rate by jointly optimizing the

power allocation at the BS and the RIS phase-shift matrix while satisfying the eMBB

rate constraint. On the other hand, the URLLC allocation problem is formulated

as a multi-objective problem to maximize the URLLC admitted packets and mini-

mize the eMBB rate loss. This objective is achieved by jointly optimizing the power

and frequency allocations along with the RIS phase-shift matrix. In order to avoid

the violation of the URLLC latency requirements, we propose a novel framework in

which the RIS phase-shift matrix that enhances the URLLC reliability is proactively

designed at the beginning of the time slot. The simulation results show that the

proposed framework has a low time complexity, which makes it practical for real-

time and efficient multiplexing between eMBB and URLLC traffic. In addition, using

only 60 RIS elements, we observe that the proposed scheme achieves around 99.99%

URLLC packets admission rate compared to 95.6% when there is no RIS while also

achieving up to 70% enhancement on the eMBB sum rate.

In fact, integrating RIS in wireless networks comes with its challenges that may

impact the URLLC performance. Specifically, optimization and configuring the RIS

phase shift is computationally complex leading to violating the latency and reliability

requirements of the URLLC traffic. Hence, Chapter 4 explores new ways to reduce

the complexity of optimizing the RIS phase shift matrix. To achieve this, we formu-

late the problem of minimizing the total transmit power while jointly optimizing the

allocated power to users and the RIS phase shifts. In line with the existing literature

and with the aid of alternating optimization, the problem is decomposed into power

control and RIS phase shift sub-problems. Then, this chapter proposes two solutions

to tackle the problem of RIS passive beamforming optimization by leveraging a lin-

ear transformation and element-wise Karush-Kuhn-Tucker (KKT), respectively. The

main idea of the linear transformation approach is to reduce the number of optimiza-

tion variables to the number of users associated with the RIS from the number of

its elements which is, in general, very large. On the other hand, the main idea of

the element-wise KKT-based approach is to obtain a closed-form expression for the

RIS phase shifts for a multi-user scenario, similar to the single-user case. Simulation

results show that the proposed solutions have a competitive performance in terms

of optimality and complexity for large-scale RIS. Hence, our approach represents a
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general framework for configuring RIS elements in real scenarios. To the best of our

knowledge, this is the first work considering the proposed methodologies considering

the RIS phase shift optimization.

1.4.3 Data Similarity Based Puncturing

One of the critical shortcomings of the current puncturing scheme is that it se-

verely impacts the eMBB spectral efficiency [3, 30]. Precisely, when puncturing is

adopted, the preempted resources are lost. Consequently, it slows the eMBB traffic

as it requires more overhead, including a puncturing indicator (PI) to inform the

eMBB user of the punctured resources. At the same time, the whole information

block can be re-transmitted if decoding errors occur due to the lost resources. Thus,

it is essential to explore a new puncturing mechanism, such as the lost eMBB re-

sources being minimized while achieving the URLLC QoS requirements.

Motivated by this limitation of the current puncturing mechanism, in Chapter

5, we propose a novel downlink URLLC-eMBB multiplexing technique that exploits

possible similarities among URLLC and eMBB symbols to reduce the size of the

lost eMBB symbols. We suggest that the base station (BS) scans the eMBB traffic’

symbol sequences and punctures those that have the highest symbol similarity with

that of the URLLC users to be served. As the eMBB and URLLC may use different

constellation sizes, we introduce the concept of symbol region similarity to accommo-

date the different constellations. We assess the performance of the proposed scheme

analytically, where we derive closed-form expressions for the symbol error rate (SER)

of the eMBB and URLLC services. Besides the outstanding performance of the pro-

posed scheme, the proposed strategy is based on a simple search strategy making it

an efficient solution to be used in practice. To the best of our knowledge, this work

is the first to consider symbol similarity as an efficient puncturing scheme.

The notations used in the thesis have no connection to each another. As a result,

some symbols may appear in multiple chapters and have different meanings.

1.5 List of Publications

This thesis has led to the following publications:
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Chapter 2

Joint eMBB/URLLC Scheduling

Using Superposition

2.1 Background, Related Works, and Contribu-

tions

As discussed in Chapter 1, 6G cellular networks are expected to support some

URLLC applications that focus on simultaneously demanding massive connectivity

and high data rates instead of sparse and short packet transmissions[23]. As a result,

these high requirements complicate the co-existence of emerging URLLC services with

their eMBB and mMTC counterparts. To this end, the enabling of URLLC services

has received considerable research interest in the last few years [1, 3, 20, 33]. In fact,

applications belonging to the URLLC services class, such as IoTs, autonomous dri-

ving and virtual reality, require an extremely low end-to-end latency that is less than

one millisecond and an ultra high reliability that is less than 10−6 packet error rate

[1, 34]. Consequently, the data traffic of such applications needs immediate schedul-

ing and transmission upon arrival at the base stations (BSs), which translates into

The content of this chapter leads to one submitted IEEE journal and one published conference
[31, 32]
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requirement of immediate availability of spectral resources. In line with the immedi-

ate scheduling, superposition/puncturing schemes have been proposed by the 3GPP

standard. Accordingly, the arriving URLLC packets are immediately transmitted in

the next mini-time slot over the ongoing eMBB resources once received at the trans-

mitting APs. This approach helps to satisfy the required URLLC latency.

Based on the superposition/puncturing scheme, several methods focusing on sched-

uling URLLC service with the aim of maximizing the total average data rate of eMBB

users have been proposed [3, 25, 35–40]. The authors of [3] studied the joint eMBB

and URLLC scheduling problem, and they considered linear, convex and threshold

models for the eMBB rate loss resulting from the superposition/puncturing scheme.

A resource allocation policy for a puncturing-based scheduler was proposed in [37],

where the formulated problem considered the overhead associated with the URLLC

load segmentation while maximizing the rate utility. In [35], a risk-sensitive ap-

proach was introduced to alleviate the puncturing effects on the eMBB users with

low data rates. In [36], a deep reinforcement learning approach was proposed to al-

locate the URLLC traffic. A null-space-based spatial puncturing scheduler for joint

URLLC/eMBB traffic was proposed in [38]. Work in [39, 40] proposed matching-based

scheduling schemes to allocate the URLLC traffic by adopting puncturing mechanism.

The works in [35–40] considered only the puncturing scheme for joint scheduling of

eMBB and URLLC loads. Authors in [25] have formulated a URLLC traffic allocation

problem by adopting a superposition or puncturing scheme.

In this chapter, different from the aforementioned works, we investigate the per-

formance of a superposition/puncturing allocation scheme in a downlink system that

consists of a single BS serving multiple eMBB and URLLC users. In this system, the

joint scheduling of URLLC and eMBB services is performed using either the super-

position or the puncturing schemes. Particularly, our goal is to propose a mini-time

slot-basis URLLC allocation scheme with low complexity. Our approach performs

frequency and power allocation to jointly minimize the rate loss of all eMBB users

and the URLLC packet segmentation loss. We consider both the eMBB and URLLC

QoS constraints that should be guaranteed while admitting the URLLC packets. We

formulate this objective as an optimization problem, which is a mixed-integer non-

linear program (MINLP) that is generally hard to solve.

To achieve our goal, we first consider the case of one-to-one pairing wherein one
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URLLC packet can be paired with only one eMBB user. We reformulate the problem

as a bi-level optimization problem that consists of one inner and one outer problem.

The inner problem aims to find the optimal power and frequency resources for each

URLLC and eMBB pair, while the outer problem aims to find the optimal eMBB-

URLLC pairing (assignment) policy. In the inner problem, we derive the feasibility

conditions in terms of the frequency and the power resources, the eMBB and URLLC

QoS requirements, and the eMBB and URLLC channel state information. Then,

we derive the optimal frequency and power allocation scheme in closed-form expres-

sions. Accordingly, the outer problem is reduced to a simple assignment problem that

can be optimally solved by using a greedy algorithm which has a polynomial time

complexity. Then, we generalize the algorithm for many-to-many pairing while min-

imizing the overhead due to URLLC packet segmentation. Simulation results show

that the proposed algorithm achieves lower loss in eMBB rates, lower loss in overhead

and higher packet admission rate for URLLC service class than the aforementioned

baselines. In addition, the simulation results show that the eMBB QoS requirement,

defined by the threshold of eMBB rate loss, has a negative impact on the admission

of the URLLC packets. In fact, when the threshold of eMBB rate loss is fixed, the

maximum URLLC load that can be accommodated will be also fixed. Hence, the

threshold of eMBB rate loss, the URLLC load and the URLLC reliability require-

ment should be jointly considered when optimizing the eMBB spectral efficiency.

The rest of the chapter is organized as follows. Section 2.2 presents the system

model. Section 2.3 presents the problem formulation. Section 2.4 presents the pro-

posed solution approach. Sections 2.5 and 2.6 present the simulation results and the

conclusion, respectively.

2.2 System Model

2.2.1 System Settings

We consider a downlink radio access network (RAN) which consists of a single

BS that has B > 1 resource blocks (RBs), each with a bandwidth W . As shown in

Fig. 2.1, the BS serves simultaneously E ≥ 1 eMBB users and U ≥ 1 URLLC users.

For all e ∈ {1, . . . , E} and u ∈ {1, . . . , U}, he and gu denote the downlink channel
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Fig. 2.1: System model

gains of the eth eMBB user and the uth URLLC user, respectively. Time is divided

into slots. In addition, in order to support the latency requirement of the URLLC

traffic, each time slot is further divided into N mini-time slots, where each mini-time

slot has a duration δ [41]. Let D be a random variable whose distribution indicates

the URLLC packet generation per URLLC user per mini-time slot; where E{D} = p

is the average URLLC packet per user per mini-time slot. Accordingly, the average

URLLC load is p×N ×U packet per eMBB time slot. Also, we assume the URLLC

packet has a size of ζ information bits.

We assume that a frequency-division-multiple-access (FDMA) is employed as a

multiple access technique for all eMBB users at the beginning of each time slot.

Based on this, for all e ∈ {1, . . . , E}, we denote by ϕe ≤ B the number of frequency

resources allocated to the eth eMBB user. On the other hand, the arriving URLLC

traffic at each mini-time slot is immediately multiplexed with the eMBB traffic and

then transmitted at the next time mini-time slot using the superposition/puncturing

scheme. The superimposed resources of the eMBB are allocated based on power

domain, i.e., the power is divided between the eMBB and the URLLC users that are

sharing the same resources. In order to guarantee the required reliability and latency

for the URLLC traffic, it is assumed that the BS allocates more power to the URLLC

user. In fact, allocating more power to the URLLC traffic guarantees lower bit-error-

rate (BER), and therefore, higher reliability for users in this service class. Now, since

more power is allocated to the URLLC traffic, the SIC procedure is no longer needed,
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which will cancel the SIC processing delay at the URLLC users. Noting that we will

use superposition for both superposition and puncturing as puncturing is a special

case of superposition when the eMBB power allocation factor is zero.

2.2.2 Signal Model

We assume that the BS assigns its resources at the beginning of each time slot to

the eMBB users using orthogonal resources. Accordingly, for all e ∈ {1, . . . , E}, the
achievable rate, in bits/s/Hz, of the eth eMBB user is expressed as

re = log2 (1 + γe) , bit/sec/Hz (2.1)

where γe = Pe|he|2
σ2
0,e

, in which Pe and σ0,e are the transmitted power and the AWGN

noise level of the eMBB receiver, respectively. In the scenarios where URLLC and

eMBB traffic coexist, the signal of each eMBB user may be superposed with or

punctured by the signal of a URLLC user. Let ln be the number of transmitted

URLLC packets at mini-time slot n. These ln packets belong to the URLLC user

set {1, . . . , U}. Then, gnl represents the channel gain of the lth URLLC packet at

mini-time slot n, where gnl ∈ {g1, g2, . . . , gU}. Practically, the URLLC packet l can be

segmented over multiple eMBB users. Then, for all e ∈ {1, . . . , E} and l ∈ {1, . . . , ln},
the resulting signal from superposing the data of the eth eMBB user and the signal

of lth URLLC packet (or a segment of the lth URLLC packet) at mini-time slot n is

expressed as [42]

xn
e,l =

√
Pe

(√
αn
e,lx

n
l +

√
1− αn

e,lxe

)
, (2.2)

where xe is the signal of the eth eMBB user, xn
l is the signal of the lth URLLC packet

(or a segment of the lth URLLC packet) at mini-time slot n, αn
e,l ∈ [0, 1] is the power

factor allocated for URLLC packet l at mini-time slot n. We assume that the URLLC

receiver does not perform SIC. Accordingly, the power allocation factor is assumed

to satisfy 0.5 < αn
e,l ≤ 1 for all e ∈ {1, . . . , E} and l ∈ {1, . . . , ln}, such that the eth

eMBB user can adopt SIC to cancel the interference resulting from the coexistence
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of URLLC packets and decodes its interference-free signal with a rate of [42]:

rne,l(α
n
e,l) = log2

(
1 + (1− αn

e,l)γe
)
. (2.3)

From (2.2) and (2.3), the average achievable data rate of the e-th eMBB user over

one frame (e.g., time slot) can be expressed as1

Re = W

[
1

N

N∑
n=1

(
(ϕe −

ln∑
l=1

φn
e,l)re +

ln∑
l=1

φn
e,lr

n
e,l(α

n
e,l)

)]
, (2.4)

where φn
e,l ∈ {0, . . . , ϕe} denotes the number of frequency resources (blocks) extracted

from all frequency resources of the eth eMBB user and allocated to the URLLC

packet l, where 0 ≤
∑E

e φn
e,l ≤ B. In (2.4), the average rate of the e-th eMBB

user is expressed in terms of frequency and power resources superimposed by the

URLLC traffic. According to (2.4), the achievable data rate of the e-th eMBB user

at mini-time slot n can be expressed as:

Rn
e = W

(
(ϕe −

ln∑
l=1

φn
e,l)re +

ln∑
l=1

φn
e,lr

n
e,l(α

n
e,l)

)
. (2.5)

On the other hand, the URLLC user decodes its signal directly without performing

SIC by treating the eMBB signal as noise [42]. Since all URLLC packet segments have

small sizes in general, the Shannon capacity is not longer accurate [43]. Hence, the

achievable rate of the lth URLLC packet (or segment) can be accurately evaluated

through the finite block length regime, and therefore, it can be expressed as [43, 44]

Cn
e,l(φ

n
e,l, α

n
e,l) = log2

(
1 +

αn
e,lγ

n
l

(1− αn
e,l)γ

n
l + 1

)

− 1

ln(2)

√
V

δφn
e,lW

Q−1(ϵu),

[bit/s/Hz], (2.6)

1According to the 3GPP superposition/puncturing framework, the BS sends an indicator signal
to inform the eMBB users of the punctured resources. In this context, we adopted the linear loss
function to represent the eMBB rate loss associated with the superposition/puncturing process.
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where γn
l =

Pe|gnl |
2

σ2
0,l

, in which σ0,l is the AWGN noise level of the URLLC receiver, ϵu

denotes the target URLLC block error rate which is very small for the URLLC traffic,

i.e., 1−6. The term V = 1− 1

(1+
αn
e,l

γn
l

(1−αn
e,l

)γn
l
+1

)2
denotes the URLLC channel dispersion.

2.3 Problem Formulation

2.3.1 Objective

This work seeks to minimize the rate loss (of all eMBB users, their sum) and the

sum of segmentation losses of all URLLC packets while satisfying a certain latency

and reliability requirements for all URLLC users. Accordingly, at mini-time slot n,

the data rate loss of the eth eMBB user superimposed by the URLLC packet l over

shared RBs denoted by (φn
e,l) can be expressed as

R̂n
e,l(φ

n
e,l, α

n
e,l) = W

[
re − rne,l(α

n
e,l)

]
φn
e,l. (2.7)

The URLLC payload may be segmented and distributed over the frequency re-

sources of several eMBB users within the same mini-time slot, resulting in a costly

signaling overhead. Practically, the signaling can either occur in-band, which di-

rectly affects the eMBB rate, or out of band, which may render the utility of the

control channel less effective [37]. Therefore, avoiding unnecessary segmentation of

the URLLC traffic over multiple eMBB users ought be minimized. Accordingly, the

segmentation rate loss can be expressed as

R̂n
l (φ

n
e,l) = R̂o

E∑
e=1

min(φn
e,l, 1), (2.8)

where R̂o is a fixed rate loss which abstracts the signaling overhead per URLLC packet

segment. Accordingly, the objective of minimizing the eMBB rate loss and URLLC

packet segmentation loss is formulated as

min
φ,α

E∑
e=1

ln∑
l=1

R̂n
e,l(φ

n
e,l, α

n
e,l) +

ln∑
l=1

R̂n
l (φ

n
e,l), (2.9)
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where the vectors φ and α are the resource allocation and the power allocation

decision variables.

2.3.2 eMBB QoS

The superposition of eMBB and URLLC data impacts not only the rate of each

involved eMBB user but also its reliability decoding capability. Hence, we consider a

rate loss threshold ( maximum eMBB rate loss ) such that the eMBB rate constraint

is satisfied. Then, the eMBB rate loss constraint can be derived as

1

N

N∑
n=1

ln∑
l=1

R̂n
e,l(φ

n
e,l, α

n
e,l) ≤ R̂th

e , (2.10)

where R̂th
e depends on the targeted data rate of the eth eMBB user. Equation (2.10)

indicates that the eMBB rate loss should not exceed R̂th
e . In fact, R̂th

e depends on

both the eMBB QoS requirement and the ultimate objective of the eMBB allocation

problem. In this work, the eMBB allocation problem is formulated to maximize the

eMBB rate utility while guaranteeing fairness between the eMBB users [3], that is,

PeMBB : max
ϕ

E∑
e

log((1−∆)ϕeWre) (2.11a)

s.t.
E∑
e

ϕe ≤ B, (2.11b)

ϕe ∈ Z+. (2.11c)

Here, ∆ is a predefined sharing factor that represents the amount of shared eMBB

resources to accommodate the URLLC traffic [3]. In practice, the sharing factor ∆

is obtained at the beginning of each time slot from the arrival rate of the URLLC

traffic that is predicted at the beginning of each eMBB time slot based on some online

measurements at the BS [45]. Accordingly, the eMBB rate threshold can be defined

as R̂th
e = W∆ϕere. Problem (2.11) is an integer non-linear problem, and hence,

it is an NP-hard problem. It can be solved using one of the over-the-shelf solvers

such as such as MOSEK [46]; however, the associated complexity is exponential. To

overcome this issue, we relax the integer variable ϕ to be continuous. Then, problem
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(2.11) becomes convex whose solution can be derived by applying the KKT conditions

[35]. The obtained solution of the relaxed convex problem is then rounded to get a

near-optimal solution for the original integer problem [35].

2.3.3 URLLC QoS

The URLLC traffic requires high reliability and it is subjected to latency constraints

which should be satisfied. Actually, several components, including queuing delay

and transmission time, can impact the URLLC latency. The queuing delay can be

eliminated by transmitting the URLLC packets immediately upon arrivals, i.e., in the

next mini-time slot. On the other hand, the transmission delay can be guaranteed

by controlling the transmission rate of URLLC packets. In fact, a URLLC packet

should be transmitted within one mini-time slot, otherwise the URLLC packet will

be dropped. Hence, the reliability of a URLLC packet can be expressed as [26, 47]

E∑
e

Wδφn
e,lC

n
e,l(φ

n
e,l, α

n
e,l) ≥ ζ. (2.12)

Based on the URLLC achievable rate expression in (2.12), the reliability require-

ment of each URLLC packet can be satisfied by guaranteeing a certain minimum

achievable rate to transmit the whole URLLC packet of ζ bits. Hence, if constraint

(2.12) is not satisfied for a URLLC packet, then it will be dropped. Let l̂n denote the

number of dropped URLLC packets at mini-time slot n. Then, the URLLC packet

admission rate, denoted by η, is defined as the ratio between the admitted URLLC

packets and the total packets, i.e., [48, 49]

η =

∑N
1 ln −

∑N
1 l̂n∑N

1 ln
. (2.13)
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2.3.4 Problem Formulation

Based on the above analysis, and at each mini-time slot belonging to slot n ≥ 2,

the final optimization problem of the URLLC scheduler is formulated as

P : min
φ,α

E∑
e=1

ln∑
l=1

R̂n
e,l(φ

n
e,l, α

n
e,l) +

ln∑
l=1

R̂n
l (φ

n
e,l), (2.14a)

s.t.
E∑
e

(Wδ)φn
e,lC

n
e,l(φ

n
e,l, α

n
e,l) ≥ ζ, ∀l ∈ {1, . . . , ln}, (2.14b)

ln∑
l=1

R̂n
e,l(φ

n
e,l, α

n
e,l) ≤ N R̂th

e −
ln∑
l=1

n−1∑
i=1

R̂i
e,l, ∀e ∈ {1, . . . , E}, (2.14c)

sign(φn
e,l)

2
≤ αn

e,l ≤ sign(φn
e,l), ∀e ∈ {1, . . . , E}, ∀l ∈ {1, . . . , ln}, (2.14d)

0 ≤
ln∑
l=1

φn
e,l ≤ ϕe, ∀e ∈ {1, . . . , E}, ∀l ∈ {1, . . . , ln}, (2.14e)

φn
e,l ∈ Z+ , ∀e ∈ {1, . . . , E}, ∀l ∈ {1, . . . , ln}. (2.14f)

Problem (2.14) seeks both the optimum resource allocation matrix φ and the

vector of power allocation fractions α that minimize the sum of losses of the eMBB

rates (2.14a). Constraint (2.14b) ensures the URLLC packets reliability while con-

straint (2.14c) ensures the QoS of each eMBB user. In fact, for all e ∈ {1, . . . , E}
and l ∈ {1, . . . , ln}, if a segment of the lth URLLC packet is superposed over the

data of the eth eMBB user, then φn
e,l > 0, whereas in the opposite case, φn

e,l = 0.

Constraints (2.14d) set the bounds of the power allocation decision variables to be

between [0.5, 1] if sign(φn
e,l) = 1, and 0 otherwise. Constraints (2.14e) sets the bound

on the punctured frequency resources of each eMBB users while (2.14f) indicates that

the URLLC packet allocated integer RBs.

Problem (2.14) is a mixed integer non-linear problem (MINLP), which is generally

hard to solve. However, understanding the relations between the decision variables

φn
e,l and αn

e,l, for all e ∈ {1, . . . , E} and l ∈ {1, . . . , ln} can simplify the optimization

problem P . In fact, for all e ∈ {1, . . . , E} and l ∈ {1, . . . , ln}, the decision variables

φn
e,l α

n
e,l represent the required resource allocation for superposing the data of the eth

eMBB user and the lth URLLC packet. Moreover, sign(φn
e,l) indicates the pairing be-

tween the two. Precisely, for all e ∈ {1, . . . , E} and l ∈ {1, . . . , ln}, if sign(φn
e,l) = 1,
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then the lth URLLC packet and the eth eMBB user are paired, and not paired if

sign(φn
e,l) = 0. Moreover, for all e ∈ {1, . . . , E} and l ∈ {1, . . . , ln}, we can observe

that the decision variables φn
e,l and αn

e,l are strongly coupled, since increasing αn
e,l de-

creases the required number of frequency resources of the lth URLLC packet φn
e,l and

the opposite is true. Consequently, if the optimal αn
e,l

∗ is obtained, then the optimal

φn
e,l

∗ can be obtained. In such a case, problem P can be seen as an assignment prob-

lem between eMBB users and URLLC packets after evaluating the optimal power and

resource allocation problem for each possible pair of eMBB user and URLLC packet

(or segment).

2.4 Solution Approach

In this section, we present the proposed solution approach for problem P in (2.14).

First, we investigate and solve problem P for the special case of one-to-one pairing,

in which each URLLC packet is forced to be paired with at most one eMBB user,

i.e., no segmentation for the URLLC packets. Then, we discuss the limitations and

the impacts of the one-to-one pairing on the URLLC packet admission rate. Finally,

based on the obtained results and discussions, we extend the obtained solution to

the case of segmentation of the URLLC packet over several eMBB traffic streams,

hence, each URLLC segment is paired with at most one eMBB user, which is indeed

equivalent to problem P .

2.4.1 One-to-One Pairing

In this subsection, we reformulate problem P in (2.14) by assuming that each

URLLC packet can be superposed to the data of only one eMBB user, i.e., there is

no segmentation of the URLLC packets, and that each eMBB user can be only paired

with at most one URLLC packet. In this case, problem P is re-written as

P1 : min
φ,α

E∑
e=1

ln∑
l=1

R̂n
e,l(φ

n
e,l, α

n
e,l), (2.15a)

s.t. (2.14b)− (2.14f), (2.15b)
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ln∑
l=1

sign(φn
e,l) ≤ 1, ∀e ∈ {1, . . . , E}, (2.15c)

E∑
e=1

sign(φn
e,l) = 1, ∀l ∈ {1, . . . , ln}. (2.15d)

Problem P1 has a nice property which can be exploited to efficiently solve P1.

This property is based on the fact that the optimal resource (power and frequency)

allocation policy is independent of the pairing policy sign(φn
e,l). In other words, if

(e, l) are paired, i.e., sign(φn
e,l) = 1, then the obtained optimal resource allocations

φn∗

e,l and αn∗

e,l are determined, and if they are not paired, then φn∗

e,l = 0. Precisely,

let
{(

φn∗

e,l , α
n∗

e,l

)
| e ∈ {1, . . . , E}, l ∈ {1, . . . , ln}

}
denote the set of optimal user power

allocation policy and resource allocation policy, which are the solutions to problem

P1. For all e ∈ {1, . . . , E} and l ∈ {1, . . . , ln}, if sign(φn
e,l) = 0, then

(
φn∗

e,l , α
n∗

e,l

)
=

(0, 0). However, if sign(φn
e,l) = 1, then

(
φn∗

e,l , α
n∗

e,l

)
should be the optimal solutions of

the resource and power allocation policies of the pair (e, l). In other words, for all

e ∈ {1, . . . , E} and l ∈ {1, . . . , ln} if we assume that the eth eMBB user and the lth

URLLC packet are paired together and that we can obtain their optimal resource and

power coefficients
(
φn∗

e,l , α
n∗

e,l

)
, then problem P1 becomes a linear assignment problem

and it remains to determine the optimal pairing policy. Accordingly, we decompose

problem P1 into two sub-problems. The first is a resource and power allocation

problem that minimizes the eMBB rate loss for eMBB-URLLC pairs, whereas the

second is a linear assignment problem that minimizes the total eMBB rate loss.

1) Resource allocation problem:

Here, our objective is to obtain, for every (e, l) pair, the optimal resource and

power allocation coefficients
(
αn∗

e,l , φ
n∗

e,l

)
; that is, for each possible pairing of eMBB-

URLLC pair (e, l), we aim to minimize the eMBB rate loss. This problem is expressed:

Pe,l : min
φn
e,l,α

n
e,l

R̂n
e,l(φ

n
e,l, α

n
e,l) (2.16a)

s.t. Wδφn
e,lC

n
e,l ≥ ζ, (2.16b)

R̂n
e,l(φ

n
e,l, α

n
e,l) ≤ NR̂th

e −
n−1∑
i=1

R̂i
e,l, (2.16c)

0.5 < αn
e,l ≤ 1, (2.16d)
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0 ≤ φn
e,l ≤ ϕe, (2.16e)

φn
e,l ∈ Z+. (2.16f)

Pe,l is solved for all pairs of eMBB and URLLC users; we however exploit prop-

erties of this problem in order to obtain closed form expressions for the optimal

solutions. Now, before deriving the optimal solutions, we investigate its feasibility

conditions, which are defined in the following theorem.

Theorem 2.1. Problem Pe,l is feasible if and only if the following conditions hold:

• Condition 1:

An
e,l(φ

n
e,l

max) ≤ 1. (2.17)

• Condition 2:

max(0, Gn
e,l(1)) ≤ min(ϕe, β

n
e,l(0.5)), (2.18)

where An
e,l(.), G

n
e,l(·) and βn

e,l(·), respectively, are

An
e,l(φ

n
e,l) = max

(
0.5,

(γn
l + 1)× γth

1 (φn
e,l)

(γth
1 (φn

e,l) + 1)× γn
l

,

)
, (2.19)

Gn
e,l

(
αn
e,l

)
=
1

4

(
Q−1(ϵu)

ln(2)

√
V

δW

1

log2(1 +
αn
e,lγ

n
l

(1−αn
e,l)+1γn

l
)
+

√√√√(
Q−1(ϵu)

ln(2)
)2

V

δW

1

log2(1 +
αn
e,lγ

n
l

(1−αn
e,l)+1γn

l
)2

+
4ζ

δW log2(1 +
αn
e,lγ

n
l

(1−αn
e,l)+1γn

l
)

)2

,

(2.20)

βn
e,l

(
αn
e,l

)
=

NR̂th
e (φn

e,l, α
n
e,l)−

∑n−1
i=1 R̂i

e,l

WR̂n
e,l

, (2.21)
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γth
1 (φn

e,l) = 2
ζ

Wδφn
e,l

+ Q−1

log(2)

√
V

Wδφn
e,l − 1. (2.22)

Proof. First, the channel dispersion V ≈ 1− 1

1+
αn
e,l

1−αn
e,l

. In addition, since 0.5 ≤ αn
e,l ≤ 1,

then 0.5 ≤ V ≤ 1. Hence, as an approximation, we will assume that V is a constant

that does not depend on αn
e,l. The proof of Theorem 2.1 can be easily derived by

observing the bounds of the variables φn
e,l and αn

e,l as shown in Fig. 2.2. Let us first

investigate constraints (2.16c) and (2.16e), which define together the upper bound

of the variable φn
e,l. Constraints (2.16c) can be equivalently transformed into the

following inequality:

βn
e,l(α

n
e,l) = φn

e,l ≤
R̂th

e −
∑n−1

i=1 R̂i
e,l

W (re − rne,l(α
n
e,l))

. (2.23)

By substituting αn
e,l = 0.5, we obtain the upper bound of φn

e,l which is φn
e,l

max =

min(ϕe, β
n
e,l(0.5)). After defining the maximum frequency resources that can be super-

posed, we can obtain the minimum feasible αn
e,l that satisfies URLLC rate constraints

in (2.16b). By substituting φn
e,l = φn

e,l
max one can derive the feasibility on (2.17) for

αn
e,l. Moreover, constraints (2.16b) define the lower bound of φn

e,l, which should be

between [0, ϕe]. Hence, if we substitute y =
√
φn
e,l in (2.16b), we obtain φn

e,l ≥ Gn
e,l.

Solving (2.20) at the intersection point αn
e,l = 1, we obtain the lower bound on the

feasible φn
e,l. Now, in order for problem Pe,l to be feasible, the feasibility region should

be non-empty, i.e., φn
e,l should be greater than φn

e,l
min = max(Gn

e,l(1), 0), and it should

be less than φn
e,l

max = min(βn
e,l(0.5), φe). This completes the proof.

Now, assuming that Pe,l is feasible, the optimal resource and power allocation

coefficients
(
αn∗

e,l , φ
n∗

e,l

)
are presented in the following theorem.

Theorem 2.2. Let Φn
e,l ≜ {φn

e,l
min, φn

e,l
max} be the integer feasibility region of the

resource allocation variable φn
e,l. Hence, the optimal power allocation coefficient φn∗

e,l
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Fig. 2.2: Examples for the feasibility region of the resource allocation problem.

is expressed as

φn∗

e,l = arg min
φn
e,l∈Φ

n
e,l

An
e,l(φ

n
e,l), (2.24)

such that

An
e,l(φ

n
e,l) ≤ 1−

1 +
√

(1 + γe)((1− An
e,l(φ

n
e,l − 1))γe + 1)

γe
, (2.25)

and the optimal power allocation coefficient is given by αn∗

e,l = An
e,l(φ

n∗

e,l).

Proof. Let us consider a random number of frequency resources φ ∈ {2, . . . , ϕe}. In

addition, let α1 = An
e,l(φ − 1) and α2 = An

e,l(φ) be the minimum power allocation

factors associated to φ − 1 and φ1, respectively (see Fig. 2.2). Now, let us evaluate

the eMBB rate loss at (φ− 1, α∗
1) and (φ, α∗

2). One can easily verify that the function

φ 7→ An
e,l(φ) is a decreasing function. Therefore, we get α2 < α1. Afterwards,

the corresponding eMBB rate losses associated to (φ− 1, α1) and (φ, α2) are given ,

respectively, as

R̂1
e = W (φ− 1) log2

(
1 + γe

(1− α1)γe + 1

)
,

R̂2
e = Wφ log2

(
1 + γe

(1− α2)γe + 1

)
.

(2.26)

Then, the pair (φ, α2) is an optimal solution over the set {(φ− 1, α1) , (φ, α2)}, if and
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only if R̂1
e ≥ R̂2

e. By solving the latter inequality, we obtain

An
e,l(φ) < 1 +

1−
√

(1 + γe)((1− An
e,l(φ− 1))γe + 1)

γe
. (2.27)

Therefore, we conclude that the optimal resource allocation φn
e,l

∗ is the resource allo-

cation φ that minimizes An
e,l(φ) and satisfies (2.27), which completes the proof.

Fig. 2.3 illustrates the average analytical and numerical eMBB rate loss versus the

transmit SNR from the BS. The analytical results are obtained through the closed-

form expression derived in Theorem 2.2. Moreover, the numerical results are obtained

by solving problem Pe,l using an off-the-shelf optimization solver.2 This figure shows

that the analytical results match perfectly the numerical results, which validate the

optimality of the expressions of the resource and power allocation coefficients derived

in Theorem 2.2. On the other hand, Fig. 2.4 presents the computational time of

the derived closed-form expressions and of the numerical solutions versus the num-

ber of URLLC users. This figure shows that obtaining the numerical solutions is

extremely time-consuming, which violates the low-latency constraint of the URLLC

traffic. However, the proposed closed-form expressions have a processing time in the

order of sub-millisecond, which is suitable for the URLLC traffic.

2) The eMBB-URLLC Assignment Problem:

2The used solver is the genetic algorithm, which is a predefined Matlab solver [50].
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Using the results of the optimal resource and allocation derived in the previous

part (optimal pair αn∗

e,l and φn∗

e,l for every possible pairing), problem P1 is reduced to

a simple linear assignment problem. Let I = {I1,1, I1,2, ..., IE,ln} represent the pairing
vector, where Ie,l

def
= sign(φe,l). Hence, the purpose of this part is to find the optimal

pairing policy I∗ that solves problem P1, i.e., that minimizes the total eMBB rate

loss. Hence, problem P1 is rewritten as

Pouter
1 : min

I

E∑
e=1

ln∑
l=1

Ine,l ×
(
R̂n

e,l

(
αn∗

e,l , φ
n∗

e,l

)
+ R̂n

o

)
(2.28a)

s.t.
ln∑
l

Ine,l ≤ 1, ∀e ∈ {1, . . . , E}, (2.28b)

E∑
e=1

Ine,l = 1, ∀l ∈ {1, . . . , ln}, (2.28c)

Ine,l ∈ {0, 1}, ∀e ∈ {1, . . . , E}, ∀l ∈ {1, . . . , ln}. (2.28d)

Problem Pouter
1 is a linear assignment problem which can be easily solved using an

off-the-shelf optimization solver or the Hungarian method. However, the Hungarian

method gives the optimal solution in a polynomial time complexity, the computa-

tional time for large number URLLC users is in order of milliseconds which may

violate the URLLC latency requirements [51].

3) Limitations:

Several limitations can impact the performance of the URLLC service while con-

sidering the above one-to-one pairing policy. These limitations are summarized as

follows:

1. A limited number of eMBB users makes the one-to-one pairing scheme insuffi-

cient for the case where the URLLC packets are more than the available eMBB

transmissions. For example, if ln = 3 and the available eMBB users is E = 2,

then only two URLLC packets can be served.

2. If the QoS of the eMBB user is strict, i.e., small rate loss threshold Rth
e , the pair-

ing possibility decreases, which affects the service of the URLLC packets. Al-

though the URLLC packets segmentation will enhance the admission of URLLC

packets, the segmentation loss will dramatically increase. However, when the
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Algorithm 2.1: One-to-one pairing Algorithm.

1 - Sort eMBB users based on the channel gain in ascending order. ;

2 - Sort URLLC users based on the channel gain in descending order.;

3 for l ∈ {1, . . . , ln} do
4 Boolean=0 allocating indicator variable;

5 for e = 1→ E do

6 if feasibility conditions in (2.17) and (2.18) then

7 allocate URLLC packet l on the eMBB user e;

8 Update R̂th
e and ϕe;

9 Boolean=1;

10 break;

11 end

12 end

13 if Boolean==0 then

14 break;

15 end

16 end

URLLC packet is divided into several segments over multiple eMBB transmis-

sions. For example, consider the case when the minimum number of resources

needed to serve one URLLC packet is four frequency resources while each eMBB

user can afford only two frequency resources, then the URLLC packet is seg-

mented over two eMBB transmissions. Accordingly, higher packet admission is

achieved at the expense of the control signalling (loss) due to segmentation.

4) Proposed One-to-One Pairing Algorithm:

The outer problem Pouter
1 is a one-to-one pairing problem, which means that the

number of URLLC packets that can be served is limited by the number of available

eMBB users. Due to this, a limited number of URLLC packets can be allocated within

the same mini-time slot. To overcome this limitation (limitation one in the previous

paragraph), we propose a fast greedy algorithm to allocate the URLLC users. The

algorithm starts by sorting the users in an ascending order based on a pre-defined

URLLC allocation strategy π. The allocation strategy aims at balancing between
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the URLLC packet admission rate and the eMBB QoS (rate loss threshold). In this

context, we have defined the following URLLC allocation strategies:

• Minimum-eMBB loss (MeL): This policy exploits two observations. First, the

rate loss of each eMBB user is bounded by Rth
e . Therefore, starting the alloca-

tion over the weak eMBB user leads to the minimum total loss. Second, start-

ing the allocation with the strong URLLC user increases the admitted URLLC

packets rate as it needs less resources than the remaining URLLC users (weaker

URLLC users), which increases the probability to allocate more URLLC pack-

ets. Accordingly, Algorithm 1 (which refers to Algorithm 2.1) starts by sort-

ing the eMBB and the URLLC packets such that |h1|2 ≤ |h2|2 · · · ≤ |hE|2 and

|gn1 |2 ≥ |gn2 |2 ≥ · · · ≥ |gnl |2, respectively.

• Loss-threshold proportional (TP): The main idea is that the eMBB rate loss

threshold is already defined to satisfy the QoS requirements of the eMBB traffic.

Consequently, the eMBB QoS will not be significantly impacted by superimpos-

ing eMBB resources, while the eMBB rate loss is less than the loss threshold.

Accordingly, Algorithm 1 starts by sorting the eMBB users in a descending

order based on the rate loss threshold.

Then, for each URLLC packet, the BS tests the feasibility conditions between the

URLLC packet and the first available eMBB user. If the feasibility conditions hold,

the BS allocates the URLLC packet over this eMBB user and updates its rate loss

threshold and its associated frequency resources. Otherwise, the BS repeats the same

procedure with the next eMBB user. The Boolean variable aims to reduce the time

complexity of the proposed algorithm. For clarity, as the URLLC users are sorted

in a descending order based on their channel conditions, then for all l ∈ {1, . . . , ln},
the lth URLLC packet will need the same or higher resource coefficient φn

e,l and

power allocation αn
e,l than the previous allocated packet, respectively. Hence, for all

l ∈ {1, . . . , ln}, the lth URLLC packet will not satisfy the feasibility conditions in

(2.17) and (2.18) if the previous packet is dropped, i.e., the feasibility conditions are

not satisfied.
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Algorithm 2.2: Many-to-Many pairing Algorithm.

1 Step 1: One-to-one pairing;

2 Sort eMBB users based the adopted URLLC allocation policy π ;

3 - Sort URLLC users based on the channel gain in descending order.;

4 for l ∈ {1, . . . , ln} do
5 Boolean=0 allocating indicator variable;

6 for e = 1→ E do

7 if feasibility conditions in (2.17) and (2.18) then

8 if feasibility conditions in (2.29) not hold then

9 φn
e,l = φn

e,l
min

10 end

11 allocate URLLC packet l on the eMBB user e;

12 Update R̂th
e and ϕe;

13 Boolean=1;

14 break;

15 end

16 end

17 if Boolean==0 then

18 l̂n = append(l) add non allocated URLLC packets.

19 end

20 end

21 Step 2: URLLC packet allocation with segmentation ;

22 for l ∈ {1, . . . , l̂n} do
23 if feasibility conditions in (2.29) holds then

24 allocate URLLC packet l on the eMBB users Ê ⊆ {1, . . . , E};
25 Update R̂th

e and ϕe of the eMBB users Ê ⊆ {1, . . . , E};

26 else

27 break;

28 end

29 end
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2.4.2 Many-to-Many Pairing

This section addresses the second limitation of the one-to-one pairing approach dis-

cussed in the previous subsection, by considering URLLC packet segmentation. Going

back to the original problem, the optimization problem P ends up as a many to many

pairing assignment problem, where each URLLC packet can be segmented and the

different segments are distributed over multiple eMBB users. In order for problem P
to be solved, the following condition should be satisfied.

Theorem 2.3. The outer problem Pouter
1 is feasible if and only if the following con-

dition holds.

ln∑
l

φn
l ≤

E∑
e

R̂th
e −

∑n−1
i=1 R̂i

e,l

WRe

, almost surely, (2.29)

where φn
l is the needed frequency resources for allocating the lth URLLC packet when

puncturing is used.

Proof. For proving Theorem 2.3, one can compare the minimum needed frequency

resources for all URLLC packets with the available resources at the eMBB users.

Then, the outer problem Pouter
1 is feasible if there is enough frequency resources to

serve all the URLLC packets. This completes the proof.

Using the result of Theorem 2.3, Algorithm 2 (which refers to algorithm 2.2) is

an extension of Algorithm 1 by considering the segmentation of the URLLC packets.

Algorithm 2 is composed of two steps. The first step performs pairing between each

URLLC packet with one eMBB user (more than one URLLC packet can be allocated

onto one eMBB user). The feasibility condition in (2.29) aims to maximize the number

of the served URLLC packets by selecting the minimum feasible frequency resources,

which enhance the utilization efficiency of the superposed eMBB frequency resources.

The second step aims to allocate each URLLC packet that needs frequency resources

more than what is available for one eMBB user. This step therefore performs the

segmentation of these URLLC packets among several eMBB users. Accordingly, our

proposed algorithm attempts to minimize the segmentation loss by giving high priority

for one-to-one pairing (i.e., the URLLC packet does not get segmented). Then, it
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performs segmentation for the remaining URLLC packets. Based on this, we introduce

a Segmentation ratio (SR) metric, which measures the overhead associated with the

URLLC packets segmentation as:

SR =
Number of transmitted segments

Number of transmitted packets
. (2.30)

This ratio increases when the URLLC packet segmentation increases. When no seg-

mentation is performed, SR = 1.

1) Algorithm complexity: One can easily notice that the proposed algorithm,

Algorithm 2, has a polynomial time complexity of O(ln×E), as the algorithm consists

of two loops: inner loop of time complexity of O(1) and outer loop of time complexity

of O(ln). Moreover, the algorithm convergence is guaranteed as it has deterministic

stopping criteria with maximum number of iterations of ln × E. 3

2.4.3 Extension to Multi-Cell Setup

This work considers the single-cell network setting as a proof of concept for the

proposed low complexity mechanism that is based on the derived closed-form ex-

pression when employing the superposition scheme in the context of the eMBB and

URLLC coexistence problem. Specifically, the proposed scheme can be employed for

the multi-cell scenario while considering the essential considerations of the multi-cell

setup. To elaborate, the eMBB and URLLC users can be clustered into cell-center

and cell-edge users, where the association problem should be solved first. The associa-

tion problem aims to define the cell-center users (eMBB and URLLC) that are served

through only one BS, and the cell-edge users (eMBB and URLLC) that can bThise

served by multiple adjacent and cooperating cells through the coordinated multi-

point (CoMP) technique [52, 53]. For both clusters of users, the proposed scheme can

be employed while using an inter-cell interference mitigation mechanism in order to

ensure the reliability of the URLLC traffic and the eMBB QoS requirements.

3Analyzing the optimality gap for the proposed pairing algorithm through analytical or numerical
analysis is difficult, since all the states of the URLLC packets in all mini-time slots must be known
at the BS at the beginning of the time slot, which is not a realistic assumption. However, the gaps
between the proposed scheme and a lower bound for the eMBB rate loss and an upper bound for the
URLLC packet admission rate are around 20% and 0.1%, respectively. These bounds are obtained
numerically by relaxing the integer constraints of the URLLC resources allocation and assuming
independent mini-time slots in terms of the eMBB rate loss constraints.
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Table 2.1: Simulation parameters

Parameter Symbol Value
URLLC packet distribution D Bernoulli
URLLC packet probability p 0.04

URLLC packet size ζ 96, 256 bits
Transmitted signal to Noise Ratio P/σ0 20 dB

mini-time slots N 7
Number of resource blocks B 100
mini-time slot duration δ 0.143 ms

Resource block bandwidth W 180 kHz
URLLC block error probability ϵu 10−6

2.5 Simulation Results

2.5.1 Simulation Settings

We perform various simulations to evaluate the performance of the proposed su-

perposition algorithm. We consider a wireless network which consists of one BS

and E = 8 eMBB users. The number of URLLC users U is a key parameter in

the performance of the proposed superposition scheme, and it is assumed to be in

the range {20, 110}, unless otherwise stated. Moreover, we consider a high URLLC

load with packet generation probability p = 0.04 for each user. Hence, for the case

when the number of URLLC users U = 60, the average arrival URLLC packets is

60∗ .04∗7 = 16.8 packets per millisecond, which is high when compared to the values

considered in prior works [41].4 The wireless channels between the BS and the eMBB

and the URLLC users are assumed flat fading Rayleigh distribution with time slot

coherence time and a scale parameter equals to one. The parameters used throughout

are shown in Table 2.1 and the simulation results are performed over 104 independent

realizations of the channel gains.

The performance of the proposed superposition algorithm, which is summarized

in Algorithm 2 for both MeL and TP allocation strategies, is compared with those

of three puncturing baseline schemes proposed in the literature, which are 1) random

puncturing [3] 2) user-based puncturing [30], and 3) fairness-based puncturing. These

baselines are detailed as follows.

4Accordingly, the distribution of arriving URLLC packets at mini-slot n follows the binomial
distribution with parameters Binomial(p, U).
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1. Baseline 1 (random puncturing): the eMBB user that is going to be punctured

is uniformly selected from all existing eMBB users while its rate loss threshold is

satisfied. Random puncturing is considered as a baseline due to the optimality of

random placement for the linear loss models [3]. This follows from the fact that

if the eMBB resources are punctured uniformly, then the punctured resources

are proportional to the bandwidth assigned to each eMBB user [3].

2. Baseline 2 (user-based puncturing): the eMBB users are sorted in an ascending

order based on their channel conditions. Then, the puncturing procedure starts

with the user with the lowest (worst) channel gain until its rate loss threshold

is reached. The advantage of user-based puncturing scheme is its ability to

minimize the cumulative rate loss of all eMBB users by puncturing the users

with the lowest achievable rates [30].

3. Baseline 3 (fairness-based puncturing): the fairness policies presented in [3, 54]

are considered in the coexistence problem due to their simplicity and optimality.

In threshold-based fairness, the URLLC traffic is allocated to the eMBB users

according to the eMBB users associated loss thresholds. As such, at each mini-

time slot, the eMBB user with a higher loss threshold is punctured.

Besides those puncturing baselines, the proposed scheme is compared with the case

when the URLLC traffic is perfectly known at the beginning of each eMBB time

slot. Although this scheme is not realistic due to the sporadic nature and the latency

requirement of the URLLC traffic [45], it can assess the performance of the proposed

scheme.

In the following, we first start by showing the advantage of URLLC packet seg-

mentation on the URLLC packet admission rate by comparing the performance of

Algorithm 1 and Algorithm 2. Second, we investigate the segmentation loss of the pro-

posed algorithm (Algorithm 2) with the aforementioned puncturing baselines. Third,

we investigate the impact of the URLLC rate threshold and URLLC packet size on

the admission rate of the URLLC and the eMBB rate loss. Then, we analyze the

effect of the eMBB rate threshold on the URLLC packet admission rate. Finally, we

evaluate the computational time of the proposed algorithm with those of the consid-

ered puncturing baselines.

Fig. 2.5 presents the URLLC packet admission rate of both Algorithm 1 and Al-
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Fig. 2.5: URLLC packet admission
rate of Algorithm 1 and Algorithm 2
against the number of URLLC users.
The adopted URLLC packet size is
ζ = 256 bits and MeL policy is
adopted.
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Fig. 2.6: Segmentation ratio of Algo-
rithm 1 and Algorithm 2 against the
number of URLLC users. The adopted
URLLC packet size is ζ = 256 bits.
MeL is adopted.

gorithm 2 as we vary the number of URLLC users (load). The results show that

Algorithm 2 exhibits better packet admission rate for the URLLC service than Algo-

rithm 1 when the load is low, and the opposite is true at higher loads. The reason

behind that is that Algorithm 2 is able to allocate URLLC packets which experience

bad channel conditions by segmenting each packet and allocating it over multiple

eMBB users, which leads to admitting URLLC packets requiring more resources,

i.e., φn
l > ϕe. On the other hand, Algorithm 1 drops the URLLC packets with bad

channel conditions, i.e., the packets that required more than ϕe, which means that

Algorithm 1 supports a limited number of URLLC users, i.e., less than U . Hence,

at lower URLLC load where the eMBB rate users have rate constraint more than or

equal the expected URLLC load, Algorithm 2 can accommodate all URLLC users,

even with bad channel conditions, without impacting the URLLC packet admission

rate. At higher URLLC load where the eMBB rate users have rate constraint less

than the expected URLLC load, Algorithm 2 allocates the packets in the sense of

first come first serve, even the packets that have bad channel conditions, which in

turn impacts the URLLC performance due to the eMBB QoS. In other words, as the

URLLC load is low, the allocation of the URLLC traffic with bad channel conditions

does not impact the performance of Algorithm 2 compared to Algorithm 1. At high

URLLC load, the allocation of the URLLC traffic with bad channel conditions will

37



20 30 40 50 60 70 80 90 100 110

URLLC users

1

1.1

1.2

1.3

1.4

1.5

1.6

S
eg

m
en

ta
ti

o
n

 r
at

io

Baseline 1, =96

Baseline 2,  =96

Baseline 3,  =96

Proposed MeL, =96

Proposed TP, =96

Baseline 1, =256

Baseline 2,  =256

Baseline 3,  =256

Proposed MeL, =256

Proposed TP, =256

Fig. 2.7: Segmentation ratio vs the number of URLLC users. The adopted URLLC
packet size is ζ = 256 bits and MeL policy is adopted.

degrade the performance of Algorithm 2. Noting that the URLLC packet admission

rate is considered to be 99.99%, hence Algorithm 2 is proper in the URLLC operating

region.

Now, as the number of served eMBB users increases, the URLLC packet admission

rate for Algorithm 1 becomes very low. In fact, it is reduced from 0.99 for E = 8 to

0.978 for E = 12. This is because, for each eMBB user, the pairing possibility and

the afforded resources for superposition decreases by increasing the number of served

eMBB users. Hence, more segmentation is essential to allocate the URLLC packets

(as discussed in the limitations in section 2.4.1). Fig. 2.6 presents the SR against

the number of URLLC users. Indeed, as Algorithm 1 does not perform segmentation,

i.e., (SR=1 ), Algorithm 1 has a lower SR than Algorithm 2, but at the expense of

achieving lower performance in terms of the admission rate of the URLLC traffic as

depicted in the same figure.

2.5.2 Segmentation Loss Comparison

Fig. 2.7 presents the segmentation ratio as we vary the number of URLLC users

in the network, where packets of different sizes are considered for the URLLC service.

As shown in this figure, when the packet size is large, i.e., 256 bits, the proposed

superposition scheme has a lower segmentation ratio than those exhibited by the

puncturing baseline methods. This is mainly because the rate loss threshold for eMBB

users is reached faster by the considered puncturing baselines than the proposed
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approach, forcing the URLLC service to split among multiple eMBB users. In other

words, the eMBB rate loss resulting from puncturing is high and exceeds the loss

threshold. Hence, more segmentation is required to allocate the URLLC packets.

On the other hand, when the packet is small, the proposed scheme has a similar

segmentation ratio to the puncturing schemes. This is because the URLLC packet

can occupy a lower number of RBs. Hence the possibility that the packet needs

segmentation is very low. Moreover, this figure shows that when the number of

URLLC users is low, the proposed algorithm has a segmentation ratio close to that

of the considered puncturing baselines. This is because when the number of URLLC

users is low, the number of generated URLLC packets is also low. Therefore, the BS

has more room to superpose the entire set of URLLC packets over the eMBB data

while guaranteeing the eMBB rate loss threshold Rth
e , which in turn reduces the need

for segmenting the URLLC packets.

2.5.3 Effect of URLLC Packet Size

The impact of the URLLC packet size ζ on both the URLLC packet admission

rate and the eMBB rate loss is illustrated in Fig. 2.8. Specifically, Fig. 2.8 presents

the percentage of eMBB rate loss and the achieved URLLC service packet admission

rate η versus the number of URLLC users in the network, respectively, for different

URLLC packet sizes. Fig. 2.8.a and Fig. 2.8.c show that, as we vary the number of

URLLC users, the proposed superposition schemes achieves lower eMBB rate loss and

higher URLLC packet admission rate compared to the considered puncturing baseline

methods. This is because, with puncturing, the eMBB data of punctured resources

are entirely lost to carry the URLLC service, while in the proposed superposition

method, each eMBB user adopts SIC to cancel the interference and to extract its

own data, which enables to achieve higher rates, hence less eMBB rate loss and

better URLLC packet admission rate. In fact, Fig. 2.8.b and Fig. 2.8.d show that

for larger number of URLLC users, such as U = 110 for example, the maximum

achievable packet admission rate (0.999) is maintained via the proposed schemes,

whereas for the baseline methods, the service packet admission rate starts to gradually

decrease when the number of URLLC users U reaches 80. Moreover, Fig. 2.8.b and

Fig. 2.8.d show that the gap between the proposed MeL algorithm and the upper

bound is extremely low when the URLLC load is moderate, which is the case of
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Fig. 2.8: eMBB rate loss and URLLC packet admission rate versus the number of
URLLC users U for different URLLC packet sizes.

the URLLC service class. This result demonstrates that the proposed superposition

method can accommodate higher URLLC load, around 30% more, compared to the

considered puncturing baselines. On the other hand, the suggested superposition

method (Proposed MeL) has a loss rate of 4% for 110 URLLC users, while the

loss for puncturing methods is 6%. Moreover, it is clear that the Proposed MeL

scheme has slightly better performance, in term of the eMBB rate loss, compared to

the Proposed TP. This is because the Proposed MeL allocates the URLLC load

based on the users with higher rate threshold, i.e., eMBB user with high rate will be

superimposed instead of the eMBB users with lower data rates. Similarly, puncturing

baseline 3 superiors other puncturing base lines as it allocates the URLLC load

on the eMBB user with lower data rates and this gain is vanished by increasing the
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Fig. 2.9: URLLC traffic packet admission rate achieved by the proposed algorithm
versus the eMBB rate loss threshold for different numbers of URLLC users.

URLLC load. Another interesting observation from Fig. 2.8 can be remarked; as

the URLLC packet size ζ increases, the URLLC packet admission rate decreases as

shown in Fig. 2.8.b and Fig. 2.8.d, since more URLLC packets will be dropped due

to the limited resources for puncturing (eMBB QoS limitation ).

2.5.4 Impact of the Sharing Factor (eMBB Rate Loss Thresh-

old)

The impact of the eMBB rate loss threshold Rth
e = ∆∗Re on the packet admission

rate of the URLLC service is illustrated in Fig. 2.9. We compare here the performance

of the proposed algorithm and the puncturing baseline while adopting the minimum

eMBB rate loss policy. As shown in this figure, when Rth
e (sharing factor ∆) increases,

the URLLC packet admission rate increases until the maximum achievable packet

admission rate. In other words, when the loss threshold Rth
e is low (i.e., strict QoS

for the eMBB), the BS has less room to explore to allocate the URLLC load. On

the other hand, when the eMBB rate loss threshold increases (i.e., less stringent

requirement for eMBB and loss can be tolerated), the BS has more room to allocate

the URLLC traffic over the eMBB resources, which enhances the URLLC packet

admission rate. Similarly, when the URLLC load increases, the possibilities to allocate

the URLLC load decreases, hence larger Rth
e is essential to achieve the maximum

URLLC packet admission rate. This is evident since at 50, 100, 150 URLLC users the

maximum URLLC packet admission rate is achieved at 2%, 4%, and 6%, respectively.
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In summary, the eMBB QoS is clearly shown to affect the URLLC reliability.

Therefore, as a future work, the eMBB rate loss threshold, the URLLC load and

the URLLC QoS requirement will be jointly considered when optimizing the eMBB

spectral efficiency. Moreover, to enhance the URLLC packet admission rate, the

impact of the quality of the wireless propagation environment should be minimized.

Hence, reconfigurable intelligent surfaces [19] will be included to control URLLC

channel conditions.

2.5.5 Complexity of the Proposed Algorithm

As the latency is a critical metric for the URLLC service, Fig. 2.10 presents the

computational time of the proposed superposition scheme (Algorithm 2). It shows

that the proposed MeL allocation policy has a lower computation as compared to the

TP policy. This is due to the fact that the MeL leads to fewer segments and hence less

computational time. Moreover, increasing the URLLC load, which is equivalent to

increasing the URLLC allocated segments, increases the computational time. How-

ever, the time complexity of the proposed algorithm is still less than the duration

of one mini-time slot, i.e., δ = 0.143 ms, which makes the proposed superposition

technique a practical method for real-time and efficient multiplexing between eMBB

and URLLC traffic. Moreover, the processing time of the proposed algorithm can

be further enhanced when using more computing resources available at the network

edge.2

2.6 Summary

In this chapter, we proposed a low-complexity resource allocation scheme in a

downlink network which consists of a single base station serving simultaneously

URLLC and eMBB users. With the objective to minimize concurrently the eMBB

rate loss and the overhead due URLLC packet segmentation, we formulated the allo-

cation problem as a MINLP which is generally hard to solve. We derived the feasibility

region and the optimal solution for the case of one-to-one pairing. Then, we applied

the results for the case of many-to-many pairing. Simulation results showed that the

2The algorithm was implemented in Matlab using a machine with the following characteristics:
System Type: x64-based PC Processor: Intel(R) i7-8700H CPU @3.20GHz, 16 Gigabyte RAM.
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Fig. 2.10: Computational time against the number of URLLC users. The adopted
URLLC packet size is ζ = 256 bits

proposed algorithm achieves better URLLC packet admission rate and eMBB rate

while satisfying the QoS of the eMBB users compared to state of the art puncturing

baselines. Moreover, the proposed algorithm has low time complexity which is in

order of sub-millisecond, making it an efficient tool to be used in practice.
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Chapter 3

RIS-Aided eMBB/URLLC Traffic

Multiplexing

3.1 Background, Related Works, and Contribu-

tions

Chapter 2 studied the superposition/puncturing scheme as spectrally efficient mul-

tiplexing scheme for the coexisting eMBB and URLLC traffic. However, the improve

of the channel conditions of both services can further boost their performance in

terms of rate, reliability and latency. For clarity, the performance of the eMBB and

URLLC services, which is measured in terms of data rates for the eMBB traffic and

the reliability and latency for the URLLC traffic, depends directly on the channel

quality of the coexisting eMBB and URLLC users. When the channel conditions are

favorable, fewer resources are needed to serve the eMBB and URLLC users simulta-

neously. Precisely, when the channel gains of the URLLC users are high, the number

of frequency resources which are required to achieve the target reliability and latency

and will be punctured from the ones of the eMBB users will reduce. Therefore, the

losses in the data rates of eMBB users will decrease as well. Moreover, reducing the

The content of this chapter leads to an IEEE published journal, one conference and one IEEE
magazine [29, 49, 55].
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needed transmission time/frequency resources for the URLLC traffic is equivalent to

lower transmission latency, lower outage probability due to the limited resources, and

better availability to allocate more URLLC packets. Alternatively, when the channel

gains of the eMBB users are high, the resources required to achieve their target data

rates will reduce. Hence, more of these resources can be punctured to accommodate

the URLLC traffic. Therefore, the number of served URLLC users with the eMBB

users will increase. Thus, better eMBB rate, URLLC latency, reliability, and better

transmission resources availability are achieved. Subsequently, the following question

arises: how can one increase the channel gains of the coexisting eMBB and URLLC

services? In other words, how can one enhance the propagation environment and the

channel conditions of the coexisting eMBB and URLLC users? RIS technology has

emerged as a key solution which provides answers to the above questions.

RIS is a promising technology for next generation wireless networks that has been

lately receiving a significant interest from both academia and industry due to its ca-

pability in controlling and configuring the wireless propagation environment [17]. RIS

is a planar array that is composed of a large number of passive and low-cost reflecting

elements, where each can be tuned independently to a certain phase-shift [19, 56].

By appropriately tuning the phase-shift of each passive element, the reflected signals

by the RIS can be constructively added at the points of interests [19, 57]. Therefore,

the channel gains and the received signal strengths at the end users, which are the

eMBB and the URLLC users in the context of this chapter, are enhanced [19, 56].

As opposed to traditional relaying techniques (e.g., amplify-and-forward, and decode-

and-forward), RIS exhibits a multitude of advantages. In fact, RIS offers a low cost

solution that is both energy and spectral efficient [19, 56]. In addition, RIS is ca-

pable of passively reflecting the incident signals without additional radio frequency

chains, which results in a lower power consumption. Moreover, the radio signals re-

flected by the RIS are free from noise corruption [19]. Consequently, and motivated

by the aforementioned benefits of RIS, this chapter considers an RIS-assisted wireless

network and study the problem of coexistence of services with heterogeneous require-

ments, namely URLLC and eMBB. The chapter explores the added value of this new

degree of freedom offered by the RIS technology on the performance of superimposing

the URLLC traffic on a network designed to serve the eMBB users, which to the best

of our knowledge, has not been explored in earlier work.
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Motivated by the great benefits offered by RIS in controlling and configuring the

wireless propagation environments, several works studied the configuration of the

phase-shifts of the RIS elements, also known as passive beamforming, to enhance

the performance of wireless cellular systems [58–61]. The authors in [58] proposed

an alternating algorithm for passive and active beamforming design to minimize the

total transmit power, where a semi-definite relaxation (SDR) approach was adopted

to configure the passive beamforming. Yu et al. exploited in [59] the fixed point

iteration and manifold optimization methods to maximize the spectral efficiency in

RIS-aided cellular networks. In [60], the RIS-aided NOMA systems was studied with

the objective max-min rate problem by jointly optimizing the power allocation and

the RIS phase-shift matrix. In [61], multi-user communications aided by single or mul-

tiple RISs were studied for multiple-input single-output (MISO) and multiple-input

multiple-output (MIMO) systems. From a medium access control (MAC) perspective,

the authors also came up with different possible solutions for the considered RIS-aided

cellular systems. However, a few works investigated RIS aided URLLC traffic [28, 62–

64]. Authors in [62] proposed joint active beamforming and phase-shift optimization

to allocate URLLC traffic with the objective of maximizing the URLLC sum rate in

MISO system aided by RIS, in which a set of BSs cooperate to serve the URLLC traf-

fic. The integration between the UAVs and the RIS was studied in [63] to support the

URLLC traffic. In [64], the coverage and link performance of the RIS-assisted UAV

systems was studied by proposing an adaptive RIS-assisted transmission protocol to

control the RIS association and the RIS phase-shifts configuration. The authors also

proposed a multi-task learning to reduce the time complexity of the proposed trans-

mission protocol. In [28], a grant-free access scheme aided by an RIS was proposed

to enhance the URLLC reliability. Although, the works in [28, 62–64] studied the

performance of RIS-aided URLLC traffic, they considered a simple scenario where

the BS serves only URLLC users. In other words, the coexistence of URLLC and

eMBB traffic aided by RIS was not addressed in [28, 62–64]. Similarly, the works in

[58–61] considered the RIS-aided wireless networks for only the eMBB service class.

Hence, there is a noticeable lack in studying the coexistence problem of eMBB and

URLLC traffic in RIS-aided wireless networks, which is the focus of this chapter.

In this chapter, we consider an RIS-assisted cellular network that supports coexis-

tent eMBB and URLLC services while taking into consideration the trade-off between
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the services regiments. In this context, we first formulate a problem for allocating

the eMBB users at the beginning of each time slot. The problem aims at maximizing

the eMBB sum rate with resource over-provisioning to accommodate future arrival of

URLLC packets while satisfying required QoS of the different eMBB users by jointly

optimizing the power allocation policy and the RIS phase-shift matrix. However, due

to the coupling between the power allocation at the BS and the passive beamforming

at the RIS, the formulated eMBB allocation problem is not convex, and hence, difficult

to be solved. To overcome this issue, the problem is solved by applying the alternating

optimization (AO) technique. Particularly, the original problem is decomposed into

two sub-problems, namely, a power allocation sub-problem and a phase-shift matrix

optimization sub-problem. The power allocation sub-problem is a convex problem

which is solved by applying the Karush-Kuhn-Tucker (KKT) method. Meanwhile,

the SDR and Gauss randomization methods are adopted to solve the phase-shift sub-

problem.

At each mini-time slot, the incoming URLLC packets should be served and trans-

mitted simultaneously over the ongoing eMBB data using the puncturing scheme in

order to satisfy the URLLC latency requirement. Hence, with the goal of maximiz-

ing the number of served URLLC packets at each mini-time slot while satisfying the

eMBB and URLLC rate requirements, the frequency and power allocation should be

jointly optimized along with the RIS phase-shift matrix. However, the task of optimiz-

ing the RIS configuration has a high computational time compared to the mini-time

slot duration, which may violate the URLLC latency requirement. To overcome this

issue, multiple RIS configurations are proactively designed and communicated to the

RIS controller at the beginning of each time slot prior to the arrival of the URLLC

load. Then, a control signal, if needed, is sent to the RIS controller to switch between

these configurations at each mini-time slot. Once the RIS configuration is fixed, the

URLLC allocation problem is formulated as a mixed integer non linear program which

is difficult to be solved in a polynomial time within each mini-time slot. Hence, we

convexify the problem by applying a variable change approach. Due to the nature of

the URLLC service which requires high reliability, the problem is decomposed into

two sub-problems 1) the URLLC admission problem and 2) the URLLC allocation

problem. The first problem aims at maximizing the admitted URLLC packets while

the latter aims at minimizing the eMBB loss according to the URLLC allocation
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Fig. 3.1: System model.

strategies.

The performance of the proposed scheme is illustrated through extensive simula-

tions. The obtained results show that the proposed scheme achieves considerable gain

on the URLLC packet admission rate and the eMBB sum rate compared to when no

RIS is deployed. Moreover, the proposed switching scheme between the proactively

configured RIS phase-shift matrices enhances the performance of both URLLC and

eMBB services compared to the case when a fixed phase-shift matrix is used. Finally,

the best allocation for the RIS is demonstrated to be close to the BS when the eMBB

and URLLC users are distributed randomly on the coverage area of the BS.

The rest of the chapter is organized as follows. Section 3.2 presents the system

model. Section 3.3 presents the problem formulations for the eMBB and URLLC

allocation. Section 3.4 presents the roadmap for the solution approach. Sections 3.5

presents the proposed solution approach for the URLLC allocation problem. Sections

3.6 and 3.7 present the simulation results and the conclusion, respectively.

3.2 System Model

We consider a downlink radio access network consisting of a single BS, equipped

with one single antenna, serving several spatially dispersed eMBB and URLLC users,
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each equipped with one single antenna.1 The total bandwidth allocated to the BS

is divided into B resource blocks (RBs), each of bandwidth W . The service period

of cellular users is divided into equally sized time slots. Each time slot is further

divided into a set of M equally sized mini-time slots, denoted byM ≜ {1, 2, . . . ,M},
where the duration of each mini-time slot is denoted by τ . Let E ≜ {1, 2, . . . , E} and
U ≜ {1, 2, . . . , U} denote the sets of the eMBB and URLLC users, respectively, where

E and U denote the total numbers of eMBB and URLLC users, respectively, that are

simultaneously communicating with the BS within one time slot. The eMBB users

are admitted at the beginning of each time-slot and the adopted multiple access tech-

nique is the orthogonal frequency-division-multiple-access (OFDMA). In addition, the

eMBB users share equally the available frequency resources, i.e., each eMBB user has

b = B
E
RBs. The URLLC load, on the other hand, can arrive within the serving time

slot, i.e., during one mini-time slot within the same time slot, and it should be served

immediately to satisfy its latency requirements. Hence, the URLLC packets are im-

mediately transmitted upon arrival in the following mini-time slot by puncturing the

frequency resources that are already allocated to the eMBB users at the beginning

of the time slot. Moreover, for all u ∈ U , the arrival process of URLLC packets per

mini-time slot of the uth URLLC user is assumed to follow a Poisson distribution

with an average arrival rate λu [65]. The symbols used throughout the chapter are

listed in Table 3.1.

One single RIS, equipped with N reflective elements, is deployed to dynami-

cally control the propagation environment between the BS and the different eMBB

and URLLC users. Each reflective element consists of an atom that can adjust the

phase of each incident wave. Let N denote the set of indices between 1 and N , i.e.,

N ≜ {1, 2, . . . , N}. Then, we denote by Φ ≜ diag
(
ejϕ1 , ejϕ2 , ..., ejϕN

)
∈ CN×N the

phase-shift matrix of the RIS, where for all n ∈ N , ϕn ∈ [0, 2π) denotes the phase-

shift of the nth RIS reflective element. The RIS is connected to a control unit that

adjusts the phase-shift matrix Φ. The channel state information (CSI) of all com-

municating nodes, including the eMBB and URLLC users and the RIS, are assumed

1In this work, we consider the case of single antenna BS and cellular users. The main motivation
behind such a choice is that a proof of concept for multiplexing URLLC and eMBB traffic with
the aid of RIS is aimed to be investigated in a simple setup, so that the fundamental insights and
observations can be obtained. Nevertheless, the same analysis can be extended for the case when
the BS and/or the cellular users are equipped with multiple antennas.
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Table 3.1: Table of symbols used in the chapter.

Symbol Description
E Set of eMBB users
U Set of URLLC users
N Set of RIS elements
M Set of mini-time slots
Lm Set of URLLC packets at mini-time slot m
E Number of eMBB users
U Number of URLLC users
N Number of RIS elements
M Number of mini-time slots per time slot
Lm Number of URLLC packets at mini-time slot m
PBS Power budget at the BS
Φ RIS phase-shift matrix
B Number of resource blocks
τ Mini-time slot duration
W Resource block bandwidth
rth eMBB rate threshold
cth URLLC rate threshold

to be perfectly known at the BS [58].2 In this context, let fBS,RIS ∈ CN×1 denote the

vector that contains the channel coefficients between the BS and the RIS elements.

Moreover, for all e ∈ E , let hBS,e ∈ C and hRIS,e ∈ CN×1 denote the channel coeffi-

cients from the BS to the eth eMBB user and from the RIS to the eth eMBB user,

respectively. Additionally, for all u ∈ U , let gBS,u ∈ C and gRIS,u ∈ CN×1 denote the

channel coefficients from the BS to the uth URLLC user and from the RIS to the

uth URLLC user, respectively. Each communication link in the network is assumed

to have a quasi-static flat-fading Rayleigh channel, except the ones between the BS

and the RIS elements, which are assumed to have a Rician channel model. This is

basically due to the fact that a necessary condition for the deployment of RIS in any

cellular system is that the BS has a direct line-of-sight with the RIS.

2We assume that the BS knows the locations of the RIS and of all cellular users, which can be
used then to perfectly estimate the different communication nodes at the beginning of each time
slot.
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3.2.1 Signal Model and Rate Analysis

Considering both the direct link and the cascaded link through the RIS between

the BS and each eMBB user, the received signal per RB at the eth eMBB user, for

all e ∈ E , can be expressed as [66]

ye =
(
hBS,e + hH

RIS,eΦfBS,RIS

)√
pe xe + ze, (3.1)

where xe is the signal that contains the data of the eth eMBB user to be transmitted

throughout the entire time-slot, pe is its associated allocated power per RB at the

beginning of the time slot and ze is the additive white Gaussian noise (AWGN)

experienced at the eth eMBB user throughout the entire time slot, which is assumed

to be CN (0, σ2) distributed. Accordingly, by considering a target block error rate

(BLER) ϵeMBB for all eMBB users, the data rate in [bits/s] of the eth eMBB user per

RB, for all e ∈ E , can be expressed as

re (Φ, pe) = W log2

(
1 +

pe|hBS,e + hH
RIS,eΦfBS,RIS|2

ΓeMBBσ2

)
, (3.2)

where ΓeMBB = − ln(5 ϵeMBB)
0.45

represents the SNR gap between the Shannon capacity

and the achievable rate of the adopted modulation scheme, when the target BLER is

ϵeMBB [65].

For m ∈M, let Lm ≜ {1, 2, . . . , Lm} denote the set of the arrived URLLC packets

that need to be transmitted at mini-time slot m, where Lm is the number of URLLC

packets at mini-time slot m. Then, for all m ∈M and l ∈ Lm, the received signal at

the lth URLLC packet during the mth mini-time slot can be expressed as

yml =
(
gBS,l + gH

RIS,lΦfBS,RIS

)√
pml xm

l + zml , (3.3)

where xm
l is the signal that contains the data of the lth URLLC packet to be transmit-

ted within the mth mini-time slot, pml is its associated allocated power and zml is the

AWGN experienced at the URLLC user associated to the lth URLLC packet within

the mth mini-time slot, which is assumed to be CN (0, σ2) distributed. Moreover,

gBS,l ∈ {gBS,1, gBS,2, . . . , gBS,U} and gRIS,l ∈ {gRIS,1,gRIS,2, . . . ,gRIS,U} are the channel

coefficients from the BS and from the RIS to the URLLC user associated to the lth
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URLLC packet, respectively. Consequently, by considering a target BLER ϵURLLC

for all URLLC users, the achievable rate per RB of the lth URLLC packet, for all

l ∈ Lm, within the mth mini-time slot, can be expressed as

cl (Φ, pml ) = W log2

(
1 +

pml |gBS,l + gH
RIS,lΦfBS,RIS|2

ΓURLLCσ2

)
, (3.4)

where ΓURLLC = − ln(5 ϵURLLC)
1.25

represents the SNR gap between the Shannon capacity

and the achievable rate of the adopted modulation scheme, when the target BLER is

ϵURLLC [65].

3.3 Problem Formulation and Methodology

3.3.1 eMBB Allocation

We aim to design an effective puncturing scheme to multiplex the URLLC traffic

over the existing eMBB traffic in an RIS-aided cellular network. The objective is to

enhance the system performance in terms of the eMBB throughput and to guarantee

simultaneously the different requirements of both eMBB and URLLC services. At

the beginning of each time slot, the BS allocates its budget of power and designs

the RIS phase-shift matrix in order to serve the eMBB users.3 With the objective of

maximizing the eMBB sum rate subject to a QoS constraint for each eMBB user and

a budget power constraint at the BS, the joint power allocation and RIS phase-shift

matrix design can be given by the following optimization problem.

P1 : max
Φ,pe

E∑
e=1

re (Φ, pe) (3.5a)

s.t. (1− δ) b re(Φ, pe) ≥ rth, ∀ e ∈ E , (3.5b)

E∑
e=1

b pe ≤ PBS, (3.5c)

0 ≤ ϕn < 2π, ∀ n ∈ N , (3.5d)

3The eMBB power allocation and RIS phase-shift matrix optimization can be done for one or
more eMBB time-slots, depending on the variations of the CSI of the eMBB and URLLC users [67].
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where pe = [p1, p2, ..., pE]
T , PBS is the total power of the BS and δ ∈ [0, 1] is a

predefined rate margin factor. Constraint (3.5b) can be rewritten, for all e ∈ E , as

re(Φ, pe) ≥
rth
b

+ δre(Φ, pe), (3.6)

where re(Φ, pe) is the achievable rate of the eth eMBB user, which should be guaran-

teed even when some of its allocated RBs are punctured within the time-slot, rth is the

minimum required data rate per eMBB user, and δre(Φ, pe) depicts a rate surplus as

a result of over provisioning of resources for the URLLC load at the beginning of the

time slot. This over-provisioned resources will be of utility for URLLC users to use

at the time of arrival of URLLC packets. In other words, some RBs of the eth eMBB

user will be punctured within the time slot as long as the resulting rate-loss does not

exceed δre(Φ, pe). Additionally, constraint (3.5c) guarantees that the total transmit

power by the BS does not exceed its power budget. Problem P1 will be solved at the

beginning of the time slot within which the BS will transmit the data of the E eMBB

users. Afterwards, the BS will keep employing the obtained optimal power allocation

scheme p∗
e and the optimal RIS phase-shift matrix Φ∗

e over the following time slots as

long as the number of eMBB users E and the CSI of all eMBB users do not change.

We note that, owing to constraint (3.5b), problem P1 may not be always feasible.

Hence, if the problem is not feasible for the eMBB users, we solve an eMBB admis-

sion problem to guarantee the feasibility conditions of problem P1. The admission

problem aims to select a set of eMBB users Ef ≜ {1, 2 . . . , Ef}, where Ef ≤ E, based

on their contribution on the eMBB sum rate such that P1 is feasible. To do this, we

first solve problem P1. If the problem is not feasible, we resolve the same problem

while setting rth = 0. Then, we remove the eMBB user with the lowest contribution

on the eMBB sum rate. These steps are repeated until a set of eMBB users Ef ⊆ E
can be admitted.

3.3.2 URLLC Allocation

Within one time-slot, the URLLC packets are allocated within any mini-time slot

upon arrival in order to satisfy their latency requirement. Such allocation is performed

by puncturing the frequency RBs of the eMBB users and distributing them over the

different URLLC packets to be transmitted. Within this scheme, the reliability of the
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URLLC load needs also to be satisfied. In fact, let us assume that, for all m ∈ M,

the incoming URLLC packets have the same size, which is denoted by ζ [bits]. In

this case, for all m ∈ M and l ∈ Lm, the lth URLLC packet arriving at the mth

mini-time slot must be entirely and successfully transmitted to the relative URLLC

users. Such QoS constraint can be expressed, for all m ∈M, as

Iml cl(p
m
l ,Φ

m) ≥ cth, (3.7)

where Iml =
∑E

e=1 I
m
e,l, in which for all e ∈ Ef , Ime,l ∈ {0, 1, . . . , b} is the number

of RBs punctured for the eth eMBB user and allocated to the lth URLLC packet,

Φm ≜ diag
(
ejϕ

m
1 , ejϕ

m
2 , ..., ejϕ

m
N

)
∈ CN×N is the RIS phase-shift matrix at mini-time

slot m and cth = ζ
τ
. Furthermore, puncturing the RBs of any eMBB user may

violate its QoS requirement. In fact, according to the linear rate loss model [3], the

instantaneous achievable rate of the eth eMBB, for all e ∈ Ef , at mini-time slot m,

for all m ∈M, is given by

Re (Φ
m, pe, I

m
e ) =

(
1 − Ime

b

)
re (Φ

m, pe) , (3.8)

where Ime =
∑Lm

l=1 I
m
e,l is the total number of punctured RBs from the eth eMBB user

at mini-time slot m, which must verify Ime ∈ {0, 1, . . . , b}. Afterwards, at each mini-

time slot, we should ensure that puncturing the eMBB resources while admitting the

URLLC packets does not impact adversely the eMBB QoS, which is represented by

the minimum data rate rth for the entire M mini-time slots. To guarantee this, we

assume that the URLLC scheduler at the BS is causal so it only knows the current

and the past states of the URLLC load. As a result, at each mini-time slot m, the

BS assumes that no URLLC packets will arrive at the subsequent mini-time slots

{m + 1, . . . ,M}, i.e.
∑M

i=m+1 L
i = 0. Then, for all m ∈ M and e ∈ Ef , the QoS

constraint of the eth eMBB user at mini-time slot m that ensures the eMBB QoS

rate constraint for the entire time slot can be expressed as

∑m
i=1 Re

(
Φi, pe

i, I ie
)
+ (M −m) re(Φ, pe)

M
≥ rth

b
, (3.9)
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which can be simplified as

Re (Φ
m, pe

m, Ime ) ≥ r
′

e,th, (3.10)

where

r
′

e,th =
M rth
b
−

(
m−1∑
i=1

Re

(
Φi, pe

i, I ie
)
+ (M −m) re(Φ, pe)

)
. (3.11)

The inequality in (3.10) guarantees that the eMBB loss at each mini-time slot, result-

ing from puncturing the eMBB RBs and adjusting the RIS phase-shift matrix, does

not impact the eMBB rate requirements rth for the entire M mini-time slots.

The URLLC allocation problem aims at maximizing the admitted URLLC packets

while minimizing the eMBB rate loss at each mini-time slot while guaranteeing the

target QoS of the eMBB users and the rate requirements of the URLLC packets. For

all m ∈ M, the number of the admitted URLLC packets at the mth mini-time slot

(which we aim to maximize) can be expressed as

f1(k
m) =

Lm∑
l=1

km
l , (3.12)

where km = [km
1 , k

m
2 , ..., k

m
Lm ]

T is a Lm×1 binary vector that represents the admission

of the URLLC packets, i.e., for all l ∈ {1, 2, . . . , Lm}, if km
l = 1, then the lth URLLC

packet is admitted, and km
l = 0, then it is not admitted. Based on this, the admission

rate of the URLLC load, denoted by η, is defined as the total number of URLLC

packets that are successfully served at each time slot divided by the total number of

arrived URLLC packets at the same time slot, i.e., η =
∑M

m L̂m∑M
m Lm

, where, for all m ∈M,

L̂m is the number of served URLLC packets at mini-time slot m.

On the other hand, for all m ∈ M, the overall eMBB traffic rate loss (which we

aim to minimize) can be expressed as

f2(I
m) =

Ef∑
e=1

Ime βπ,m
e , (3.13)

where for all e ∈ E , βπ,m
e ∈ [0, 1] is the weight of allocating the URLLC load on

the eth eMBB user at mini-time slot m, which depends on the URLLC allocation
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strategy, denoted by π. The objective function f2 is a weighted sum of the number of

frequency resources to be punctured (Ime )1≤e≤Ef
, and hence, it is a convex function.

Therefore, the optimal minimization strategy of the objective function f2 is the one

that punctures a higher number of frequency resources from the eMBB users with

lower weights, i.e., for all (i, j) ∈ Ef , if βπ,m
i ≤ βπ,m

j , then Imi ≥ Imj . At this stage,

one might think on how to efficiently design weight of allocating the URLLC load

at each mini-time slot m, for all m ∈ M. In practice, several URLLC allocation

strategies, such as random allocation, minimum eMBB rate loss and proportional

fairness can be adopted to distribute/control the eMBB loss [3]. For all m ∈ M, let

βm,π =
[
βm,π
1 , βm,π

2 , . . . , βm,π
Ef

]T
denote the Ef × 1 vector of puncturing weights of the

allocation strategy π, which can be illustrated, when the URLLC allocation strategy

π is the minimum eMBB rate loss and the proportional fairness URLLC, as follows:

1. Minimum eMBB Rate Loss (MeRL): This strategy aims at minimizing the

eMBB rate loss. Based on the observation above, the BS allocates lower weight

to the eMBB users that are susceptible to have low rate losses, i.e., the users with

low achievable data rates compared to the eMBB users with high achievable data

rates. Hence, this strategy aims to minimize the eMBB rate loss by puncturing

the eMBB users with low achievable rates. Thus, for all e ∈ Ef , βm,π
e is expressed

as

βm,π
e =

R̂m
e∑E

e=1 R̂
m
e

, (3.14)

where R̂m
e is the maximum allowed rate loss for the eth eMBB user at mini-time

slot m, and it is expressed as

R̂m
e = re (Φ

m, pe)− r
′

e,th

=
m−1∑
i=1

Re

(
Φi, pe, I

i
e

)
+ (M −m+ 1) re (Φ, pe)

− M × rth
b

. (3.15)

2. Proportional Fairness (PF): This strategy aims at ensuring certain fairness

between the eMBB users. Based on the observation above, the BS allocates

lower weight to the eMBB users with high data rates compared to the ones

with lower data rates. This scheme encourages the puncturing of eMBB users
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with higher rates. Consequently, for all e ∈ Ef , the weight βm,π
e is expressed as

βm,π
e = 1− R̂m

e∑E
e=1 R̂

m
e

. (3.16)

Based on the above discussion, and for all m ∈M, the URLLC allocation problem

is formulated at the mth mini-time slot as

Pm
2 : max

Φm,pm
L ,km,Im

[f1(k
m), −f2(Im)] (3.17a)

s.t. Iml cl(p
m
l ,Φ

m) ≥ km
l cth, ∀l ∈ Lm, (3.17b)

Re (Φ
m, pe, I

m
e ) ≥ r

′

e,th, ∀e ∈ Ef , (3.17c)

Ef∑
e=1

(b− Ime )pe +
Lm∑
l=1

pml I
m
l ≤ PBS, (3.17d)

km
l ∈ {0, 1}, ∀l ∈ Lm, (3.17e)

Iml
B
≤ km

l ≤ Iml , ∀l ∈ Lm, (3.17f)

Ime,l ∈ {0, 1, . . . , b}, ∀e ∈ Ef , ∀l ∈ Lm, (3.17g)

0 ≤ ϕn < 2π, ∀n ∈ N , (3.17h)

where Im = (Ie,l)1≤e≤Ef
1≤l≤Lm

and pm
L = [pm1 , p

m
2 , ..., p

m
Lm ]

T . Based on this formulation,

and for all m ∈ M, the URLLC allocation problem at mini-time slot m consists

of obtaining the optimal power and frequency resource allocation for the URLLC

packets, which are represented by pm
L and Im, respectively, along with the optimal

RIS phase-shift matrixΦm at each mini-time slotm. Constraint (3.17b) represents the

QoS requirement of the URLLC packets. The eMBB QoS constraints are guaranteed

in (3.17c). Constraint (3.17d) indicates that the allocated eMBB and URLLC power

should not exceed the total BS power. For all l ∈ Lm, constraint (3.17e) indicates

that the admission variable kl is binary, whereas constraint (3.17f) guarantees that,

if the lth URLLC packet is allocated, i.e., km
l = 1, then its allocated resources must

be greater than zero, i.e., Iml > 0. Constraint(3.17g) indicates that, for all e ∈ Ef ,
the punctured resources of the eth eMBB user should not exceed its total frequency

resources b.
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3.4 Solution Roadmap

As illustrated in the previous section, the eMBB allocation problem P1 aims at

maximizing the eMBB sum rate over an entire time slot, whereas for all m ∈M the

URLLC allocation problem Pm
2 aims at jointly maximizing the number of admitted

URLLC packets and minimizing the eMBB rate loss at each mini-time slot m, while

maintaining the QoS of the URLLC and eMBB services. For all m ∈M, the URLLC

allocation problem Pm
2 is a mini-time slot basis problem which should be solved

whenever the URLLC load exists. Although optimizing the RIS phase-shift matrix at

each mini-time slot is going to provide optimal solution for both eMBB and URLLC

traffic, this approach may impact the URLLC latency requirements. Specifically, for

all m ∈ M, problem Pm
2 is a very complex problem, and it should be solved within

less than one millisecond. Now, although sub-optimal solutions for problem Pm
2 may

be attained using iterative methods for all m ∈ M, the iterative methods usually

need high computational time which could exceed the URLLC latency constraint.

3.4.1 Methodology

In this section, we propose an efficient approach to alleviate the high computa-

tional complexity of optimizing the RIS phase-shift matrix per mini-time slot. The

main idea is to move the RIS phase-shift matrix optimization, that will be used to

jointly serve the eMBB and URLLC services at each mini-time slot, at the beginning

of the associated time-slot. In other words, as shown in Fig. 3.2, the RIS phase-shift

matrix will be proactively designed at the beginning of the time-slot in a way that can

possibly satisfy the requirements of both the existing eMBB traffic and the upcoming

URLLC traffic at each mini-time slot.4 Hence, the pre-configured RIS phase-shift

matrix can be employed directly at each mini-time slot whenever a URLLC traffic is

present. Accordingly, the BS just sends control signals to the RIS to switch between

the pre-computed phase-shift matrices [68–70].5 6 Now, the question that arises here

is the following. ”Without prior knowledge of the upcoming URLLC traffic, based on

4The pre-configured phase shift matrices are optimized in parallel, hence there is no extra delay
effect the real-time configuration of the RIS.

5Recent work proposed multiple prototypes of reconfigurable meta-surfaces, and they showed
that the RIS could be configured in real-time.

6The BS sends a small control signal to switch between the configuration. Hence, the overhead
associated with the switching mechanism is low.
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Fig. 3.2: Proposed methodology

which criteria the RIS phase-shift matrix will be optimized?” To answer this question,

we propose in the following three different approaches that can be used.

3.4.2 eMBB RIS Phase-Shift Matrix Φ∗e

This approach consists of using the optimal phase-shift matrix Φ∗
e that is obtained

from solving the eMBB allocation problem P1 at each mini-time slot, even when

the URLLC traffic does exist. However, it is not straightforward to solve problem

P1 directly due to the non-convexity of its objective and and constraints, as well

as the high coupling between the transmit power and the phase-shift matrix. With

the aid of alternating optimization (AO), problem P1 is decomposed into two sub-

problems, a power allocation sub-problem and an RIS phase-shift matrix optimization

sub-problem, which are solved alternately [71]. These two sub-problems are detailed

next.

For a fixed RIS phase-shift matrix, problem P1 is reduced to a power allocation

problem that can be formulated as

P1,1 : max
pe

Ef∑
e=1

re (Φ, pe) (3.18a)
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s.t. (1− δ) b re(Φ, pe) ≥ rth, ∀ e ∈ Ef , (3.18b)

Ef∑
e=1

b pe ≤ PBS. (3.18c)

Based on this formulation, problem P1,1 is a convex optimization problem that

can be easily solved by applying the KKT condition. On the other hand, for a feasible

power solution pe, the phase-shift optimization sub-problem can be written as

P1,2 : max
Φ

Ef∑
e=1

re (Φ, pe) (3.19a)

s.t. (1− δ) b re(Φ, pe) ≥ rth, ∀ e ∈ Ef , (3.19b)

0 ≤ ϕn < 2π, ∀n ∈ N . (3.19c)

Due to non convexity of its objective function and its constraints, problem

P1,2 is a non-convex problem. In order to tackle this challenge, the SDR technique

along with the Gaussian randomization are applied [71]. The details of the solution

approach of problem P1,2 are provided in Appendix A.1.

3.4.3 URLLC RIS Phase-Shift Matrix Φ∗u

As discussed above, the goal of configuring the RIS is to add a degree of freedom for

the BS to improve the URLLC reliability during each mini-time slot. Accordingly, this

approach consists of exploiting the CSI of the coexisting URLLC users in designing

the RIS phase-shift matrix. As such, the RIS phase-shift matrix Φ∗
u is designed at the

beginning of the time slot with the aim of enhancing the channel gains of all URLLC

users in the network. Therefore, the problem of designing the RIS phase-shift matrix

Φ∗
u has the objective of maximizing the minimum URLLC channel gain, which can

be formulated as

P3 : max
Φu

min
1≤u≤U

|gBS,u + gH
RIS,uΦu fBS,RIS|2 (3.20a)

s.t. 0 ≤ ϕn < 2π, ∀n ∈ N . (3.20b)

The solution of P3 is detailed in Appendix A.2.
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3.4.4 Joint URLLC-eMBB RIS Phase-Shift Matrix Φ∗e,u

The phase-shift matrix Φ∗
u obtained by solving problem P3 enhances the perfor-

mance of the URLLC traffic. However, this may highly impact the performance of

the eMBB traffic. Alternatively, the use of a unified RIS phase-shift matrix that can

improve the performance of the URLLC load while reducing the degradation on the

performance of the eMBB traffic is highly desired. Similar to problem P3, an RIS

configuration, represented by the phase-shift matrix configuration Φ∗
e,u is designed

at the beginning of the time slot with the aim of enhancing the channel gains of

all coexisting eMBB and URLLC users in the network. Accordingly, the problem

is formulated as maximizing the minimum channel gain of all coexisting eMBB and

URLLC users, which is formulated as

P4 : max
Φe,u

min
1≤x≤Ef+U

|tBS,x + tHRIS,xΦe,u fBS,RIS|2 (3.21a)

s.t 0 ≤ ϕn < 2π, ∀n ∈ N . (3.21b)

where tBS,x = hBS,x, if x ∈ Ef and tBS,x = gBS,x−Ef
if x ∈ {Ef + 1, . . . , Ef + U}, and

tRIS,x = hRIS,x, if x ∈ Ef and tRIS,x = gRIS,x−Ef
if x ∈ {Ef + 1, . . . , Ef + U}. The

solution of problem P4 is detailed in Appendix A.2.

3.4.5 URLLC Allocation

The optimization problems P1, P3 and P4 will be solved in parallel at the beginning

of each time slot. Once the three RIS configurations
{
Φ∗

e,Φ
∗
u,Φ

∗
e,u

}
are obtained at

the beginning of each time-slot, they will be communicated to the RIS controller.

Afterwards, within each mini-time slot, a joint power/resource allocation problems

for URLLC packets is solved for each candidate RIS phase-shift matrix in the set{
Φ∗

e,Φ
∗
u,Φ

∗
e,u

}
. Specifically, for all m ∈ M, the URLLC allocation problem Pm

2

will be solved when the RIS phase-shift matrix Φm is one of the pre-computed RIS

phase-shift matrices, i.e., Φm ∈
{
Φ∗

e,Φ
∗
u,Φ

∗
e,u

}
. For each of these three cases, the

URLLC allocation problem is reduced to a simple joint power/frequency allocation

problem and the resulting three optimization problems can solved in a parallel. After

doing so, the BS selects the best RIS configuration Φm∗ ∈
{
Φ∗

e,Φ
∗
u,Φ

∗
e,u

}
, along with

the corresponding optimal power and frequency allocation policies for the URLLC

61



Algorithm 3.1: Proposed Algorithm

1 for Φm ∈
{
Φ∗

e,Φ
∗
u,Φ

∗
e,u

}
do

2 Solve problem Pm
2 and get the optimal pm

L
∗(Φm),km∗(Φm), Im∗(Φm);

3 end

4 - Φm∗ = argmaxΦm

{
km∗(Φm)|Φm ∈

{
Φ∗

e,Φ
∗
u,Φ

∗
e,u

}}
;

5 - pm
L

∗ = pm
L

∗(Φm∗), km∗ = km∗(Φm∗), and Im∗ = Im∗(Φm∗);

traffic, such that the admitted URLLC packets is maximized. Afterwards, at each

mini-time slot m, for all m ∈ M, the BS sends a control signal to the RIS in order

to switch the RIS configuration to the best obtained configuration Φm∗
. The overall

URLLC allocation procedure in each mini-time slot is presented in Algorithm 3.1

in this chapter. The remaining now is how to obtain the optimal frequency and

power allocation policies for the URLLC traffic at each mini-time slot when the RIS

phase-shift matrix is fixed, which is detailed in the following section.

3.5 URLLC Allocation Problem for Fixed RIS Phase-

Shift Configuration

3.5.1 URLLC Resource Allocation

In this section, the RIS phase-shift matrix Φm, for all m ∈ M, is fixed, i.e.,

Φm ∈
{
Φ∗

e,Φ
∗
u,Φ

∗
e,u

}
. In this case, for all m ∈ M, the URLLC allocation problem

Pm
2 is reduced to a joint power/frequency allocation problem. To simplify problem

Pm
2 , we consider disjoint optimization integer vectors ImEf

=
[
Im1 , Im2 , . . . , ImEf

]
and

ImL = [Im1 , Im2 , . . . , ImLm ] for the punctured eMBB RBs and the RBs allocated to the

URLLC packets, respectively, i.e, using the change of variables Iml =
∑Ef

e=1 I
m
e,l and

Ime =
∑Lm

l=1 I
m
e,l, for all e ∈ Ef and l ∈ Lm. Then, problem Pm

2 can be reformulated as

Pm
2,1 : max

pm
L ,ImEf

,ImL ,km
[f1(k

m), −f2(ImEf
)], (3.22a)

s.t. (3.17b)− (3.17f), (3.22b)

Ime ∈ {0, 1, . . . , b}, ∀e ∈ Ef , (3.22c)
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Iml ∈ {0, 1, . . . , B}, ∀l ∈ Lm, (3.22d)

Lm∑
l=1

Iml =

Ef∑
e=1

Ime . (3.22e)

Constraint (3.22e) guarantees that the number of punctured eMBB resources is

equal to the number the resources allocated to the URLLC traffic. Problem Pm
2,1 is

a mixed integer non-linear problem (MINLP), and it is a non-convex problem due

to the non-convex constraints (3.17b) and (3.17c). Using the fact that the power

allocated to the eMBB users are already optimized at the beginning of the time slot,

then
∑Ef

e=1 b pe = PBS. Hence, for all m ∈M and e ∈ Ef , by manipulating constraints

(3.17c) and (3.22c), one can reach that the maximum available RBs for allocating

URLLC load over eMBB user e at mini-time slot m is

Imax,m
e = min

(⌊
b

(
1−

r
′

e,th

re (Φ
m, pe)

)⌋
, b

)
, (3.23)

where ∀x ∈ R, ⌊x⌋ represents the greatest integer less than or equal x. From con-

straint (3.17b), one can see that, the optimal power allocation for the lth URLLC

packet given a fixed number of allocated RBs Il, for all l ∈ Lm and m ∈M, is given

by

pml
∗(Iml ) =

(
e

kml cth
log(2)Im

l − 1

)
αm
l

, (3.24)

where αm
l =

|gBS,l+gH
RIS,lΦ

m fBS,RIS|2

σ2ΓURLLC
. Based on this, for all m ∈M, problem Pm

2,1 can be

equivalently transformed to

Pm
2,2 : max

ImEf
,ImL ,km

[f1(k
m), −f2(ImEf

)], (3.25a)

s.t. (3.17e)− (3.17f), (3.22c)− (3.22e) (3.25b)

Lm∑
l=1

Iml pml
∗(Iml ) ≤

Ef∑
e=1

Ime pe, ∀l ∈ Lm. (3.25c)
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Algorithm 3.2: Optimization-based URLLC allocation algorithm

1 - Solve problem Pm
2,4and get the optimal km∗ and the corresponding

L̂m ⊂ Lm ;

2 - Solve problem Pm
2,5 for and get the optimal ImL

∗, ImEf

∗, ;

3 - Evaluate the optimal pm
L

∗ from (3.24);

4 - Evaluate Im∗ by distributing ImL
∗ over ImEf

∗;

The proposed solutions of Pm
2,2 are provided in the following subsection. Specifically,

we proposed two algorithms for the URLLC allocation problem: an optimization-

based algorithm and a Heuristic algorithm. The Heuristic algorithm aims to overcome

the computational complexity of the optimization-based algorithm such the URLLC

latency requirements are met.

3.5.2 Proposed Algorithms

3.5.2.1 Optimization-based URLLC allocation

For all m ∈ M, problem Pm
2,2 is a multi objective problem which aims at con-

currently maximizing the number of admitted URLLC packets and minimizing the

eMBB rate loss at mini-time slot m. Due to its latency and reliability constraints, it

is important to mention here that the objective of maximizing the number of admit-

ted URLLC packets has a higher priority than the one of minimizing the eMBB loss.

Hence, an efficient solution is hard to be obtained by solving problem Pm
2,2 directly.

Alternatively, for all m ∈ M, we decompose problem Pm
2,2 into two sub-problems,

namely, a URLLC admission problem and a URLLC allocation problem. The first

sub-problem aims at maximizing the admission of URLLC packets
∑Lm

l=1 k
m
l , and it

is expressed as

Pm
2,3 : max

ImEf
,ImL ,km

f1(k
m) (3.26a)

s.t. (3.17e)− (3.17f), (3.22c)− (3.22e), (3.25c). (3.26b)

Once the optimal number of admitted URLLC packets km∗ is obtained at each

mini-time slot m, for all m ∈ M, then the set of the URLLC packets L̂m ⊆ Lm that
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can be allocated is defined, i.e., L̂m = {l ∈ Lm|km
l = 1}. Then, the optimal frequency

resources for admitting the URLLC packets, i.e., the optimal frequency resources to

be punctured from the eMBB users, are determined based on the chosen allocation

strategy π. The associated optimization problem can be written as

Pm
2,4 : min

ImEf
,ImL

f2(I
m
Ef
) (3.27a)

s.t. (3.22c)− (3.22e), (3.25c). (3.27b)

Although problems Pm
2,3 and Pm

2,4 can be solved optimally using an integer opti-

mization solver [46], the computational time is very high. Hence, we can solve these

problems by relaxing the integer variables ImL and ImEf
to be continuous. Then, the

resulting solutions are rounded to get the optimal integer values ImL
∗ and ImEf

∗. Hence,

the optimal pm
L

∗ is evaluated from (3.24). Based on the above, the solution approach

of problem Pm
2,1 is summarized in Algorithm 2, which refers to Algorithm 3.2. Fi-

nally, by distributing the URLLC packets over the punctured eMBB RBs ImEf

∗ based

on their required RBs ImL
∗, the solution of the original integer problem Pm

2 can be

obtained.

3.5.2.2 Heuristic URLLC allocation algorithm

The URLLC traffic requires strict latency requirements which is less than 1

msec, and hence, a low complexity algorithm is essential to allocate the incoming

URLLC packets. Accordingly, in this part, we develop a low complexity Heuristic

algorithm that exploits two observations. First, because the channel gains of the

URLLC users are known for fixed RIS phase-shift matrix Φm, the URLLC packets

with good channel conditions need less frequency and power resources than those

with bad channel conditions. Accordingly, allocating the URLLC packets with good

channel conditions before those with bad channel conditions will enhance the URLLC

admission rate. Second, as was shown in section 3.3, for all m ∈M, the eMBB users

with low allocation weights have a higher chance to be punctured than those with

high allocation weights. Accordingly, the proposed approach starts by sorting the

URLLC packets in descending order based on their channel conditions. Specifically,

at each mini-time slot m, for all m ∈ M, and when the RIS phase-shift matrix Φm
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Algorithm 3.3: Heuristic URLLC allocation algorithm

1 Initiate Im and pm
L ;

2 Evaluate Imax,m and βm,π;

3 Sort URLLC users based on the channel gain in descending order;

4 Sort eMBB users based on βm,πin ascending order ;

5 for l = 1→ Lm do

6 ctemp
l = 0;

7 Boolean=0, URLLC binary variable variable;

8 for e = 1→ Ef do

9 I temp
e,l = ⌈ cth−ctemp

l

cl(pe)
⌉;

10 if I temp
e,l ≤ Imax,m

e then

11 Ime,l = I temp
e,l ;

12 Boolean=1; break;

13 else

14 Ime,l = Imax,m
e ;

15 ctemp
l = ctemp

l + Ime,l ∗ cl(pe);

16 if boolean=1 then

17 pl =
∑Ef

e=1 Ie,lpe∑Ef
e=1 Ie,l

;

18 update Imax,m;

19 else

20 break;

is fixed, let gml = |gBS,l + gH
RIS,lΦ

m fBS,RIS|2 be the channel gain of the URLLC user

associated to the lth URLLC packet, for l ∈ Lm. Then, the sorted channel gain

of the URLLC users can be expressed as gm = {gm(1), gm(2), . . . , gm(Lm)} where, for all

l ∈ Lm, gm(l) is the lth highest channel gain. Similarly, the eMBB users are sorted in

a ascending order based on their allocation weights of the URLLC load allocation as

β̂
m,π

= {βm,π
(1) , βm,π

(2) , . . . , βm,π
(Ef )
} where, for all e ∈ Ef , βm,π

(l) is the lth lowest allocation

weight. Afterwards, for all l ∈ Lm, the algorithm assumes zero data rate cl for

the lth URLLC packet. Then, the proposed approach allocates resources to the lth

URLLC packet by iterating over the ordered eMBB users and considering that the
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power allocated to lth URLLC packet on the punctured RB is equal to that of the

eMBB user within each iteration. The algorithm continues the iterative procedure

until the rate requirement of the lth URLLC packet is satisfied at a given eMBB user.

Precisely, for all l ∈ Lm, the algorithm iterates over the eMBB users and checks if

the cumulative data rate of the lth URLLC packet at each eMBB user is higher than

the rate threshold cth, i.e.,

e∑
i=1

Imi,lcl(pi) =
e∑

i=1

Imi,l × log(1 + gl piI
m
i,l) ≥ cth, (3.28)

where e is the index of the eMBB user under checking. Once the frequency resources(
Imi,l
)
1≤i≤e

are allocated to lthe URLLC packet, the power that will be allocated to

the lth URLLC packet per RB is given by pml =
∑e

i=1 I
m
i,l pe∑e

i=1 I
m
i,l

. This is basically due to

the facts that the condition in (3.28) guarantees that the URLLC rate requirement

is satisfied and that the rate function is concave, i.e.,

log (1 + glp
m
l )

e∑
i=1

Ii,l = log

(
1 + gl

∑e
i=1 piI

m
i,l∑e

i=1 I
m
i,l

)
e∑

i=1

Ii,l

e∑
i=1

Imi,l × log(1 + gl piIi,l) ≥ cth.

(3.29)

These steps are repeated for all URLLC packets while satisfying the eMBB QoS.

Otherwise, the URLLC packet is dropped. Finally, Algorithm 3 (which refers to

Algorithm 3.3 ) presents the details steps of the proposed approach, where it consists

of two loops, an inner loop and an outer loop of Lm and Ef iterations, respectively.

This algorithm has a polynomial time complexity with respect to the number of

URLLC packet Lm and the worst-case time complexity of the algorithm is O(Lm×Ef ).

3.6 Simulation Results

3.6.1 Simulation Settings

In this section, we perform various simulations to evaluate the performance of the

proposed scheme. In this simulation environment, the wireless network consists of one
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BS and one RIS. The coverage area of the BS is assumed to be 110 meters. The BS

serves E = 8 eMBB users and U (in the range [5, 80]) URLLC users are distributed

uniformly at random over the coverage area of the BS. In order to increase the BS

coverage, the RIS is located 20 meters away from it. The number of RIS reflecting

elements N is a key parameter in the performance of the proposed scheme. Hence,

we vary N in the range [10, 50]. Each time slot consists of M = 7 mini-time slots. We

consider both the large-scale fading and the small-scale fading for all communication

links. Particularly, the large scale fading for the direct and the cascaded links are

modeled as P0 = α0(dBS,e/u)
−ϱ0 and P1 = α1(dBS,RIS)

−ϱ1(dBS,e/u)
−ϱ2 , respectively,

where dBS,e/u, dBS,RIS and dBS,RIS are the distances of BS-users, BS-RIS, and RIS-

users links, respectively. ϱ0 = 3.5, ϱ1 = 2.2 and ϱ2 = 2.8 are the path loss exponents

of BS-users, BS-RIS, and RIS-users links, respectively. Also, α0 = −30 dB and

α1 = −40 dB are the path loss at the reference distance for the direct links and the

cascaded links, respectively. On the other hand, the small-scale fading for all channels

is modeled as f =
√

κ
1+κ

fLoS +
√

1
1+κ

fNLoS , where κ is the Rician factor, fLoS is

the line-of-sight component and fNLoS is non-line-of-sight component, which follows a

Rayleigh distribution with a scale parameter equals to one [72]. The communication

links between the BS and the cellular users and between the RIS and the cellular users

are assumed to have a quasi-static flat-fading Rayleigh channel. The links between

the BS and the RIS elements are assumed to have a Rician channel model with a

Rician factor κ = 10 [72]. The remaining system parameters are summarized in

Table 3.2 [62, 72–74]. The simulation results are performed over 2 ∗ 103 independent

Monte-Carlo realizations on the channel gains of all cellular users.

In order to show the performance of the different possible RIS configurations on

the performance of both the URLLC and the eMBB traffic, we introduce the following

four schemes:

• Proposed Scheme-1: The RIS phase-shift matrix Φ∗
e is used to serve the eMBB

and the URLLC during the entire time slot, i.e., at each mini-time slot.

• Proposed Scheme-2: The RIS phase-shift matrix Φ∗
u is used whenever a URLLC

packet has arrived. Accordingly, at each mini-time slot, if a URLLC packet

exists, the RIS configuration Φ∗
u is used. Otherwise, the configuration Φ∗

e is

used.
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Table 3.2: Simulation parameters

Parameter Symbol Value
Power budget at the BS PBS 33 dBm
Noise power σ2 −97.5 dBm
URLLC packet arrival rate λu 0.7 packet/msec
Mini-slot duration τ 0.143 ms
Number of resource blocks B 96
Resource block bandwidth W 180 kHz
eMBB block error probability ϵeMBB 10−1

eMBB rate threshold rth 1 Mb/sec
URLLC block error probability ϵURLLC 10−6

URLLC packet size ζ 256 bits

• Proposed Scheme-3: The RIS phase-shift matrixΦ∗
e,u is used whenever a URLLC

packet has arrived. Accordingly, at each mini-time slot, if a URLLC packet ex-

ists, the RIS configuration Φ∗
e,u is used. Otherwise, the configuration Φ∗

e is

used.

• Selected RIS configuration: In each mini-time slot, the BS computes the max-

imum URLLC admitted packets and the lowest eMBB rate loss for the RIS

configurations Φ∗
e, Φ

∗
u and Φ∗

e,u. Then, as shown in Algorithm 1, the BS will

select the phase-shift matrix that maximizes the number of admitted URLLC

packets.

3.6.2 Performance Evaluation of the URLLC Allocation Strate-

gies

Fig.3.3.a and Fig.3.3.b illustrate the performance of Algorithm 2 and Algorithm

3 in terms of both the URLLC packets admission rates and the eMBB sum rate,

respectively, while varying the number of URLLC users (URLLC load). We observe

that as the URLLC load increases, the URLLC admission rate starts to reduce, which

is due to the following. First, the BS has limited power and frequency resources and

is required to protect the QoS of the already admitted eMBB; therefore, at each mini

slot, it decides which resources can be punctured to admit the incoming URLLC

packets. As more packets arrive, the available resources which can be punctured

without impacting the eMBB service may not suffice to admit all the URLLC load and
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Fig. 3.3: Performance comparison between Algorithm 2 and Algorithm 3.

therefore some packets get rejected; indeed, both algorithms (and policies) exhibits

similar performance decay as observed from the figures. Furthermore, it can be seen

from Fig. 3.3.a that the PF URLLC allocation strategy achieves better URLLC

packets admission rate than the MeRL allocation strategy. The reason being that by

puncturing the eMBB users with low data rates, the eMBB resources available for

puncturing become limited to accommodate the high URLLC load. Furthermore, Fig.

3.3.b shows that the MeRL URLLC allocation strategy achieves better eMBB sum

rate than that of the PF URLLC allocation. The reason behind that is the punctured

resources resulting from the MeRL approach are belonging to the eMBB users with

low data rates rather than those with high data rates. Since, the PF achieves better
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Fig. 3.4: Performance of the proposed algorithm against the number of RIS elements.
δ = 0.1 and U = 65

URLLC packets admission rate than the MeRL, we consider the PF for the rest of

simulations. On the other hand, Fig. 3.3.a and Fig. 3.3.b show that Algorithm 2

and Algorithm 3 have broadly the same performance in terms of both the URLLC

packets admission rates and the eMBB sum rate, respectively. However, Fig. 3.3.c

illustrates the run time complexity of Algorithm 2 and Algorithm 3. It can be shown

that Algorithm 2 computation time is in the order of one second which can violate

the URLLC latency requirements. However, Algorithm 3 has a lower compute time

which is around one mini-time slot, 0.143 millisecond. This low operating time makes

Algorithm 3 favorable in practice. Moreover, the processing time of the Algorithm

3 can be further improved when using more computing resources available at the

network edge.7 Since, Algorithm 3 has very low time complexity and almost similar

performance to Algorithm 3, we consider Algorithm 3 for the rest of our simulations.

3.6.3 Impact of the Number of RIS Elements

Fig. 3.4 depicts the impact of the size of the RIS (N) and the main observations

are summarized below.

• It can be shown that the proposed schemes outperform the baseline with no RIS

7The algorithm was implemented in Matlab using a machine with the following characteristics:
System Type: x64-based PC Processor: Intel(R) i7-4510U CPU @2GHz, 8 Gigabyte RAM.
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in both the URLLC packets admission rate and the eMBB sum rate. Particu-

larly, as shown in Fig. 3.4.a, the proposed schemes achieve 96.87%, 99.9%, 99.9,

and 99.98% URLLC packets admission rate at N = 40 compared to 95.6% when

the RIS is not deployed. For the same number of reflecting elements N = 40,

Fig. 3.4.b shows that the proposed schemes achieve enhancement on the eMBB

rate around 52%, 37%, 30% and 27% when the RIS is not deployed. The reason

behind that is the ability of the BS to select a phase-shift matrix, depending on

the number of the URLLC packets and their channel conditions, from the set

{Φ∗
e,Φ

∗
u,Φ

∗
e,u} to configure the RIS. Particularly, the selected phase-shift matrix

should achieve the best performance in terms of the URLLC packet admission

rate and the minimum eMBB loss.8

• We can also see that only N = 60 RIS elements are enough to achieve 99.99%

URLLC packets admission rate along with around 70% enhancement of the

eMBB sum rate compared to the case when no RIS is deployed.

• The trade-off between the URLLC packet admission rate and the eMBB sum

rate is clear in the behavior of scheme-1, scheme-2 and scheme-3. By enhancing

the channels condition of the URLLC traffic, scheme-2 and scheme-3 give the

URLLC traffic a higher priority over the eMBB traffic which means better

URLLC packet admission rate and more eMBB rate-loss. Conversely, scheme-1

gives the eMBB traffic a higher priority over the URLLC counterpart by using

the eMBB phase-shift matrix that was optimized to enhance the eMBB rate.

This leads to a better eMBB sum rate and a lower URLLC admission.

• Increasing the number of RIS elements enhances both the URLLC packet ad-

mission rate and the eMBB sum rate. This is evident since at higher N , the

URLLC channel conditions are enhanced which means less frequency resources

are needed to accommodate the URLLC packets, which means better URLLC

reliability and less eMBB rate loss. Moreover, the eMBB rate is improved by

enhancing the eMBB channel conditions, which means a higher availability for

eMBB resources to allocate the URLLC packets. While increasing N , scheme-

1 exhibits lower enhancement in URLLC service admission. In other words,

8It is important to note here that the achieved gain of the proposed scheme in terms of the
URLLC reliability and the eMBB sum-rate comes at the expense of an extra overhead to transmit
the different RIS configurations and to switch between them.
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Fig. 3.5: Performance of the proposed algorithm against the BS transmission power.
N = 50 and U = 65.

unlike Φ∗
u and Φ∗

e,u, Φ
∗
e acts as a random phase-shift matrix for the URLLC

traffic, i.e., the improvement on the URLLC channel conditions is moderate,

and hence more transmission resources are need to accommodate the URLLC

packets which means lower reliability [62].

3.6.4 Effect of the BS Transmission Power

Fig. 3.5 depicts the impact of of the BS transmission power PBS; the observations

on Fig. 3.5 are summarized as follows.

• As shown in Fig. 3.5.a and Fig. 3.5.b, the selected RIS configuration can
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achieve better URLLC packet admission rate and better eMBB users admission

rate compared to the case of no RIS is deployed. As whown in Fig. 3.5.a, the

achieved gain of using the RIS is equivalent to 4 dB on the transmission power

at 90% URLLC packet admission rate. This is attributed to the benefits of RIS

in enhancing the channel conditions of the URLLC users such that the URLLC

load can be admitted with limited frequency and power resources. On the other

hand, the gain is equivalent to 4.5 dB at eMBB users admission rate of 95%.

Moreover, by increasing the transmission power, the URLLC packet admission

rate and the eMBB users admission rate enhance because more power resources

are available to guarantee the URLLC and the eMBB rates requirements. By

keeping increasing the transmission power, the gain achieved by the proposed

scheme is reduced on the URLLC packet admission rate and the eMBB users

admission rate. However this decreasing is translated to better gain on the

eMBB sum rate as shown in Fig. 3.5.c.

• Fig. 3.5.c shows that at low transmission power the selected RIS configuration

has a quite similar performance to the baseline in terms of the eMBB sum rate,

whereas a better behaviour can be seen at high transmission power. This is

attributed to the benefits of RIS in enhancing the URLLC admission which

means less eMBB resources are punctured to allocate higher URLLC load.

3.6.5 Effect of the Rate Margin Factor δ

Fig. 3.6 illustrates the impact of the rate margin factor δ on the URLLC packets

admission rate, the eMBB users admission rate, and the eMBB sum rate. This figure

shows that increasing the margin factor enhances the URLLC packets admission and

reduces the eMBB users admission. This is because increasing δ means more over-

provisioned resources for the URLLC traffic, i.e., higher rate per eMBB user than the

requested, which makes them later available to allocate the URLLC load. Hence, the

enhanced URLLC packet admission rate. However, when higher rates are attained

per eMBB user, this implies lower eMBB admission rate allowing only eMBB users

with good channel conditions to be admitted, which will increase the sum rate, as

shown in Fig. 3.6.c. Further, as shown in Fig. 3.6.b, increasing δ causes drastic

reduction in the eMBB admission, since the network will over-provision much of its
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Fig. 3.6: Performance of the proposed algorithm against rate margin. N = 50,
U = 65 and rth = 7 Mbps.

resources to satisfy the rate constraint per user and the RIS will be optimized to serve

only such users with good channel conditions, leaving many of the eMBB users not

admitted. This however helpsthe URLLC service to attain a better QoS.

3.6.6 Effect of the RIS Location

Fig. 3.7 illustrates the impact of varying the distance between the BS and the

RIS on the URLLC packet admission rate and the eMBB sum rate. This figure shows

that locating the RIS away from the BS impacts the performance of both URLLC

and eMBB services in terms of the URLLC admission and the sum rate of eMBB,
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Fig. 3.7: Performance of the proposed algorithm versus the distance between the BS
and the RIS, where N = 20 and U = 65.

respectively. Indeed, this is consistent with other findings in the literature about the

RIS deployment being most beneficial when it is located near the BS or close to the

user [75]. However, the users are located randomly in the network. Hence, the best

location of the RIS in this context is to be closer to the BS, which represents the

optimal RIS placement for all users coexisting in the network.

3.7 Summary

In this chapter, we studied the RIS technology for enabling the coexistence of

eMBB and URLLC services in a wireless networks. The RIS is deployed to improve

the performance of the URLLC and eMBB users by controlling their channel con-

ditions. Two optimization problems are formulated for multiplexing the eMBB and

URLLC traffic, i.e., the time-slot basis eMBB allocation problem and the mini-time

slot URLLC allocation problem. The eMBB allocation problem has the objective

of maximizing the eMBB sum rate while satisfying the eMBB QoS requirements.

Meanwhile, the URLLC allocation problem aims at maximizing the admitted URLLC

packets and minimizing the eMBB rate loss while satisfying the QoS of eMBB and

URLLC. To overcome the high computational complexity of optimizing the RIS phase-

shift matrix per mini-time slot, we proposed a proactively designed RIS phase-shift
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matrices that are optimized at the beginning of the time slot. Simulation results

show that the proposed algorithm has low time complexity which makes it a practical

scheme to delay-sensitive URLLC traffic. It is also shown that the proposed RIS

scheme achieves 99.99% URLLC packet admission rate using only 60 RIS elements.

Moreover, the proposed model can achieve up to 70% enhancement on the eMBB rate

compared to no-RIS is deployed.
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Chapter 4

Low Complexity Passive

Beamforming Designs

4.1 Introduction

4.1.1 Motivation

As discussed in Chapter 3, RIS has been introduced as a low-cost and an energy-

efficient technology for controlling the wireless propagation environment [18, 19, 61].

Despite all the works reported in the context of RIS-assisted wireless networks, sev-

eral challenges, such as the complexity of optimizing the RIS configuration and CSI

estimation, need to be alleviated in order to harness the full proclaimed potential of

integrating RIS in 6G wireless networks. In terms of complexity, solution optimality,

and scalability, however, optimizing the RIS phase shifts remains a challenge, spe-

cially since the RIS is typically large. As a result, more effort should be put into

lowering the complexity of optimizing RIS phase shifts and improving solution opti-

mality.

The contents of this chapter has been submitted to IEEE Transactions on Vehicular Technology
[76].
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4.1.2 Background and Related Works

RIS has gained considerable attention from researchers in academia and indus-

try as a promising enabling technology for 6G networks, owing to its capability of

controlling the propagation environment with a low cost a low energy consumption

[18, 77, 78]. In this context, the RIS-assisted UAV networks was investigated in

[57, 79, 80]. The performance of NOMA aided by RIS was studied in [81–83]. The

works in [84, 85] investigated integrating RIS into wireless networks with RSMA. The

benefits of integrating RIS in the uplink and downlink transmissions of URLLC net-

works were studied in [28, 63, 86, 87]. The interplay between the URLLC and eMBB

requirements in RIS-assisted wireless networks has been explored in [49, 55].

Motivated by the diverse benefits that RIS provides, several studies examined

possible optimization strategies to achieve good performance in terms of accuracy,

i.e., the optimally, and the complexity of the RIS configuration [58, 59, 88–92]. In

[58], the transmit power minimization problem was formulated by jointly optimizing

the active and the passive beamforming at the BS and the RIS, respectively. In this

work, the SDR approach was leveraged to configure the passive beamforming. For

the same objective under multi-cluster MISO-NOMA scenario, the authors of [88]

proposed a method based on the second-order cone programming (SOCP) and al-

ternating direction method of multipliers (ADMM) algorithm. Similarly, in [91], the

power consumption minimization problem was formulated as a difference-of-convex

problem, and the successive convex approximation (SCA) technique was used to ob-

tain a sub-optimal solution. The authors of [89] adopted a modified version of the

vector approximate message passing (VAMP) to optimize the RIS configuration in a

way that maximizes the spectral efficiency. In [90], the authors adopted the fractional

programming (FP) technique and the non-convex block coordinate descent (BCD) for

joint active and passive beamforming with the objective of maximizing the weighted

sum-rate. Yu et al. in [59] used fixed-point iteration and manifold optimization meth-

ods to enhance the spectral efficiency in RIS-aided cellular networks. Authors of[91]

investigated the max-min rate problem in RIS-aided NOMA systems by concurrently

optimizing the power allocation and the RIS phase-shift matrix. For the single-user

scenario, the authors in [92] proposed a deep reinforcement learning (DRL) scheme for

designing the passive beamforming in order to maximize the received SNR. Similarly,

the DRL framework was proposed in [93] to optimize the power allocation and RIS
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phase-shifts configuration that maximize the average energy efficiency. In the context

of URLLC service class, the work in [86] studied the optimization of the RIS configu-

ration by leveraging a novel DRL to maximize the total achievable finite blocklength

rate.

4.1.3 Contributions and Outcomes

This work aims at investigating low-complexity solutions for the design of RIS

phase shifts in RIS-assisted downlink cellular networks consisting of single BS and

a set of connecting U users. We first formulate an optimization problem for power

allocation and passive beamforming where the objective it to minimize the total

transmit power while satisfying the SNR requirements of individual users. However,

due to the coupling between power allocation at the BS and passive beamforming

at the RIS, the proposed problem is not convex, making it difficult to solve. Our

main contribution is to tackle this difficulty by proposing two solutions which are

illustrated as follows:

• For the case of a BS serving a single user, we graphically derive a closed-form

expression for the RIS phase-shifts and the formulated problem. We also show

that the derived closed-form expression for the RIS phase-shifts is similar to the

one obtained in [58, 75].

• Motivated by the results of the single-user scenario and unlike the classical

methods of optimizing the RIS which are based on optimizing the phase shift of

all passive elements, we propose a new framework for reducing the optimization

variables of the passive beamforming. Precisely, the variables optimizing the

RIS phase shifts are scaled down from the number of RIS elements N to the

number of served users U , which generally satisfies U ≪ N , by applying a linear

transformation. In this regard, we leveraged the optimal phase-shifts configu-

rations obtained by assuming each user is independently served. Then, for each

passive element, we combined linearly the optimal solutions of all users. To the

best of our knowledge, this is the first work that proposes the transformation

method in the context of RIS.

• We derive a sub-optimal solution for the RIS phase-shifts for the multi-users
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case by leveraging element-wise KKT optimal conditions of the original prob-

lem. Based on the obtained solution, we propose an iterative low complexity

algorithm for optimizing power allocation and RIS-phase shifts. Although the

KKT method is a traditional optimization technique, this is the first work that

considers the proposed methodology to obtain a closed-form expression for the

RIS configuration in multi-users systems.

• We then extend the proposed solution for MISO systems, where we show that

the proposed scheme could be directly employed while adopting zero-forcing

beamforming (ZFBF).

• Simulation results show that the proposed approaches have better performance

than the baselines in terms of optimality and time complexity. Also, the pro-

posed algorithm based on the closed-form expression has performance that is

closed to the numerical (near to optimal). Moreover, it has a computational

time of the order of milliseconds, which makes the proposed framework preferred

in practical scenarios.

The rest of the Chapter is organized as follows. Section 4.2 presents the system

model and problem formulation. Sections 4.3 and 4.4 present the proposed approach

for single user and multi-users scenarios, respectively. Sections 4.5 and 4.6 present

the simulation results and the conclusion, respectively.

4.2 System Model and Problem Formulation

4.2.1 System Model

We consider the downlink radio access network shown in Fig. 4.1, which con-

sists of a single BS equipped with a single antenna that serves several single-antenna

users.1 Let U denotes the total number of active users in the network and U ≜

{1, 2, . . . , U} denotes the set of served users. We employ the orthogonal frequency-

division-multiple-access (OFDMA) to multiplex the active users. A single RIS is

1In this work, we consider the case of single antenna BS and cellular users. The primary moti-
vation behind such a choice is a proof of concept for the proposed scheme and to obtain the main
benefits and insights. Nevertheless, we show later that the same technique can be extended for the
case of multiple antennas as.
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Fig. 4.1: System model

deployed in the network to improve the BS and users’ communication links by dynam-

ically controlling the propagation environment. Each reflective element of the RIS is

connected to an atom that can adjust the phase of each incident wave. Let N denotes

the total number of passive elements of the RIS and N ≜ {1, 2, . . . , N} denotes the
set of indices of the RIS elements. In this context, let Φ ≜ diag

(
ejϕ

1
, ejϕ

2
, ..., ejϕ

N
)
∈

CN×N denote the phase-shift matrix of the RIS, where for all n ∈ N , ϕn denotes

the phase shift coefficient of the nth RIS reflective element. Accordingly, let ϑ =

[ϑ1, ϑ2, . . . , ϑN ] be the vector representing the phase shift coefficients of the RIS,

where for all n ∈ N , ϑn = ejϕ
n
.

The CSI of all communicating links is assumed to be perfectly known at the BS

[58]. Let fBS,RIS ∈ CN×1 be the vector that represents the channel coefficients between

the BS and the RIS elements. Similarly, for all u ∈ U , let hBS,u ∈ C and hRIS,u ∈ CN×1

represent the channel coefficients between the BS and the uth active user and between

the RIS and the uth active user, respectively. The communication links between the

BS and the users and between the RIS and the users are assumed to have a quasi-

static flat-fading Rayleigh channel. In contrast, the communication links between the

BS and the RIS elements are assumed to have a Rician channel model. This assump-

tion based on the fact that one of the requirements for RIS deployment in any cellular

system is that the BS has to have a direct line of sight with the RIS. Accordingly, the

small-scale fading of the BS-RIS link is modeled as f =
√

κ
1+κ

fLoS +
√

1
1+κ

fNLoS ,

where κ is the Rician factor, fLoS is the line-of-sight component and fNLoS is non-

line-of-sight component, which follows a Rayleigh distribution with a scale parameter
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equals to one [72]. On the other hand, the large scale fading of the BS-users, BS-

RIS, and RIS-users links is modelled as P0 = α0(dBS,u)
−ϱ0 , P1 = α1(dBS,RIS)

−ϱ1 and

P2 = α2(dRIS,u)
−ϱ2 , respectively, where dBS,u, dRIS,u and dBS,RIS are the distances of

BS-users, BS-RIS, and RIS-users links, respectively. ϱ0, ϱ1 and ϱ2 are the path loss

exponents of BS-users, BS-RIS, and RIS-users links, respectively. Also, α0 dB, α1

and α2 dB are path losses at the reference distance for the direct and cascaded links,

respectively.

4.2.2 Signal Model and Rate Analysis

Taking into account both direct and cascaded links between the BS and each user,

the received signal at the uth user, for all u ∈ U , can be expressed as [66]

yu =
(
hBS,u + hH

RIS,uΦfBS,RIS

)√
pu xu + zu, (4.1)

where xu and pu denote the transmit data symbol and the allocated power to user u,

respectively, and zu is the additive white Gaussian noise (AWGN) experienced at the

uth user, which is assumed to be CN (0, σ2) distributed. Based on this, the received

SNR at the uth user, for all u ∈ U , is expressed as

γu (Φ, pu) =
pu|hBS,u + hH

RIS,uΦfBS,RIS|2

σ2
. (4.2)

4.2.3 Problem Formulation

In this chapter, our objective is to minimize the total transmit power of the BS by

jointly designing the power allocated to the users and the phase shift matrix of the

RIS, subject to the users QoS constraint represented by a minimum SNR threshold

at each user. Such an objective can be attained by solving the following optimization

problem.

P : min
Φ,pu

U∑
u=1

pu (4.3a)

s.t.
pu|hBS,u + hH

RIS,uΦfBS,RIS|2

σ2
≥ γth

u , ∀ u ∈ U , (4.3b)
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ϕn ∈ [0, 2π], ∀ n ∈ N , (4.3c)

where, for all u ∈ U , γth
u denotes the minimum SNR requirement of the uth user

and pu = [p1, p2, ..., pU ]
T denotes the vector of the power allocated to the users by

the BS. The objective in (4.3a) aims at minimizing the total transmit power P =∑U
u pu. Constraint (4.3b) is the QoS of users which is represented by the minimum

SNR requirement. Although, the objective is an linear function which is convex, the

problem is still not convex due to the quadratic constraints in (4.3b).

4.3 Proposed Scheme for an RIS-aided Single User

Our objective is to propose a low complexity and efficient solution for problem

P . To get there, let us start with the optimal RIS configuration assuming only one

user in the network is active in order to gain meaningful insights for the optimal

joint power allocation and RIS-phase shifts design. In this case, problem P can be

formulated as

P1 : min
Φ,p1

p1 (4.4a)

s.t.
p1|hBS,1 + hH

RIS,1ΦfBS,RIS|2

σ2
≥ γth

1 , (4.4b)

ϕn ∈ [0, 2π], ∀ n ∈ N , (4.4c)

|ϑn| = 1, ∀ n ∈ N . (4.4d)

Problem P1 is the conventional power allocation minimization problem for the

single SISO downlink system, and it is not difficult to verify that the optimal power

allocation is p1 =
γth
1 σ2

|hBS,1+hH
RIS,1ΦfBS,RIS|2

. Accordingly, problem P1 of minimizing the

total transmit power can be equivalently transformed to the problem of maximizing

the combined channel’s gain as follows.

P2 : max
Φ
|hBS,1 + hH

RIS,1ΦfBS,RIS|2 (4.5a)

s.t. ϕn ∈ [0, 2π], ∀ n ∈ N (4.5b)

|ϑn| = 1, ∀ n ∈ N . (4.5c)
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Fig. 4.2: Polar representation of the RIS phase shift adjustment assuming only user
u ∈ U is active. The optimal RIS phase shift is satisfied when both direct and
cascaded links are in the same direction.

Let the channel coefficients of both direct and cascaded links, for each n ∈ N , be

hBS,u = |hBS,u| ejθBS,u and hn
c,u = |hn

c,u| ejθ
n
c,u = hn

RIS,u f
n
BS,RIS = |hn

RIS,u| |fn
BS,RIS| e

j(θnRIS,u+θnBS,RIS),

respectively, where |hBS,u|, |hn
RIS,u| and |fn

BS,RIS| are the amplitude of hBS,u, h
n
RIS,u and

fn
BS,RIS, respectively. Similarly, θBS,u, θ

n
RIS,u and θnBS,RIS are the angles of the complex

channels hBS,u, h
n
RIS,u and fn

BS,RIS, respectively. Then, the solution of problem P2 can

be found in the following proposition.

Proposition 4.1. Assuming only user u ∈ U is active, the optimal RIS phase shift

design ϕn
u
∗, for all n ∈ N , is obtained if and only if the channel coefficients of both

direct and cascaded links are in the same direction, i.e.,

ϕn
u
∗ = θBS,u −

(
θnRIS,u − θnBS,RIS

)
. (4.6)

Proof. We formulate the Lagrangian function and apply the KKT optimality con-

ditions on P2. After manipulating the obtained KKT conditions, an element-wise

solution is adopted to solve each independent phase-shift constraint which directly

updated in the Lagrangian multiplier. Detailed KKT analysis is omit for brevity.

To elaborate more on Proposition 4.1, Fig. 4.2 provides a graphical depiction

for (4.6). The figure shows that, the sum of the channel coefficients |hBS,u| ejθBS,u and

|hn
c,u| ejθ

n
c,u is maximized when both vectors are in the same direction i.e., when θBS,u =

ϕn
u
∗ +

(
θnRIS,u − θnBS,RIS

)
. This means the cascaded link channel should be rotated by

ϕn
u
∗ = θBS,u−

(
θnRIS,u − θnBS,RIS

)
. This provides a graphical proof to Proposition 4.1.
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4.4 Extension to the RIS-Aided Multi-User Case

This section extends the previous by considering a multiuser setting. We propose

two efficient techniques for solving problem P sub-optimally by generalising the two

techniques used in the single user scenario, i.e., the graphical and the element-wise

KKT solutions.

4.4.1 A Linear Transformation Approach

We present an effective strategy to overcome the complexity of the RIS phase shift

matrix optimization. To do this, with the aid of alternating optimization, we decom-

pose problem P into a power control and a phase shift optimization sub-problems.

For each iteration i, these sub-problems are solved iteratively until convergence or

maximum number iteration reaches. In this regard, for the phase shift optimization

sub-problem, we perform a linear transformation on the phase shift matrix based

on each user’s optimal phase shift matrix. Accordingly, the number of optimization

variables is reduced from the number of passive elements N to the number of served

users U , which typically satisfies U ≪ N .

4.4.1.1 RIS Phase Shifts Matrix

For a fixed pi
u, the RIS phase shift matrix can be obtained by solving the following

optimization problem.

P (i)
4 : Find Φi (4.7a)

s.t.
piu|hBS,u + hH

RIS,uΦ
i fBS,RIS|2

σ2
≥ γth

u , ∀ u ∈ U , (4.7b)

ϕn ∈ [0, 2π], ∀ n ∈ N , (4.7c)

|ϑn| = 1, ∀ n ∈ N . (4.7d)

Problem P (i)
4 is a non-convex quadratic optimization problem. In fact, recent

works have difficulty in optimizing such RIS phase shift problem. Specifically, the RIS

size should practically be sufficiently large in order to attain the performance gain of

RIS [94, 95]. Consequently, optimizing the RIS phase shifts is very complicated and

the methods used do not scale when the number of passive elements is significantly
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Fig. 4.3: An example for the optimal phase shift for one passive element. Red-doted
lines are the optimal passive element configuration for users. Green-doted line is the
global optimal configuration for passive element n.

large, i.e., N decision variables and N decision constraints [58, 88–90, 92]. To tackle

this problem, our approach is to decrease the optimization variables of the RIS phase

shift problem to reduce the complexity of problem P (i)
4 based on the following two

facts. First, the number of users associated with the RIS needs to be much smaller

than the RIS passive elements, i.e., U ≪ N [58, 88–90, 92]. Second, the optimal phase

shifts design for the single-user case can be easily obtained via closed-form expression

with a complexity of O(1) as illustrated in Proposition 1.

The question which arises then is ”How can we leverage the optimal RIS for

each user independently to obtain a sub optimal solution for problem P (i)
4 ?”. To

answer this question, let us first define ϑ∗
u ≜

[
ϑ1
u
∗
, ϑ2

u
∗
, ..., ϑN

u
∗] ∈ CN×1 as the vector

corresponding to the optimal RIS configuration of the uth user, for all u ∈ U , which
is obtained using the results of Proposition 1. Also, we define the matrix of optimal

configurations all users asΘ∗ ≜ [ϑ∗
1,ϑ

∗
2, ...,ϑ

∗
U ] ∈ CN×U . Then, we want to investigate

the relation between the optimal RIS configuration Φ∗, which is the solution for

problem P (i)
4 , and between the RIS configuration Θ∗. To do this, we graphically

depicts in Fig. 4.3 an example of the relation between Φ∗ and Θ∗ for a single passive

element. It is clear from Fig. 4.3, if ϕn
2
∗ is used to configure passive element n ∈ N ,

then the reflected signals will constructively add at the receivers of users 2 and 3 only,

while they destructively add for the remaining users. Alternatively, if ϕn
5
∗ is adopted
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to configure passive element n ∈ N , then the reflected signal will constructively add

(with different levels) at the receivers of all users except user 2. Hence, one can observe

that there is a strong correlation between the individual optimal configurations of

users and the optimal RIS configuration. In other words, the configuration of the

RIS, Φ, can be expressed as a function of Θ∗ as

Φ(ϑ)
F(Θ∗,·)−−−−→ Φ(y), (4.8)

where y ∈ CU×1 is the vector of the new optimization variables. The function F maps

the high dimensional Φ(ϑ) to a more convenient matrix y with less optimization

variables. In fact, the transformation (or mapping) function F can be any general

function, such as linear, logarithmic, etc. However, obtaining the exact relation

function, i.e., F , is a challenging task.2 3 Thus, we consider the following linear

transformation due to its simplicity.

Φ(y) ≜ diag (Θ∗ × y) , (4.9)

where

|Θ∗ y| = 1, (4.10)

1 ∈ RN×1 is the all one vector. Thus, the phase shift coefficient of RIS element n

is defined as ϑn = (ϑn
1
∗ × y1 + ϑn

2
∗ × y2 + · · ·+ ϑn

U
∗ × yU). Then, the optimal RIS

configuration Φ∗ = diag (Θ∗ × y∗), where |Θ∗ y∗| = 1 and y∗ is the optimal vector

of y. For more insights on the linear transformation, let y∗ = [0, 0, 0, 0, 1] be the

optimal value. Then, as shown in Fig. 4.3, only the configuration of user 5 is used to

configure the RIS. In fact, more complex combinations will result from optimizing y

to converge to a local optimal solution. In fact, this linear transformation has been

widely used in the context of machine learning [96]. Moreover, some recent works

considered dimensionality reduction scheme where we search for the optimal solution

in small subset called the effective subset [97, 98]. Meanwhile, we can rewrite the

2Due to the optimization simplicity, we consider a linear transformation of a family of possible
transformation functions.

3The following subsection provides an approximated closed-form expression by applying the KKT
conditions. This expression extracts an effective phase shift for each passive element that minimize
the consumed power.
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optimization problem P (i)
4 as

P (i)
4,1 : Find yi (4.11a)

s.t.
piu|hBS,u + hH

RIS,eΦ(yi) fBS,RIS|2

σ2
≥ γth

u , ∀ u ∈ U , (4.11b)

ϕn ∈ [0, 2π], ∀ n ∈ N , (4.11c)

|Θ∗ yi| = 1. (4.11d)

It is clear from problems P (i)
4 and P (i)

4,1 that the number of optimization variables

is reduced from N to U , which generally satisfies U ≪ N . Hence, the complexity

of optimizing the RIS phase shift is significantly reduced. Then, we apply the SDR

approach with some modifications [58]. 4 The details are omitted here for brevity.

4In this work, we focus on minimizing the power consumption as a proof of concept of the proposed
linear transformation. However, the same methodology is applicable with different objectives, such
as maximizing the sum rate.
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Algorithm 4.1: Proposed SDR-based Alternating Algorithm

1 Evaluate Θ∗

2 Initialize y0 and the iteration number i = 0.

3 repeat

4 i←− i+ 1

5 Solve P i
3 for a given yi−1, and denote the optimal solution as pi

u.

6 Solve P i
4,1 for a given pi

u, and denote the solution after Gaussian

randomization as yi.

7 until Convergence or maximum iterations reached

4.4.1.2 Power Control Problem

Now, for fixed Φi, problem P is reduced to a power control problem as

P i
3 : min

pi
u

U∑
u=1

piu (4.12a)

s.t.
piu|hBS,u + hH

RIS,uΦ
i fBS,RIS|2

σ2
≥ γth

u , ∀ u ∈ U . (4.12b)

Similar to the single user case, P (i)
2 is the conventional power control minimization

problem in the multiuser SISO downlink system where the optimal power allocation

is

piu =
γth
u σ2

|hBS,u + hH
RIS,uΦ

i fBS,RIS|2
, ∀u ∈ U (4.13)

4.4.1.3 Proposed SDR-Based Algorithm

The SDR approach with the Gaussian randomization are used to solve problem

P (i)
4,1. As illustrated in Algorithm 1 (refers to Algorithm 4.1), the algorithm starts

by calculating the optimal phase shifts independently for all served users. At each

iteration, the algorithm solves problem P (i)
3 and the resulting solution, denoted by

pi
u, is fed into P (i)

4,1. The resulting yi at iteration i is used as the initial point of the

next iteration, i.e., i+ 1. Steps 4 to 6 are attentively repeated until convergence or a

maximum number of iterations is reached.
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4.4.2 Element-Wise KKT Approach

Motivated by the optimality and the low complexity of the closed-form expression

for the RIS-assisted single-user case, we aim to explore the likelihood of obtaining

a similar analytical expression for the multi-user scenario. Specifically, we intend to

adopt the KKT method to design the RIS-phase shift design. To do so, the optimal

power allocation (4.13) is substituted in the optimization problem P . Hence, the

problem P can be equivalently transformed, by optimizing the RIS phase-shifts only,

as

P5 : min
Φ

U∑
u=1

σ2γth
u

|hBS,u + hH
RIS,uΦfBS,RIS|2

(4.14a)

s.t. ϕn ∈ [0, 2π], ∀ n ∈ N , (4.14b)

|ϑn| = 1, ∀ n ∈ N . (4.14c)

Problem, P5 is a non-convex problem. However, P5 is differentiable and monot-

onically non-decreasing. Hence, the KKT optimality conditions can be applied. By

doing this, the sub-optimal solution of problem P5 is given by Theorem 4.1.

Theorem 4.1. The sub-optimal RIS phase shift configuration of problem P5 can be

approximately expressed as:

ϕn∗ ≈ arctan

(∑U
u=1 C

n
u∑U

u=1 D
n
u

)
, ϕn∗ ∈ {0, 2π}, (4.15)

where

Cn
u =

2 σ2 γth
u |hn

c,u| sin(θnd,u − θnc,u)

|hn
d,u|3

, (4.16a)

Dn
u =

2 σ2 γth
u |hn

c,u| cos(θnd,u − θnc,u)

|hn
d,u|3

, (4.16b)

hn
d,u = hBS,u +

N∑
k ̸=n

hk
c,u e

jθk = |hn
d,u|e

jθnd,u . (4.16c)

Proof. Detailed proof is provided in Appendix B.1.
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Algorithm 4.2: One iteration Algorithm based on closed-form expression.

1 Initialize Φ0

2 for all n ∈ N do

3 update ϕn according to (4.15)

4 end for Compute pu, ∀u ∈ U according to (4.13)

The proposed algorithm based on the closed-form expression is illustrated in Al-

gorithm 2 (refers to Algorithm 4.2). The algorithm starts by initializing the RIS

phase shift at step 1. Then, the RIS phase shifts are updated iteratively. Fi-

nally, the algorithm computes the power allocation based on the optimized RIS

phase shift matrix. Noting that the initialize the RIS phase shifts is as follows.

We first sort the users in ascending order based on their channel conditions, i.e.,

|hBS,1| +
∑N

n=1 |hn
c,1| ≤ |hBS,2| +

∑N
n=1 |hn

c,2| ≤ · · · ≤ |hBS,u| +
∑N

n=1 |hn
c,U |. Then, we

set ϕ0 = ϑ∗
1. This initialization strategy is motivated to start with a possible point

biased to the user with the worst channel gain, i.e., users who need maximum power

to satisfy the QoS requirements.

Since Algorithm 2 directly applies the results of Theorem 4.1, which lies on some

approximations, we propose Algorithm 3 (refers to Algorithm 4.3) to guarantee the

improvement on the power consumption at the BS. Inspired by that the power allo-

cation is obtained through closed-form expression, which generally has a complexity

of O(1), so we update the RIS phase shifts for all n ∈ N if it decreases the BS power

consumption, otherwise it remains fixed. This action is performed in steps 6 to 11.

In fact, Algorithm 3 updates the phase shift matrix, i.e., steps 3 to 12, in an iterative

manner until convergence or maximum iterations is reached. As a result, Algorithm

3 have higher complexity than Algorithm 2.

4.4.3 Complexity and Convergence Analysis

In this section, we provide the complexity and the convergence analysis of Algo-

rithm 2 and Algorithm 3. It is clear, Algorithm 2 consists only of one iteration, i.e.,

one-shot algorithm. Accordingly, it has deterministic convergence characteristic of

one iteration. On the other hand, Algorithm 3 has higher complexity than Algorithm
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Algorithm 4.3: Iterative Algorithm based on closed-form expression with

power allocation update

1 Initialize the iteration number i = 0.

2 Initialize Φ0, compute p0
u and P 0

3 repeat

4 i←− i+ 1

5 for alln ∈ N do

6 Compute ϕn according to (4.15) and P n using (4.13)

7 if P n ≤ P n−1then

8 update ϕn and P n

9 else

10 P n = P n−1

11 end if

12 end for

13 Compute piu, ∀u ∈ U and P i according to (4.13)

14 until Convergence or maximum iterations reached

2 since it is an iterative algorithm. Moreover, Algorithm 3 computes P n for each it-

eration over n ∈ N . Nevertheless, the complexity of Algorithm 3 still low. Precisely,

the complexity of computing the P n is of order O(U) since pu is computed through

closed-form expression of complexity of O(1). Similarly, the complexity of computing

ϕn is computed through closed-form expression with complexity of O(1). Accordingly,

the complexity of Algorithm 2 and Algorithm 3 are only O(N) and O(U × N × I),
respectively, where I is the number of iterations. Now, it remains to prove that Al-

gorithm 3 is going to converge. In fact, since steps 6 to 11 guarantee that the BS

transmit power is monotonically decreasing, then Algorithm 3 is going to converge to

a local optimal solution.

4.4.4 Extension to the Multi-Antenna Case

This section presents possible extensions for the proposed element-wise KKT

scheme. Precisely, in the previous section, we have derived a closed-form expression

for the case of a single antenna BS serving multiple users. However, this expression
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can also be extended for a BS equipped with multiple antennas when ZFBF is ap-

plied [99]. For clarity, let GBS,RIS ∈ CN×M be the matrix that represents the channel

coefficients between the BS and the RIS elements, where M ≥ U is the number of

antennas at the BS. Moreover, for all u ∈ U , let hBS,u ∈ C1×M and hRIS,u ∈ CN×1

represent the channel vectors between the BS and the uth active user and between

the RIS and the uth active user, respectively. In this case, problem P can be written

for the case of multiple antenna BS as [58]:

P6 : min
Φ,W

U∑
u=1

||wu||2 (4.17a)

s.t.
|(hBS,u + hH

RIS,uΦGBS,RIS)wu|2
U∑

e ̸=u

|(hBS,u + hH
RIS,uΦGBS,RIS)we|2 + σ2

≥ γth
u , ∀ u ∈ U , (4.17b)

ϕn ∈ [0, 2π], ∀ n ∈ N , (4.17c)

where wu ∈ CM×1 is the precoding vector corresponding to the uth user. In addition,

the term
|(hBS,u + hH

RIS,uΦGBS,RIS)wu|2
U∑

e ̸=u

|(hBS,u + hH
RIS,uΦGBS,RIS)we|2 + σ2

(4.18)

is the signal-to-interference-plus-noise ratio (SINR) at the uth user. Similar to P , the
objective of P6 is to minimize the power consumption at the BS while satisfying the

SINR constraints in (4.17b). Then, the power control problem can be written as

P7 : min
W

U∑
u=1

||wu||2 (4.19a)

s.t.
|heff

u wu|2∑U
e ̸=u |h

eff
e we|2 + σ2

≥ γth
u , ∀ u ∈ U , (4.19b)

where heff
u = hBS,u + hH

RIS,uΦGBS,RIS. By adopting ZFBF to nullify the interference,

one can easily obtain the optimal value of W as [99]

W∗ = HH (HHH)−1Q (4.20)
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where

Q =


√

σ2 γth
1 0 . . . 0

0
√

σ2 γth
1 . . . 0

...
. . . . . .

...

0 0 . . .
√

σ2 γth
1

 (4.21)

and H = [heff
1 ,heff

2 , . . . ,heff
U ] ∈ CU×M and (.)−1 is the matrix inverse.

The resulting signal after adopting ZFBF is free of interference. Hence, we can

apply the results of Theorem 4.1, where hBS,u and hn
c,u are given by hBS,u

wu

||wu|| and

hn
RIS,u g

n wu

||wu|| , respectively, such that gn ∈ C1×M . Consequently, we can use directly

Algorithm 3 with minor modifications on steps 6 and 13. Specifically, we update W

using the expression in (4.20) instead of updating pu. The main idea is to ensure that

the signal is free of interference (using ZFBF) at each modification on the RIS phase

shift matrix. Accordingly, the complexity of Algorithm 3 becomes O([U×M2]×N×I)
where [U ×M2] is the complexity of computing the ZFBF beamforming. However,

we are able to extend the proposed element-wise KKT approach for problem P for

multiple antenna BS; sophisticated expressions are needed based on the precoder

and multiplexing scheme such as NOMA. Similarly, refined expression needs further

derived under different objectives, such as maximizing the sum rate. In future work,

we plan to apply the proposed techniques on such scenarios and objectives which are

beyond the scope of this work.

4.5 Performance Evaluation

This section presents extensive simulations to evaluate the performance of our

proposed schemes. The simulation environment consists of one BS and one RIS.

The BS is located in the 3-dimensional Cartesian coordinates systems (X, Y, Z) at

(0m, 0m, 20m) meters while the RIS is located at (0m, 100m, 10m) metres. Users

are randomly located around the RIS with a maximum radius of 20m. The num-

ber of RIS reflecting elements N and the number of users U are key parameters in

the performance of the proposed scheme. Hence, we vary N in the range [10, 50].

Moreover, we test the performance of the proposed scheme for different number of

users, i.e., U = [2, 10]. The remaining system parameters are summarized in Table

4.1 [62, 72, 74, 100]. For the sake of comparison, we consider two baselines besides
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the proposed algorithms.5 Here, we summarize the baselines and the proposed algo-

rithms.

• Conventional SDR: The conventional SDR scheme proposed in [58] is consid-

ered as a baseline. This algorithm is adopted as a lower bound of the solution

as it guarantees only π/4 of the optimal solution.

• Numerical: The solution of problem P is obtained numerically using the Mat-

lab FMINCON() solver. Among 100 independent iterations, we select the so-

lution that minimizes the transmit power. This solution is considered as a

close-optimal or upper bound for this problem in [58].

• Proposed SDR: By adopting the SDR solution scheme on the proposed prob-

lem formation P (i)
4,1.

• Algorithm 2: This solution is obtained for problem P3 by using the one-shot

Algorithm.

• Algorithm 3: This solution is obtained for problem P3 by iteratively solving

the power allocation problem and using the results in Theorem 4.1 for solving

the phase shift optimization.

To validate the efficiency of the proposed algorithms, we first present the convergence

behaviour of the proposed SDR and Algorithm 3. Then, we study the performance

of the proposed algorithms in terms of optimality, complexity and scalability which

are critical metrics to judge any algorithm’s applicability in real applications. In

optimality, we study how much the performance of the proposed algorithms is close to

the near-optimal solution obtained numerically. The complexity is illustrated through

the computational time of the proposed algorithms.6 The scalability measures if we

can apply the proposed schemes with large size RIS given that the RIS is generally

composed of a large number of passive elements.

5Simulation results are performed over 1000 independent realizations of channel gains and users’
locations.

6The algorithm was implemented in Matlab using a machine with the following characteristics:
System Type: x64-based PC Processor: Intel(R) i7-8700 CPU @3.2GHz, 16 Gigabyte RAM.
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Table 4.1: Simulation parameters

Parameter Symbol Value
Noise power σ2 −90 dBm

path loss exponents ϱ0, ϱ1 and ϱ2 3.5, 2, 2 and 3.5
Rician factor κ 3

Minimum SNR requirement γth
u 4.8 dB

Maximum number of iterations I 50
Convergence error ϵ 1× 10−2
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Fig. 4.4: Convergence of the proposed Algorithms.

4.5.1 Convergence of the Proposed Algorithms

Fig. 4.4 depicts the convergence behaviours of the proposed SDR algorithm

and the element-wise KKT method ( Algorithm 3) when U = 4, and N = 20. It is

clear that the transmit power obtained using the proposed SDR method is higher than

that obtained by the proposed element-wise KKT in Algorithm 3. It is also shown

that the proposed Algorithm 3 converges to an optimal solution in fewer iterations

than the proposed SDR method. Specifically, the proposed Algorithm 3 reaches the

solution in 3 iterations while the proposed SDR needs about 4 iterations. This is

because the SDR scheme with Gaussian randomization often needs more iterations

to obtain a feasible solution close to the dropped rank-one constraint.
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(4.5.a) Total transmit power comparison with
respect to the number of passive elements N .
U = 4.
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(4.5.b) Total transmit power comparison with
respect to the number of connected users U .
N = 30.
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(4.5.c) Total transmit power comparison with
respect to SNR requirements γthu . U = 4 and
N = 30.

Fig. 4.5: Performance of the proposed schemes in terms of the power consumption
dBm. a) We vary the number of passive elements N . b) We vary the number con-
nected users U . c) We vary the SNR requirement threshold γth

u .

4.5.2 Optimality of Proposed Algorithms

Fig. 4.5 shows a performance comparison between the proposed solutions and the

baselines in terms of the power consumption in dBm while varying the size of the RIS

(N), the number of connected users (U) and the SNR requirements (γth
u ). Based on

the results, we make the following observations.

• Intuitively, Fig. 4.5.a shows that the power consumption experienced at the

BS is inversely proportional to the number of passive elements, N , equipped
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at the RIS; as N increases, reflected signals through the RIS will be added

constructively at the users and that means less power is required to satisfy

the SNR requirements. Similarly, the amount of power consumed at the BS is

proportional to the number of connected users, U , and the SNR requirements

threshold, γth
u , as shown in Fig. 4.5.b and Fig. 4.5.c, respectively.

• As shown in 4.5.a, 4.5.b and Fig. 4.5.c, The proposed algorithms have better

competitive performance than that achieved by the conventional SDR baseline,

and their performances are close to the near-optimal solution obtained numer-

ically. The reason behind this can be explained as follows. Algorithm 2 and

Algorithm 3 are obtained through the efficient derived closed-form expression

in Theorem 4.1. On the other hand, the proposed linear transformation, in

Proposed SDR, improves the efficiency of the Conventional SDR due to the

fact that the SDR technique is more efficient in extracting (reaching) rank one

constraint when the number of optimization variables decreases.

• Fig. 4.5 also shows that the performance of Algorithm 2 is relatively worse than

the other proposed scheme, i.e., Proposed SDR and Algorithm 3, but continues

to achieve lower power consumption compared to Conventional SDR. This is

because the derived closed-form expression in Theorem 4.1 is approximated

and needs to be enhanced iteratively, which is performed with Algorithm 3.

Moreover, Algorithm 2 provides a clear intuition that the derived closed-form

expression is a good approximation for the optimal solution.

• Fig. 4.5.a shows that by increasing the number of passive elements, the opti-

mality gap between the proposed schemes and the numerical baseline is slightly

impacted (increased). Although this gap is still small for the proposed schemes

compared to the Conventional SDR, it is crucial to study the performance for

large-size RIS, which will be considered next.

• Fig. 4.5.b shows that the number of connected users does not impact the

efficiency of the proposed methods Algorithm 2 and Algorithm 3. Specifically,

Algorithm 3 still achieves almost the same performance of the near-optimal

obtained numerically, i.e., Numerical, for both small and large set of connected

users. Similarly, the performance gap between Algorithm 2 and the near-optimal

solution obtained numerically, which is still better than that of the Conventional
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(4.6.a) Computational time against the num-
ber of passive elements N .
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(4.6.b) Computational time against the num-
ber of connected users U .

Fig. 4.6: Computational time comparison between the proposed schemes and conven-
tional SDR. a) We vary the number of passive elements N with fixed number of users,
U = 4. b) We vary the number connected users U with fixed number of connected
elements N = 30.

SDR, is almost the same for both small and large set of connected users. On the

other hand, the performance gap of the Proposed SDR and the near-optimal

solution increases by increasing U , i.e. after U = 6, due to its dependencies

on the number of users. Precisely, when increasing the number of users, U ,

the number of optimization variables increases which reduces the efficient of

extracting (reaching) rank one solution using SDR.

4.5.3 Complexity of Proposed Algorithms

Fig. 4.6 depicts the computational time of the proposed schemes Proposed SDR,

Algorithm 2, and Algorithm 3 compared to the conventional SDR while varying the

number of passive elements and the number of connected users. The figure illustrates

that the proposed schemes have lower computational time than the Conventional

SDR. The relevant observations on Fig. 4.6 are summarized in the following.

• Fig. 4.6 shows that the computational times of Algorithm 2 and Algorithm 3 are

in the order of millisecond which are much lower than the SDR based approach

where the computational times are in the order of seconds. For instance, as

shown in Fig. 4.6.a, the computation times of Algorithm 2 and Algorithm 3,
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at N = 50, are 12 × 10−4 and 6 × 10−4 seconds, respectively, compared to

2.1 seconds for the Conventional SDR. Similarly, as shown in Fig. 4.6.b, the

computation times of Algorithm 2 and Algorithm 3 at U = 10, are 10×10−4 and

5 × 10−4 seconds, respectively, compared to 2.7 seconds for the Conventional

SDR. On other words, the proposed algorithms (Algorithm 2 and Algorithm 3)

have a complexity, at least, of ×1000 lower than the Conventional SDR. This

observation is expected since Algorithm 2 and Algorithm 3 are all based on the

derived closed-form expression which has a complexity of O(1).

• Although the computation time of the Proposed SDR is still higher than that

of the proposed Algorithm 2 and Algorithm 3, it remains lower than that of the

Conventional SDR. For example, as shown in Fig. 4.6.b, the computation time

of the Proposed SDR at U = 10 is 2.1 ∗ 10−4 seconds, respectively, compared

to 8 seconds for the Conventional SDR. This means that the Proposed SDR

enhances the performance of the SDR approach in terms of the computational

time. This is due to the fact that the number of optimization variables is

reduced, which implies a lower complexity. Moreover, due to the dependencies

of the Proposed SDR on the number of users, increasing the number of users

noticeably increases the computing complexity.

• Fig. 4.6.a and Fig. 4.6.b show that increasing both N or U reflects proportion-

ally on the computing, i.e., the computing time at large N or U is higher than

smaller large N or U . For clarity, the computing time of Conventional SDR

and Algorithm 3 increase from 0.9 seconds at N = 10 to 2.1 at N = 50. On the

other hand, Fig. 4.6.b shows that increasing the number of passive elements

has a very limited impact on the computing time of the Proposed SDR as the

complexity is, somehow, independent of the number of passive elements, i.e.,

depend on the number of users.

4.5.4 Scalability

Table 4.2 depicts the performance of the proposed algorithms in terms of power

consumption, running time for large size RIS, i.e., N ∈ [100, 600]. For more com-

parison of the performance of the proposed algorithm and since the computational

complexity of the numerical solution is extremely high, we conduct the DC method
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Table 4.2: Performance comparison between the proposed schemes and the baselines
for large size RIS. U = 4 and γth

u = 15 dB and 500 channel realizations.

Conventional Proposed Algorithm Algorithm DC

SDR SDR 2 3

N dBm (sec) dBm (sec) dBm (sec) dBm (sec) dBm (sec)

100 30.98 (6.84) 27.91 (1.73) 28.29 (0.0014) 27.44 (0.0015) 28.07 (15.59)

200 30.15 (40.96) 25.36 (2.27) 25.98 (0.0030) 24.76 (0.0031) 26.34 (78.43)

300 29.61 (131.67) 23.56 (9.59) 24.31 (0.0085) 22.84 (0.0087) 25.47 (273.96)

400 −(−) 22.04 (11.61) 22.91 (0.0138) 21.27 (0.0139) −

500 −(−) 20.83 (16.31) 21.84 (0.0191) 20.028 (0.0193) −

600 −(−) 19.71 (20.52) 20.83 (0.0250) 18.88 (0.0254) −

[91]. It is clear from the results in Table 4.2 that the DC method achieves lower

consumption power compared to the Conventional SDR. However, its performance

is still slightly worst than the proposed schemes in terms of power consumption and

complexity. Moreover, the results observed in Table 4.2 support that the optimality

performance of the proposed algorithms in terms of power consumption and compu-

tational time. Moreover, Table 4.2 shows that Conventional SDR and DC method

are not scalalbe for large size RIS, hence it is not a practical solution. In contrast,

the proposed schemes are shown to be reliable and scalable for large size RIS. The

table shows that the optimality gap is not much impacted by applying the proposed

linear transformation scheme while guaranteeing low complexity of optimizing the

RIS phase shifts. Furthermore, the table shows that the proposed linear transforma-

tion approach scales down the computational time of optimizing the RIS phase shifts

(different transformation functions may be applied), for SDR based solution. Conse-

quently, the proposed transformation scheme may be a base idea which may lead to

more efficient strategies to facilitate the RIS optimization in practical settings. On

the other hand, the running time of the proposed algorithms based on the derived

closed-form expression is still in the order of milliseconds, making them preferred for

low-latency services, such as (URLLC). In practice, the processing time of proposed

schemes can be even further reduced by utilizing more computing resources available

at the network edge. In summary, we have presented different low complexity RIS
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optimization directions/strategies with near-optimal performance and are scalable for

large-sized RIS-assisted wireless networks.

4.5.5 Performance for Multiple Antenna with ZFBF

Fig. 4.7 depicts the performance of the proposed Algorithms in the MISO case.

In the simulation setting, we adopt the same channel model and the simulation pa-

rameters used for the single antenna case. Fig. 4.7.a illustrates the performance of

Algorithms while varying the number of passive elements at the RIS. As expected,

the conventional SDR has higher power consumption than Algorithm 3, proposed

SRR and the DC method. Also, the proposed Algorithm 3 has a slightly better per-

formance than the DC method. In contrast, the proposed SDR has a slightly higher

transmit power than Algorithm 3 and the DC method, however, it still perform better

than the conventional SDR. Furthermore, the performance gap between Algorithm 3

and both the DC method and proposed SDR increases while the number of passive

elements increases. On the other hand, Fig. 4.7.b shows the performance of the pro-

posed Algorithms with respect to the number of antennas at the BS. It shows that

by increasing the number of antennas at the BS, the performance gap between the

conventional SDR and other schemes decreases. The reason behind this is that the

diversity gain of using multiple antennas makes the directed channel link between the

BS and users more dominant than the cascaded channel through RIS. Moreover, Fig.

4.7.b shows that the power consumed by the BS reduces by increasing the number of

antennas at the BS. For instance, the transmit power decreases form 18 dBm to 14.8

for both Algorithm 3 and the DC method.

4.6 Summary

In this chapter, efficient methods were developed to reduce the complexity of op-

timizing the RIS phase shifts. We proposed two approaches to enhance the accuracy

(optimality) and the complexity of the RIS phase shift design. First, based on the

optimal RIS configurations of individual users, we proposed a novel RIS optimization

framework wherein linear transformation is used to reduce the number of optimization

variables. In this framework, the number of optimization variables is reduced from
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Fig. 4.7: Performance of proposed algorithms in terms of the power consumption
dBm. a) We vary the number of passive elements N . b) We vary the number BS
antennas M .

the number of passive elements to users, which is generally much smaller compared to

the number of passive elements. Second, we proposed three iterative low complexity

algorithms based on an approximated closed-form expression for the RIS phase shift

design. Extensive simulations were performed to illustrate the performance of the

proposed schemes. Simulation results showed that the proposed method has better

performance and computational time than the conventional SDR baseline, making

them more efficient in terms of optimality and scalability. Moreover, the proposed

algorithms based on the derived approximated closed-form expression have a low com-

putational time of milliseconds, making them suitable for practical, especially for the

low-latency services (URLLC).

104



Chapter 5

Exploiting Sequence Similarity for

Efficient Puncturing

5.1 Background, Related Works, and Contribu-

tions

As discussed in Chapter 1, 5G and beyond systems are anticipated to provide a

variety of service classes with different requirements in terms of latency, reliability

and connectivity [3, 5, 7]. This naturally raises concerns about their coexistence,

especially after it has been shown that allocating a dedicated bandwidth for each

service is not spectrally efficient [20]. In particular, providing a dedicated bandwidth

for URLLC class of service has been shown to be poorly efficient where the effectively

used bandwidth could be less than 5% of the total allocated resource. This is mainly

due to URLLC traffic characteristics and requirements [34]. Meanwhile, given the

sporadic characteristic of URLLC traffic and their short packet size, the allocated

resources will only be used occasionally and for a short period [1, 5, 7, 23]. There-

fore, on-demand resource allocation for URLLC transmissions is deemed a promising

solution to make good use of spectral resources. Consequently, the 3GPP standard

The work done in this chapter leads to an IEEE published journal [101].
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Fig. 5.1: Puncturing mechanism: URLLC and eMBB traffic are modulated using
BPSK, and 4-QAM, respectively. URLLC symbols {0, 1} are transmitted instead of
eMBB symbols {00, 10, 01, 11}. d0,01 is the minimum distance between the eMBB
symbol 01 and the decision line of the URLLC symbol 0.

has suggested using superposition/puncturing for multiplexing URLLC and eMBB

services in 5G networks [30, 102]. The main idea of the superposition/puncturing

framework is to transmit URLLC packets in mini-slot basis, upon their arrival, over

the resources occupied by ongoing service type transmissions. Specifically, If the BS

allocates transmission power for both eMBB and URLLC traffic, then it is referred

to as superposition. If the BS chooses zero transmission power for the eMBB traffic,

then this is referred to as puncturing [30]. According to the puncturing mechanism,

and assuming that the binary phase shift keying (BPSK) is used for the URLLC traf-

fic and that the 4-Quadrature amplitude modulation (QAM) is used for the eMBB

traffic, the URLLC symbols {0, 1} are transmitted instead of the punctured eMBB

symbols {00, 10, 01, 11}, as shown in Fig 5.1.

Superposition/puncturing is considered a promising option to allocate the URLLC

traffic due to the tolerance of the latter in terms of latency and reliability. Hence,

much work [3, 25, 26, 33, 35, 37, 38, 54, 103–105] focused on developing techniques

based on coupling URLLC and conventional (eMBB) data transmission through su-

perposition/puncturing. In [3, 25, 26, 33, 35, 37, 38, 54, 103–105], the authors investi-

gated and developed novel superposition/puncturing approaches aiming to minimize
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the impact on eMBB in terms of the contaminated symbols. The advantages of us-

ing superposition for sharing resources in uplink communications between eMBB,

mMTC, and URLLC devices were studied in [26]. To enable the non-orthogonal co-

existence of URLLC and eMBB services, both uplink and downlink were analysed in

[33]. The authors proposed processing URLLC traffic at the network edge to guaran-

tee the latency requirements of the URLLC, while eMBB communication is handled

at the cloud radio access network level to achieve high-spectral efficiency for eMBB

traffic. For URLLC downlink MIMO-NOMA, network layer performance bounds and

cross-layer power control were studied in [103]. A max-matching diversity (MMD)

algorithm was proposed in [104] to allocate eMBB users, considering both heteroge-

neous orthogonal and non-orthogonal multiple access network slicing strategies. A

machine learning approach for hybrid multiple access solution (HMA) was proposed

in [105]. In fact, the classical methods of NOMA, such as power-domain, require per-

fect CSI at the BS such that the transmitted signal can be separated at the receiver

with successive interference cancellation (SIC)[106]. A new class of NOMA, namely

bits similarity NOMA, was proposed in [106]. It was shown that, without perfect

CSI, bit-similarity NOMA can achieve better spectral efficiency and fairness among

users compared to traditional NOMA techniques.

Another line of research that aims to deal with traffic superposition includes un-

equal error protection and/or hierarchical modulation, which have been developed

mainly for simultaneous transmission of voice and data over fading channels [107–

110]. The authors in [108] proposed unequal error protection codes to achieve the

best use of channel redundancy. Particularly, the codeword specifies the multiplexing

rule, then a codeword is selected from a fixed codebook to convey additional im-

portant information. Adaptive hierarchical modulation for simultaneous voice and

multi-class data transmission was proposed in [109]. The authors derived closed-form

expressions for the outage probability, achievable spectral efficiency, and average BER

of both traffics over Nakagami-m fading. Pseudo-noise amplitude shift keying (PN-

ASK) modulation, where covert symbols are mapped by shifting the amplitude of

primary symbols, was proposed in [110]. One of the shortcomings of superposition

techniques is that they may cause severe degradation to the URLLC reliability be-

cause the eMBB signal acts as an interference signal that increases the decoding errors
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of the URLLC traffic. Moreover, the lack of the URLLC CSI at the transmitter de-

creases the chances to superpose URLLC traffic on the eMBB [33]. Thus, puncturing

is preferred as it conserves the URLLC reliability.

In order to study the impact of puncturing eMBB resources to accommodate

URLLC transmission, the authors in [3] studied the problem of joint scheduling of

eMBB and URLLC data transmission according to linear, convex and threshold mod-

els of the eMBB rate loss associated with the eMBB resources puncturing. A risk-

sensitive approach was introduced in [35] to mitigate the risk of puncturing eMBB

resources. A resource allocation scheduler was proposed in [37] where the formulated

problem considered the overhead associated with the URLLC load segmentation while

maximizing the rate utility. A null-space-based spatial puncturing scheduler for joint

URLLC/eMBB traffic was proposed in [38]. The URLLC allocation problem in [54]

was formulated as a dual objectives problem with the objective of maximizing eMBB

utility while satisfying the URLLC constraints. The authors in [25] formulated a

URLLC traffic allocation problem by adopting a superposition or puncturing scheme.

Practically, when the URLLC service is initiated in the middle of the eMBB transport

block, part of eMBB symbols are replaced by and/or superposed with the symbols of

the URLLC packet. Accordingly, the reception quality of the eMBB services could

be degraded severely.

Since eMBB tolerates delays, eMBB users can rely on long error-correction codes

in combination with re-transmission techniques to compensate for the loss incurred

by superposition/puncturing. Retransmission-based puncturing slows the eMBB traf-

fic, and it requires more overhead including puncturing indicator (PI) to inform the

eMBB user of the punctured resources, while the whole information block can be

re-transmitted if decoding errors occur. Therefore, researchers have been thinking

about using codes (code-based puncturing) to correct the erroneous symbols in the

eMBB message and hence avoiding retransmissions and high overhead signal[20, 30].

Particularly, the gain achieved by retransmission based puncturing over code-based

puncturing is moderate and less than 10% [20, 30]. Moreover, indicator-free scheme

including a transmit precoding with blind detection is proposed for resource overhead

reduction [111]. In general, the more punctured eMBB symbols there are, the higher

the number of erroneous eMBB symbols and the lower the code rate ( of the error

correction code) we get, which subsequently results in low spectral efficiency.
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In this chapter, we seek to develop a puncturing strategy such that the impact on

the punctured eMBB symbols is minimized, which should essentially lead to better

eMBB QoS and spectral utility. In other words, we aim at devising a puncturing

strategy that can decrease the impact of simultaneous transmissions of URLLC and

eMBB traffic on the eMBB traffic. Hence, there is no need to inform the eMBB users

about punctured resources, i.e., avoid transmitting costly and unnecessary punctur-

ing indicator signal. The contributions of the proposed downlink puncturing strategy

are summarized as follows:

• Different from existing works, we exploit the possible similarity among the

URLLC-eMBB symbols instead of random allocation. Indeed, upon the ar-

rival of a URLLC packet, the BS scans the ongoing eMBB transmissions and

selects the one that maximizes the number of similar symbols between the two

services. In fact, increasing the similarity between the eMBB-URLLC symbols

effectively reduces the impacted eMBB symbols and hence the possibility to

enhance the used error correction code rate and then the spectral efficiency.

• While developing the proposed technique, we consider the case where an eMBB

user could have different symbol constellations than that of URLLC users. Ac-

cordingly, we introduce the so-called similarity region to evaluate the similarity

between the eMBB and URLLC with different constellations. We describe in

detail the encoding and decoding processes for both eMBB and URLLC traffic.

• Taking into consideration the symbol errors occurring due to the channel im-

pairment and the puncturing process, we derive a closed-form expression for

the symbol error rate (SER) of the eMBB traffic. The expression shows that

the SER of the eMBB traffic depends on the signal-to-noise ratio (SNR), the

average URLLC load, and the average similarity. We also consider the SER

to measure the reliability of the URLLC traffic, as conserving the SER of the

URLLC preserves the minimum packet error rate. Moreover, other reliability

improvement techniques, i.e., error control coding schemes [112], packet dupli-

cation [113], and HARQ [114], can be used to enhance the URLLC reliability.

These enhancement techniques are outside the scope of this work.

• We demonstrate through several numerical examples the efficacy of the pro-

posed scheme where we show that gains of up to 10 dB can be achieved in
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Fig. 5.2: Relation between frequency resources and puncturing mechanism.

comparison to the code-based puncturing technique. At high SNR, the eMBB

SER is dominated by error occurring due to puncturing, i.e., the impact of

channel diminishes. The opposite is true when the similarity increases, that is,

the SER is greatly affected by the channel, not the puncturing. We also show

that the proposed algorithm has low complexity computational time making it

an efficient solution to be used in practice.

The rest of the chapter is organized as follows. Section 5.2 describes the adopted

system model. The proposed puncturing strategy is described in 5.3. Section 5.4

provides performance analysis of the proposed strategy where closed-form expressions

for the SER for both eMBB and URLLC users are derived. Numerical and simulations

results are shown in 5.5. We conclude the chapter in Section 5.6.

5.2 System Model

We consider a downlink wireless system consisting of one BS that serves certain

eMBB and URLLC traffics simultaneously. The system bandwidth is partitioned into

L equally sized frequency resources, where each frequency resource is referred to as a
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resource element (RE). Each 12 REs constitute a resource block (RB) that is equiv-

alent to 180 KHz. The time domain is divided into slots, also known as transmission

time intervals (TTIs). The duration of each TTI is 1 ms. To support the low la-

tency requirement of the URLLC traffic, each TTI is further divided into mini-slots,

also known as small TTIs (sTTIs), where the duration of each sTTI is 0.143 ms [3].

The REs are assigned to the eMBB traffic at the beginning of each TTI, while the

URLLC traffic arriving at each sTTI is directly transmitted in the next sTTI by

puncturing the REs belonging to the eMBB load. Each URLLC packet is divided

into blocks of ζ-symbols, with ζ ≥ 1, and it is allocated within one sTTI. Each eMBB

receiver is assumed to decode its received data without knowledge of the punctured

resources, i.e, each eMBB receiver is assumed to be unaware of the punctured re-

sources at the transmission. Accordingly, the puncturing overhead is reduced. Based

on this assumption, each eMBB receiver decodes its received data according to its

decoder. Let m ∈ {2, 4, ...,M} denote the order of the quadrature amplitude mod-

ulation (QAM) scheme adopted for the eMBB traffic with symbol error probability

Pm(γe), where γe denote the received eMBB signal-to-noise ratio (SNR). In addition,

let n ∈ {2, 4, ..., N} denote the order of the QAM scheme adopted for the URLLC

traffic and let ϵu denote its target symbol error probability.1 Practically, the URLLC

modulation order n is low due to the following reasons. First, the high reliability con-

straint of the URLLC service in the absence of accurate channel estimation caused

by the latency constraints of such traffic. Second, the size of each URLLC packet

is assumed to be small, and hence, the achievable capacity follows the short-block

regime [115–117].2 Accordingly, we assume through this work there is no CSI at the

BS for the URLLC users, hence BPSK will be used by default to encode the URLLC

traffic to achieve the highest URLLC reliability. We list in Table 5.1 most of the

variables used in the analysis throughout the chapter.

1By definition, both m and n are powers of 2.
2Although, the BPSK modulation is adopted for the URLLC traffic in this chapter, the proposed

similarity-enhanced puncturing scheme can be extended to support higher modulation orders, such
as quadrature-phase-shift-keying (QPSK) and 16-QAM.
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Table 5.1: List of variables used in the analysis.

Symbol Description
Ω similarity region
n URLLC modulation order
m eMBB modulation order
L BS downlink frequency resources
l average URLLC traffic
γe eMBB Signal to Noise Ratio
γu URLLC Signal to Noise Ratio
Lm eMBB frequency resources with modulation order m
ln,m punctured eMBB symbols of modulation order m

by URLLC traffic of modulation order n
Ln,m effectively punctured eMBB symbols of modulation order m

by URLLC traffic of modulation order n
Ln,m non-effectively punctured eMBB symbols of modulation order m

by URLLC traffic of modulation order n
pm the probability of encoding eMBB with modulation order m
P (.) eMBB traffic symbol SER
P(.) URLLC traffic symbol SER
ζ URLLC block size
Un,m(.) average similar symbols
K similarity search space
su URLLC symbol
se eMBB symbol

5.3 Proposed Puncturing Scheme

5.3.1 Rationale

The main idea of the proposed puncturing strategy is to exploit the similarity

between the symbols of the URLLC and the eMBB loads such that the punctured

eMBB symbols are similar to the transmitted URLLC symbols. Instead of puncturing

the eMBB traffic greedily by assuming the punctured parts are totally lost, we can

search through the eMBB information block to exploit the eMBB sequence that has

the highest similarity to the URLLC data block. Hence, some of the eMBB symbols

will be received correctly due to their similarity with the transmitted URLLC sym-

bols. Fig. 5.2 illustrates the mechanism of the proposed scheme in terms of frequency

and time resources. At each mini-slot, one can transmit two OFDM symbols per RE

[118]. In this case, if we consider a wireless network with 100 RBs, then a total of
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100× 12× 2 = 2400 ODFM symbols can be transmitted in one sTTI. The BS counts

the similarity between the URLLC sequence with the ongoing 2400 eMBB symbols.

Then, it punctures the eMBB sequence that has the maximum similarity with the

URLLC traffic. Let K denote the size of the search space, or equivalently, the num-

ber of possible candidate eMBB RBs to search over for similarity. In addition, let us

consider a URLLC load with a length equal tof 2 RB, i.e., 2 × 12 × 2 = 48 OFDM

symbols. Assuming that the search window is one RB, the proposed algorithm evalu-

ates the similarity between the URLLC sequence and all available eMBB blocks, i.e.,

K = 99. Afterwards, the BS selects and punctures the eMBB sequence that has the

highest similarity to the URLLC sequence.

For more elaboration, let us assume that both eMBB and URLLC services em-

ploy binary phase shift keying (BPSK) modulation and that the transmitted URLLC

symbol is 0. Then the punctured eMBB symbol can be either 0 or 1. If the punc-

tured eMBB symbol is 0, then the transmitted URLLC symbol and the punctured

eMBB symbol are similar, and therefore, the error probability of the eMBB symbol

is not affected by the puncturing scheme. However, if the punctured eMBB symbol

is 1, then the eMBB symbol will be received erroneously with a non zero probability.

Therefore, it is recommended to puncture the eMBB traffic that has the maximum

similarity to the URLLC traffic. Intuitively, increasing the similarity between the

transmitted URLLC symbols and the punctured eMBB symbols will reduce the SER

at the eMBB receiver, which reduces the retransmissions and the PI overhead.

5.3.2 Similarity Analysis

In practice, the modulation schemes used by the eMBB and the URLLC services

can be different. In addition, the eMBB receiver, which is unaware of the punctured

part of the transmission, decodes the received signal using a maximum likelihood

receiver. Based on this, the probability of receiving the punctured eMBB symbols

in error depends on the Euclidean distance between both the transmitted URLLC

symbols and the punctured eMBB symbols. As an illustration, let us consider the case

when the URLLC traffic employs BPSK modulation and the eMBB traffic employs

4-QAM modulation and let us suppose that the transmitted URLLC symbol is {0}.
As shown in Fig. 5.1, it is preferred to puncture the eMBB symbols 00 and 01, since

they have the lowest Euclidean distance to 0 as compared to the symbols 10 and 11,
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and therefore, a lower resulting error probability. Specifically, as shown in Fig. 5.1,

we can say that the symbols {0, 00, 10} belong to the same region which we refer

to as the similarity region according to the following definition:

Definition 5.1. Let us consider two QAM schemes with modulation orders m and

n, respectively, and let us consider the diagram that has the superposition of their

respective constellations. The similarity region of the two above modulation schemes

is a region of the resulting constellation diagram that contains only one constellation

point from the modulation that has the lowest order, i.e. min(m,n), and max(m,n)
min(m,n)

constellation points from the modulation that has the highest order, i.e., max(m,n),

which have the minimum Euclidean distance with the constellation point

of the modulation that has the lowest order. Based on this, there exist exactly

min(m,n) similarity regions.

As an illustration for Definition 5.1, let us consider the case when the eMBB

traffic has a modulation order of m = 4 and the URLLC traffic has a modulation

order of n = 2. The superposition of the constellations diagrams of the eMBB and

URLLC modulations is shown in Fig. 5.1. The resulting diagram can be divided

into min(m,n) = 2 similarity regions, namely, similarity region 0 and similarity re-

gion 1, where each similarity region contains only one constellation point from the

URLLC’s modulation and max(m,n)
min(m,n)

= 2 constellation points from the eMBB modu-

lation that have the lowest Euclidean distance with the included constellation point

of the URLLC modulation. Moreover, according to Definition 5.1, the eMBB and

URLLC symbols are divided into several sets and each set consists of several eMBB

and URLLC symbols. The number of eMBB and URLLC symbols depends on the

relation between the modulation orders of the eMBB and URLLC. In practice, the

modulation schemes of the URLLC and eMBB services may have the same order (i.e,

m = n) or different ones (m ̸= n). Accordingly, we classify the relationship between

the eMBB and URLLC modulation orders into the following classes:

• Similar-Modulation-Order: In this case, the URLLC and eMBB have the same

modulation order, i.e., m = n. Hence, each similarity region consists of one

eMBB symbol and one URLLC symbol. This symbol is named as the Region-

index-symbol.
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Fig. 5.3: Similarity region between eMBB traffic and URLLC load with 16-QAM (for
eMBB) and BPSK (for URLLC). d0,0001 is the minimum distance between the eMBB
symbol 0001 and the decision line of the URLLC symbol 0.

• Lower-URLLC-Modulation-Order: In this case, the URLLC modulation order

is lower than that of the eMBB, i.e., m > n. Accordingly, each similarity

region consists of one URLLC symbol and m
n
eMBB symbols. Similarly, we can

rename the URLLC symbol as the Region-index-symbol and the eMBB symbols

as mapping-symbols.

• Higher-URLLC-Modulation-Order: In this case, the URLLC modulation order

is higher than that of the eMBB, i.e., m < n. Accordingly, each similarity region

consists of one eMBB symbol and n
m

URLLC symbols. We can rename the

eMBB symbol as the Region-index-symbol (that denotes the similarity-region)

and the URLLC symbols as mapping-symbols.

Practically, the Euclidean distance between the mapping-symbols and the Region-

index-symbol varies according to their locations on the constellation. For clarity,

as shown in Fig. 5.3, assume the URLLC and eMBB traffic are modulated by the

BPSK and 16-QAM, respectively. According to Definition 5.1, the constellation is

divided into two similarity regions. The first region has URLLC symbol 0 as the

Region-index-symbol and the second region has the URLLC symbols 1 as the Region-

index-symbol. Without loss of generality, let the transmitted URLLC symbol be 0.

Then, the mapping-symbols belonging to the same similarity region, i.e. {0000, . . . ,
0111}, can be treated as 0 based on the BPSK maximum-likelihood receiver. On the
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other hand, the eMBB receiver receives the transmitted symbol correctly; hence the

eMBB SER is not degraded. On the other hand, the SER of the URLLC becomes

worse, as the symbol energy varies based on the eMBB constellation, which is 16-

QAM in this example. We note that symbols {0000, 0010, 0011, 0001} have the

lowest Euclidean distance with URLLC symbol 0, hence they have lower SER at the

URLLC receiver (See Fig. 5.3 for more elaboration.) In light of the above discussion,

we define the symbol similarity as follows.

Definition 5.2. The similarity relation between the Region-index-symbol sx and the

mapping-symbol sy in the same similarity region can be:

• Absolute-similar: if P (ŝ ̸= sx|sx was sent)− P (ŝ ̸= sx|sy was sent) ≥ 0.

• Strongly-similar: if −ϵ ≤ P (ŝ ̸= sx|sx was sent)− P (ŝ ̸= sx|sy was sent) < 0.

• Weakly-similar: if P (ŝ ̸= sx|sx was sent)− P (ŝ ̸= sx|sy was sent) < −ϵ,

where ϵ ≈ 0 depends on the target URLLC SER. Accordingly, we can call the set of

symbols, which are absolute-similar and strongly-similar, as the enhanced similarity

region.

Definition 5.3. The enhanced similarity region is a subset of the similarity re-

gion which includes the Region-index-symbol and mapping-symbols that satisfy P (ŝ ̸=

sx|sy was sent)− P (ŝ ̸= sx|sx was sent) ≤ ϵ.

5.3.3 URLLC Encoding at the BS

According to the proposed puncturing strategy, it is preferred to puncture eMBB

symbols such that the amount of symbol mismatch between the transmitted ζ−symbols

of the URLLC traffic and the punctured eMBB is minimized, i.e., smaller Hamming

distance. Based on the URLLC-eMBB relationship, the encoding at the BS is illus-

trated as follows.

• Similar-Modulation-Order: The BS encodes the URLLC traffic according to the

desired modulation order n while puncturing the eMBB symbol sequences that

has maximum similarity (Absolute-similar), i.e., maximize the similar eMBB-

URLLC OFDM symbols.
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• Lower-URLLC-Modulation-Order: Similar to the Higher-URLLC-Modulation-

Order case, the BS selects for puncturing the eMBB block that has a maxi-

mum number of absolute-similar, strongly-similar, and weakly-similar symbols.

To accommodate the URLLC traffic, the BS can transmit either the encoded

URLLC symbol or the ongoing eMBB symbol, as described below.

• Higher-URLLC-Modulation-Order: the BS encodes the URLLC traffic accord-

ing to the desired modulation order n while puncturing the eMBB sequences

that have a maximum similarity. In other words, the BS selects the eMBB sym-

bol sequence that maximizes the number of absolute-similar, strong-similar, and

weak-similar symbols. Compared to the Similar-Modulation-Order case, the im-

pact of puncturing on the eMBB SER can not be eliminated.

When the URLLC modulation order is lower than that of the eMBB, the BS can

transmit the URLLC symbol or keep the ongoing eMBB symbol, as follows.

• URLLC mapper: The BS transmits the encoded URLLC symbols. Hence, the

impact of puncturing on the eMBB resources can not be eliminated. To elab-

orate, let us consider the following example. If we have the following URLLC

sequence {0, 1, 1, 0}, and the punctured eMBB sequence is {00, 11, 10,

01} (See Fig. 5.1). According to the similarity region definition, these URLLC

symbols are in the same similarity region of the punctured eMBB sequence.

Assuming maximum-likelihood detection, we can roughly say 50% of the punc-

tured eMBB symbols will be correctly received, which translates to a high SER

at the eMBB receiver (Fig. 5.1.)

• Similarity region mapper (SRM): To overcome the high SER of eMBB using the

URLLC mapper, the BS transmits the eMBB symbol instead of the URLLC

symbol, if they belong to the same similarity region, otherwise the URLLC

symbol is transmitted. For example, assume that the modulation schemes of

URLLC and eMBB are BPSK and 16-QAM, respectively, as shown in Fig.

5.3. Also assume that the transmitted URLLC symbol is 0. Then, any eMBB

symbol belonging to the same similarity region, i.e. {0000, . . . , 0111}, will
be received as 0 at the URLLC receiver with error probability less than 1. On

the other hand, the eMBB user receives the transmitted symbol correctly as

the symbol is not affected by the puncturing process; hence the eMBB SER
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Algorithm 5.1: Proposed SRM/ESRM mapper

1 evaluate P1 ;

2 if P1 > ϵu then

3 transmit the encoded URLLC symbols ;

4 else

5 transmit the eMBB symbols that satisfy the similarity conditions in

Definition 5.2;

6 end

will improve. On the other hand, the SER of the URLLC becomes worse, since

the eMBB symbols have different minimum distances from the URLLC decision

boundary, which is 16-QAM in this example.

• Enhanced Similarity region mapper (ESRM). To solve the high SER of the

URLLC of the SRM, only the eMBB symbol belonging to the same enhanced

similarity region, (that have better minimum distances from the URLLC deci-

sion boundary), i.e {0000, 0010, 0011, 0001}, are transmitted instead the

URLLC symbol, otherwise the URLLC symbol is transmitted.(See Fig. 5.3 for

more elaboration.)

Algorithm 1, refers to Algorithm 5.1, illustrates an example for the mechanism of

the SRM/ESRM. Let ϵu and P1 be the targeted SER of the URLLC traffic and

the expected SER if the SR/ESRM is used, respectively. The algorithm starts by

checking the activation condition P1 ≤ ϵu, if the activation condition is satisfied, the

eMBB symbol is transmitted if they are satisfying the similarity condition, otherwise

the URLLC symbol will be sent. We emphasize here that the bit streams of both

eMBB and URLLC traffics are the final bit streams to be transmitted by the BS, i.e.,

after the source/channel coding and modulation and just before transmission. Fig.

5.4 shows a real deployment of the proposed SRM/ESRM mapper. As illustrated in

this figure, the proposed scheme exploits only the possible similarities between the

URLLC segment and the eMBB symbols of the final bit streams.
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Fig. 5.4: Transmitter block diagram.

5.3.4 URLLC and eMBB Decoding

As mentioned above, the eMBB receiver does not have the knowledge of the punc-

tured symbols and it decodes the received sequence as if no puncturing took place. On

the other hand, the URLLC receiver will perform the decoding process normally based

on their modulation scheme. For illustration, as shown in Fig. 5.1, we assume that

BPSK and QPSK are used to encode both the URLLC and eMBB traffic, respectively.

Let the transmitted URLLC symbol be {0}. The eMBB decoder will translate the re-

ceived symbol with probability(≈ 50%) as {00, 01}. Similarly, the URLLC receiver

will decode the received symbol {00} as {0} with probability (1 − P2(0.5γe)). For

the case when the ESRM is used, i.e., keep transmitting the similar eMBB symbols,

the URLLC receiver will decode the received signal assuming the desired decoder,

BPSK in this example. Although the concept of the proposed scheme and hierarchi-

cal modulation are interference-free multiplexing schemes [107–110], they are based

on completely disjoint concepts. In fact, in hierarchical modulation, also called lay-

ered modulation, two or more users’ streams are modulated onto one stream with

higher modulation order that is equal to the product of the all streams’ constellation

sizes. The proposed scheme, meanwhile, is based on the concept of similarity between

the eMBB/URLLC transmitted symbols, where the final steam is modulation onto a

single-layer constellation.
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5.4 Performance Evaluation

5.4.1 eMBB SER Analysis

Although both SER and bit error rate (BER) can be used to represent the impact

of puncturing on the eMBB, the SER can represent the puncturing in the RE (sym-

bol) level instead of the RB level which gives more sense about the proposed strategy.3

Hence, we use the SER, denoted by P , to measure the impact of the proposed punc-

turing strategy on the eMBB traffic. Without loss of generality, let Lm = pmL be the

average number of eMBB symbols with modulation scheme m. Also, let the average

number of eMBB symbols punctured due to the URLLC traffic with modulation order

n be ln,m. According to the total probability theorem, the SER of the eMBB traffic

under the effect of both the wireless channel and the presence of URLLC load can be

expressed as

P (γe, l) =
M∑

m=2

pm ×

[
Pm(γe)×

(
1−

∑N
n=2 ln,m
Lm

)

+
N∑

n=2

Pn,m (γe, ln,m)×
ln,m
Lm

]
,

(5.1)

where Pm(γe) is the SER of the eMBB traffic with modulation order m due to the

channel error only, and Pn,m(γe, ln,m) is the SER due to the channel and URLLC

traffic with modulation order n. To quantify the actual effect on the eMBB traffic,

we start with the following definition.

Definition 5.4. Consider an eMBB and URLLC traffic with modulation orders m

and n, respectively. The average effectively punctured symbols, Ln,m, of eMBB traffic

is a portion of the punctured eMBB symbols, ln,m, in which the transmitted URLLC

symbol, su, has a different similarity region from that of the punctured eMBB symbol,

se, and its range is 0 ≤ Ln,m ≤ ln,m.

3We assume uncoded system is being used because this work is a proof of concept for the proposed
puncturing scheme. However, the performance of the proposed scheme considering forward error
correction will be addressed in future work.
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Fig. 5.5: Effectively punctured eMBB symbols.

Fig. 5.5 illustrates the relation between Ln,m and ln,m for the case of similar

modulation schemes, BPSK in this example. It shows that, due to the similarity

region between the punctured eMBB and URLLC symbols, some of the punctured

eMBB symbols are not affected by the puncturing process. In general, for eMBB and

URLLC traffic with modulation orders m and n, respectively, the expected number

of the effectively eMBB punctured symbols is Ln,m <= ln,m. Accordingly, (5.1) can

be written as follows.

P (γe, l) =
M∑

m=2

pm ×

[
Pm (γe)×

(
1−

∑N
n=2 ln,m
Lm

)
+

N∑
n=2

(
Pn,m(γe,Ln,m)×

Ln,m

Lm

+ Pn,m (γe,Ln,m)×
Ln,m

Lm

)]
,

(5.2)

where Pn,m(γe,Ln,m) and Pn,m (γe,Ln,m) are the error probabilities (which will be

derived in the sequel) of the eMBB traffic in Ln,m and Ln,m, respectively. Where

Ln,m = ln,m − Ln,m.

Equation (5.2) shows the SER of the eMBB traffic under the impact of the wireless

channel and the presence of URLLC load. The first term represents the average error

probability for the fraction of eMBB sequence impacted by the channel errors only.

The second term represents the average error probability of the punctured eMBB

symbols that have the same similarity region to the URLLC symbols. The third term

is the average error probability of the effectively punctured eMBB symbols.
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5.4.2 Puncturing Parameters Evaluation

This section analyzes the parameters Ln,m, Pn,m(γe,Ln,m) and Pn,m (γe,Ln,m) for

the proposed puncturing strategy. The puncturing parameters depend on the modu-

lation schemes of eMBB and URLLC, and how the URLLC traffic is distributed, i.e.,

ln,m. Without loss of generality, the average punctured eMBB symbols (the average

URLLC load) is assumed to be known as it depends on the arrival rate, λ, of the

URLLC traffic. Also, the channel error, Pm(γe), depends on the channel and the

modulation scheme. For example, the SER of eMBB under additive white Gaussian

noise (AWGN) and/or Rayleigh fading with SNR per symbol γe are [119, 120]:

Pm(γe) ≈

4aQ(
√

3γe
m−1

), AWGN,

2a (1− b)− a2(1− 4b
π
tan−1(1

b
)),Rayleigh,

(5.3)

where a = (1− 1√
m
) and b =

√
3γe

2(m−1)+3γe
.

5.4.2.1 Average Effectively Punctured Symbols

Without loss of generality, assume the distribution of the symbol similarity be-

tween a URLLC block and a punctured eMBB sequence with modulation orders

n and m follows the Binomial distribution B (ζ, ηn,m). Therefore, the average simi-

larity between the two traffic blocks can be defined as Un,m,ζ ≜ ζ × ηn,m, where ηn,m

(probability that any two symbols are similar) is

ηn,m =
n−1∑
j=0

m−1∑
i=0

pj pi, ∀i, j ∈ Ω, (5.4)

where pj and pi are the probabilities of sending symbol j, i of the eMBB and URLLC

traffic, respectively. Accordingly, we can represent the average effectively punctured

eMBB symbols, in terms of the average URLLC load in the following definition.

Definition 5.5. Consider a URLLC and eMBB traffic with modulation orders n and m,

respectively. Also, let the eMBB block length and the average length of punctured
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eMBB symbols by the URLLC traffic be Lm and ln,m, respectively. The average effec-

tively punctured eMBB symbols (i.e., modified) is given by:

Ln,m =

(
1− Un,m(ζ, ln,m, Lm)

ζ

)
ln,m (symbols), (5.5)

where Un,m(ζ, ln,m, Lm) is the expected number of eMBB symbols which have the same

similarity region with the transmitted ζ−symbols of URLLC block.

The term Un,m(ζ,ln,m,Lm)

ζ
represents the ratio (percentage) of similarity between

both services. Then,
(
1− Un,m(ζ,ln,m,Lm)

ζ

)
ln,m is the actual punctured eMBB sym-

bols. The definition in (5.5) gives an expression for the average length of the ef-

fectively punctured (modified) eMBB symbols. However, it does not quantify the

average similarity, Un,m(ζ, ln,m, Lm), between the URLLC and eMBB sequences. In

fact, Un,m(ζ, ln,m, Lm) depends on the URLLC block size and the eMBB search space

of size N < L. Lemma 5.1 gives an approximated value for Un,m(ζ, ln,m, Lm).

Lemma 5.1. Let Lm denote the average eMBB traffic, and let ln,m be the average

number of punctured eMBB symbols. Assume that the URLLC traffic is divided into

blocks with ζ-symbols each. An upper bound on the expected similarity between the

URLLC and eMBB traffic is given by

Un,m(ζ, ln,m, Lm) =
1

⌈ ln,m

ζ
⌉

⌈ ln,m
ζ

⌉∑
1

∑ζ−1

k=0

[
1− {F (k)}Lm−ζ

]
, (5.6)

where, F (k) =
∑k

j=0

 ζ

j

 (ηn,m)j (1− ηn,m)
ζ−j.

Proof. See Appendix C for the proof.

For large ζ, Un,m(ζ, ln,m, Lm) reduces to ζηn,m. Hence, we can further reduce the

block size, i.e., ζ, and consequently the average similarity will increase. Practically,

decreasing the size of ζ will increase the signalling overhead. Therefore, a proper

selection of ζ is important. Indeed, we examine the effect of different values of ζ on

the performance of the proposed scheme in Section 5.5.

123



5.4.2.2 SER of the Effectively Punctured Symbols

The SER of the Effectively Punctured Symbols, Pn,m (γe,Ln,m), strictly depends

on the relation between the modulation schemes of both URLLC and punctured

eMBB traffic. Ln,m is the average number of eMBB symbols that are wrongly

transmitted. In other words, the transmitted symbols belong to another region.

Pn,m (γe,Ln,m) is then expressed as

Pn,m (γe,Ln,m) =
∑
sj∈Ω

∑
si /∈Ω

p(sj|si sent)Perr(sj|si sent), (5.7)

where sj and si are the effectively punctured eMBB symbol and the transmitted

URLLC symbol, respectively. We can upper bound Pn,m (γe,Ln,m) with the closed

form expression

Pn,m (γe,Ln,m) ≤ 1− Pn (γe)×
(

1

m− 1

)
≈ 1, (5.8)

where Pn (γe) is the probability of error under the URLLC modulation condition. For

example, let BPSK be the modulation order used by both URLLC and eMBB traffic

and P2(γe) = 10−2, then P2,2(γe,Ln,m) = 1− 10−2 ≈ 1.

5.4.2.3 SER of the non-Effectively Punctured Symbols

The SER of the non-Effectively punctured symbols, Pn,m

(
γe,Ln,m

)
is summarized

as follows.

• Similar-Modulation-Order: The modulation schemes of URLLC and eMBB are

similar. Accordingly, non-effectively punctured symbols are similar to the punc-

tured symbol, hence Pn,m

(
γe,Ln,m

)
is expressed as:

Pn,m

(
γe,Ln,m

)
= Pm (γe) . (5.9)

• Lower-URLLC-Modulation-Order: similar to Similar-Modulation-Order, in this

case, the non-effectively punctured eMBB symbols are only affected by the

124



channel conditions. Hence, Pn,m

(
γe,Ln,m

)
is expressed as follows:

Pn,m

(
γe,Ln,m

)
= Pm (γe) . (5.10)

• Higher-URLLC-Modulation-Order: As the energy of the transmitted URLLC

symbols varies, an exact expression for the URLLC SER is not easy to obtain.

Hence, we obtain an upper bound for Pn,m

(
γe,Ln,m

)
based on the minimum

distance, di,j, the transmitted URLLC symbol and the decision boundary of the

eMBB symbol. Accordingly, Pn,m

(
γe,Ln,m

)
is expressed as:

Pn,m

(
γe,Ln,m

)
=
∑
sj∈Ω

∑
si∈Ω

p(sj|si sent)Perr(sj|si sent), (5.11)

where Perr(sj|si sent) is expressed as

Perr(sj|si sent) = Pj(γed
i,j2). (5.12)

5.4.3 URLLC SER Analysis

The SER of the URLLC traffic is only affected when the URLLC traffic is modu-

lated using the SRM/ESRM. This is because the energy of the transmitted symbols

are different than the actual URLLC symbols. In other words, the energy of the non-

effectively punctured eMBB symbols is varies. Accordingly, an exact expression for

the URLLC SER is not easy to obtain. Hence, we drive an upper bound expression

for the URLLC SER based on the minimum distance of the transmitted symbol and

decision boundary, as

Pn,m (γu) =

1−
∑
sj

∑
si

p (si|sj sent)

Pn (γu)

+
∑
sj

∑
si

p (si|sj sent)Pn

(
γud

i,j2
)
.

(5.13)

Equation (5.13) shows the SER of the URLLC traffic when the SRM/ESRM

is used. The first term represents the average error probability for the fraction of
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URLLC sequence impacted by the channel errors only. The second term represents

the average error probability of the URLLC symbols that have the same similarity

region to the eMBB symbols (encoded by the SRM). In fact, the SER loss is equivalent

to a power loss, WdB which has the following expression:

WdB ≈ 10
∑
sj

∑
si

p (si|sj sent) log10
(
di,j

2
/di

2
)
. (5.14)

The expression in (5.14) evaluates the average URLLC loss in dB. The term log10

(
di,j

2
/di

2
)

is the power loss for each URLLC symbol in terms of the ratio between the distance

of the URLLC and the transmitted eMBB symbols form the decision boundary.

5.4.4 SER Scaling

In light of the above discussion, we can observe that the eMBB SER is a function

the SNR and the average similarity of the punctured eMBB symbols. When the SNR

increases, the SER improves and it is asymptotically equal to the puncturing errors.

Then, the eMBB SER based on (5.2) is approximated as

P (l) ≈
M∑

m=2

pm
∑N

n=2 Ln,m

Lm

. (5.15)

On the other hand, as the similarity increases (L increases or ζ decreases), the

eMBB SER reduces to only channel errors, which can be approximated as

P (γe, l) ≈
M∑

m=2

pm ×

[
Pm (γe)×

(
1−

∑N
n Ln,m

Lm

)

+
N∑
n

Pn,m

(
γe,Ln,m

) Ln,m

Lm

]
.

(5.16)

We observe that the eMBB performance strictly depends on the SNR and the av-

erage similarity. As the SNR increases, the eMBB SER becomes dominated by the

puncturing errors, while increasing the similarity will reduce the SER to errors due

to the channel condition.
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5.4.5 eMBB Loss Function

The function that represents the eMBB loss associated to the puncturing schemes

can be either a linear, convex or a threshold function [3]. The linear loss function, i.e.

h(x) = αx, has been largely used to study the impact of the superposition/puncturing

scheme [3, 35]. The expected loss of an eMBB traffic, based on the linear function, is

the ratio between the punctured eMBB symbols to total eMBB symbols:

E[h (lm)] =

∑N
n ln,m
Lm

, (5.17)

where lm =
∑

n ln,m. The loss function in (5.17) is widely coupled with the eMBB rate

[3, 26, 35, 37, 103–105]. Taking into consideration the effectively punctured symbols

and similar symbols, and using results in (2) and (5), the expected loss in (5.17) can

be generalized as follows:

E[h (lm)] =
1

Lm

N∑
n

(
Pn,m

(
γe,Ln,m

)
Ln,m

+Pn,m (γe,Ln,m)Ln,m

)
.

(5.18)

For clarity, assume a retransmission-based puncturing is adopted. Then, all punctured

eMBB symbols are lost, i.e., E[h (lm)] =
lm
Lm

.

5.4.6 Proposed Search Algorithms

The latency constraint is a critical factor to maintain QoS of the URLLC service.

Therefore, we present a fast search algorithm, of time complexity O(K), that exploits

the similarity between the URLLC block over multiple eMBB traffic sequences with

different modulation schemes. Initially, the algorithm associates a counter ck to each

eMBB in K. The subset, K, of the possible eMBB blocks for puncturing depends

on the latency requirement of the URLLC traffic. Specifically, K should be small for

the URLLC traffic with strict latency constraint, and a relatively larger K otherwise.

Moreover, the URLLC traffic with weak latency constraint implies that several mini-

slots (URLLC-slot) is allowed for allocating the URLLC block.

As shown in Algorithm 2, refers to Algorithm 5.2, the proposed algorithm has
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Algorithm 5.2: Proposed search Algorithm

1 ck ← 0 ∀k ∈ [1, K];

2 Step 1: Similarity weight calculation;

3 for k = 1→ K do

4 for t = 1→ ζ do

5 count symbols in the same similarity region;

6 if ste & stu ∈ Ω then

7 ck ← ck + 1;

8 end

9 end

10 end

11 Step 2: eMBB block selection;

12 k∗ ← argmax
k∈[1,K]

ck;

two steps: the first step counts the similar symbols between the eMBB blocks and

the URLLC block; the second step selects the suitable eMBB block for puncturing.

The first step contains two loops, inner and outer loop, which describe the number of

eMBB blocks for possibly punctured and the number of URLLC symbols per block.

As illustrated in Algorithm 2, the similarity region of the eMBB symbol, ste, is com-

pared with the similarity region of the URLLC symbol, stu. Accordingly, the counter

ck is incremented by one when both symbols are in the same similarity region, other-

wise it remains not incremented. In the second part, the BS selects the eMBB block

that has maximum similarity with the URLLC block. In other words, the punctured

eMBB block k∗ should have a maximum count of similar symbols with the URLLC

block. Algorithm 3, refers to Algorithm 5.3, performs cross correlation between the

eMBB symbols and the URLLC symbols to find the eMBB block that has the highest

similarity with the URLLC block. 4

To mitigate adverse impact on eMBB traffic, the URLLC load is segmented into

smaller blocks, i.e., 1 RB [37]. Hence, Algorithm 3 guarantees that all URLLC seg-

ments are delivered in the correct order, i.e., the URLLC symbols sequence is correct.

The algorithm initially divides the search space, K, into ordered and equal subsets,

4The implemented Matlab function xcorr() can be used to evaluate the correlation coefficient of
Algorithm 3.
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Algorithm 5.3: Correlation based search Algorithm

1 ck ← 0 ∀k ∈ [1, K];

2 Step 1: Similarity weight calculation;

3 for k = 1→ K do

4 evaluate the cross correlation between the eMBB and the URLLC

signals,xk
e and xu, respectively ;

5 ck ← E{xu, xe} ;

6 end

7 Step 2: eMBB block selection;

8 k∗ ← argmax
k∈[1,K]

ck;

K1 < K2 < K3... < KZ , where Z is the number of URLLC segments. Then, Al-

gorithm 2 is applied to each segment on the corresponding subset. To enhance the

algorithm, the remaining eMBB blocks of subset, Kk, which satisfy the inequality

k∗
z < kz < Kk, are merged with the next subset, Kk+1, using the merge() function.

Search algorithm time complexity: It can be easily shown that the proposed

algorithm has a time complexity of O(K) which makes it an efficient and practical

solution. For clarity, the search algorithm (Algorithm 2) consists of two steps, namely,

Step 1 and Step 2. Step 1 consists of one outer loop and one inner loop of K and

ζ iterations, respectively. Hence, for a URLLC block with fixed number of symbols

ζ, Step 1 has a time complexity of O(K). On the other hand, Step 2 aims to select

the maximum counter over K elements. In general, Step 2 performs K comparisons

which means it has a time complexity of O(K). As a result, the proposed algorithm

(Algorithm 2) has a low time complexity of O(K).

Considering the overhead resulting from the similarity search operation, it is neg-

ligible in practice. In fact, the total overhead ϱ, measured in bits, of the proposed

algorithm can be evaluated in practice as follows.

ϱ = Z × log2(L/12) + Z × ⌈log2(
K

L/12
)⌉+ Z × ⌈log2(

ζ

24
).⌉ (5.19)

Accordingly, for the case when L = 1200, ζ = 256, K = 300, and no segmentation,

the overhead is equal to ϱ11+ 2+ 4 = 17 bits, which is an extremely low overhead.
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Algorithm 5.4: Search segmentation Algorithm.

1 k∗
z ← 0 ∀z ∈ [1, Z];

2 for z = 1→ Z do
3 k∗

z ← Algorithm 1(Kz);
4 Nk+1 ← merge(k∗

z + 1→ Kz, Kz+1);

5 end

5.5 Simulation Results

5.5.1 Simulation Settings

In this section, we carry out various simulations to evaluate the performance of

the proposed puncturing strategy. We consider a wireless network which consists of

one BS and eMBB and URLLC traffic. We assume that the eMBB traffic belongs to

10 eMBB users and the URLLC packet arrival follows the Poisson distribution with

arrival rate, λ and each packet size is ζ = 96 and ζ = 256 bits. We also assume that

the BS has L = 1200 downlink frequency resources (RE). We assume the channel

between the BS and the eMBB and URLLC receivers is Rayleigh fading, wherein the

eMBB channel gain remains constant for two time slots (14-sTTI) and one eMBB

block is transmitted within this period. Moreover, we assume the served users are lo-

cated in different distance from the BS, hence the path loss is considered with a path

loss exponent equals 3. The noise at the receiver is assumed to be complex AWGN

CN (N0, 0), where N0 = 10−3 is the noise power. The BS can use BPSK, 4-QAM,

16-QAM or 64-QAM to modulate the eMBB traffic. Particularly, the BS adopts the

modulation order m ∈ {4, 16, 64} such that the channel SER is less than or equal

0.01, otherwise BPSK is adopted. Moreover, we assume that the CSI of the URLLC

traffic is not available at the BS. Hence, the URLLC traffic is modulated using only

BPSK to achieve the maximum reliability.

The performance of the similarity puncturing strategy is evaluated for different

transmitting power and arrival rate, i.e., λ = 7 and λ = 3.5 packets per millisecond

(p/msec). we assume that the eMBB users are unaware of the punctured resources, so

we consider the code-based puncturing proposed in [20, 30] as a baseline algorithm.

Generally, when the eMBB receiver is unaware of the punctured resources of the

transmission, the received signal is decoded as useful signal. Resource proportional

(RP) placement is used to allocate the URLLC traffic as it gives the optimal solution
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Fig. 5.6: Puncturing against superposition in terms of SER of eMBB and URLLC.

for the linear loss model [3].

In the following, we start by illustrating the performance of the proposed punctur-

ing scheme compared to the superposition solution. Second, we show the advantage

of the proposed strategy on the performance of the eMBB traffic in terms of the

spectral efficiency, SER and reliability. Finally, we investigate the performance of

the proposed strategy on the URLLC traffic by considering the URLLC SER and

reliability.

5.5.2 Puncturing Against Superposition

We compare in Fig. 5.6 the performance of the puncturing and superposition

schemes with respect to the transmitted power in dBm. As shown in the figure, the

superposition scheme achieves better eMBB SER compared to that of the punctur-

ing scheme. This is attributed to the fact that, unlike puncturing, the superimposed

eMBB signal can be recovered using the upgraded hierarchical receiver such as SIC.

Moreover, the superposition scheme requires a control signal to help recover the su-

perimposed eMBB signal. In this case, the control signal is mandatory to inform

the eMBB receivers of the superimposed resources. Furthermore, the superposition

scheme severely impacts the URLLC SER as illustrated in Fig. 5.6.b. This suggests

that puncturing is preferred as it conserves the URLLC reliability.

Fig. 5.6 shows that Algorithm 2 and Algorithm 3 have similar performance in

terms of SER of both eMBB and URLLC traffics. However, Algorithm 2 achieves the
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Fig. 5.7: Time complexity of the proposed algorithm

optimal solution since it exhaustively calculates similar symbols through all eMBB

blocks. Consequently, Fig. 5.7 shows the time complexity of the proposed algorithm.

The algorithm was implemented in Matlab using a machine with the following charac-

teristics: System Type: x64-based PC Processor: Intel(R) i7-8700H CPU @3.20GHz.

The results show that the processing time of the Algorithm 2 is less than 1 ms. As

the cloud radio access network has a powerful computational resources, the running

time of the proposed algorithm will be further reduced; Hence, the latency of the

URLLC will be surely met.

5.5.3 eMBB Traffic Performance

5.5.3.1 Spectral Efficiency

In (5.18), we express the loss function of the eMBB traffic in terms of the SER of

the punctured symbols. To measure the efficiency of the proposed strategy and select

the optimal K, we evaluate the average eMBB loss in terms of the contaminated

eMBB symbols for both the URLLC mapper and the ESRM while varying the size

of the search space K (see Fig. 5.8). The results show that the percentages of the

contaminated, or lost, eMBB symbols for the ESRM are 18% and 44% as compared

to 59% and 93% for the URLLC mapper for BPSK-4QAM and BPSK-16QAM, re-

spectively. This enhancement of the ESRM results from transmitting the punctured

eMBB symbols that fall in the same similarity region of the transmitted URLLC

symbols, i.e., only the eMBB symbols that have different similarity regions are ef-

fectively lost due to puncturing. Moreover, the results show that the ESRM for the
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BPSK-4QAM case achieves the same loss as that of the BPSK-BPSK case. This is

attributed to the fact that the probability of similarity in the similarity region is the

same, which is equal to 0.5. However, the eMBB SER is enhanced for BPSK-4QAM

using ESRM, and this comes at the expense of a deterioration in the URLLC SER by

about 2.5 dB (according to (5.14)). The results also demonstrate that the proposed

scheme performs better than the code-based puncturing scheme, i.e., K = 1 for the

URLLC mapper. When K is small, it indicates that a small number of eMBB blocks

can be punctured, as per the eMBB QoS requirement. For example, when K = 300,

the search algorithm scans only 300 eMBB blocks (possibilities) out of K = 1200 to

allocate the URLLC traffic. In other words, the QoS requirement limits K (number

of eMBB blocks the URLLC is compared with). This implies that if the eMBB traffic

has stricter QoS requirements, the search space K becomes smaller. Moreover, for the

case of the transmission based puncturing, all punctured resources are lost through

PI signal. Hence the loss of the retransmission based puncturing is always 100% of

the punctured resources.

5.5.3.2 eMBB SER

Fig. 5.9 and 5.10 illustrate the performance of the proposed puncturing scheme

in terms of the SER of eMBB. We make the following observations from the results.

• The proposed algorithm achieves better SER for the eMBB traffic compared to

the code-based baseline. In other words, the proposed scheme can achieve the
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target eMBB SER with lower transmission power. Particularly, the achieved

gain increases with the SNR (transmission power) (it reaches 10 dB at high

SNR), as shown in Fig. 5.9. Also, the figure shows that the gain of our proposed

method is negligible at low transmission power (low SNR) since the channel

errors are the dominant here, however the gain improves as the SNR increases

since the error at high SNR is dominated by puncturing. Note also that the

gain saturates at high SNR according to (5.15), with no further improvement

as the BS allocates more transmit power for the eMBB symbols (puncturing

errors dominates).

• It is intuitive that the SER of the eMBB traffic deteriorates as the URLLC load

increases, as illustrated in Fig. 5.9. For instance, the eMBB SER saturates

at 0.02 and 0.04 at both λ = 3.5 and λ = 7, respectively. This increase in

SER is due to that as the URLLC load increases, the more eMBB resources are

punctured, which leads to more SER.

• Fig. 5.10 illustrates the eMBB SER for different URLLC block segment, ζ.

For instance, the eMBB SER is enhanced when the URLLC block size ζ be-

comes smaller, as illustrated in Fig 9b. Reducing ζ increases the probability of

similarity, which decreases the effectively punctured symbols. In this case, the

trade-off between reducing ζ and the overhead should be optimized to achieve

better spectral efficiency. In other words, as ζ decreases, the overhead increases.
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5.5.3.3 Reliability

In this section, we evaluate the reliability of the eMBB traffic as a function of the

achieved SER. In general, we define the reliability of both URLLC and eMBB traffic

reliability =
Number of blocks satisfying the targeted SER

Total transmitted blocks
. (5.20)

Fig. 5.11.a presents the eMBB reliability while varying the targeted BER, for dif-

ferent URLLC arrival rates. The figure shows that the proposed puncturing strat-

egy achieves better reliability compared the puncturing baseline. For instance, at

P = 0.01, the proposed puncturing strategy achieves reliability of 31% compared

to 20% for the puncturing baseline. This means more eMBB blocks, about 50%

enhancement, are received correctly, hence less re-transmissions and better spectral

efficiency. The gain of the proposed algorithm decreases while increasing the targeted

eMBB SER, this is because the SER becomes dominated by the channel errors at

high SER. Moreover, Fig. 5.11.b presents the reliability for each eMBB user. Com-

pared to the baseline, the figure also shows that the proposed algorithm considerably

enhances the reliability of the eMBB users, which means less retransmission for the

eMBB traffic.
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5.5.4 URLLC Performance

In this section, the performance of the URLLC traffic is investigated in terms of

the SER and reliability.

5.5.4.1 URLLC SER

Fig. 5.12 illustrates the URLLC SER while varying the transmitted power. As shown

in Fig. 5.12, the proposed puncturing scheme preserves the SER of the URLLC traffic

while enhancing the SER of the eMBB traffic. The SER loss of the proposed strategy

is negligible while taking into account the coding gain. We emphasize here that

according to the target SER or BER for both the URLLC and eMBB, the scheduler

can select either the URLLC mapper or the ESRM.

5.5.4.2 URLLC Reliability

Fig. 5.13 illustrates the URLLC reliability (success rate) while varying the trans-

mitted power. The figure shows the URLLC reliability for different ϵu. The figure

shows that the proposed puncturing strategy preserves the URLLC reliability, which

makes the proposed strategy a practical method for efficient multiplexing between

eMBB and URLLC traffics.

In summary, the proposed puncturing scheme represents a low complexity solution

that optimizes between the SER and the spectral efficiency of the eMBB traffic while

preserving the reliability of the URLLC services. The proposed algorithm gain, for
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the eMBB traffic, starts at 0 dB at low SNR and reach up to 10 dB at high SNR,

and it enhances the eMBB reliability up to 50%.

5.6 Summary

In this chapter, we proposed a downlink puncturing strategy in an effort to reduce

the impact of transmitting URLLC traffic simultaneously with eMBB traffic. The

proposed strategy mitigates the impact on the eMBB traffic by exploiting the region

similarity between the eMBB and URLLC symbols to reduce the effectively punctured

eMBB symbols. The introduced strategy covers all relations between the eMBB

and URLLC modulation schemes. Throughout the analysis, it was shown that the

eMBB SER depends on the channel gain, the URLLC load, and the average similarity

between the URLLC and eMBB traffic. At high SNR, the eMBB SER asymptotically

saturates to the errors due to puncturing, and it is proportional to the ratio between

the effectively punctured eMBB symbols to the total eMBB load. Also, when the

URLLC block is small or the search space increases, the eMBB SER reduces to the

errors due to the channel. Numerical and simulation results demonstrated that the

proposed puncturing strategy enhances the system information rate by doubling the

URLLC load for the same SER compared to the baseline. While preserving the

URLLC quality of service requirements, the proposed puncturing scheme can achieve

gains of up to 10 dB as compared to the baseline scheme.
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Chapter 6

Conclusions and Future Research

Directions

6.1 Conclusions

Through this dissertation, we first provided a brief overview of the envisioned

services in the next generation of wireless networks, their enabling technologies and

challenges. Chapter 1 discussed the difficulties of scheduling URLLC traffic and

corresponding key enabling technologies. Then, the shortcoming in accommodating

heterogeneous services as well as research contributions are summarized.

The first contribution of this thesis, which is the content of Chapter 2, focused on

accommodating the coexisting eMBB and URLLC traffic through superposition and

puncturing. Considering the URLLC reliability and latency requirements alongside

the eMBB rate constraint, we formulated the URLLC allocation problem as MINLP,

which is generally very hard to solve in polynomial time. Subsequently, the developed

optimization was simplified as a one-to-one pairing problem in which the feasibility

region and the optimal solutions for the power and spectral resource allocation were

derived. Then, the proposed low complexity solution is generalized to support the

many-to-many pairing. Using the proposed solution, extensive simulations showed

that 30% more URLLC users could be accommodated without degrading their QoS

while having minimal impact on the eMBB rate.

The second part of this dissertation, in chapters 3 and 4, focused on integrating
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RIS to support URLLC traffic in next-generation wireless networks. Specifically, the

joint scheduling of eMBB and URLLC problem aided by RIS was investigated in

Chapter 3. This contribution was the first work that explored integrating RIS to

achieve the URLLC QoS while preserving the eMBB rate constraint. To pursue this

purpose, a time slot eMBB and mini-slot URLLC allocation problems were developed

with the objectives of maximizing the eMBB rate and the URLLC admitted packets,

respectively. Then, a low complexity framework was proposed to avoid violating the

URLLC latency and reliability requirements by proactively optimizing the RIS phase

shift. The proactively designed RIS configuration would then be used in the presents

of URLLC packets. Simulation results showed that the proposed scheme achieves

around 99.99% URLLC packets admission rate, for only 60 passive elements, com-

pared to 95.6% when there is no RIS, while also achieving up to 70% enhancement

on the eMBB sum rate.

In Chapter 4, two novel schemes were proposed to reduce the complexity of op-

timizing the RIS phase shift matrix: a transformation and an element-wise KKT

approaches. The former method applied linear transformation on the RIS phase ma-

trix using the optimal configurations of individual users. Accordingly, optimization

variables are reduced from the number of passive elements to the number of connected

users. On the other hand, the latter scheme is based on closed-form expression derived

using the KKT conditions with certain approximations. Extensive simulations were

performed where they showed the superior performance of the proposed solutions in

terms of optimality and complexity for large-scale RIS, making them practical for

URLLC applications.

Finally, Chapter 5 introduced the symbol similarity puncturing scheme as a spec-

trally efficient mechanism to multiplex the coexisting URLLC and eMBB traffic.

Then, we generalized the proposed method for different modulation schemes by in-

troducing the symbol region similarity concept. We depicted the performance of the

proposed puncturing mechanism analytically and through simulations. By employing

the proposed scheme, simulation results showed that the eMBB spectral efficiency is

improved by puncturing fewer symbols leading to better SER and eMBB reliability.

Moreover, the URLLC data is accommodated while maintaining its reliability.
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6.2 Future Works

Although this thesis addresses several research questions concerning coexisting

services, specifically eMBB and URLLC, in the next-generation wireless networks,

other challenges remain that we plan to undertake in future works. In the sequel, we

list some of the potential directions.

6.2.1 Practical Considerations on the Puncturing/Superposition

Framework

In Chapter 5, the main motivation of the proposed puncturing scheme is to re-

duce the contaminated eMBB symbols leading to protect the effected eMBB user.

This chapter showed that, under uncoded traffic, the proposed scheme achieves bet-

ter eMBB spectral efficiency and SER. However, in practice, error correction codes

are used for controlling channel and puncturing errors. It would therefore be worth

studying the performance of the proposed puncturing scheme under a coded system

in which the eMBB and URLLC streams are coded. The rate and targeted block

error rates should be incorporated while allocating the URLLC load. Moreover, next-

generation networks are expected to enable massive antennas, where spatial multi-

plexing and spatial diversity provide significant throughput gains. It would be also

necessary to study the performance under the multi-cell scenario where multiple cells

cooperate to server the cell edge user (eMBB or URLLC).

In fact, these possible extensions that we plan to pursue are also a possible direc-

tions for the superposition and the RIS framework RIS-aided proposed in chapters 2

and 3, respectively. For instance, we plan to generalize the proposed methodologies to

the case of multi-cells scenario. As a result, eMBB and URLLC users are divided into

cell-center and cell-edge users, with the association problem being handled first. The

cell-center users (eMBB and URLLC) will are served by a single BS. In contrast, the

cell-edge users (eMBB and URLLC) should be accommodated by multiple adjacent

and cooperating cells via the coordinated multi-point (CoMP) technique [52, 53]. To

guarantee the reliability of URLLC traffic and the eMBB QoS requirements, the pro-

posed methodologies can be applied for both user clusters while applying an inter-cell

interference mitigation mechanism.
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6.2.2 Next-Generation Multiple Access

NGMA has to support hundreds of thousands of connected users with limitless

wireless capacity, high data rates, high reliability, and ultra-low latency [6, 7, 9, 10]. In

this regard, RSMA is suggested as a potential NGMA technique for upcoming wireless

networks [13]. In RSMA, as shown in Fig. 6.1, the transmitted messages are split into

common and private messages [4, 13]. The common message may contain data from

multiple users, so multiple users decode it. On the other hand, private messages are

decoded by their corresponding users. Particularly, users rely on SIC to first decode

the common messages before obtaining the private messages by only considering the

private messages of other users as noise. It has been proved that RSMA outperforms

NOMA in terms of spectrum and energy efficiency, even under imperfect channel

state information [4, 121]. Moreover, RSMA is expected to post the performance of

the URLLC and eMBB service classes. [122]. Consequently, and motivated by the

aforementioned benefits of RSMA, it would be worth investigating the feasibility of

adopting RSMA in the coexistence problem for downlink and uplink wireless networks.

In this research direction, we have considered RSMA in our published paper in [123].

Fig. 6.1: One-layer RSMA for two users [4].

6.2.3 Leveraging Machine Learning Tools

Although two low complexity frameworks were proposed to accommodate the

URLLC traffic in RIS-aided wireless networks, integrating RIS in wireless networks

comes with its delay sources that may impact the URLLC latency. These latency
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sources include the delays for the CSI estimation, the phase shift optimization and

configuration, which may affect the URLLC latency and reliability and hence the rate

requirement of coexisting eMBB traffic. As an attractive solution, machine learning

(ML) is capable of solving very complex problems, like the case of RIS-aided wireless

networks. For example, deep reinforcement learning (DRL) and distributed machine

learning (DML) may be used to effectively deploy the RIS, improve and minimize

the complexity of the CSI estimate, and optimize the passive and active elements

at the RIS and the BS, respectively. In this direction, we plan to study the chance

of building a unified ML model for the BSs-RIS-users association, CSI estimation,

passive and active beamforming, and URLLC allocation. Accordingly, instead of

performing the CSI-estimation, uses-association and RIS configuration in a cascade

way, the BS will intelligent perform the CSI-estimate and RIS configuration for only

the associated (subset) users based on the environment measurements (states), i.e.,

mobility, locations, service class etc...
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Appendix A

Proofs and Derivations of Chapter

3

A.1 Solution Approach of Problem 3.19

Let us start by defining ϑH = [ϑ1, ϑ2, . . . , ϑN ]
H , where ϑn = ejϕn . Therefore, we

obtain |hBS,e + hH
RIS,eΦfBS,RIS|2 = |hBS,e + ϑH Θ|2 = ϑH ΘΘHϑ + hBS,e Θ

H ϑ +

ϑH Θh†
BS,e + |hBS,e|2, where Θ = diag(hH

RIS,e) fBS,RIS, and Θ ∈ CN×1. By introducing

an auxiliary variable ρ, problem P1,2 can be equivalently transformed to

P1,3 : max
ϑ̄

E∑
e=1

log2

(
1 +

pe (ϑ̄
H
Qe ϑ̄+ |hBS,e|2)
ΓeMBB σ2

)
(A.1a)

s.t. (1− δ) log2

(
1 +

pe (ϑ̄
H
Qe ϑ̄+ |hBS,e|2)
ΓeMBB σ2

)
≥ rth

W b
,

∀ e ∈ Ef , (A.1b)

|ϑ̄n| = 1, ∀n = 1, . . . N + 1, (A.1c)

where

Qe =

[
ΘΘH Θh†

BS,e

hBS,e Θ
H 0

]
, and ϑ̄ =

[
ϑ

ρ

]
, (A.2)
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such that ϑ̄
H
Qe ϑ̄ = tr(Qe ϑ̄ ϑ̄

H
). In addition, we define S = ϑ̄ϑ̄

H
, which needs to

satisfy rank(ϑ̄) = 1. This rank one constraint is a non-convex constraint [71]. By

dropping this constraint, we reach

P1,4 : max
S

Ef∑
e=1

log2

(
1 +

pe (tr(QeS) + |hBS,e|2)
ΓeMBB σ2

)
(A.3a)

s.t. (1− δ) b log2

(
1 +

pe (tr(QeS) + |hBS,e|2)
ΓeMBB σ2

)
≥ rth,

∀ e ∈ Ef , (A.3b)

Sn,n = 1, ∀n ∈ {1, 2, . . . , N + 1} , (A.3c)

S ⪰ 0. (A.3d)

It can be easily seen that problem P1,4 is a semi-definite programming (SDP)

problem, which can be optimally solved using one of the convex optimization solvers

such as CVX [124]. In general, the optimal ϑ̄ obtained by solving problem P1,4 does

not satisfy the rank-one constraint [71]. Consequently, the Gaussian randomization

technique is applied to get a rank-one solution [71].

A.2 Solution Approach of Problems 3.20 and 3.21

We provide here the solution for problems in (3.20) and (3.21). Problems in (3.20) and

(3.21) (which aim at maximizing the URLLC channels and URLLC-eMBB channels

respectively) have similar formulation. We start by solving (3.20). By adding a

auxiliary variable ζ, (3.20) is re-written as

P3,1 : max
ζ,Φu

ζ (A.4a)

s.t. |gBS,u + gH
RIS,uΦu fBS,RIS|2 ≥ ζ ∀u ∈ U , (A.4b)

0 ≤ ϕn ≤ 2π, ∀n = 1, . . . , N + 1 (A.4c)

ζ ≥ 0. (A.4d)
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Then, using the same results in (A.3), problem P3,1 is re-written as

P3,2 : max
ζ

ζ (A.5a)

s.t. tr(VuS) + |gBS,u|2 ≥ ζ, ∀u ∈ U , (A.5b)

Sn,n = 1, ∀n = 1, . . . , N + 1, (A.5c)

S ⪰ 0, (A.5d)

ζ ≥ 0. (A.5e)

Finally, problem (3.21) can be solved by following the same steps as in problem (3.20).
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Appendix B

Proofs and Derivations of Chapter

4

B.1 Proof of Theorem 4.1

In this part, we provide the proof of Theorem 4.1. We defined the Lagrangian of

problem in (4.14) as

L(ϕ,α,β) =
U∑

u=1

σ2γth
u

|hBS,1 + hH
RIS,1ΦfBS,RIS|2

−
N∑

n=1

αn × ϕn +
N∑

n=1

βn × (ϕn − 2π).

(B.1)

For simplicity, we can rewrite as

L(ϕ,α,β) =
U∑

u=1

σ2γth
u

|hBS,u +
∑N

n=1 h
n
c,u e

jϕn |2

−
N∑

n=1

αn × ϕn +
N∑

n=1

βn × (ϕn − 2π).

(B.2)
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Consequently, the corresponding KKT conditions of (B.2) are:

0 =
U∑

u=1

σ2γth
u

|hBS,u +
∑N

n=1 h
n
c,u e

jϕn |4
×,

∂(|hBS,1 +
∑N

n=1 h
n
c,u e

jϕn |2)
∂ϕn

, ∀n ∈ N , (B.3a)

αn × ϕn = 0, ∀n ∈ N , (B.3b)

βn × (ϕn − 2π) = 0, ∀n ∈ N , (B.3c)

ϕn ≥ 0, ∀n ∈ N , (B.3d)

ϕn ≤ 2π, ∀n ∈ N . (B.3e)

From (B.3), one can easily obtain that αn = 0 and βn = 0. By applying the gradient

operation, problem (B.3) can be written as:

0 =
U∑

u=1

2 σ2 γth
u |hn

d,u| |hn
c,u| sin(θnd,u − θnc,u − ϕn)

|hBS,u +
∑N

k=1 h
k
c,u e

jϕk |4
, (B.4)

where

|hn
d,u + hn

c,u e
jϕn |2 = |hn

d,u|2 + |hn
c,u|2+

2 |hn
d,u| |hn

c,u| cos(θnd,u − θnc,u − ϕn)∀n ∈ N ,
(B.5)

and

hn
d,u = hBS,u +

N∑
k ̸=n

hk
c,u e

jϕk

. (B.6)

To remove the coupling between phase shifts of passive elements, the set of equations

in (B.4) can be solved iteratively by assuming that the hBS,u +
∑

k∈N ,k ̸=n h
k
c,u e

jϕk

is constant for all n ∈ N . Moreover, at N is large or E is large, the term |hBS,u +∑N
n=1 h

n
c,u e

jϕn |4 can be approximated as |hn
d,u+hn

c,u e
jϕn |4 = |hn

d,u|4, i.e., |hn
c,u| ≪ |hn

d,u|.
Then, equation (B.4) can be approximated as:

0 ≈
U∑

u=1

2 σ2 γth
u |hn

c,u| sin(θnd,u − θnc,u − ϕn)

|hn
d,u|3

. (B.7)
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By applying the subtraction theorem sin(a− b) = sin(a) cos b− cos a sin(b), equation

(B.7) can be expressed as

0 ≈
U∑

u=1

Cn
u cos(ϕn)−

U∑
u=1

Dn
u sin(ϕ

n), (B.8)

where

Cn
u =

2 σ2 γth
u |hn

c,u| sin(θnd,u − θnc,u)

|hn
d,u|3

, (B.9a)

Dn
u =

2 σ2 γth
u |hn

c,u| cos(θnd,u − θnc,u)

|hn
d,u|3

. (B.9b)

Accordingly, equation (B.8) can be written as 0 ≈ sin(θneffective− ϕn), where θneffective is

effective direction (angle) of the combined direct and cascaded channels of all users,

which can be approximately obtained by

θneffective ≈ arctan

(∑U
u=1 C

n
u∑U

u=1 D
n
u

)
, θneffective ∈ {0, 2π}. (B.10)

Similar to the single-user case, the optimal phase shift configuration, ϕn∗, of passive

element n, satisfies ϕn∗ = θneffective. This completes the proof.
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Appendix C

Proofs and Derivations of Chapter

5

C.1 Proof of Lemma 5.1

Consider the Binomial distribution with B (ζ, ηn,m) to exploit the similar ζ−symbols

blocks between the URLLC load and the eMBB sequence. Then, the CDF F (k) is

expressed as

F (k) =
k∑

j=0

(
ζ

j

)
(ηn,m)

j (1− ηn,m)
ζ−j. (C.1)

The expected number of similar symbols between both the URLLC and eMBB

blocks is µ = ηn,m ζ. Under the assumption that the eMBB blocks and the URLLC

packet are i.i.d, and by searching over the search space (Km = Lm− ζ +1), the order

statistic after arranging the random samples in an increasing order is Y1 ≤ Y2 ≤ · · · ≤
YKm . Based on the results of [125], the pmf of Yz becomes for all k = 0, 1, . . . , ζ

fz(k) =
∑Km

r=z

(
Km

r

)[
{F (k)}r{1− F (k)}Km−r

−{F (k − 1)}r{1− F (k − 1)}Km−r
]
.

(C.2)
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Considering the case when the largest ordered sample has at least k similar sym-

bols. Also, considering that Lm >> ln,m, the expected number of similar symbols can

be approximated as [125]

Un,m,ζ =
∑ζ−1

k=0

[
1− {F (k)}Lm−ζ

]
. (C.3)

Averaging over the number of ζ-blocks in ln,m, we arrive at

Un,m,ζ(ln,m) =
1

⌈ ln,m

ζ
⌉

⌈ ln,m
ζ

⌉∑
1

∑ζ−1

k=0

[
1− {F (k)}Lm−ζ

]
. (C.4)

This completes the proof.
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