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Abstract

New services and demands for capacity and connectivity bring critical challenges to

current networks and how to allocate resources more efficiently has become an im-

portant problem. This calls for reconsidering multiple access (MA) techniques in

future networks. As a general and efficient MA technique, Rate-Splitting Multiple

Access (RSMA) has attracted attention from academia and industry. Most of the

works of RSMA are related to downlink, while exploiting uplink RSMA still needs

further exploration. This thesis focused on integrating uplink RSMA with emerging

techniques and enhancing the reliability of uplink RSMA.

The applications of uplink RSMA in two new techniques are investigated, namely

network slicing and semantic communications. First, RSMA with network slicing is

studied. Enhanced Mobile Broadband (eMBB), ultra-reliable and low-latency com-

munications (URLLC) andmassivemachine type communications (mMTC) are three

generic services in future networks, and network slicing is a technique to satisfy the

requirements of different services. An uplink RSMA approach for network slicing

is investigated to allocate spectrum resources efficiently while guaranteeing different

requirements of users.

Then, the application of RSMA in the coexistence of semantic communications and

bit communications is studied. Semantic communication is efficient for users who

only care about the semantic meaning, but it will not completely replace bit com-

munication, so there will be coexistence between semantic communications and bit

communications in future. An uplink RSMA scheme is investigated to allocate re-

sources between these two types of communications efficiently.

Next, considering the high reliability requirements in future networks, integrating

RSMA and hybrid automatic repeat request (HARQ) is investigated. Conventional

HARQ that retransmitting all the failed messages is not suitable for RSMA, since it

may increase the complexity. A HARQ scheme tailored for RSMA is studied, and the

results show that RSMA with HARQ has promising reliability and energy efficiency.
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√
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Chapter 1

Introduction

Lifestyle and society have changed dramatically in the last decades, and they drive

the need for network development [1]. We witness that Fifth Generation (5G) sys-

tems are becoming a commercial reality, and now Beyond Fifth-Generation (B5G)

and Sixth Generation (6G) spark the interest of researchers. Future networks aim

to provide services with enhanced Mobile Broadband (eMBB), URLLC, and massive

Machine Type Communications (mMTC). To fulfill the requirements of services, the

demands for capacity and connectivity increase unprecedentedly, which poses critical

challenges to the current networks, and this calls for a more efficient resource alloca-

tion strategy. On the other hand, as Aritificial Intelligence (AI) develops and becomes

prevalent, it also brings new techniques to communications, such as semantic commu-

nications. Semantic communication is a promising solution to use the resources more

efficiently for users who only care about semantic information. Thus, it raises the

question of how to accommodate bit communications and semantic communications

simultaneously. Therefore, it is important to reconsider the Multiple Access (MA)

techniques to allocate resources more efficiently to alleviate the conflict between high

demands and limited resources for users with different requirements and different

types of communications.
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1.1 Motivation

eMBB, URLLC and mMTC are three important services in future networks. These

three services have different requirements and how to accommodate them in the com-

munication networks is worthy of studying. Network slicing is a promising technique

to satisfy different service requirements [2,3], and it is usually done orthogonally and

the users are allocated isolated resources. However, as the number of users grows,

it is impossible for every user to use dedicated resources. Therefore, a more efficient

MA scheme needs to be investigated.

The emerging services also bring the challenges of high demands of capacity and

connectivity. As AI develops, semantic communication has attracted attention from

both academia and industry [4–7]. Semantic communication aims to only transmit

the semantic meaning of a message and this is favourable for the users who only care

about the semantic meaning. Semantic communication can improve efficiency, but

some users will still require the original messages, i.e. collecting raw data for analy-

sis. This gives the motivation to investigate a suitable MA which can accommodate

semantic users and bit users efficiently.

In this thesis, we focus on the non-orthogonal MA scheme, which uses resources

more efficiently than the orthogonal one, specifically, Rate Splitting Multiple Ac-

cess (RSMA). RSMA has attracted widespread attention and shown its advantages

in spectrum efficiency in various scenarios [8–11]. Besides spectrum efficiency, relia-

bility is another important indicator of future networks. Hybrid Automatic Repeat

Request (HARQ) is a well-established mechanism to improve the reliability [12], and

it is based onForwardErrorCorrection (FEC) andAutomaticRepeatRequest (ARQ)

[13]. However, considering the unique characteristics of RSMA that users split its

message into multiple parts, applying HARQ directly to RSMA is not the best solu-

tion to improve the reliability and it may also bring additional complexity. Therefore,

26



this also motivates us to investigate the HARQ scheme tailored for uplink RSMA.

1.2 Rate-Splitting Multiple Access: A Promising

Strategy for Future Communications

To accommodate the various services in B5G and 6G with high capacity and low la-

tency demands, MA techniques need to be reconsidered. Usually, MA techniques can

be divided into two groups according to their interference management methods [14]:

Orthogonal Multiple Access (OMA) and Non-Orthogonal Multiple Access (NOMA).

OMA allocates isolated resources to users, while NOMA allows users to share the

same resources.

In past generations, OMA has been used in cellular networks. Users occupy or-

thogonal radio resources in different domains: time domain, frequency domain, code

domain and the combination of time and frequency domain, namely Time Division

Multiple Access (TDMA), Frequency Division Multiple Access (FDMA), Code Di-

vision Multiple Access (CDMA) and Orthogonal Frequency Division Multiple Ac-

cess (OFDMA), respectively [15]. Although users do not interfere with each other

in OMA, it is not efficient as the number of users grows. This drove the exploration

of MA techniques which enhance Spectral Efficiency (SE) [12]. As Multiple-Input

Multiple-Output (MIMO) became an important role in wireless communications be-

cause it supports the exploding number of users, naturally the spatial dimension is

exploited and it brought Space Division Multiple Access (SDMA) [16].

Different from OMA that users are interference-free, SDMA allows the occurrence

of interference. In SDMA, users share the same time-frequency resources but they

are separated through spatial beams. By designing the precoder (or beamformer)

wisely, the interference between users can be mitigated significantly [17]. However,
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SDMA still has its limitations. First, the performance SDMA degraded quickly in

overloaded regime, i.e., the number of users is more than the number of antennas

of the transmitter [18]. Second, SDMA needs careful scheduling to pair users with

nearly orthogonal channels and similar strength. The complexity of the algorithm of

scheduling increases rapidly even if there exists some suboptimal and low-complexity

scheduling and user-paring algorithm [19]. Third, SDMA is sensitive to the accu-

racy of Channel State Information (CSI) and imperfect Channel State Information

at Transmitter (CSIT) can lead to the decrease in performance of SDMA [20].

Another non-orthogonal MA technique that has attracted attention is NOMA, and

it separates users either in the power domain, namely power-domain NOMA, or

code-domain, namely code-domain NOMA. In this work, we focus on power-domain

NOMA1. The transmitter uses Superposition Coding (SC) to superpose the mes-

sage of users in the power domain and at the receiver side the messages are decoded

by Successive Interference Cancellation (SIC). NOMA improves SE because it can

leverage the channel strength differences, but it also has limitations. First, the perfor-

mance of NOMA decreases when the channel strengths of users are similar. Because

of using SIC to decode the messages, the user decoded first will tolerate much inter-

ference from other users, which may cause the decoding failure. Second, from a user

fairness perspective, NOMA is not an optimal choice [21, 22]. Third, in the Multiple

Access Channel (MAC), NOMA with time sharing can achieve the whole capacity

region of MAC, but it needs multiple time slots [12] and induces communication

overhead and latency, which brings additional complexity [23].

SDMA and NOMA can be seen as two extreme MA techniques. SDMA treats the in-

terference between users as noise, while NOMA fully decodes the interference. Their

limitations come from this inflexible interference management, and it calls for the

MA technique which has a more flexible interference management. Therefore, as a

1In this thesis, power-domain NOMA will be referred to NOMA.
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more flexible MA technique, RSMA gains considerable attention from both academia

and industry.

In the downlink, the universality of RSMA is shown in [17]. RSMA can softly bridge

SDMA and NOMA and outperform them. [24] show the flexibility of RSMA, which

can adapt to varying network loads and channel directions and strengths. [25,26] show

that RSMA is robust to imperfect CSI. [8–11] show that RSMA can enhance spectrum

efficiency in various scenarios such as MIMO, unicast, multicast, satellite-terrestrial

networks, beyond diagonal reconfigurable intelligent surface. [9, 27] show the advan-

tage of RSMA from an energy efficiency perspective. [28–30] show that RSMA can

enhance the Quality-of-Service (QoS) and user fairness. RSMA also shows its promis-

ing performances in the finite blocklength regime [31]. Since RSMA can achieve the

same rate as SDMA and NOMAwith a shorter blocklength, it has the potential to be

used in low-latency applications. [32, 33] investigated the trade-off between spectral

efficiency and secrecy performance, and shows that RSMA still has rate benefits while

guaranteeing secrecy. [34] proposes the low-complexity design for RSMA with con-

sidering the practical receivers implementation and shows that RSMA still holds ad-

vantages over SDMA. The prototype of downlink RSMA is built and its performance

is evaluated [35] and RSMA shows better performance than SDMA and NOMA.

Uplink RSMA is first proposed in [36]. In the uplink, RSMA also shows its advan-

tages in improving spectrum efficiency [23,37], enhancing user fairness [21,22,38,39]

in MIMO, finite blocklength regime. It can also simplify the implementation by

avoiding complex user pairing [40], and increase the connectivity in semi-grant-free

transmission [41]. [42] shows that uplink RSMA has the potential to be applied in low

latency applications with low complexity. Therefore, RSMA is a promising technique

for any service which needs grant-free and is required intermittently, i.e., URLLC and

mMTC [43].

Since RSMA has shown numerous good properties, it is worth investigating RSMA
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further. Most of the works about RSMA are in downlink, but uplink RSMA is quite

different from downlink RSMA, so it cannot be simply extended from those down-

link works, and this work will focus on the uplink RSMA. The main objective of

this thesis is to investigate allocating resources efficiently between various services

(eMBB, URLLC and mMTC) and users requiring different types of communications

(bit communications and semantic communications) with RSMA, which are the key

enablers of future networks. This thesis also investigates a HARQ scheme tailored

for RSMA to improve reliability, which is an important indicator for future networks.

1.3 Organization and Contributions

Future networks are expected to provide more services and various types of commu-

nications, i.e. semantic communications, and allocate resources more efficiently be-

tween different services. Although previous works have shown the potential of uplink

RSMA, most of them focused on a specific service and did not consider the resource

allocation between services or between different type of communications. This moti-

vates us to investigate allocating resources between various services (eMBB, URLLC

and mMTC) and users requiring different types of communications (bit communica-

tions and semantic communications) with RSMA. Reliability is also an important

indicator in future networks, so we investigate a HARQ scheme tailored for RSMA,

which was not studied before.

A summary of each chapter, highlighting the main contributions, is given as follows.

• Chapter 2 Preliminaries: We review the fundamentals and related literature

of this thesis by introducing the the principles of uplink RSMA, system model

of network slicing, semantic communication and schemes of HARQ for uplink

RSMA.
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• Chapter 3 An Uplink RSMA Approach for Network Slicing: For the

first time, an overall uplink RSMA scheme is investigated for network slicing

scenario. Two coexistence scenarios are considered: eMBB and URLLC co-

existence and eMBB and mMTC coexistence. For the eMBB and URLLC

coexistence scenario, the achievable rate pairs of eMBB and URLLC of dif-

ferent MA schemes are characterized. For the eMBB and mMTC coexistence

scenario, the achievable rate of eMBB and arrival rate of mMTC pairs of differ-

ent MA schemes are characterized. The simulated results show that RSMA has

promising performances. A detailed analysis of where the gains are from and

the suitable scenarios of RSMA is provided. The numerical results and analysis

show that RSMA improves the spectrum efficiency in the network slicing sce-

nario in which users require various services with different requirements, and it

has the potential to be applied in future networks.

• Chapter 4 RSMA for Coexistence of Semantic and Bit Communica-

tions: We investigate the MA schemes for semantic and bit communications

coexistence scenario, and for the first time uplink RSMA is studied in this coex-

istence scenario. TheRSMA scheme is designed tomaximize the achievable rate

of bit users while ensuring the understandability and transmission efficiency of

semantic users. To solve this optimization problem, a Successive Convex Ap-

proximation (SCA) algorithm is proposed. The numerical results show that

RSMA allocates resources efficiently in the coexistence scenario. It always out-

performs NOMA and outperforms OMA in most situations. The differences

of RSMA behaviours between coexistence scenarios and bit communications

scenarios are summarized and analyzed. These results show the potential of

RSMA in future networks.

• Chapter 5 RSMAwith HARQ: AHARQ scheme tailored for uplink RSMA

is investigated for the first time. HARQ is an important mechanism to improve
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the reliability. Since in RSMA users split their messages, if applying conven-

tional HARQ directly to retransmit all the failed streams, the complexity will

increase. We show that the HARQ schemewe design for RSMAwill not increase

the complexity and the analysis is provided. This HARQ scheme is designed to

minimize the error probabilities of the users and the related expressions of error

probabilities are given. Numerical results show that RSMA with HARQ has

promising reliability and consumes less power compared to NOMA and OMA.

• Chapter 6 Conclusion: We conclude the thesis by summarizing the achieve-

ments and discussing possible directions for future works.

1.4 Publications

The work in this thesis has resulted in several papers, that have been published,

accepted or under review, or are still under preparation.

Under Review

• Y. Liu and B. Clerckx, “Rate-Splitting Multiple Access for Coexistence of Se-

mantic and Bit Communications,” submitted to IEEE Transactions onWireless

Communications.

Published Journals

• Y. Liu, B. Clerckx and P. Popovski, ”Network Slicing for eMBB, URLLC, and

mMTC: An Uplink Rate-Splitting Multiple Access Approach,” in IEEE Trans-

actions on Wireless Communications, vol. 23, no. 3, pp. 2140-2152, March

2024, doi: 10.1109/TWC.2023.3295804.

32



• Y. Liu, B. Clerckx and P. Popovski, ”Performance Analysis of Uplink Rate-

Splitting Multiple Access With Hybrid ARQ,” in IEEE Transactions on Wire-

less Communications, vol. 23, no. 10, pp. 14201-14214, Oct. 2024, doi:

10.1109/TWC.2024.3410315.
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Chapter 2

Preliminaries

and Literature Review

In this chapter, the background knowledge and state-of-the-art works covered in this

thesis are presented, including fundamentals of uplink RSMA, network slicing, se-

mantic communications, and HARQ.

2.1 Fundamentals of Uplink RSMA

According to the discussions in Section 1.2, OMA allocates dedicated resources to

users, i.e. TDMA allocates different time slots to different users, FDMA allocates

different frequency resources to different users. While NOMA allows users to share

resources, and the transmitter sends the superposition of messages and the receiver

uses SIC to decide messages. Although they are two different types of MA tech-

niques, they all transmit messages directly. Instead of transmitting the whole mes-

sage, RSMA splits its messages into two parts and sends the superposition of the split

parts. In downlink, Base Station (BS) splits the messages of each user into two parts,

one common part and one private part. Then, all the common parts are encoded
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into a common stream, and each private part is encoded into private streams. BS

sends the superposition of common stream and private streams, and users decode the

common stream first and then decode their private streams [17]. Unlike downlink

RSMA, uplink RSMA does not have the definition of common part and private part.

Users split their messages into two parts and send the superposition of them, and

then the BS uses SIC to decode the superposed streams, and it has been shown that

all the points of the rate region can be achieved by uplink RSMA [36]. Since BS needs

to decode all the received streams, the decoding order in uplink cannot be directly

extended from the downlink one, so the main challenges of uplink RSMA come from

the decoding order design and the resource allocation.

In this section, we mainly introduce the fundamentals of uplink RSMA, and we focus

on themulti-user Single-Input Single-Output (SISO) system, whereK single-antenna

users transmit to a single-antennaBS.We first introduce a two-user case to provide in-

sight into the benefits of uplink RSMA. According to [36], the benefit of uplinkRSMA

is it can achieve all the points of the rate region by splitting the message of one of the

users. First, we need to define the concept of rate region. The rate region is the set of

all pairs (R1,R2) such that simultaneously user 1 and user 2 can reliably communicate

at rate R1 and R2, respectively [44]. For a two-user case in uplink, the rate region is

shown in Fig. 2.1, which is a pentagon, and segmentAB contains all the ’optimal’ op-

erating points. PointA and pointB can be achieved by NOMAwithout time-sharing.

For example, if BS receives s1 from user 1 and s2 from user 2, NOMA can achieve point

A when the decoding order is s1, s2; and it can achieve point B when the decoding

order is s2, s1. However, neither of decoding order can enable NOMA without time-

sharing to achieve other points on the segmentAB. If the objective is to maximize the

sum rate, either achieving point A or point B can reach the goal. However, some sys-

tems may want to ensure user fairness, i.e. operating at the points of AB other than

point A and point B, and RSMA can achieve those points. We note that although

NOMAwith time-sharing can achieve all the points of AB, it induces communication

35



overhead and requires synchronization among users, so it can be difficult to apply in

practice [12] and we only consider NOMA without time-sharing in this thesis.

After clarifying the definition of rate region and why points on segmentAB except for

point A and point B cannot be achieved by NOMA, then, we introduce how RSMA

can achieve those points. [36] shows that by splitting the message of one of the users

into two parts, all the points of rate region can be achieved. The detailed proof is

provided in [36] for interested readers, and here we explain the sufficiency of this

setup in a more intuitive way. First, we consider that only one user splits its message.

Without the loss of generality, we assume that user 1 splits its message into two parts

and then encodes them to s1,1 and s1,2, and user 2 transmits its encoded message s2

directly. This can be seen as adding a virtual user with the same channel as user 1, and

it is similar to a three-user case inNOMAwhich two users have the same channels. For

any type of message to be transmitted, i.e., text, image, and video, user 1 first splits it

into two parts. Since uplink RSMA does not have a common part and a private part,

the split parts are equivalent and they do not need to be distinguished specifically

from a content perspective. Then, user 1 encodes these two parts into bit streams,

and interleaves and modulates bit streams to symbol streams s1,1 and s1,2 [45, 46].

User 2 uses the same procedure and transmits s2. The received signal at BS is

y=
√
P1,1h1s1,1+

√
P1,2h1s1,2+

√
P2h2s2+n, (2.1)

where P1,1 and P1,2 are the power allocated to s1,1 and s1,2, respectively, h1 and h2

denote the channel of user 1-BS and the channel of user 2-BS, respectively, and n

is the additive Gaussian noise with power of σ2. Instead of decoding s1,1 and s1,2

successively, the BS decodes the received streams in the order of s1,1, s2 and s1,2.

The rationale is that decoding s1,1 and s1,2 successively is equivalent to not splitting

according to the chain rule. For some situations, splitting could be unnecessary, and

these situations can be seen as either P1,1=0 or P1,2=0. Therefore, s1,1, s2 and s1,2 is
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the most general decoding order for a two-user case. The Signal to Interference plus

Noise Ratio (SINR) of s1,1, s2 and s1,2 can be represented as

ρ1,1=
P1,1|h1|2

P1,2|h1|2+P2|h2|2+σ2
, (2.2)

ρ2=
P2|h2|2

P1,2|h1|2+σ2
(2.3)

and

ρ1,2=
P1,2|h1|2

σ2
, (2.4)

respectively. The achievable rates of s1,1, s2 and s1,2 are

r1,1=log2(1+ρ1,1), (2.5)

r2=log2(1+ρ2) (2.6)

and

r1,2=log2(1+ρ1,2). (2.7)

The achievable rate of user 1 is r1=r1,1+r1,2. This decoding order enables RSMA to

achieve all the points of the rate region, which is shown Fig. 2.1.

The above discussion shows that splitting one user enable all the points of rate re-

gion to be achieved. Then, we explain that it is not necessary to let all users split

their messages. We assume that two users split messages can achieve a ’better’

point with the same transmission power which splitting one user cannot, and we

let user 2 split its message into s2,1 and s2,2, and they are allocated to power P2,1

and P2,2, respectively, where P2,1 + P2,2 = P2. In the splitting one user case, we

know that r2 = log2

(
1+ P1,1|h1|2+P1,2|h1|2+P2|h2|2

σ2

)
− r1 because of the chain rule. If

splitting two user can achieve a better ’point’ (r′1,r
′
2), this point should be at least

r′1 > r1 when r′2 = r2, or r
′
2 > r2 when r′1 = r1. With the same transmission power,
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Fig. 2.1. An illustration of the two-user rate region of MAC.

the sum rate of r′1 and r′2 is r′1 + r′2 = log2

(
1+ P1,1|h1|2+P1,2|h1|2+P2|h2|2

σ2

)
. If r′1 > r1,

r′2 < log2

(
1+ P1,1|h1|2+P1,2|h1|2+P2|h2|2

σ2

)
= r2, which contradicts the assumption. Simi-

larly, it is impossible to find a (r′1,r
′
2) satisfying r′2 > r2 when r′1 = r1. Therefore, it

is sufficient to split one user to achieve all the points of the rate region. The above

analysis shows one of the main advantages of RSMA compared to OMA and NOMA.

OMA cannot achieve all the points of the rate region because it only allocates dedi-

cated resources to the users. Although NOMA allows users to share the resources, it

can only achieve point A and point B in Fig. 2.1 without time-sharing.

Then, we extend this two-user case toK-user case, and the transceiver is shown in Fig.

2.2. For aK-user case, splittingK−1 users into two parts enable all the points of the

rate region to be achievable [36], and the detailed proof is given by [36] for interested

readers. The intuition is that the rate region of K-user case is a K-dimensional

space, so to achieve any point of this K-dimensional space, it is sufficient to have

K−1 degrees of freedom and splitting two parts are enough for being adjustable for

each dimension. On the transmitting side, each user splits its messages and then

encodes them into streams. Without loss of generality, we assume that each user

splits its message into two parts. We note that actually splitting K−1 users enables
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Fig. 2.2. Transceiver architecture of K-user uplink RSMA.

RSMA to achieve all the points of the rate region [36], and this is equivalent to one user

allocating zero power to one of the split streams. On the receiving side, the BS uses

SIC to decode the received streams. We use hk to denote the channel between user k

and BS, and Pk,i is the power allocated to stream sk,i. and the received signal at BS is

y=
K∑
k=1

(
hk

2∑
i=1

√
Pk,isk,i

)
+n. (2.8)

To obtain the SINR of each received stream, firstly the decoding order needs to be

decided. Let π(k,i) denote the map function that maps the stream sk,i to its decoding

order, i.e. π (sk,i) = j represents that sk,i is the j-th decoded stream at BS. For a

stream of user k, sk,i, i∈{1,2}, its SINR is

ρk,i=
Pk,i|hk|2∑

π(m,i)>π(k,i)Pm,i|hm|2+σ2
, (2.9)

where the first term of the denominator is the summation of the interference from the

streams which are decoded after sk,i. The achievable rate of sk,i is

rk,i=log2(1+ρk,i), (2.10)
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and the achievable rate of user k is

rk=
2∑

i=1

rk,i. (2.11)

The advantages of uplink RSMA mainly come from the flexible decoding order and

interference management. However, designing an appropriate decoding order and

power allocation strategy are also challenges in uplink RSMA. Especially the decod-

ing order, it is not involved in downlink RSMA which always decodes the common

stream first and then decodes the private stream, and it drives us to investigate uplink

RSMA. By designing the decoding order and power allocation, uplink RSMA can

meet different goals, such as enhancing user fairness [21, 22, 38, 39] in MIMO, finite

blocklength regime. Uplink RSMA also shows its advantages in improving spectrum

efficiency [23,37,47]. [42] shows that uplink RSMA has the potential to be applied in

low latency applications with low complexity.

2.2 NetworkSlicing andModels of eMBB,URLLC

and mMTC

This subsection gives a brief introduction to network slicing and the models of eMBB,

URLLC and mMTC, and then a literature review follows.

5G features three generic services: eMBB, URLLC, andmMTC. These three services

have various applications and requirements [48,49]. eMBB aims to provide extremely

high data rates with high reliability, for applications such as augmented reality and

remote presence. mMTCaims to provide connectivity for numerous devices which are

cost and energy-constrained. The objective of URLLC is to provide a service featuring

ultra-reliability and low latency while the rate is relatively low compared to mMTC.

These three services have various applications and requirements [48, 49]. Some typ-
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Applications

Requirements User experienced
data rates

Latency Reliability

eMBB
Uplink file transfer 50 Mbps 16 s 99.9%

AR/VR 50 Mbps 10 ms 99 %

URLLC
Factory automation 10 Mbps 10 ms 99.99%

Motion control 1 Mbps 1 ms 99.9999%

mMTC

Sensing and factory
logistics

1 Mbps 0.5 s 95%

Wearables 2-5 Mbps Relaxed N/A

Table 2.1: Requirements of eMBB, URLLC and mMTC applications

ical use cases are shown in Table 2.1 [50–57]. eMBB aims to provide service for users

requiring high data rate, and it is suitable for uploading large files and AR/VR who

require high throughput to ensure a smooth and immersive experience. URLLC is for

applications with low latency and high reliability, such as factory automation involv-

ing robotic control and automated production lines, motion control in the autonomous

driving. mMTCprovides services formassive connectivity. For example, in smart fac-

tories, massive sensors are deployed for monitoring of temperature, humidity andma-

chine status, and mMTC can be applied in such a scenario. Wearable devices are also

typical mMTC applications because usually they require large-scale connectivity.

As introduced in Chapter 2.2, Fig. 2.3a is the illustration of OMA. Each service

occupies individual resources without overlap, but users of the same service can share

the resources, i.e. one URLLC user can be allocated an individual resource denoted

by light blue, and multiple URLLC users can also be allocated to the same resources

represented by dark blue. Fig. 2.3b shows the general non-orthogonal slicing scenario,

which includes NOMA and RSMA. Different services can share the same resource,

and the sharing part is denoted by the overlap.

Network slicing is a promising technique to satisfy different service requirements [2,3].

This technique allocates communication resources to the users requiring different
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services to guarantee their varied requirements. Usually, network slicing is done by

OMA-based slicing, which is shown in Fig. 2.3a. Each service has its dedicated time-

frequency resource, but users of the same service can share the resources. For example,

a URLLC user can occupy an individual resource denoted by light blue, or multiple

URLLC users can share the same resource which is denoted by dark blue. However,

as the number of users grows, a more flexible and efficient scheme may be explored,

and these three services have different requirements, so network slicing may leverage

these differences to obtain better performance. Therefore, NOMA-based slicing is

investigated [43] as shown in Fig. 2.3b, where different services can share the same

time-frequency resources. We use black boxes to denote the sharing resources. For

example, the sharing resources between eMBB and mMTC are represented by the

green part in the black box, and the sharing resources between eMBB and URLLC

are represented by the blue parts in the black boxes.

Several works on NOMA-based network slicing scheme have shown the potential to

improve the performance in the uplink, and they were studied in [43,58,59]. Applying

NOMA-based slicing for eMBB and URLLC coexistence in downlink has also been

studied and showed lower power consumption and more effective utilization [60–66].

We note that our discussion is limited to the wireless part of the network slicing, and

sometimes it is referred to as spectrum slicing [67].

We consider that there are F frequency channels indexed by f ∈{1,...F}, and S time

slots indexed by s ∈ {1, ...S}, as shown in Fig. 2.3. To meet the requirements of

eMBB, URLLC and mMTC, we make the following assumptions. eMBB users are al-

located to single or multiple radio resources at one or several given frequencies, while

URLLC users can occupy several radio frequencies and a single mini-slot because of

the stringent latency requirement1, and mMTC users are allocated a specified fre-

1Besides latency requirement, high reliability is also an important requirement of URLLC and
diversity is critical to achieve it [68]. Therefore, transmitting with multiple frequencies would be
more reasonable to increase diversity. In this way, increasing diversity compensates for fades in
wireless channels [69,70] and guarantees reliability.
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Fig. 2.3. Illustration of network slicing. (a) is the OMA scenario, and each service is allocated
isolated resources, but the users of the same services can share the same time and frequency
resources, i.e. one URLLC user can occupy an isolated resource denoted by light blue, and multiple
URLLC can also share the same resource which is denoted by dark blue. (b) is the general
non-orthogonal slicing scenario, i.e., NOMA and RSMA. mMTC and eMBB, eMBB and URLLC
can share the resources, and the sharing parts are denoted with black boxes.

quency resource. The numbers of URLLC users and active mMTC devices are nU

and nM , respectively. The arrival process of mMTC follows a Poisson distribution,

nM ∼Poisson(λM), where λM is the mean value and referred to as the arrival rate of

mMTC users.

We use the setup the same as in [43] and it is as follows. The radio access and compe-

tition among eMBB devices have been solved prior to the considered time slot, and

there is only one eMBB device in each time slot. Each frequency channel f is assumed

to be within the time-and frequency-coherence interval of the wireless channel, so the

wireless channel coefficients are seen as constant. The channel coefficients of eMBB

user, URLLC user u and mMTC user m at frequency f are denoted by hB,f ∈ C,

hU,u,f ∈C and hM,m,f ∈C, respectively, where u= 1,2,...nU and m= 1,2,...nM , and

they fade independently. The channels are considered asRayleigh fading channels, i.e.
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hB,f∼CN (0,ΓB), hU,u,f∼CN (0,ΓU), and hM,m,f∼CN (0,ΓM), where ΓB, ΓU and ΓM

are the average channel gains for eMBB, URLLC and mMTC users, respectively. We

mainly focus on long-term resource management and the differences in the path loss

are accounted for through the average channel gains. The channel gains of the users

of three services in radio frequency f are denoted by GB,f = |hB,f |2, GU,u,f = |hU,u,f |2,

and GM,m,f = |hM,m,f |2. Without loss of generality, the power of the noise at BS is

normalized to one. Thus, the received power equals Signal-to-Noise Ratio (SNR).

The received signal at BS at time slot s and frequency f can be represented as

ys,f =hB,fxB,s,f+

nU∑
u=1

hU,u,fxU,u,s,f+

nM∑
m=1

hM,m,fxM,m,s,f+zs,f , (2.12)

where xB,s,f , xU,u,s,f , xM,m,s,f and zs,f are signals transmitted by eMBB user, URLLC

user u, mMTC user m and noise at the frequency f and time slot s, respectively.

We assume that the eMBB device has perfect CSI, while URLLC and mMTC do not

have CSI, and BS also has perfect CSI as in [43]. Thus, the eMBB device can ad-

just the transmission power according to the CSI, while URLLC and mMTC devices

cannot adapt power because of lack of CSI and the transmission power is fixed and

normalized to 1. The reliability requirements of eMBB, URLLC and mMTC are ϵB,

ϵU and ϵM , respectively. Let EB, EU , EM denote the events that the eMBB user is

in outage, the event URLLC users are in outage and the event mMTC users are in

outage, respectively. Thus, the outage probabilities should satisfy these reliability

requirements, i.e. Pr(EB)≤ϵB, Pr(EU)≤ϵU and Pr(EM)≤ϵM .

To investigate the slicing scheme, we introduce the models of eMBB, URLLC and

mMTC individually to understand their different properties. In the following subsec-

tions, models of eMBB, URLLC and mMTC are introduced, and at this stage, they

are considered individually without interference from other services.
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2.2.1 eMBB

Since the eMBB device and BS are assumed to have perfect CSI, the eMBB device

can adjust the transmission power PB(GB,f ) according to the instantaneous channel

gains to achieve a predefined SNR value. Thus, the objective is that the eMBB device

transmits at the largest rate rB,f at frequency f and the outage probability is lower

than reliability requirements ϵB under a long-term average power constraint, so the

problem can be formulated as

max rB,f

s.t. Pr[log2(1+GB,fPB(GB,f ))<rB,f ]≤ϵB

E[PB(GB,f )]=1.

(2.13)

The optimal solution to this problem is given by truncated power inversion [71],

which means that the eMBB device chooses a transmission power that is inversely

proportional to the channel gain GB,f if it is above a given threshold Gmin
B,f . The

probability that the eMBB transmits is

aB=Pr[GB,f≥Gmin
B,f ]=e−Gmin

B,f /ΓB . (2.14)

Without interference fromother services, the only outage source is that the eMBBuser

does not transmit due to the insufficient SNR level, so the event that the eMBB user

is in outage is actually the event that the eMBB user is inactive, i.e. not transmitting.

Thus, the error probability is

Pr(EB)=1−aB. (2.15)

Impose the reliability requirement ϵB

Pr(EB)=ϵB, (2.16)
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so we can obtain the value of threshold SNR

Gmin
B,f =ΓBln

(
1

1−ϵB

)
. (2.17)

With the power-inversion-scheme, the transmission power is chosen as a function of

the instantaneous channel gain GB,f as

PB(GB,f )=


Gtar

B,f

GB,f
if GB,f≥Gmin

B,f

0 if GB,f <Gmin
B,f

, (2.18)

whereGtar
B,f is the target SNR. Imposing the average power constraint to be normalized

to one,

1=E[PB(GB,f )]=

∫ ∞

Gmin
B,f

1

ΓB

e−x/ΓBPB(x)dx, (2.19)

and the target SNR can be obtained as

Gtar
B,f =

ΓB

Γ
(
0,

Gmin
B,f

ΓB

) . (2.20)

Thus, the largest transmission rate of eMBB can be obtained as

rB,f =log2(1+Gtar
B,f ) (bits/s/Hz). (2.21)

From this result, we know that rB,f only depends on ΓB and ϵB, so for each frequency

channel the largest transmission rate is the same, and the index f can be omitted.

This largest transmission rB is referred to as rorthB ,

rorthB =log2(1+Gtar
B,f ) (bits/s/Hz). (2.22)
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2.2.2 URLLC

URLLC devices transmit messages across FU frequency resources, where FU≤F . We

assume that URLLC devices do not have CSI, and the transmission power is fixed

to 1. BS has the CSI of URLLC users and uses SIC to decode the messages. In the

SIC procedure, BS receives the superposition of URLLC signals, successively detects

the received data symbols, and then subtracts them from the superposition of sig-

nals. URLLC users are intermittent and each user is active with the probability aU ,

so the number of active URLLC users is random in a given spanning time resource

with multiple frequency resources, which we refer to as a frequency strip. This is a

generalization of URLLC setup in [43], which assumes a single URLLC user. Here we

consider the worst case that there are always nU URLLC users transmitting simul-

taneously in the given frequency strip, so the outage probability in practice should

be lower than the estimation which will be given then. Let GU,u,f denote the channel

gain of user u in frequency channel f , and the user decoded after user u is denoted by

j>u, so the SINR of user u in frequency f

σU,u,f =
GU,u,f

1+
∑nU

j>uGU,j,f

. (2.23)

Thus the outage probability is

Pr(EU)=
1

nU

nU∑
u=1

Pr

(
1

FU

FU∑
f=1

log2(1+σU,u,f )<rU

)
, (2.24)

where rU is the target rate of URLLC.

The decoding order is decided by the sum of the mutual information across FU fre-

quency resources [58]. The users are successively decoded, and BS picks the device

with the largest value of the sum of mutual information Isum to decode at each step,
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i.e., for user u it is

Isum=
1

FU

FU∑
f=1

log2

(
1+

GU,u,f

1+
∑nU

j>uGU,j,f

)
. (2.25)

Thus, we can impose the reliability requirementPr(EU)=ϵU and obtain themaximum

rU , and the sum-rate of URLLC users is

rsumU =nUrU (bits/s/Hz). (2.26)

Increasing FU can enhance the frequency diversity, so it is possible to obtain a higher

rU while satisfying the reliability requirement ϵU with larger FU .

2.2.3 mMTC

The arrival process of mMTC devices is random, so we assume that it follows a Pois-

son distribution with the arrival rate λM , and the rate of mMTC devices is fixed at

rM . CSI is unknown for mMTC, and the transmission power is fixed to 1. Since

mMTC devices are allocated a specified frequency resource, the index f is omitted.

BS uses SIC to decode mMTC devices. The decoding order is decided by the channel

gains of users. Let m denote the mMTC device with the m-th largest channel gain

and the channel gains are sorted in descending manner G1 ≥ G2 ≥ ...GnM
, so the

decoding order is 1,2...nM . Since there is no interference from other services, for a

random user m0, the SINR is

σm0 =
Gm0

1+
∑nM

m=m0+1Gm

. (2.27)

If log2(1+σm0)≥rM holds, this mMTC device can be decoded successfully and then

cancelled. Otherwise, it cannot be decoded and the procedure terminates. Let DM
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denote the number of successfully decoded devices, and the error probability mea-

sures the ratio of successfully decoded devices DM to all active devices nM . Thus the

error probability is

Pr(EM)=1−E[DM ]

λM

, (2.28)

where E[DM ] is the expectation of DM , and λM can represent the mean value of nM .

Thus, the problem can be formulated as

λorth
M (rM)=max{λM :Pr(EM)≤ϵM}, (2.29)

and the value of λorth
M (rM) can be computed by Monte Carlo method.

OMA-based slicing scheme is a conventional scheme, but it may not meet the require-

ments of future networks. NOMA-based network slicing scheme has the potential to

improve the performance in the uplink, and it was studied in [43, 58, 59]. In [43], a

NOMA-based slicing scheme was explored, and this work showed that NOMA-based

slicing is more suitable than OMA-based slicing in some scenarios. In [58], network

slicing for eMBB and URLLC coexistence was analysed. There was one eMBB user

and multiple URLLC users in this scenario. When URLLC users had better channel

conditions than the eMBB user, NOMA-based slicing always outperformed OMA-

slicing. While when eMBB users had better channel conditions, NOMA-based slicing

only had better performance when the eMBB rate was relatively high. In [59], the

eMBB andmMTC coexistence scenario was analysed. There was one eMBB user and

multiple mMTC users. This paper analysed the achievable pairs of eMBB rate and

mMTC arrival rate. It showed NOMA-based slicing can achieve the pairs that OMA-

based slicing cannot, and vice versa. In [72], the performance trade-offs between the

eMBB rate and the URLLC latency were investigated in NOMA-based slicing with

both puncturing and SIC methods. Applying NOMA-based slicing in downlink has

also been studied and showed lower power consumption andmore effective utilization.
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In [60–66], eMBB and URLLC coexistence was studied. In [60], NOMA-based slicing

was employed to minimize the transmission power and it had lower power consump-

tion than OMA-based slicing. [61–64] showed that NOMA-based slicing can leverage

resources more effectively, and it has promising performance when resource allocation

and scheduling are designed properly, and [65] proposed a learning-based approach

for resource allocation. In [66], a scheduling algorithm for eMBB and URLLC co-

existence in MIMO NOMA systems was studied, and it brought a higher spectrum

utilization than the OMA counterpart.

Although NOMA-based network slicing showed advantages, the interference during

the SIC procedure may affect performance. As a more flexible MA technique, uplink

RSMA manages the interference better by a more flexible decoding order. However,

there are few works studying applying RSMA to network slicing. An RSMA-based

slicing scheme for eMBB and URLLC coexistence was proposed in [73], and this

work showed that RSMA could achieve a larger rate region than NOMA-based and

OMA-based slicing when the power splitting factor is properly configured. However,

this work only discussed eMBB-URLLC coexistence when URLLC users have better

channel conditions. A more overall study of applying RSMA to network slicing has

not been done.

2.3 Semantic communications and Its Metric

This section gives a brief introduction to semantic communications and a state-of-

the-art semantic communications for text transmission model, namely DeepSC [74].

Then, an important parameter of semantic text transmission, namely sentence sim-

ilarity [75], and a data regression method to approximate it are introduced.

Semantic communication has attracted attention from both academia and indus-

try [4–7]. Different from conventional bit communication, semantic communication

50



aims to transmit the semanticmeaning of the originalmessages. In thisway, the source

data is compressed dramatically while the semantic meaning remains the same [5].

Semantic communication is not a new concept, and it was first proposed in [76].

In [76], Claude Shannon categorized communication problems into three levels: (1)

How accurately can the communication symbols be transmitted? (2) How precisely

do the transmitted symbols convey the desired meaning? (3) How effectively does the

received meaning affect conduct in the desired way? Level 1 is the technical prob-

lem, Level 2 is the semantic problem, and Level 3 is the effectiveness problem, which

measures to what degree the received message successfully drives the desired action.

Semantic communications focus on the second level. Instead of just transmitting bits

and ignoring the meaning, it focuses on transmitting the desired meaning with sym-

bols and how to precisely present the meaning with symbols. Therefore, the semantic

data should be accuracy of meaning and efficiency, because the goal is to transmit

coremeaning without unnecessary information while ensuring the sender and receiver

share the same understanding. Some theoretical works have already been done. [77]

gave the concept of the amount of semantic information based on logical probability

functions and tentatively defined semantic noise, and semantic noise includes inter-

pretation errors, i.e. the receiver misinterprets the semantic content of a message,

contextual misalignment, i.e. the sender and the receiver do not share the same con-

textual knowledge, and ambiguity and vagueness of message, i.e. a message contains

ambiguous expressions. [78] proposed a model-theoretical framework for semantic

data compression and reliable semantic communication. [79] proposed a framework

of semantic communication, and it obtained the optimal transmission policies which

minimized the end-to-end average semantic error based on the Bayesian game.

Although some theoretical works of semantic communication have been done, most

of the works in the general area of communications focused on the implementation

of the first level of communication. The second level, the semantic problem, was not

fully investigated. Thanks to the development of Deep Learning (DL) based Natural
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Language Processing (NLP), the implementation of semantic communication is being

explored. [80] designed a joint source-channel coding of text based on DL for trans-

mitting the meaning of text. [81] proposed a joint source and channel code for wireless

image transmission. [82] designed aDL-based system to recover the speech signal in se-

mantic communication. [74] proposed aDL-based semantic communication system for

text transmission to maximize the system capacity and minimize semantic error. [83]

proposed a semantic communication framework for a multi-user scenario, and it uni-

fied the structure of transmitters for different tasks, image retrieval, machine trans-

lation, and visual question answering. [84] developed a DL-based semantic communi-

cation system which can serve many different tasks with multiple modalities of data.

As a potentialMA scheme, there areworks investigating downlinkRSMA for semantic

communication. In [85], the BS encoded common knowledge into the common stream

and encoded the information for each user into the private stream, and a problem is

formulated to minimize the communication and computation energy consumption.

Simulation results showed that RSMA has higher energy efficiency. [86] designed a

framework of RSMA for semantic-aware networks, and shows that RSMA has a lower

Age of Incorrect Information (AoII) compared to SDMA. Although Age of Informa-

tion (AoI) measures the freshness of information at the receiver, it fails to capture the

information content of the updates andmay lead to unnecessary penalties. For exam-

ple, a message could be fresh but inaccurate because of the noise during the transmis-

sion, so AoI is small but the receiver does not receive the desiredmessage. In addition,

inaccurate information can lead the system to make wrong decisions if it is not cor-

rected timely, but AoI cannot measure the duration of the incorrect information and

the negative impact it brings. AoII is proposed to address the shortcomings of AoI by

capturing the accuracy of information and timeliness by measuring the duration of

incorrect information. [87,88] investigated RSMA for semantic communication based

on probability graphs. Since compression brings additional computational resource

consumption, [87] aimed to minimize the total consumption and [88] maximized the
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sum of semantic rates subject to the transmission power, semantic compress ratio and

rate allocation constraints. The results show that RSMA is energy efficient and can

achieve a higher rate after compression compared to SDMA. [89] applied RSMA to a

task-oriented semantic information transmission framework for image transmission

and showed RSMA improved the quality of experience.

Semantic has shown its potential for future communication applications, but this does

not mean that conventional bit communication will disappear in future networks. A

prerequisite of applying semantic communication is that users only care about the

meaning of themessages anddonot carewhether the receivedmessages are the sameas

the transmitted ones, i.e. some sensors prefer transmitting semantic messages such as

significant status changes rather than raw data. However, some users will still require

originalmessages, i.e. some human users collect raw data for detailed analysis. There-

fore, future networks should accommodate both bit users and semantic users. Al-

thoughMA techniques have been studiedwidely in the bit communication regime, the

design of MA techniques for semantic-user-and-bit-user coexistence scenarios is still

in its infancy. This motivates us to investigate suitable MA schemes for the semantic-

user-and-bit-user coexistence scenario. [90] studied the designs of NOMA in the down-

link, [75, 91] studied the NOMA designs for the coexistence scenario in the down-

link. [92] studied the coexistence of one bit user and one semantic user in the uplink.

This literature motivates us to explore that as an efficient MA technique, whether

RSMA shows any benefit in the semantic-user-and-bit-use coexistence scenario. For

the semantic communications part, we focus on the semantic communications frame-

work for text transmission. In the next subsections, the architecture of DeepSC, the

related metric and its approximation are introduced.
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Fig. 2.4. The illustration of the framework of DeepSC.

2.3.1 Semantic Communication Metric

DeepSC is a state-of-the-art semantic text transmission framework, and its architec-

ture is shown in Fig. 2.4. The transmitter of DeepSC has two parts, a semantic

encoder and a channel encoder. The semantic encoder contains multiple Trans-

former [93] encoder layers and the channel encoder uses dense layers. First, the

transmitter extracts the features of the original text s = [w1,w2,...,wL], where wl

is the l-th word and L is the average number of words per sentence. The original

text s is tokenized and converted to a word embedding vector and each element is

a high-dimension vector. The semantic encoder extracts features with self-attention

mechanism by capturing both local and global dependencies within the text, and

encodes them into high-dimension semantic vectors [93]. The channel encoder maps

the output of the semantic encoder to obtain the transmitted symbols and each sym-

bol is in complex form. Since neural networks cannot process complex numbers, the

channel encoder outputs real and imaginary parts separately, rather than a complex

number directly. Therefore, a word is represented by several semantic symbols, and

the transmitted signal is x∈C1×KL, whereK is the average number of semantic sym-

bols per word. Considering that both the transmitter and receiver have one antenna,

the received signal y=hx+n, where h∈C1×1 is the channel coefficient and n∈C1×KL

is the noise. Then the receiver uses channel decoder and semantic decoder to recover

the original sentence and the recovered sentence is denoted as ŝ. Both the transmitter

and the receiver are realized by neural networks, and they are jointly trained to make

the meaning of ŝ the same as the meaning of the original sentence s. Thus, a param-
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eter that measures the similarity between the transmitted sentence and the received

sentence is important for the system design, and DeepSC uses sentence similarity to

measure the similarity. In [74], the sentence similarity is defined as

ξ(̂s,s)=
BΦ(s)·BΦ(̂s)

T

∥BΦ(s)∥∥BΦ(̂s)T∥
, (2.30)

where BΦ is Bidirectional Encoder Representations from Transformers, which is a

NLP framework that helps computers understand the meaning of language proposed

in [94]. ξ(̂s,s) is a value between 0 and 1, and higher ξ(̂s,s) represents higher sentence

similarity. The sentence similarity is related to the architecture of the neural net-

works. For DeepSC, it is decided by SNR ρ of the received signal and K [74]. Thus,

ξ(̂s,s) can be represented by a function of ρ and K, i.e. ξ(̂s,s)=ε(K,ρ).

To further investigate the performance of the semantic communicationnetwork in [74],

the semantic rate is proposed in [95]. Let I denote the average amount of informa-

tion in the transmitted sentence s, which is measured by the semantic unit (sut), so

the information contained in each symbol is I
KL

(suts/symbol). Since the symbol

rate is equal to the transmission bandwidth, the amount of transmitted information

is WI
KL

(suts/s), where W is the transmission bandwidth. At the receiver side, the

received amount of information is

S=
WI

KL
ε(K,ρ), (2.31)

and S can describe the semantic rate (suts/s). I/L is related to the source type, and

it is a constant value for a given type of source [95]. The value of ε(K,ρ) is related to

the design of neural network and a well-designed neural network would have a high

ε(K,ρ), and we can obtain it with a givenK and ρ for DeepSC [74]. Part of the ε(K,ρ)

are presented in Fig. 2.5 with blue markers.
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Fig. 2.5. The logistic regression for approximating ε(ρ,K),

2.3.2 Data Regression Method For Semantic Rate Approx-

imation

From the above subsection, we know how to obtain sentence similarity ε(K,ρ) and

semantic rate S, and how they relate to the average number of semantic symbols

per word, K, and the received SNR, ρ. However, these relations are not presented

mathematically, and this could be a problem for semantic communication design.

Thus, [75] proposed a data regression method to approximate ε(K,ρ).

From the blue marks in Fig. 2.5, we can observe that for a given K, ε(K,ρ) is mono-

tonically non-decreasing as ρ increases, and the derivative of ε(K,ρ) with respect to

ρ, d
dρ
ε(K,ρ), increases first and then decreases. According to the observation, [75]

used the generalized logistic function to approximate ε(K,ρ), which is

ε(K,ρ)≈ ε̃K(ρ)≜Ak,1+
Ak,2−Ak,1

1+e−(Ck,1ρ+Ck,2)
. (2.32)

56



For a given K, Ak,1 and Ak,2 are the lower asymptote and the upper asymptote, re-

spectively, and Ck,1>0 denotes the logistic growth rate and Ck,2 decides the logistic

mid-point. Then [75] applied the minimum mean square error criterion for fitting

this generalized logistic function to get the parameters. Part of the results are shown

in Fig. 2.5 with red lines, and they can approximate ε(K,ρ) accurately. This approx-

imation (2.32) will help us to design the semantic users and the bit user coexistence

schemes. Since ε(K,ρ) is only related to ρ for a given K, we omit K in the following

sections for convenience, and our discussion is based on a specific K.

Although semantic communication shows its potential, bit communication will still

play a role in future networks. This motivates us to investigate suitable MA for

the semantic-user-and-bit-user coexistence scenario. As a promising MA technique,

RSMA is a potential candidate, but RSMA for this coexistence scenario is still an

open problem.

2.4 Hybrid-ARQ

HARQ is a critical mechanism to enhance reliability, increase diversity and improve

the efficiency of packet-based transmission [12]. Thus, it is a crucial technique to

meet the expectations in future networks [96, 97]. This mechanism is based on FEC

and ARQ [13]. Generally, there are three types of HARQ: Type I HARQ, HARQ

with Chase Combining (CC), and HARQ with incremental redundancy (IR). Type

I HARQ uses the packet in the current round to decode, while HARQ with CC and

HARQ with IR can decode packets in different rounds jointly. In HARQ with CC,

if the receiver detects errors when it receives a packet, it sends a Negative Acknowl-

edgment (NACK) to the transmitter, and then the transmitter sends an identical

packet. At the receiver side, the receiver uses maximal ratio combining (MRC) to

combine messages in every turn. In HARQ with IR, the transmitter initially sends a
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packet with some amount of FEC parity bits. If the receiver detects errors and sends

a NACK, the transmitter does not retransmit the same packet. Instead, it sends

additional parity bits, which are systematically derived from the original data. The

receiver combines all the received parity bits to reconstruct the original data [98]. CC

is easier to implement while IR is more efficient.

HARQhas been extensively studiedwith bothOMA [98,99] andNOMA [97,100–105].

For OMA, [98] optimized the transmission power for a given outage probability with

limited retransmission times for the CC scheme, and [99] maximized the through-

put in the IR scheme. For NOMA, [100–103] focused on the downlink scenario and

showed that NOMA with HARQ can improve the outage probability and energy ef-

ficiency. [97, 104, 105] studied NOMA with HARQ in uplink, and showed that it can

reduce the latency and save power consumption. Specifically, [97, 104, 105] showed

NOMA with HARQ has promising performances for short packets, which means it is

suitable for services requiring low latency. [106] introduces a backhauling approach

employing NOMA with ARQ for enhancing the reliability of transmission and incor-

porates a packet repair technique to address the potential packet loss, and the results

show that packet drop rate decreases dramatically and it ensures the reliability of the

transmission. Performing HARQ orthogonally would not be able to accommodate

numerous userswith limited resources. It also increases the latency, because unaccom-

modated users need to wait in the queue. Clearly, allocating resources and performing

HARQ non-orthogonally can improve the efficiency of systems and reduce the waiting

time. Besides, BS can keep the previous unsuccessful copies of messages, so using a

full payload to retransmit messages again would be wasteful. Meanwhile, fixed-size

resources are preferred, so it is not practical to adjust the size of retransmission [97].

The literature studied that the design of HARQ with OMA and NOMA and shows

non-orthogonal MA is more efficient when the number of users increases. Motivated

by the literature, we investigate RSMA with HARQ to meet the high reliability re-
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quirements of future networks.
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Chapter 3

RSMAFacilitating Network Slicing

This chapter analyses the performances of different network slicing schemes in uplink.

Network slicing aims to handle the services with different requirements [49,107], and

in the meanwhile it should ensure the performances of each services, so it may need

to isolate services. The OMA-based network slicing scheme isolates different services

completely, but it may not be efficient enough when the number of users increases.

The NOMA-based scheme can let the users with different services share the same time

frequency resources. For example, in Fig. 2.3, the three services, eMBB, URLLC and

mMTC, can be performed in the same time slot, but they may be not at the same

frequency. However, allocating three services to the same time frequency resources

would violate the purpose of network slicing, because this is equivalent to not perform-

ing network slicing and it may bring negative impacts on performances. Therefore,

only two services coexistence scenarios are considered in this chapter, eMBB and

URLLC coexistence and eMBB and mMTC coexistence. URLLC and mMTC co-

existence is not considered because mMTC is not sensitive to latency and URLLC

can be scheduled before mMTC. Besides OMA-based and NOMA-based schemes, a

promising scheme based on RSMA is studied. For eMBB and URLLC coexistence,

the achievable rate pairs of eMBB and URLLC users are characterized. For eMBB
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and mMTC coexistence, the achievable pairs of the eMBB rate and the arrival rate

of mMTC are characterized. Simulation results show that for network slicing RSMA

can outperform NOMA counterpart, and obtain significant gains over OMA in some

regions. Detailed analysis are provided to explain the suitable scenarios for RSMA

and why RSMA outperforms in those scenarios. Then this chapter concludes that

RSMA is an efficient scheme for network slicing.

3.1 Introduction

Motivated by the increasing demands of users and the good properties of RSMA,

this chapter studies the RSMA-based slicing1 for network slicing. In RSMA scheme

design, how the power is split between the two streams is a critical aspect because it

dictates the performance. Splitting power fraction is used to refer to the power frac-

tion allocated to the first stream without loss of generality. For eMBB and URLLC

coexistence, the contributions of this paper are summarized as follows:

• This chapter investigates RSMA schemes for eMBB and URLLC coexistence

and analyses the performances in different channel conditions. The achiev-

able rate regions and the relation between the splitting power fraction and the

sum-rate of URLLC users are shown. Although [73] analysed the eMBB and

URLLC coexistence when channel conditions of URLLC users were better than

eMBB, and showed that RSMA always outperformed OMA-based slicing2 and

NOMA-based slicing3 when users of the same services shared the resource in

a non-orthogonal fashion, it did not analyse the opposite scenario when an

eMBB user experiences a better channel than URLLC users. In the previous

scenario, it would be easier for RSMA to exploit flexible decoding order; while

1RSMA-based slicing is called RSMA for simplicity in the rest of this chapter.
2OMA-based slicing is called OMA for simplicity in the rest of the chapter.
3NOMA-based slicing is called NOMA for simplicity in the rest of the chapter.
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in the later one, sometimes RSMAmay boil down to NOMA. Interestingly, the

later scenario shows when RSMA can outperform OMA and reveals a suitable

scenario for RSMA. Numerical results show that RSMA can always achieve

a larger rate region compared to NOMA, while it outperforms OMA in some

scenarios. Adjusting splitting power fraction appropriately can improve the

performance, and the lower the interference from the eMBB user, the higher

the improvements RSMA can make.

• This chapter gives a detailed analysis of the suitable scenario for RSMA. The

main superiority of RSMA in uplink comes from the flexible decoding order

since the split streams do not have to be decoded successively. Hence, for

the user with the lower rate, one of its split streams can be decoded after the

streams of other users, so it has lower interference and achieves a higher rate;

for the user with a higher rate, its stream can be decoded early to deal with

more interference. Thus, all the users can achieve a higher rate. In this way, a

higher decoding order flexibility leads to higher achievable rate pairs. This is the

reason why RSMA has better performance when eMBB interference is not that

high. The achievable rate regions of NOMA and RSMA in eMBB and URLLC

coexistence are also simulated to demonstrate the suitable scenario of RSMA.

For eMBB and mMTC coexistence, the contributions are summarised below:

• This chapter proposes a RSMA scheme for eMBB and mMTC coexistence, and

to the best of our knowledge, RSMA has not been applied to this scenario be-

fore. In this scheme, the message of the eMBB user is split into two streams.

By adjusting the splitting power fraction of eMBB and scheduling the decoding

order, the SINR of mMTC devices is also adjusted, since the first stream of

eMBB message can be cancelled before decoding some mMTC devices. Con-

sequently, more mMTC devices can have sufficient SINR to satisfy the target
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rate compared to NOMA, which means a higher arrival rate of mMTC can be

supported using RSMA for a given reliability requirement.

• This chapter analyses the performance of eMBB and mMTC coexistence with

RSMA. The achievable pairs of the eMBB rate and the arrival rate of mMTC

and the relation between the splitting power fraction of eMBB and the arrival

rate of mMTC are shown. According to the simulation results, RSMA can

achieve rate pairs non-achievable by NOMA and OMA, and RSMA is shown

to leverage the difference between reliability requirements of different services

better compared to NOMA.

3.2 System Model

This section introduces a general signal model of RSMA in the network slicing sce-

nario. Different services can share the same radio resources when they communicate

to a common BS as shown in Fig. 3.1. As introduced in Chapter 2.2, Fig. 2.3a is

the illustration of OMA. Each service occupies individual resources without overlap,

but users of the same service can share the resources, i.e. one URLLC user can be

allocated an individual resource denoted by light blue, andmultiple URLLC users can

also be allocated to the same resources represented by dark blue. Fig. 2.3b shows the

general non-orthogonal slicing scenario, which includes NOMA and RSMA. Different

services can share the same resource, and the sharing part is denoted by the overlap.

The main idea of rate-splitting is to divide a message of one user into two parts, which

is equivalent to adding a virtual user [36]. Thus, it provides a more flexible decoding

order. For a general RSMA network slicing model in uplink, we assume that there is

one eMBB user, two URLLC users and nM mMTC users. For the users of the same

services, they can share the same time and frequency resources and they are decoded

by SIC at the receiver side. This setup can effectively capture the essence of the
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Fig. 3.1. The considered scenario that devices from three services transmit to a common BS in the
uplink.

problem, because in a given cell the number of connected mMTC devices can be very

large compared to the number of connected eMBB and URLLC users in each time

slot. Since the arrival process of mMTC is random and mMTC devices are energy

and cost-constrained, we assume that mMTC does not split the messages and the

transmission power of the signal is fixed to 1. Hence, eMBB and URLLC users can

have their message split, in contrast to mMTC users. Thus, the received signal of BS

at a given time slot s and frequency f is (s and f are omitted for simplicity)

y=hB

2∑
i=1

√
PB,ixB,i+

2∑
u=1

2∑
i=1

hU,u

√
PU,u,ixU,u,i+

nM∑
m=1

hM,mxM,m+z, (3.1)

where xB,i and xU,u,i are split messages of eMBBuser andURLLC user u, respectively,

and PB,i, PU,u,i are the power allocated for xB,i and xU,u,i, respectively. We emphasize

that (3.1) is a general expression of the received signal at a given time and frequency

grid, and this does not mean that all three services will share this time and frequency

grid. If no eMBB user is scheduled at this given time and frequency grid, xB,i,i∈{1,2}

will be zero. Similarly, if URLLC and mMTC users are not scheduled at this time

and frequency grid, xU,u,i,u∈{1,2},i∈{1,2} and xM,m,m∈{1,2,...nM} will be zero,
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respectively. For eMBB and URLLC, the power constraints are E
[∑2

i=1PB,i

]
=1 and∑2

i=1PU,u,i=1, respectively, where E[·] is the expectation operator. Here we consider

that BS and users have one antenna, and adding more antennas would help scale up

this scheme further.

We note that RSMA can unify NOMA and OMA in a single MA framework. When

the transmission power is all allocated to one of the split streams and the other stream

is not allocated power, RSMA boils down to NOMA; while when all the transmis-

sion power is turned off except one service, RSMA becomes OMA. Thus, OMA and

NOMA can be contained in RSMA if full power control is applicable for all the users.

However, since URLLC and mMTC do not have the CSI and the transmission power

is fixed, they do not have the full power control, so for network slicing, OMA is not a

subset of RSMA.

Although RSMA increases the number of messages, the decoding order is more flexi-

ble and it can achieve any boundary points of the rate region as shown in [36]. Other

methods that achieve the same region are NOMA with time-sharing and joint en-

coding/decoding [12]. However, implementing time-sharing requires multiple time

slots [23] and induces communication overhead [12]. A joint encoding/decoding ap-

proach is not practical to implement due to the high decoding complexity of random

codes [12,36]. Since URLLC has stringent latency requirements and mMTC is aimed

at cost and power-constrained devices, NOMA with time-sharing and joint encod-

ing/decoding can be problematic in network slicing, so they will not be considered in

the following discussions.

3.3 Slicing for eMBB and URLLC

In this section, the coexistence of eMBB and URLLC will be discussed, and mMTC

traffic will not be considered here. For eMBB we focus on the standard scheduled
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transmission phase, so we assume the radio access and competition among eMBB de-

vices have been solved prior to the considered time slot, and there is only one eMBB

device and two URLLC devices in each time slot.

3.3.1 OMA for eMBB and URLLC

In the OMA scenario, we assume that the eMBB device and URLLC devices are allo-

cated individual frequency channels. Let F denote the total number of the frequency

channels, and URLLC devices are allocated FU frequency channels.

The performance of this system is specified in terms of (rsumB ,rsumU ) of eMBB sum-rate

rsumB and sum-rate of URLLC rsumU while reliability requirements (ϵB,ϵU) are satisfied.

The sum-rate of eMBB is obtained as

rsumB =(F−FU)r
orth
B (bits/s/Hz), (3.2)

where rorthB is obtained in (2.22). The rate of URLLC devices can be computed from

(2.24) while satisfying Pr(EU)≤ϵU , and the sum-rate can be computed from (2.26).

3.3.2 NOMA for eMBB and URLLC

In the NOMA scenario, eMBB and URLLC devices share all F frequency channels.

Here BS uses SIC to decode eMBB and URLLC users. Besides SIC, BS can adopt

another decoding approach, punctured method approach [63]. This is a preemptive

mechanism that once BS detects the presence of URLLC transmission, it will ’punc-

ture’ the ongoing eMBB transmission. Unlike TDMA, puncturing is not predefined

and occurs dynamically. It is shown in [43] that the SICmethod outperforms the punc-

turingmethod, so in this chapterwe focus on applying SIC at theBS. Like the scenario

mentioned in Section 2.2.2, the worst case that there is always URLLC traffic when
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eMBB is transmitting is considered. The decoding order is set as URLLC devices are

decoded before eMBB devices and the reasons are following. (1) URLLC devices are

sensitive to latency. (2) The reliability requirement of URLLC is muchmore stringent

than eMBB. If decoding eMBB first and this eMBB device fails, decoding URLLC

users will fail. Thus, decoding eMBB first will require eMBB to satisfy the same relia-

bility requirement as URLLC, and it is actually not possible for eMBB to satisfy it, so

decoding eMBB first can deteriorate the reliability of URLLC. Hence, the decoding

priority should be given toURLLCbecause it can leverage the reliability requirements

difference. (3) eMBB aims to provide the service with a high data rate, so decoding

eMBB after URLLC will let eMBB users experience less interference and achieve a

higher rate. Therefore, the procedure is that URLLC devices are always decoded first.

If it is successful, then an eMBB device will be decoded. Otherwise, the procedure

terminates, because the interference from URLLC devices cannot be cancelled.

Since there is always interference from the eMBB device to URLLC devices, it would

be better to choose a smaller eMBB target SNR to get better overall performance, i.e.

Gtar
B,f≤

ΓB

Γ
(
0,

Gmin
B,f

ΓB

) , (3.3)

so the achievable rate for eMBB is

rB,f =log2
(
1+Gtar

B,f

)
(bits/s/Hz), (3.4)

and the sum-rate is

rsumB =
F∑

f=1

rB,f . (3.5)

Given the rate of eMBB rB,f , the objective is to find the highest achievable rate

rU while reliability requirements are satisfied. The error probabilities of eMBB and

URLLC are calculated individually. For eMBB, the error probability can be com-
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puted by the Monte Carlo method, which is

Pr(EB)=1−E[DB], (3.6)

where DB is the number of successfully decoded eMBB devices.

Then the error probability of URLLC is formulated. The decoding order of URLLC

can be decided by the same method as in Section 2.2.2, and assuming it is 1,2,...nU ,

so the SINR of the URLLC device is

σU,u,f =
GU,u,f

1+
∑nU

j>uGU,j,f+δfGtar
B,f

, (3.7)

where δf is an independent Bernoulli random variable with parameter aB which is the

active probability of the eMBB device. Since the reliability requirement of the eMBB

user is also stringent, i.e. 10−3, it means that the probability that the eMBB device is

inactive is extremely low. Thus, we consider the most stringent scenario that eMBB

is always active, which means δf =1 and there is always interference from the eMBB

device. Thus, the error probability of URLLC can be presented by (2.24), where σU,u,f

is obtained from (3.7) and FU = F . Then, impose ϵU , Pr(EU)≤ ϵU , and rU can be

computed by the Monte Carlo method, and the sum-rate is rsumU =nUrU (bits/s/Hz).

3.3.3 RSMA for eMBB and URLLC

Since URLLC devices are very sensitive to latency and have high reliability require-

ments, i.e. decoding of URLLC should not depend on decoding of other services, they

should be decoded first, so rate-splitting is only used for URLLC devices 4. Here we

4Actually, from an information theory perspective, all users but one (e.g. eMBB user and one of
the two URLLC users, or the two URLLC users) split their messages to achieve the capacity region.
However, in network slicing, latency and reliability should also be considered. Hence, due to similar
reasons as in Section 3.3.2, URLLC will always be decoded before eMBB and RSMA is only applied
to URLLC users.
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consider the setup in Section 3.2 with one eMBB user and two URLLC users and

eMBB is always decoded after URLLC. If any URLLC message cannot be decoded,

the procedure terminates and the eMBB message is lost.

The eMBB part is the same as in Section 3.3.2. Gtar
B is chosen by the same method as

in (3.3), and the rate can be obtained from (3.4) and (3.5). The objective is to find the

highest achievable rate pairs (rsumU ,rsumB ) while satisfying the reliability requirements

of eMBB and URLLC. The error probability of eMBB can be obtained from (3.6).

The decoding order of URLLC is the same as the one in Section 3.3.2. Let URLLC

user 1 denote the device decoded first, and URLLC user 2 denote the other 5. The

message from URLLC user 1 is divided into two parts, and the power factor for the

first part is β, β∈ [0,1]. The received signal at BS at frequency f is

y=hB,fxB,f+
√

βhU,1,fxU,1,1,f+
√

1−βhU,1,fxU,1,2,f+hU,2,fxU,2,f+z, (3.8)

where xU,1,1,f and xU,1,2,f are the signals from the first and second part of the message

of URLLC user 1, respectively. Without loss of generality, we assume that xU,1,1,f is

decoded first. The decoding order is set to xU,1,1,f , xU,2,f and xU,1,2,f , since this order

can obtain all the boundary points of rate region by adjusting β. Thus, the SINR of

xU,1,1,f is

σU,1,1,f =
βGU,1,f

1+(1−β)GU,1,f+GU,2,f+Gtar
B

, (3.9)

the SINR of xU,2,f is

σU,2,f =
GU,2,f

1+(1−β)GU,1,f+Gtar
B

, (3.10)

and the SINR of xU1,2 is

σU,1,2,f =
(1−β)GU,1,f

1+Gtar
B

. (3.11)

5Here we work with two assumptions on URLLC: (1) the instantaneous SNR is unknown and
(2) the status of other URLLC user is unknown. Thus, BS will decide which user splits the message.
Before exchanging data, the connection between URLLC users and BS needs to be set up. During
this setup process, BS can obtain the CSI of URLLC users, and then decide which user will split
the message and send the information of splitting message to this user.
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Then we get the corresponding rate

rU,1,1,f =log2(1+σU,1,1,f ) (bits/s/Hz), (3.12)

rU,1,2,f =log2(1+σU,1,2,f ) (bits/s/Hz), (3.13)

rU,2,f =log2(1+σU,2,f ) (bits/s/Hz), (3.14)

and the sum-rate of URLLC user 1 is

rU,1=
1

F

F∑
f=1

(rU,1,1,f+rU,1,2,f ) (bits/s/Hz). (3.15)

Similarly, the rate of URLLC user 2 is

rU,2=
1

F

F∑
f=1

rU,2,f (bits/s/Hz). (3.16)

The error probability is formulated as

Pr(EU)=
1

2

2∑
u=1

Pr(rU,u<rU), (3.17)

and impose ϵU , Pr(EU)≤ ϵU , and rU can be computed by Monte Carlo method, and

rsumU can be obtained from (2.26).

Remark 1. The scenario with two URLLC users can also give insight into a more

general scenario with nU URLLC users. First, we consider a generic two-URLLC-

user case, and we do not consider NOMA with time-sharing for the reasons mentioned

in 3.2. The two URLLC users are not aware of CSI, so they are not able to adapt

power and their transmission power is fixed and normalized to 1. We assume that user

1 splits the message into two streams, and user 2 does not split. If BS decodes the split

streams of user 1 not successively, this decoding order can achieve any point on the

diagonal line of the rate region. Fig. 3.2 is an illustration of rate regions of TDMA,

70



0 1 2 3 4 5 6

R
1

0

1

2

3

4

5

6

R
2

TDMA

FDMA

NOMA

RSMA

Fig. 3.2. An illustration of rate regions of TDMA, FDMA, NOMA and RSMA for a generic two-user
case. The average channel gain of two users is 20 dB.

FDMA, NOMA and RSMA for a generic two-user case, and the average channel gain

of both users is 20 dB. With the nonsuccessive decoding order, RSMA can achieve

the points on the yellow diagonal line. Similarly, in URLLC and eMBB coexistence,

RSMA could achieve all the boundary points of rate region by adjusting β. When there

are two users, one user splits the message and these split streams are not decoded suc-

cessively, this enables achieving any point on the diagonal line of the rate region by ad-

justing β. Thus, intuitively, when the number of users is nU , these users can be ordered

by mutual information in descending manner, and the order is 1,2,...,nU . Let the first

nU−1 users split messages and decode these split streams not successively, so this de-

coding order should also bring freedom to obtain any boundary points of the rate region,

i.e. the decoding order could be xU,1,1,xU,2,1,...,xU,nU−1,1,xU,nU
,xU,nU−1,2,...,xU,2,2,xU,1,2.
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3.4 Slicing for eMBB and mMTC

In this section, the coexistence of eMBB and mMTC will be discussed. The arrival

process of mMTC follows Poisson distribution as in Section 2.2.3, and URLLC traffic

will not be considered. Similarly, there is one eMBB device and multiple mMTC de-

vices, because we assume that the radio access and competition among eMBB devices

are solved. Since only a single frequency channel is considered, the frequency indices

f are omitted in this section.

3.4.1 OMA for eMBB and mMTC

In the OMA scenario, eMBB and mMTC users share the resources in a time-sharing

manner. Let α,α∈ [0,1], denote the time faction allocated to eMBB users, and the

time allocated to mMTC users is 1−α. Thus, the achievable rate of eMBB is

rB=αrorthB (bits/s/Hz), (3.18)

where rorthB is obtained in (2.22). The arrival rate λM can be computed by a method

similar to that in Section II-C. It is equivalent to the scenario in Section II-C with

mMTC rate at rM
1−α

, so

λM =λorth
M

(
rM
1−α

)
. (3.19)

Then, λM can be obtained from (2.29).

3.4.2 NOMA for eMBB and mMTC

In the NOMA scenario, eMBB and mMTC devices share the same frequency re-

sources at the same time. The decoding procedure is the same as in [43]. Trying

to decode the eMBB message before mMTC messages may be an option since the
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high rate requirement of eMBB can cause high interference when decoding mMTC

messages. However, this is not the optimal option, because the error probability of

mMTC is actually measuring the ratio of successfully decoded mMTC devices to all

active mMTC devices instead of the decoding probability for each device. There may

be some mMTC devices with very high channel gains, so it would be better to decode

them before decoding the eMBB device.

Based on the analysis above, [43] gave the exact procedure. The mMTC devices are

ordered in a descending manner, and BS tries to decode mMTC devices one by one.

If an mMTC device cannot be decoded, BS tries to decode the eMBB device. If this

eMBB device is successfully decoded, then BS continues decoding mMTC devices.

Otherwise, the decoding procedure terminates, because eMBB interference cannot

be cancelled.

For the eMBB device, similar to the eMBB andURLLC coexistence scenario, it would

be better to choose a lower target SNR for eMBBGtar
B which satisfies (3.3), so the rate

of eMBB device is (3.4). Because the error of decoding the eMBB device is caused

by the interference from mMTC devices and inactive state due to the insufficient

SNR level, we must set a higher active probability for the eMBB device to satisfy the

reliability requirement ϵB. For example, if there is not any other interference, like

the scenario in Section 2.2.1, aB =1−ϵB, i.e. ϵB =10−3, aB =0.999, while for eMBB

and mMTC coexistence scenario, the active probability aB should satisfy aB>0.999.

Here we assume that aB = 1, which means there is always eMBB interference for

mMTC devices, and the error of eMBB is only caused by decoding error. Thus, the

SINR of an mMTC device decoded before the eMBB device is

σm0 =
Gm0

1+
∑nM

m=m0+1Gm+Gtar
B

. (3.20)

If log2(1+σm0)≥rM , this mMTC device can be decoded. Otherwise, it failed and BS
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will try to decode the eMBB device. The SINR of the eMBB device is

σB=
Gtar

B

1+
∑nM

m=m0
Gm

. (3.21)

If log2(1+σB)≥ rB, the eMBB device can be decoded, and then BS will try to de-

code other mMTC devices as in Section 2.2.3. Otherwise, it fails and the procedure

terminates.

Let DM and DB denote the number of decoded mMTC devices and eMBB device,

respectively. The error probability of mMTC is the ratio of expectation of decoded

devices to all active devices, 1−E[DM ]/λM , and the error probability of eMBB de-

vice is 1−E[DB]. In order to find the achievable pairs (rB,λM), the problem can be

formulated as

λNOMA
M (rB)=max{λM≥0:∃Gtar

B

s.t. E[DM ]/λM≥1−ϵM

and E[DB]≥1−ϵB}.

(3.22)

For a given rB, λ
NOMA
M can be computed by Monte Carlo method.

3.4.3 RSMA for eMBB and mMTC

According to the discussion in NOMA for eMBB andmMTC, the decoding procedure

can terminate when neither mMTC device nor eMBB device can be decoded. This

implies that mMTC device and eMBB do not have sufficient SINR to achieve the

target rate, which is caused by the relatively high interference from each other. Then

the decoding procedure terminates because it is ’lodged’.

To mitigate this effect, we apply RSMA in the eMBB and mMTC coexistence sce-

nario. The eMBB message is split into two streams, so BS can decode one stream

at a relatively low rate, and then continue decoding mMTC devices. Since part of
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the interference from eMBB can be cancelled, the decoding procedure avoids getting

‘lodged’ to some extent. The whole decoding procedure is described below. The

decoding order of the mMTC devices is defined according to the descending order of

their channel gains. Firstly, BS tries to decode mMTC devices. If a mMTC device

cannot be decoded, BS tries to decode the first stream of eMBB at a relatively low

rate rB1 , and then continues decoding mMTC devices. Similarly, if another mMTC

device cannot be decoded, BS tries to decode the second stream of eMBB at rate rB2 .

If rB1 + rB2 < rB, the eMBB device failed, and the decoding procedure terminates.

Otherwise, BS continues decodingmMTC devices as in Section 2.2.3. Note that rB1 is

a non-negative value, so it is always possible to decode the first stream with a rate not

higher than rB1 , so we assume that BS could always decode the first stream regardless

of whether the second stream can be decoded successfully. Similar to Section 3.4.2,

the active probability of eMBB is aB=1, and the power factor for the first part of the

eMBB message is β, β∈ [0,1], a real number between 0 and 1. The received signal is

y=
√

βhBxB1+
√

1−βhBxB2+

nM∑
m=1

hmxm+z, (3.23)

where xB1 and xB2 are the signals from the first and second streams of the eMBB

message, respectively, and hm is the channel coefficient of mMTC userm. The target

SNR of eMBB is stillGtar
B , and it satisfies (3.3). We assume that xB1 is always decoded

first, and its SINR at BS is

σB1 =
βGtar

B

1+(1−β)Gtar
B +

∑nM

m=m1
Gm

, (3.24)

where m1 represents the index of the mMTC device which will be decoded after xB1 ,

and the rate is

rB1 =log2(1+σB1) (bits/s/Hz). (3.25)
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The SINR of xB2 is

σB2 =
(1−β)Gtar

B

1+
∑nM

m=m2
Gm

, (3.26)

where m2 represents the number of the mMTC device which will be decoded after

xB2 , and the rate is

rB2 =log2(1+σB2) (bits/s/Hz). (3.27)

For mMTC devices decoded before all eMBB streams, the SINR is

σm0 =
Gm0

1+Gtar
B +

∑nM

m=m0+1Gm

. (3.28)

For mMTC devices decoded between xB1 and xB2 , the SINR is

σm0 =
Gm0

1+(1−β)Gtar
B +

∑nM

m=m0+1Gm

. (3.29)

For mMTC devices decoded after all eMBB streams, the SINR is as same as (2.27).

LetDM andDB denote the number of decoded mMTC devices and eMBB device, re-

spectively. In this scenario, DB=1 holds only when rB1+rB2≥rB holds. Otherwise,

DB=0. FormMTCdevices, they can be decodedwhen log2(1+σm0)≥rM holds. Sim-

ilarly, in order to find the achievable pairs (rB,λM), the problem can be formulated as

λRSMA
M (rB)=max{λM≥0:∃Gtar

B and β

s.t. E[DM ]/λM≥1−ϵM

and E[DB]≥1−ϵB}.

(3.30)

λRSMA
M can be computed by the Monte Carlo method.
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3.5 Numerical Results

This section presents the simulation results of eMBB and URLLC coexistence and

eMBBandmMTCcoexistence. Sincewe focus on the long-term resourcemanagement

and the differences in the path loss are accounted for through the average channel

gains, here we use average channel gains to represent the strengths of channels for

concision. For eMBB andURLLC coexistence, the achievable rate pairs of eMBB and

URLLC and the relation between splitting power fraction and sum-rate of URLLC in

different channel conditions are shown and analysed. The rate region of two URLLC

users in eMBB and URLLC coexistence is simulated to give a clearer analysis of what

is a suitable scenario for RSMA. For eMBB and mMTC coexistence, the achievable

pairs of eMBB rate and mMTC arrival rate and the relation between splitting power

fraction and mMTC arrival rate are presented and analysed. The suitable situations

for RSMA are also discussed in this section.

3.5.1 eMBB and URLLC Coexistence

The simulation results when nU =2 are shown. Rate regions (rsumB ,rsumU ) are presented

in Fig. 3.3 and Fig. 3.4. There is one eMBB user and two URLLC users, and the

total number of frequency resources is F = 10. Note that to make the figures more

intuitive these rate regions are presented as enclosed, and each achievable rate pair

is denoted by a marker.

In Fig. 3.3, ΓB =10 dB, ΓU =20 dB, ϵB =10−3, ϵU =10−5. This result shows that

NOMAalways outperformsOMA, andRSMAoutperforms these two schemes. In this

scenario, ΓU >ΓB, non-orthogonal slicing schemes can leverage the difference between

channel gains ofURLLCand eMBBtoperformSIC, soNOMAandRSMAoutperform

OMA, especially at a higher rate of eMBB, andRSMAcan always achieve a larger rate

region than NOMA. The gain of RSMA comes from the decoding order flexibility.
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By allocating power to split streams appropriately, both URLLC users can achieve a

higher rU and then a higher sum-rate rsumU can be obtained. We can imagine a simple

situation to get the intuition. Assuming that the channel gains of URLLC user 1 and

URLLCuser 2 are 21 dB and 19 dB, respectively. The target SNRof eMBB is assumed

to 10 dB. If NOMA is applied and the decoding order is URLLC user 1, URLLC user

2 and eMBB, we can easily calculate the rate for URLLC user 1 and URLLC user 2

are 1.26 (bits/s/Hz) and 3.04 (bits/s/Hz). Obviously, rU should not be higher than

1.26 (bits/s/Hz) if we want both the two users to be decoded. If RSMA is applied

and URLLC user 1 splits its message into two streams and as we introduced splitting

power fraction to refer to the power fraction allocated to the first stream, we assume

the splitting power fraction is 0.8, we can use the decoding order discussed in Section

3.3.3. The reason is this decoding order allows users to achieve all the points of the rate

region, which is also explained in Section 2.1, and if the two split streams are decoded

successively, it would be as the same as NOMA. Therefore, to maintain the flexibility

of RSMA, the two URLLC users are decoded alternatively. We note that different

splitting power fraction has different performances, and here we use 0.8 to just give a

toy example to show that RSMA can improve the performance. Then, we calculate

the rate for URLLCuser 1 andURLLCuser 2, and the results are 2.62 (bits/s/Hz) and

1.68 (bits/s/Hz), respectively. Now rU can be 1.68 (bits/s/Hz), so rsumU also increases.

In Fig. 3.4, ΓB =20 dB, ΓU =10 dB, ϵB =10−3, ϵU =10−5. This simulation result

shows that OMA outperforms NOMA except when rBsum is relatively high. RSMA

can outperform NOMA for the same reason in the scenario ΓB = 10 dB, ΓU = 20

dB which is shown in Fig. 3.3, and outperform OMA when rsumB is in the range from

0−5 (bits/s/Hz) and in the range from 25−40 (bits/s/Hz). When ΓB>ΓU , it is more

difficult to satisfy the reliability requirements of URLLC devices when interference

from the eMBB device exists, so OMA is preferable in this scenario. OMA can allo-

cate more frequency channels to URLLC, while in NOMA and RSMA, URLLC users

tolerate the interference from eMBB user during the SIC procedure. However, if the
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Fig. 3.3. Rate region (rsumB , rsumU ), where rsumB , rsumU are the sum-rate of eMBB and URLLC,
respectively. ΓB=10 dB, ΓU =20 dB, F =10, ϵB=10−3, ϵU =10−5.

aim is to achieve a relatively high rsumB , NOMA can perform better, because eMBB

device can take advantage of frequency diversity. Similarly, RSMA can outperform

OMA, and the improvement made by RSMA is more obvious when interference from

eMBB device is relatively low, and this is also shown in Fig. 3.3.

Fig. 3.5 and Fig. 3.6 present the relation between splitting power fraction β and the

sum-rate of URLLC rsumU . URLLC users occupy FU = 5 frequency resources in the

OMA case, and the eMBB user occupies another F−FU =5 frequency resources. In

both NOMA and RSMA cases, the eMBB rate is fixed at the rate which is the same

as the one in OMA case. Since there is no power splitting in OMA and NOMA, the

lines corresponding to OMA and NOMA are horizontal lines. In Fig. 3.5, ΓB=10 dB,

ΓU =20 dB, and rsumU achieves the maximal point at β =0.95. In this scenario, the

URLLC channel condition is better than the eMBB one, so RSMA has more space

to adjust the splitting power fraction. However, in Fig. 3.6, ΓB = 20 dB, ΓU = 10

dB, rsumU increases as β increases, and it achieves the maximum point at β=1, which

means RSMA boils down to NOMA. The reason is that due to the relatively high
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Fig. 3.4. Rate region (rsumB , rsumU ), where rsumB , rsumU are the sum-rate of eMBB and URLLC,
respectively. ΓB=20 dB, ΓU =10 dB, F =10, ϵB=10−3, ϵU =10−5.

eMBB interference, it is difficult for URLLC user 2 to achieve rU while having the

interference from a split stream of URLLC user 1, so splitting power does not make

that much difference in this situation. This explains why RSMA and NOMA have

the same performance when the rate of eMBB is relatively high in Fig. 3.4.

The reason why RSMA outperforms NOMA is that it can provide a more flexible

SIC decoding order to achieve all the boundary points of the rate region theoreti-

cally. Thus, a higher rU and rsumU could be found in RSMA. In eMBB and URLLC

coexistence, the rate regions of two URLLC users in RSMA and NOMA are shown in

Fig. 3.7, and the eMBB rate is the same as the rate in Fig. 3.5 and Fig. 3.6. In Fig.

3.7, the boundary points are the average of achievable rate pairs which satisfy the

reliability requirements. NOMA without time-sharing and joint encoding/decoding

can only achieve the points in the region bounded by the red line, while RSMA can

achieve the points in the region bounded by the blue line, which includes the region

of NOMA. The essence is that SINR of both URLLC users is adjustable by changing

the splitting power fraction, so that RSMA can achieve all the points on the diagonal
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Fig. 3.6. rsumU versus power factor β. ΓB=20 dB, ΓU =10 dB, ϵB=10−3, ϵU =10−5.

line instead of just two corner points in the rate region, and this can be seen as the

user with higher rate compensates the user with lower rate to achieve the desired rate.

When ΓB=10 dB and ΓU =20 dB, the SINR of URLLC users is high, the two corner

points of NOMA are distant and the difference of regions of NOMA and RSMA is big,
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which is shown in Fig. 3.7(a). In this situation, RSMA has more room to adjust the

splitting power fraction to obtain the points on the diagonal line, and a higher rU can

be found. However, when ΓB=20 dB and ΓU =10 dB and the SINR of URLLC users

is low, the two corner points of NOMA can be very close due to the high interference

from eMBB, so the difference between NOMA and RSMA regions becomes smaller,

which is shown in Fig. 3.7(b). In this scenario, RSMA only has a small room to play

its role, and the user with a higher rate also struggles to satisfy the rate requirement,

so it is more difficult to compensate the user with a lower rate. Thus, RSMA obtains

better performance than both OMA and NOMA when rsumB is relatively low, while

obtains the same performance as NOMA when rsumB is high.

3.5.2 eMBB and mMTC Coexistence

The simulation results of achievable pairs (rB,λM) are presented. As we assume that

the number of active mMTC devices follows Poisson distribution, nM∼Poisson(λM),

where λM is the mean number, we refer λM to as mMTC arrival rate. λM is de-

rived by exhaustive search, which means that λM keep increasing in each simula-

tion run until the greatest λM satisfying (3.30) is found. In Fig. 3.8, ΓB = 20 dB,

ΓM = 5 dB, rM = 0.04 (bits/s/Hz), ϵB = 10−3, ϵM = 10−1. This result shows that

when rB > 1.8 (bits/s/Hz), OMA can achieve higher λM than NOMA; while when

0.5< rB < 1.8 (bits/s/Hz), NOMA achieves higher λM . RSMA always outperforms

NOMA and outperforms OMA when 0.5< rB < 2.5 (bits/s/Hz), but it still cannot

achieve the region that OMA achieves when rB>2.5 (bit/s/Hz). The curve of OMA

is approximately linear, while for NOMA and RSMA the curves drop dramatically at

rB=1.5 (bit/s/Hz) and rB=2 (bit/s/Hz), respectively.

When rB is relatively low, i.e. 0−0.5 (bits/s/Hz), the performances of these three

schemes are very similar, because for NOMA and RSMA the interference from eMBB

device is relatively low, so it almost does not affect mMTC traffic, and for OMA, a
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Fig. 3.7. The rate regions (rU,1, rU,2) of two URLLC users in eMBB and URLLC coexistence
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large time fraction is allocated to mMTC traffic and eMBB only occupies a small one.

When rB is medium, i.e. 0.5−2 (bits/s/Hz), RSMA and NOMA outperform OMA.

At this eMBB rate, BS can leverage the differences between channel gains and relia-

bility requirements of eMBB and mMTC devices when NOMA or RSMA is applied,

but OMA cannot leverage these differences. When eMBB rate is relatively high, i.e.

2−4 (bits/s/Hz), OMA outperforms NOMA, and it also outperforms RSMA when

rB > 2.5 (bits/s/Hz). eMBB device will cause high interference to mMTC devices

due to its relatively high rate, and almost no mMTC devices can be decoded before

the eMBB device. Because of the power constraint of the eMBB device, the eMBB

device cannot tolerate much interference from mMTC devices, so λM drops to satisfy

ϵM . While for OMA, eMBB and mMTC traffic are isolated, so mMTC will not be

affected by eMBB so much compared to NOMA and RSMA.

RSMA mainly outperforms NOMA at a medium eMBB rate, i.e. 1.5−3 (bits/s/Hz).

At this rate region, some mMTC devices must be decoded after eMBB due to the

insufficient SINR, so if eMBB cannot be decoded, the decoding procedure is ’lodged’
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and then terminates. As analysed in the previous section, using RSMA can let part of

the eMBB interference be cancelled, and in this way, the decoding procedure avoids

’lodged’ to some extent, so RSMA has gain in this situation. For low eMBB rate and

high eMBB rate, RSMA does not make much difference, because at a low rate almost

all mMTC devices can be decoded before the eMBB device, and at a high rate mMTC

devices must be decoded after eMBB device, and RSMA boils down to NOMA.

We note that the simulation result in Fig. 3.8 is in system level and perfect SIC is

considered to study the fundamental performances. Recalling the error probability

of mMTC formulated in (2.28), it measures the fraction of incorrectly detected active

users, so λM is not the number of decoded mMTC users, but the greatest number to

ensure that at least λM(1−ϵM) mMTC users can be decoded. As such, the channel

disparity could be huge between users, and some mMTC users may have very high

channel gains. Since mMTC does not expect a high data rate like eMBB, the mMTC

users with high channel gains could tolerate interference from many other users, so

that in Fig. 3.8 mMTC can have a high arrival rate. However, in the physical world,

SIC cannot be performed perfectly and the performance of SIC is also limited by the

modulation index because a higher modulation index requires a more careful power

allocation strategy. Therefore, in the real world, it is more likely to support a lower

arrival rate λM .

Fig. 3.9 shows the relation between mMTC arrival rate λM and power factor β when

eMBB rate is fixed at 2 (bits/s/Hz). Since OMA and NOMA do not split power, the

corresponding curves are horizontal. For RSMA, the arrival rate achieves the maxi-

mum point at β=0.45, and is the same as NOMA when β=0 and β=1. As shown

in Fig. 3.8, rB = 2 (bits/s/Hz) is a relatively high rate, and either mMTC devices

or eMBB device may not have enough SINR to be decoded, which causes decoding

procedure to terminate. By adjusting the splitting power fraction of the eMBB de-

vice, the SINR of mMTC devices is also adjusted, so that more mMTC devices can
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Fig. 3.9. Arrival rate λM versus power factor β. ΓB = 20 dB, ΓM = 5 dB, rM = 0.04 (bits/s/Hz),
ϵB=10−3, ϵM =10−1.

be decoded. Thus, λM increases as β increases till β=0.45, and then decreases to the

point which is as same as NOMA at β=1.

3.6 Summary

In this chapter, we investigate eMBB andURLLC coexistence and eMBB andmMTC

coexistence with OMA, NOMA and RSMA. For RSMA scheme designs, it is impor-

tant to decide properly which user splits themessage and design the power allocations.

Given the different requirements of eMBB, URLLC and mMTC, different splitting

strategies are used. For eMBB and URLLC coexistence, RSMA is applied between

URLLC users to fulfil the requirements of eMBB and URLLC. The performances in

different channel conditions are simulated and analysed, and then we discuss the suit-

able scenario for RSMA. For eMBB and mMTC coexistence, a novel RSMA scheme

is proposed. RSMA is applied between eMBB and mMTC because of service require-

ments and the nature of mMTC arrival process, and the performance is simulated
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and analysed.

According to the simulation results, RSMA always outperforms NOMA in terms of

achievable pairs for both coexistence scenarios. RSMA and NOMA can achieve the

achievable pairs that OMA cannot; while OMA can also achieve the pairs that RSMA

or NOMA cannot. The advantages of RSMA are that it can leverage the differences

between channel gains and reliability requirements, and it achieves a larger rate re-

gion. The splitting power fraction of RSMA is a very significant factor to achieve

the optimal sum-rate, and this chapter gives insights into how the splitting power

fraction can impact the performances. For eMBB and URLLC coexistence, the lower

the interference from eMBB, the higher the improvement RSMA can make, because

RSMA has more room to adjust the power allocation and obtain the optimal rate

pairs while guaranteeing the service requirements. For eMBB and mMTC coexis-

tence, due to splitting the messages, it is possible for RSMA to let part of the eMBB

interference be cancelled, so that it can support a higher arrival rate of mMTC for a

given reliability requirement when the splitting power fraction is set properly. This

chapter concludes that RSMA is a promising technique for network slicing to fulfil

the requirements of different users efficiently.

87



Chapter 4

RSMA for Coexistence of

Semantic and Bit Communications

In 6G, the demands for capacity and connectivity will increase dramatically to meet

the requirements of emerging services for both humans and machines. Semantic com-

munication has shown great potential because of its efficiency, and suitability for users

who only care about the semantic meaning. But bit communication is still needed for

users requiring original messages. Therefore, there will be a coexistence of semantic

and bit communications in future networks. This motivates us to explore how to

allocate resources in such a coexistence scenario. We investigate different uplink MA

schemes for the coexistence of semantic users and a bit user, namely OMA, NOMA

and RSMA. We characterize the rate regions achieved by those MA schemes. The

simulation results show thatRSMAalways outperformsNOMAandhas better perfor-

mance in high semantic rate regimes compared to OMA. We find that RSMA scheme

design, rate region, and power allocation are quite different in the coexistence sce-

nario compared to the bit-only communication, primarily due to the need to consider

the understandability in semantic communications. Interestingly, in contrast to bit-

only communications where RSMA is capacity achieving without any need for time
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sharing, in the coexistence scenario, time sharing helps enlarge RSMA rate region.

4.1 Introduction

Semantic communication has attracted attention because of its efficiency and suit-

ability for users who only care the semanticmeaning. Future networks are expected to

support both semantic communications and bit communications, so how to allocate

resources between two types of communications is critical and it drives us to study

MA schemes for a semantic-user-and-bit-user coexistence scenario. In light of the

literature we reviewed in Section 2.3, an interesting question arises: since RSMA has

already shown lots of good properties in bit-communication and in downlink seman-

tic communication, will RSMA still hold its advantages in this coexistence scenario?

This chapter tackles this question by investigating MA schemes for a semantic-user-

and-bit-user coexistence scenario in the uplink, simply referred to as coexistence

in this chapter. Unlike bit communications, semantic communications also require

understandability, which means that the meaning of received messages should be un-

changed. Besides, the definition of transmission efficiency is also different from bit

communications. Therefore, these specificities of semantic communications should

be considered in the MA scheme designs for a coexistence scenario, and the RSMA

design for the coexistence scenario cannot be simply obtained by extending the ex-

isting work of bit communications. Although there are works about downlink RSMA

for semantic communications, their results cannot be used directly to a uplink co-

existence scenario because of the differences between uplink RSMA and downlink

RSMA [17,36]. These raise the challenges of uplink RSMA design for the coexistence

scenario, i.e. the decoding order of split streams and power allocation. This chap-

ter focuses on the coexistence of multiple semantic users and one bit user, and we

consider semantic communications of text transmission, whose framework is based
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on [74]. The contributions of this chapter are below.

• This work investigates different MA schemes for the coexistence scenario in the

uplink, namely OMA, NOMA and RSMA. To our best knowledge, it is the first

time to study the MA schemes for the coexistence scenario in the uplink. In

the coexistence scenario, besides the requirement of bit users, the transmission

efficiency and understandability of semantic users also need to be considered.

Therefore, it is necessary to take into account those new factors when designing

the MA schemes for the coexistence scenario. Besides commonly used OMA

and NOMA, we propose a RSMA scheme for the coexistence scenario.

• Wecharacterize the rate region of these three schemes. While in conventional bit

communication, the rate region is the set of bit rate pairs that the transmitters

can achieve simultaneously, in this coexistence scenario the rate region is the

set of achievable semantic rate and bit rate pairs. To obtain the boundary of the

rate regions, we fix the semantic rate and then find the maximum achievable bit

rate. For OMA, we consider FDMA and transform this problem into finding

the minimum bandwidth required by semantic users. For NOMA and RSMA,

we propose a SCA algorithm to solve the problems.

• We simulate the performances of OMA, NOMA and RSMA, and discuss the

suitable scenarios for RSMA according to observations and analysis. We show

the rate regions of these three schemes with different numbers of semantic users

and different distances between semantic users and BS. These results show

that in the coexistence scenario, RSMA has a larger rate region than NOMA

because of its flexibility in the decoding procedure. Although RSMA cannot

outperform OMA in low semantic rate regimes because an interference-free

resource allocation strategy is preferable, in most situations RSMA has better

performances, especially in high semantic rate regimes. Then we present the

relation between the number of semantic users and the achievable bit rate. The
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superiority of RSMA is more obvious as the number of semantic users increases.

We also simulate the rate regions of different sentence similarity thresholds,

and we show that the improvement of RSMA is more salient when the sentence

similarity threshold is high.

• We summarize the main differences between RSMA design for bit communica-

tions and for the coexistence scenario, and this summary of how RMSA design

changes may bring insights for the future related studies. Firstly, in the RSMA

scheme design, our RSMA for coexistence does not split the semantic users and

allows the bit user to split multiple times. This contrasts with conventional

RSMA for bit communications where all users, except one, are split into two

parts. We use this scheme because splitting the semantic user may hinder the

understandability and splitting bit users multiple times can provide more flex-

ibility in the decoding procedure. Secondly, we observe that the rate region of

RSMA for the coexistence is quite different from the one of bit communications

due to the constraints on the understandability and transmission efficiency of

semantic users. Then we contrast the power allocation strategies of RSMA for

the coexistence and RSMA for bit communications to assess the impact of se-

mantic communications on the RSMA designs further. Finally, we find that in

the coexistence RSMA cannot always outperform OMA due to the need to ac-

count for the understandability of semantic users, while in bit communications

RSMA always performs better than OMA and NOMA. However, we can use

time sharing between OMA and RSMA to obtain the largest rate region.

4.2 System Model

We consider that there are multiple semantic users and a bit user and they communi-

cate to a commonBS. Bit users are interested in the original messages, while semantic
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Fig. 4.1. An illustration of semantic users and bit user coexistence.

users only care about the meaning and most of them are machine-type users. There-

fore, the number of semantic users can be much more than the number of bit users, so

the scenario that a bit user and multiple semantic users can grasp the essence. An il-

lustration is shown in Fig. 4.1. The BS and the users are single-antenna. We useNs to

denote the number of semantic users, Us,j denote the semantic users, where j∈J ,J =

{1,2,...,Ns}, andUb denote the bit user. Let hs,j∈C1×1 and hb∈C1×1 denote the chan-

nel coefficients forUs,j andUb, respectively. The transmission power of Us,j andUb are

ps,j and pb, respectively, and the maximum transmission power is P for all users. The

total available bandwidth isw. Let xs,j denote the normalized semantic symbol ofUs,j

and xb denote the normalized conventional symbol of Ub. Since multiple users share

limited resources, designing an appropriate MA scheme would be important to this

coexistence scenario. We first study two commonly used MA techniques, OMA and

NOMA. For OMA, here we will consider FDMA. Then we propose a resource alloca-

tion scheme relying on RSMA for this coexistence scenario. To evaluate the perfor-
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Fig. 4.2. The illustration of FDMA.

mances of differentMAschemes, we investigate the rate regions of these three schemes.

Different from the rate region in conventional bit communication, here the rate region

is a set of semantic rate and bit rate pairs. We assume that CSI is known at the BS to

study the fundamental performance of the three schemes, and the BS will inform the

resource allocation strategies to all the users during the connection setup process. The

semantic users require the same service so they should satisfy the same requirements.

4.2.1 FDMA

In FDMA, the bit user and the semantic users are allocated isolated frequency bands.

Let ws,j and wb denote the bandwidths allocated to Us,j and Ub, respectively. The

illustration of FDMA is shown in Fig. 4.2. The received signal can be represented as

y=
Ns∑
j=1

hs,jxs,j+hbxb+n, (4.1)

where n is the additive white noise. The SINR of the bit user is

ρb=
pb|hb|2

wbN0

, (4.2)
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where N0 is the noise spectral power density. The achievable bit rate is

rFb =wblog2(1+ρb). (4.3)

The SINR of Us,j is

ρs,j=
ps,j|hs,j|2

ws,jN0

. (4.4)

According to the the approximation of sentence similarity in (2.32) which was intro-

duced by [75], we have

ε(ρs,j)=Ak,1+
Ak,2−Ak,1

1+e−(Ck,1ρs,j+Ck,2)
. (4.5)

The sentence similarity should be higher than a threshold Sth so that the semantic

message can be decoded [74]. Sth satisfies Ak,1≤Sth≤Ak,2 because Ak,2 and Ak,1 are

the upper bound and the lower bound of the sentence similarity, respectively. Thus,

ε(ρs,j)≥Sth

ρs,j≥−
1

Ck,1

[
Ck,2+ln

(
Ak,2−Ak,1
Sth−Ak,1

−1
)]

=γsem,
(4.6)

which means that the SINR of the semantic users should be higher than γsem. Then,

the achievable semantic rate for Us,j is

SF
j =

wjI

KL
ε(ρs,j). (4.7)

Therefore, the rate region of coexistence with FDMA is

CF ≜
⋃{(

SF ,RF
)
:SF ≤SF

j ,R
F
b ≤rFb ,ε(ρs,j)≥Sth,

pb≤P,ps,j≤P,wb+
Ns∑
j=1

ws,j≤w,j∈J

}
.

(4.8)
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To characterize the rate region, we can fix an achievable semantic rate S, and find

the highest achievable rate rFb . In this way, each semantic rate has a corresponding

maximum rFb , so the rate region can be obtained. Therefore, for a given Sth and

semantic rate S, a problem that maximizes the bit rate can be formulated as below:

max
ws,wb,ps,pb

wblog2

(
1+

pb|hb|2

wbσ2
n

)
, (4.9a)

s.t.
ws,jI

KL
ε

(
ps,j|hs,j|2

ws,jN0

)
≥S, ∀j∈J , (4.9b)

ps,j|hs,j|2

ws,jN0

≥γsem, ∀j∈J , (4.9c)

pb≤P, (4.9d)

ps,j≤P, ∀j∈J , (4.9e)∑
j∈J

ws,j+wb≤w, (4.9f)

where ws=[ws,1,ws,2,...,ws,Ns ], ps=[ps,1,ps,2,...,ps,Ns ], and P is the power constraint.

In the optimal solution, wb = w−
∑

j∈J ws,j and the bit user will use full power to

transmit, which means pb=P . The problem can be transformed to

min
ws,ps

∑
j∈J

ws,j, (4.10a)

s.t. (4.9b),(4.9c) and (4.9e), (4.10b)∑
j∈J

ws,j≤w. (4.10c)

To solve this problem, we first consider that with a given ps,j, what is the smallestws,j

satisfying (4.9b) and (4.9c). Then we consider that which ps,j can give the smallest

ws,j. We use the following lemmas to obtain the solution.

Lemma 1: The semantic rate of Us,j increases when ws,j increases. For a given S and

a ps,j, the smallest ws,j that satisfies (4.9b) is w
∗
s,j and

w∗
s,jI

KL
ε
(

ps,j |hs,j |2
w∗

s,jN0

)
=S.
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Proof. We use f(ws,j) to denote the achievable semantic rate and we note that ρ in

(2.32) is a decibel number, so

f(ws,j)

=
ws,jI

KL

Ak,1+
Ak,2−Ak,1

1+e
−
[
10Ck,1lg

(
ps,j |hs,j |2

ws,jN0

)
+Ck,2

]
.

(4.11)

The partial derivative of f with respect to the ws,j is

∂f(ws,j)

∂ws,j

=
I

KL

Ak,1+
Ak,2−Ak,1

1+
(

ps,j |hs,j |2
ws,jN0

)− 10Ck,1
ln10

e−Ck,2



− I

KL


(Ak,2−Ak,1)

e−Ck,2
10Ck,1

ln10

(
ps,j |hs,j |2
ws,jN0

)−10Ck,1
ln10[

1+
(

ps,j |hs,j |2
ws,jN0

)− 10Ck,1
ln10

e−Ck,2

]2


=
I

KL
Ak,1

+
I(Ak,2−Ak,1)

KL

1+
(

ps,j |hs,j |2
ws,jN0

)− 10Ck,1
ln10

e−Ck,2

(
1− 10Ck,1

ln10

)
[
1+
(

ps,j |hs,j |2
ws,jN0

)− 10Ck,1
ln10

e−Ck,2

]2 .

(4.12)

The first term and the denominator of the second term are positive in (4.12), and

we consider the numerator of the second term.
ps,j |hs,j |2
ws,jN0

should be no smaller than

γsem, otherwise, it will violate (4.9c). Since I/L, Ak,1, Ak,2, Ck,1 and Ck,2 are con-

stant, and specifically Ck,1 is positive, we can obtain the smallest value of (4.12) when

ps,j |hs,j |2
ws,jN0

=γsem, which is a positive number. Thus, the semantic rate increases when

ws,j increases, so the smallest ws,j is w
∗
s,j where

w∗
s,j

K
ε
(

ps,j |hs,j |2
w∗

s,jN0

)
= S. The proof of

Lemma 1 is completed.
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From (4.9b) and Lemma 1, we can obtain that

ws,j≥w∗
s,j=wl

s,j, (4.13)

and w∗
s,j satisfies that

w∗
s,jI

KL
ε

(
ps,j|hs,j|2

w∗
s,jN0

)
=S. (4.14)

From (4.9c), we can obtain that

ws,j≤
ps,j|hs,j|2

γsemN0

=wh
s,j. (4.15)

If (4.10a) is feasible, a feasible solution ws,j should satisfy (4.9b) and (4.9c), which

means ws,j∈
[
wl

s,j,w
h
s,j

]
and wh

s,j≥wl
s,j. In fact, wh

s,j is always larger than wl
s,j. (4.15)

can be transformed to

ps,j|hs,j|2=wh
s,jγsemN0, (4.16)

and we substitute (4.16) into (4.14), we have

w∗
s,jI

KL
ε

(
wh

s,jγsem

w∗
s,j

)
=S. (4.17)

Therefore,wh
s,j≥w∗

s,j=wl
s,j, otherwise, ε

(
wh

s,jγsem

w∗
s,j

)
<Sth will violate (4.9c). Sincewh

s,j

is always larger than wl
s,j, the optimal ws,j is w

l
s,j. Then the next step is finding the

optimal ps,j which gives the least wl
s,j. To find the optimal ps,j, we use the following

lemma.

Lemma 2: The smallest wl
s,j is obtained when ps,j=P .

Proof. When ps,j = P ,
wl

s,jI

KL
ε
(

P |hs,j |2
w∗

s,jN0

)
= S. We assume that there exists w∗∗

s,j <wl
s,j

and p∗∗s,j <P , and they satisfy
w∗∗

s,jI

KL
ε
(

p∗∗s,j |hs,j |2

w∗∗
s,jN0

)
= S and

p∗∗s,j |hs,j |2

w∗∗
s,jN0

≥ γsem. Obviously,

the semantic rate increases when ps,j increases, so
w∗∗

s,jI

KL
ε
(

p∗∗s,j |hs,j |2

w∗∗
s,jN0

)
<

w∗∗
s,jI

KL
ε
(

P |hs,j |2
w∗∗

s,jN0

)
.

From Lemma 1, we have
w∗∗

s,jI

KL
ε
(

P |hs,j |2
w∗∗

s,jN0

)
<

wl
s,jI

KL
ε
(

P |hs,j |2
w∗

s,jN0

)
=S, which contradicts to
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Fig. 4.3. The illustration of NOMA.

the assumptions. The proof of Lemma 2 is completed.

Therefore, we have the solution of (4.10a), ws,j=w∗
s,j, where w

∗
s,j satisfies (4.14) and

ps,j = P . If
∑

j∈J ws,j ≤ w, this solution is feasible, otherwise, problem (4.10a) is

unsolvable. Thus, we find the highest achievable bit rate for every given S and then

we can obtain the rate region.

4.2.2 NOMA

In NOMA, semantic users and the bit user share the same bandwidth as shown in

Fig. 4.3. The received signal can be represented as

y=
∑
j∈J

√
ps,jhs,jxs,j+

√
pbhbxb+n, (4.18)

Since semantic users and the bit user will use the same band w, we use σ2
n to denote

the noise power over w for convenience. BS uses SIC to decode messages, and it is
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Fig. 4.4. The decoding order of NOMA.

important to design an appropriate decoding order. First, we consider the decod-

ing order among the semantic users. We assume that Us,j is the user with the j-th

largest channel gain. From (4.6), we know that for a given sentence similarity thresh-

old Sth, the SINR of the semantic users should achieve γsem, so we decode the users

with better channel conditions first, and the decoding order of the semantic users is

Us,1,Us,2,...,Us,Ns . Therefore, when there are Ns semantic users and a bit user, there

are Ns+1 decoding orders in total.

We assume that the bit user will be decoded after q semantic users, where 0≤q≤Ns,

and q=0 means that the bit user will be decoded before all the semantic users. An

illustration of the decoding order of NOMA is shown in Fig. 4.4. The SINR of the

bit user is

ρb=
pb|hb|2

σ2
n+
∑Ns

i=q+1ps,i|hs,i|2
, (4.19)

and the achievable rate is

rNb =wlog2

(
1+

pb|hb|2

σ2
n+
∑Ns

i=q+1ps,i|hs,i|2

)
. (4.20)

The SINR of Us,j is

ρs,j=


ps,j |hs,j |2

σ2
n+
∑Ns

i=j+1ps,i|hs,i|2+pb|hb|2
, j≤q,

ps,j |hs,j |2

σ2
n+
∑Ns

i=j+1ps,i|hs,i|2
, j >q,

(4.21)
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and the achievable semantic rate is

SN
j =

wI

KL
ε(ρs,j). (4.22)

The rate region of NOMA is

CN ≜
⋃{(

SN ,RN
b

)
:SN≤SN

j ,RN
b ≤rNb ,ε(ρs,j)≥Sth,

j∈J ,ps,j≤P,ps,j≤P,q={0,1,2,...Ns}

}
.

(4.23)

Similarly, we fix an achievable S, and find the maximum achievable rNb . A problem

maximizing the bit rate is formulated as

max
ps,pb,q

log2

(
1+

pb|hb|2

σ2
n+
∑Ns

i=q+1ps,i|hs,i|2

)
(4.24a)

s.t. ρs,j≥γsem, ∀j∈J , (4.24b)

wI

KL
ε(ρs,j)≥S, ∀j∈J , (4.24c)

ps,j≤P, ∀j∈J , (4.24d)

pb≤P, (4.24e)

q=0,1,...,Ns. (4.24f)

From (2.31) and (2.32), we can rewrite (4.24c) to

ρs,j≥


γsem, S≤ SthI

KL
,

− 1
Ck,1

[
ln
(

Ak,2−Ak,1
KLS

I
−Ak,1

−1
)
+Ck,2

]
, otherwise.

(4.25)

(4.25) shows that the semantic rate constraint is equal to a constraint for ρs,j, which

is ρs,j should be higher than a constant and we use γ to denote this constant. Note

that the maximum S is
Ak,2I

KL
because Ak,2 is the upper bound of ε(ρs,j).
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We propose a SCA method to solve the problem (4.24a). Since (4.24a) is non-convex

due to the non-convex rate expressions, we introduce the following variables, t, ρb and

σb. Then the problem is transformed to

max
ps,pb,ρb,σb,q

t (4.26a)

s.t. wlog2(1+ρb)≥ t, (4.26b)

pb|hb|2

σb

≥ρb, (4.26c)

σ2
n+

Ns∑
i=q+1

ps,i|hs,i|2≤σb, (4.26d)

ρs,j≥γ, ∀j∈J , (4.26e)

(4.24b) and (4.24d)−(4.24f). (4.26f)

Constraint (4.26c) is still not convex, so we approximate it at the point (p
[n]
b ,σ

[n]
b ) as

below,

pb|hb|2

σ
[n]
b

−σbp
[n]
b |hb|2(
σ
[n]
b

)2 +
p
[n]
b |hb|2

σ
[n]
b

≥ρb. (4.27)

q can be obtained by exhaustive search, so constraint (4.24f) can be omitted. Thus,

for a given q, the problem can be transformed to

max
ps,pb,ρb,σb

t

s.t. (4.26b),(4.27),(4.26d)−(4.26f).
(4.28)

Now the problem is convex and the proposed SCA algorithm is summarized in Algo-

rithm 1, where τ is the tolerance, so that the rate region of NOMA is obtained.

Since the solution of SCA algorithm at iteration [n] is also a feasible solution in

iteration [n+ 1], the objective t is non-decreasing. Therefore, the convergence of

Algorithm 1 is guaranteed. In the outer loop of Algorithm 1, the computational com-

plexity isO(Ns). For the inner loop, the number of iterations needed for convergence
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Algorithm 1: SCA Algorithm for NOMA

1 Initialize: q=0;
2 repeat

3 Initialize: n←0, t[n]←0, p
[n]
b , σ

[n]
b ;

4 repeat
5 n←n+1;

6 Solve problem (4.28) using p
[n−1]
b and σ

[n−1]
b , and denote the optimal

value of the objective function as t∗ and the optimal solutions as p∗b ,
σ∗
b ;

7 Update t[n]← t∗, p
[n]
b ←p∗b , σ

[n]
b ←σ∗

b ;

8 until |t[n]−t[n−1]|<τ ;

9 until q=Ns;

is O (log(τ−1)). For each iteration, the computational complexity is O [Ns]
3.5 [27].

Hence, the computational complexity of Algorithm 1 is O
(
[Ns]

4.5log(τ−1)
)
.

4.2.3 RSMA

In the uplink RSMA, a user can split its message into multiple parts instead of send-

ing the whole message, and then it encodes them into multiple streams and sends

the superposition of these streams [36]. Therefore, the first step of RSMA design is

deciding which users will split the messages. In a conventional bit communication

system, if there are N users, splitting N−1 users can ensure that every point on the

rate region is achievable [36]. However, for the coexistence of semantic users and a

bit user, will splitting semantic users contribute to a better performance? From the

above discussion in Section 2.3, we know that the sentence similarity and the semantic

rate are related to SINR, but splitting the semantic message will decrease the SINR.

For example, we assume that a semantic user splits its message into two parts and

encodes them into two streams, and the streams decoded first and decoded second

are allocated power ps,1,1 and ps,1,2, respectively, where ps,1,1+ps,1,2≤ps,1. Thus, the
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Fig. 4.5. The illustration of RSMA.

SINR of the first stream is

ρs,1,1=
ps,1,1|hs,1|2

Is,1+ps,1,2|hs,1|2
, (4.29)

where Is,1 is the interference from other users and noise. If this semantic user does

not split the message, its SINR is

ρs,1=
ps,1|hs,1|2

Is,1
≥ρs,1,1. (4.30)

Since this SINR decrease will deteriorate the sentence similarity, we do not split

semantic users in the RSMA scheme.

After deciding on splitting the bit user only, we need to design the number of the

split parts and the decoding order. Although in bit communication systems bit users

usually split their messages into two parts [23,108] because two parts can ensure that
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Fig. 4.6. The decoding order of RSMA.

every point in the rate region is achievable [36], for a coexistence scenario with Ns

semantic users, it is more general for a bit user to split its message into Ns+1 parts,

which is the number of semantic users plus one, and an illustration is shown in Fig.

4.6. The semantic streams are denoted with red, and the split streams of the bit user

are denotedwith blue. Without the loss of generality, we assume that xb,i is the stream

decoded i-th, i.e., xb,1 is decoded the first and xb,Ns+1 is decoded the last. The semantic

streams and bit steams are decoded alternatively, so that Ns+1 split parts could give

themost general decoding order. There are twomotivations of splitting amessage into

Ns+1 parts. First, Ns+1 is the maximum number of splitting parts and it provides

the most flexibility in the decoding procedure. Let us take a toy example. We assume

that we aim to find the highest achievable bit rate with a given semantic rate and

sentence similarity. Intuitively, the optimal solution is allocating all the power to

xb,Ns+1. But it is not always possible because semantic users may not tolerate much

interference from the bit user, and since we do not split the semantic users, we cannot

obtain any flexibility by adjusting the decoding order of the split streams of semantic

users. Therefore, we can allocate part of the power to xb,Ns to let part of the bit stream

be decoded. If the semantic users still cannot tolerate the interference, we can allocate

part of the power to xb,Ns−1. In this way, at most Ns+1 streams may be allocated to

power. The second motivation is that adjusting the power allocation of each stream

can convertNs+1 split streams to an arbitrary number of split streams between 1 and
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Ns. For example, if we only allocate power to two streams and set the power of other

streams as 0, then it is equivalent to having two split streams. Another advantage is

that we do not need to design the decoding order. If we set the number of split streams

as two, there will be
(

2
Ns+1

)
decoding orders. However, if we generally set there are

Ns+1 split streams and perform the optimization, we do not need to consider the

decoding order. If two splitting streams is the optimal solution, in the optimization

result only two streamswill be allocated power. For example, if there are two semantic

users and the bit user splits its messages into two parts, xb,1, xb,2, there are three

decoding orders: 1) xb,1,xs,1,xb,2,xs,2, 2) xb,1,xs,1,xs,2,xb,2 and 3) xs,1,xb,1,xs,2,xb,2.

However, if the bit user splits itsmessage into three parts andwe set the decoding order

as xb,1,xs,1,xb,2,xs,2,xb,3, when the optimal solution is only xb,1 and xb,2 are allocated

power, this situation is just the same as decoding order 1). Thus, we avoid considering

the decoding order. Therefore, the RSMA scheme illustrated in Fig. 4.6 is the most

general design for the coexistence scenario. The received signal can be represented as

y=
∑
j∈J

√
ps,jhs,jxs,j+

∑
k∈K

√
pb,khbxb,k+n, (4.31)

where K= {1,2,...,Ns+1}, and pb,k is the power allocated to xb,k. Thus, for xb,k the

SINR is

ρb,k=
pb,k|hb|2

σ2
n+
∑Ns

i=kps,i|hs,i|2+
∑Ns+1

l=k+1pb,l|hb|2
, (4.32)

and the rate of this stream is

rb,k=wlog2(1+ρb,k), (4.33)

so the achievable rate of the bit user is

rRb =
Ns+1∑
k=1

rb,k. (4.34)
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For semantic user Us,j, the SINR is

ρs,j=
ps,j|hs,j|2

σs,j

, (4.35)

where

σs,j=
Ns+1∑
l=j+1

pb,l|hb|2+
Ns∑

i=j+1

ps,i|hs,i|2+σ2
n, ∀j∈J . (4.36)

Therefore, the achievable semantic rate is

SR
j =

wI

KL
ε(ρs,j). (4.37)

The rate region can be represented as

CR≜
⋃{(

SR,RR
b

)
:SR≤SR

j ,R
R
b ≤rRb ,ε(ρs,j)≥Sth,

j∈J ,ps,j≤P,
Ns+1∑
k=1

pb,k≤P

}
.

(4.38)

For a given semantic rate S inside the rate region, a problem of maximizing the bit

rate can be formulated as below:

max
ps,pb

rRb , (4.39a)

s.t. ε

(
ps,j|hs,j|2

σs,j

)
≥Sth, ∀j∈J , (4.39b)

wI

KL
ε

(
ps,j|hs,j|2

σs,j

)
≥S, ∀j∈J , (4.39c)∑

k∈K

pb,k≤P, (4.39d)

ps,j≤P, ∀j∈J , (4.39e)

where ps = [ps,1,...,ps,Ns ], pb = [pb,1,...,pb,Ns+1]. Since (4.39a) is not convex due
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to its expression, we introduce two auxiliary variables ρb = [ρb,1,...,ρb,Ns+1], σb =

[σb,1,...,σb,Ns+1], and we substitute (4.6) and (4.25) into (4.39b) and (4.39c), respec-

tively, and then the problem can be transformed to

max
ps,pb,ρb,σb

∑
k∈K

tk, (4.40a)

s.t. wlog2(1+ρb,k)≥ tk, ∀k∈K, (4.40b)

pb,k|hb|2

σb,k

≥ρb,k, ∀k∈K, (4.40c)

σb,k≥σ2
n+

Ns∑
i=k

ps,i|hs,i|2+
Ns+1∑
l=k+1

pb,l|hb|2,∀k∈K, (4.40d)

ps,j|hs,j|2

σs,j

≥γ, ∀j∈J , (4.40e)

ps,j|hs,j|2

σs,j

≥γsem, ∀j∈J , (4.40f)∑
k∈K

pb,k≤P, ∀k∈K (4.40g)

ps,j≤P,∀j∈J . (4.40h)

Constraint (4.40c) is still not convex, so we approximate it at the point (p
[n]
b,k,σ

[n]
b,k) as

below,

pb,k|hb|2

σ
[n]
b,k

−
σb,kp

[n]
b,k|hb|2(

σ
[n]
b,k

)2 +
p
[n]
b,k|hb|2

σ
[n]
b,k

≥ρb,k. (4.41)

Then the problem is transformed to

max
ps,pb,ρb,σb

∑
k∈K

tk,

s.t. (4.40b),(4.41) and (4.40d)−(4.40h).
(4.42)

We can obtain the rate region by solving this convex problem and the above algorithm

can be summarized as Algorithm 2.

Algorithm 2 is converged because the solution of SCA algorithm at iteration [n] is also
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Algorithm 2: SCA Algorithm for RSMA

1 Initialize: n←0, t[n]←0, p
[n]
b , σ

[n]
b ;

2 repeat
3 n←n+1;

4 Solve problem (4.42) using p
[n−1]
b and σ

[n−1]
b , and denote the optimal

value of the objective function as t∗ and the optimal solutions as p∗
b , σ

∗
b ;

5 Update t[n]← t∗, p
[n]
b ←p∗

b , σ
[n]
b ←σ∗

b ;

6 until |t[n]−t[n−1]|<τ ;

a feasible solution in iteration [n+1], which means the objective t is non-decreasing.

The number of iterations needed for convergence is O(log(τ−1)). In each iteration,

the computational complexity is O[Ns]
3.5. Hence, the computational complexity of

Algorithm 1 is O
(
[Ns]

3.5log(τ−1)
)
.

4.3 Numerical Results

In this section, we present the numerical results of the performances of different MA

techniques in the coexistence scenario. The small-scale fading of the channels between

the BS and all users is Rayleigh fading. The path loss is modeled as ρ= ρ0(1/d)
β,

where ρ0=−30 dB denotes the reference path loss at 1 meter, and d is the distance

between the BS and the user in meters. The available bandwidth w = 1 MHz, and

N0 = −140 dBm/Hz, so that σ2
n over the whole available bandwidth is −80 dBm.

Here we assume that the distances between the BS and the users are 30 meters and

Sth=0.8. Let ds and db denote the distances between semantic users and BS and the

distance between bit user and BS, respectively.

4.3.1 The rate regions for different numbers of semantic users

Firstly, let us start from a two-user case to have some intuition, which is one semantic

user and one bit user andK=8. We consider three cases: case 1: ds=20 meters, db=
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30meters; case 2: ds=30meters, db=30meters; case 3: ds=40meters, db=30meters.

These three cases help us investigate how the distances affect the performances. The

rate regions of three cases are shown in Fig. 4.7, and it is very different from the rate

region of a two-bit-user case. For FDMA, the relation between semantic rate and bit

rate is approximately linear, which is intuitive, because for both semantic user and

bit user the rate increases as bandwidth increases. However, for NOMA and RSMA,

the rate regions are like squares. When the semantic rate is 0, the semantic user

does not transmit anything and the bit user will use all the resources to transmit,

so the bit rate of NOMA and RSMA is the same as the one of FDMA. Then if the

semantic user starts to transmit, rb drops suddenly. Recall the definition of sentence

similarity and the semantic rate in (2.30) and (2.31), respectively. The semantic rate

is decided by sentence similarity, while that sentence similarity must be higher than

Sth so that the semantic message can be decoded. Therefore, even if the semantic

user does not require a high semantic rate, it still needs to achieve a high SINR to

ensure sentence similarity. For example, for a given source of data, the semantic user

Us,1 requires 0.001 Msuts/s× I
L
, which gives that ε(ρs,1)≥0.001K=0.008, but only if

ε(ρs,1)≥Sth=0.8 themessage can be decoded, so that ρs,1must achieve a specific level.

Since bothNOMAandRSMAuse SIC, the user decoded first will tolerate interference

from the other user, so that rb dropped suddenly to make sure that the semantic user

can achieve a specific level of SINR. While FDMAallocates isolated bands to the users

and they do not interferewith each other, so the relation between semantic rate and bit

rate is approximately linear. Then, the bit rate of NOMA and RSMA keep the same

level until the semantic rate increases to 0.1 Msuts/s× I
L
. When the semantic rate

is lower than 0.1 Msuts/s× I
L
, the sentence similarity requirement is more stringent,

which means as long as ε(ρs,1) ≥ Sth any semantic rate below 0.1 Msuts/s× I
L
can

be achieved. When the semantic rate is higher than 0.1 Msuts/s× I
L
, the bit rates

of NOMA and RSMA drop again because the semantic rate requirement is more

stringent. Due to the message splitting of RSMA, RSMA has more flexibility and
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Fig. 4.7. The rate region of the coexistence of one semantic user and one bit user. X-axis denotes
the semantic rate of semantic users and y-axis denotes the bit rate of the bit user. Case 1: ds=20
meters, db=30 meters; case 2: ds=30 meters, db=30 meters; case 3: ds=40 meters, db=30 meters.

achieves a larger rate region. RSMA does not outperform FDMA when the semantic

rate is below0.01Msuts/s× I
L
, because the bit user needs to sacrifice its SINRto ensure

the sentence similarity of semantic users, while in FDMA the users do not interfere

with each other. Nevertheless, RSMA outperforms FDMA in most situations.

Comparing three cases, we can observe that the gains of RSMA increase from case 1

to case 3, and they show that RSMA has more benefits when the bit user has better

channel than the semantic user. The reason is that with a relatively better channel

gain the bit user has more flexibility to split its message. Besides, we can perform

time-sharing between FDMA and RSMA to obtain the largest rate region, which is

shown by the dotted line in Fig. 4.7. Time-shairng is applied by dividing time with

FDMA and RSMA, i.e. users use 20% time to perform FDMA and use another 80%

time to performRSMA. According to Section 4.2.3, if users use whole time to perform

RSMA, the semantic user can achieve SR and the bit user can achieve rRb . Therefore,

when users use tR fraction of time to perform RSMA, the semantic rate is tRS
R and

the bit rate is tRr
R
b . Similarly, if users perform FDMA all the time, the achievable

semantic rate and bit rate are SF and rFb , respectively. When they use (1−tR) frac-

tion of time to perform FDMA, the semantic rate and bit rate are (1− tR)S
F and

(1−tR)rFb , respectively. For a given S, we use exhaustive search to find the optimal

tR which gives the highest tRr
R
b +(1−tR)rFb while satisfying tRS

R+(1−tR)SF ≥S.
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4.3.2 Comparing RSMA behaviour for bit communications

and for coexistence

The main difference between RSMA scheme designs in conventional bit communi-

cations and in the coexistence scenarios is originated from the unique features of

semantic communications. The effect of taking semantic features into account is in-

tuitive if we look into the power allocation strategies. Let us still consider the two-user

case to have some intuition. For the coexistence scenario, a two-user case is one bit

user and one semantic user, and the bit user splits its message into two parts and

encodes them into two streams. Thus, K∈{1,2} and the power allocated to the two

streams are pb,1 and pb,2, and we use α=
pb,1

pb,1+pb,2
to denote the percentage of the power

allocated to xb,1. After we solve (4.42), we can obtain α. For a conventional two-bit-

user case, only one user will split its message, and we assume that user 1 transmits

x1,1 and x1,2 with power p1,1 and p1,2, respectively. User 2 does not split the message

and it transmits x2 with power p2. BS decodes the streams following the order of x1,1,

x2 and x1,2. We let h1 and h2 denote the channel for user 1 and user 2, respectively.

For a given achievable rate of user 2, R2, we can find the maximum achievable rate of

user 1. Therefore, the problem can be formulated as

max
p2,p1,1,p1,2,
ρ1,1,σ1,1

∑
k∈{1,2}

tk, (4.43a)

s.t. wlog2(1+ρ1,k)≥ tk, ∀k∈{1,2}, (4.43b)

p1,1|h1|2

σ1,1

≥ρ1,1 , (4.43c)

σ1,1≥σ2
n+p1,2|h1|2+p2|h2|2, (4.43d)

p1,2|h1|2

σ2
n

≥ρ1,2, (4.43e)

p2|h2|2≥
(
2R2−1

)(
σ2
n+p1,2|h2|2

)
, (4.43f)

p1,1+p1,2≤P, p2≤P. (4.43g)
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Fig. 4.8. Power allocation strategies

Then we can obtain the percentage of p1,1, α=
p1,1

p1,1+p1,2
, by solving (4.43a).

Fig. 4.8 shows different power allocation strategies in two-bit-user case and coex-

istence case. Fig. 4.8(a) shows the relation between α and R2. As R2 increases, α

increases. It means that to achieve a higherR2, more power is allocated to x1,1 so user

2 tolerates less interference. Fig. 4.8(b) shows the relation between α and semantic

rate. When the semantic rate is 0, the semantic user does not transmit anything, so

the bit user does not need to split, corresponding to α=0. Once the semantic user

starts to transmit, it should achieve a specific SINR to ensure sentence similarity, so

α achieves a value around 0.42. Then α remains unchanged until the semantic rate

reaches 0.1 Msuts/s× I
L
. These changes of α are also reflected in the rate region. The

bit rate drops suddenly when semantic users start to transmit, and then it maintains

the same till 0.1 Msuts/s× I
L
.

4.3.3 The advantages of RSMAwithmultiple semantic users

The superiority of RSMA is more obvious when the number of semantic users in-

creases. The rate regions of FDMA, NOMA and RSMA with four semantic users

are shown in Fig. 4.9. The rate regions are similar to the ones in Fig. 4.7. For

FDMA, the relation between the semantic rate and the bit rate is still approximately
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linear, but the rate region shrinks. Since FDMA allocates isolated resources to the

users, the allocated bandwidth of each user is limited for a four-semantic-user case,

so it is challenging to accommodate one bit user and four semantic users with a high

semantic rate. Therefore, the bit rate drops to 0 when the semantic rate is around

0.03Msuts/s× I
L
. ForNOMAandRSMA, their rate regions have similar shapes to the

ones in Fig. 4.7, but the bit rates of NOMA and RSMA drop more rapidly when the

semantic users start to transmit, and they drop more slowly when the semantic rate is

high. Since there are four semantic users, each user should achieve a certain SINR level

to make sure its message can be decoded. This causes the bit user to tolerate more

interference than the one-semantic-user case, so that the achievable bit rate decreases

more when the semantic users start to transmit. Then the bit rates of NOMA and

RSMA remain the same as they are in the one-semantic-user case. After the semantic

rate is higher than 0.1Msuts/s× I
L
they drop again, but more slowly compared to Fig.

4.7. In Fig. 4.7, the bit rates almost drop vertically from 0.12 Msuts/s× I
L
. Recall

the approximation of sentence similarity shown in Fig. 2.5, in the high ρ regime,

increasing ρ hardly improves the sentence similarity, so the semantic rate increases

very slowly. Therefore, when there are only one semantic user, it can achieve a high

semantic rate easily, but it is very difficult to increase the semantic rate further. Even

if a small increase in semantic rate requires a huge increase in SINR. Thus, the bit rate

drops almost vertically. While for a four-semantic-user case, it is not easy to achieve a

high semantic rate. The semantic rate increases as the transmission power increases,

so the bit user needs to tolerate more interference from semantic users and the bit

rate decreases gradually from 0.1 Msuts/s× I
L
. Compared to the one-semantic-user

case, the advantage of RSMA is more manifest. In the four-semantic-user case, the

bit user splits its message into five parts, and it provides more flexibility to the SIC

procedure compared to NOMA. For example, in NOMA the bit user may be the first

to be decoded so that the semantic users can be decoded successfully. Thus, the bit

rate is low because the bit user tolerates the interference from four semantic users.
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Fig. 4.9. The rate region of the coexistence of four semantic users and one bit user. X-axis denotes
the semantic rate of semantic users and y-axis denotes the bit rate of the bit user. Case 1: ds=20
meters, db=30 meters; case 2: ds=30 meters, db=30 meters; case 3: ds=40 meters, db=30 meters.

In RSMA, BS decodes split streams of bit user and semantic streams alternatively.

Thus, the split streams do not always need to tolerate high interference, so a higher bit

rate can be achieved. Similarly, the largest rate region can be achieved by performing

time sharing between FDMA and RSMA, which is denoted by the dotted line.

Comparing three cases, the gains of RSMA still increases from case 1 to case 3, and

they are 3.4%, 12.0% and 16.1%, respectively. They also show that RSMA has more

benefits with multiple semantic users. We also observe that in most instances, split-

ting two streams can achieve the best performance, but sometimes the optimal result

is obtained by splitting a message more than two times. Besides, we observe that

when splitting two streams is the optimal solution, the decoding order is not always

the same. Therefore, considering the most general case, splitting Ns + 1 streams,

would skip the decoding order design and reduce the complexity in the optimization.

The relation between the number of semantic users and the achievable bit rate is shown

in Fig. 4.10. We take case 2 as an example and still set Sth=0.8 andK=8, and we fix

the semantic rate at 0.1Msuts/s× I
L
. We do not present FDMA because the semantic

users cannot always achieve 0.1 Msuts/s× I
L
in FDMA. For both NOMA and RSMA,

the relations between the number of semantic users and achievable bit rate are roughly

linear. There is a constant gap between RSMA and NOMA, which shows as the num-

ber of semantic users increases the superiority of RSMA is more obvious. When there
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Fig. 4.10. The number of semantic users versus the achievable bit rate.

are six semantic users, RSMA has 23.4% gain comparing with NOMA. The reason is

thatRSMAallows the bit user to split itsmessage intomultiple parts, so it bringsmore

flexibility during the decoding procedure and the bit user can achieve a higher bit rate.

4.3.4 The advantages ofRSMA inhigh accuracy applications

The rate regions of case 2 with different Sth are shown in Fig. 4.11. Sth=0.7,0.8,0.9

are denoted by green, yellow and red, respectively. RSMA, NOMA and FDMA are

represented by solid line, dash line, and dash-dotted line, respectively. For FDMA,

the rate regions of different Sth are almost the same. From Fig. 2.5, we know that the

sentence similarity approaches the upper bound when SNR achieves a specific level,

which means the sentence similarity hardly improves even if increasing SNR. Since

the users do not interfere with each other, the SINR of each user is relatively high and

their sentence similarities are very close to the upper bound. Therefore, Sth does not

affect the resource allocation strategy. However, for NOMA and RSMA, higher Sth

means a higher SINR of each user, so the semantic users need to usemore transmission
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Fig. 4.11. The rate regions of Sth=0.7,0.8,0.9, Ns=4.

power. Thus, the bit user needs to tolerate more interference from others and the

rate regions become smaller as Sth increases. Compared to NOMA, RSMA always

has a larger rate region and this is benefited from message splitting. Fig. 4.11 shows

that RSMA has more improvement with a higher Sth. When the requirement is more

stringent, the flexibility ofRSMA ismore helpful. WhenSth=0.7, the improvement of

RSMA is 9.0%, and while when Sth=0.9, the improvement of RSMA is 18.5%. These

results show that RSMA ismore robust to a stringent sentence similarity requirement,

which means it has the potential to be used in applications with high accuracy.

4.4 Summary

In this chpapter, we investigate the coexistence of semantic users and a bit user in the

uplink. ThreeMA techniques are studied for the coexistence, namely FDMA, NOMA

and RSMA. Specifically, we propose a RSMA scheme for this coexistence scenario.

We characterize the rate regions for FDMA, NOMA and RSMA to study their perfor-
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mances. For NOMA and RSMA, to obtain the boundary points on the rate regions,

we propose SCA algorithms to transform a non-convex problem into a convex problem

and then solve it. We simulate the rate regions with different numbers of semantic

users and various Sth, and we find that RSMA always outperforms NOMA but not

FDMA, but we can perform time sharing to obtain the optimal performance. We

summarize the main changes in RSMA design and behaviours in the coexistence sce-

nario: 1) RSMA does not split semantic users and it splits the bit user multiple times.

2) The rate regions of the coexistence scenario and power allocation strategies are

quite different from the ones of bit communications. They are caused by considering

the features of semantic communications. 3) Due to introducing the semantic users,

RSMA cannot always outperform OMA, but the largest rate regions can be obtained

by time sharing between RSMA and OMA. Since user experiences [109], the risk of

delays and reliabilitymay not always linearly relate to the data rate, sometimes even a

small increase in bit rate can bring significant improvement, so generally any use-case

aiming at a higher data rate, reliability or a lower latency could be benefited from this

RSMA scheme. In conclusion, the promising results show that RSMA has the poten-

tial to be applied to the coexistence of semantic users and bit users in future networks.
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Chapter 5

Uplink RSMA with Hybrid ARQ

Focusing on packet transmission reliability, this chapter investigates the features of

RSMA in the context of HARQ, a well-established mechanism for enhancing reliabil-

ity. This chapter proposes a HARQ scheme tailored for uplink RSMA with different

retransmission times for a two-user scenario and introduces a power allocation strat-

egy for the two split streams. The results show that compared with NOMA and

FDMA, RSMA outperforms them in terms of error probability and power consump-

tion. This chapter concludes that RSMA with HARQ has the potential to improve

the reliability and efficiency of wireless communication systems.

5.1 Introduction

Integrating RSMA with other techniques to improve reliability is worth exploring.

One critical mechanism to enhance reliability is HARQ. It also increases diversity and

improves the efficiency of packet-based transmission [12]. The works on both HARQ

with OMA and NOMA are reviewed in 2.4, and the literature shows that performing

HARQ non-orthogonally is more efficient. However, HARQ with NOMA is doomed

to face the problem that users sharing the same resources interfere with each other.
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When users require the service at a high rate, even the user with a better condition

may not be decoded due to interference from the other users, and it is almost impos-

sible to decode the user with worse channels. Then in the retransmission turn, if the

channel is still not good enough, an additional retransmission turn would be needed.

Therefore, this could increase the latency [110].

RSMA can manage interference better by bringing more streams, and it provides

higher flexibility for transmission. [111] studied HARQ scheme for downlink RSMA,

and showed it increased the success probability of transmission, while HARQ for up-

link RSMA has not been investigated yet. Since RSMA splits its message into two

parts, the number of transmitted streams increases, so the number of retransmitted

streams may also increase. This increase can bring more complexity during the re-

transmission process. This motivates us to investigate how to design a HARQ scheme

tailored for RSMA to mitigate the additional complexity. This chapter focuses on

HARQ for uplink RSMA. Fig. 5.1 shows a toy example of RSMA retransmission

scheme and compares it with FDMA and NOMA. Let s1 and s2 denote the signals

transmitted by user 1 and user 2, respectively. t denotes time and f denotes frequency.

Fig. 5.1(a) shows FDMA, and user 1 and user 2 occupy non-overlapping frequency

bands w1 and w2, respectively. If one message cannot be decoded, this message will

be retransmitted and will not interfere with the other user. In Fig. 5.1(a), at first s2

cannot be decoded and user 2 receives a NACK. Then the retransmitted s2 and new s1

are sent in the next time slot, and both users receive Acknowledgment (ACK). In Fig.

5.1(b), a NOMA retransmission scheme is shown. Two users can share the same time-

frequency resource, andBS uses SIC to decode the twomessages. We assume that user

1 has a better channel condition and s1 will be decoded first. If s1 fails to be decoded,

neither s2 can be decoded. But we do not need to always retransmit all the failed mes-

sages, because sometimes s2 can be decoded directly once s1 is decoded. Therefore,

sometimes only s1 is retransmitted, and after BS decodes s1 successfully, s2 is de-

coded. Although instead of a superposition of streams but only s1 is transmitted, the
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Fig. 5.1. The retransmission schemes of FDMA, NOMA and RSMA
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retransmission run is not the same as the retransmission run of OMA. The differences

are that in Fig. 5.1(a) s2 retransmission only occupies the w2 while in Fig. 5.1(b) the

s1 retransmission packet can occupy thewhole available bandwidth, and in Fig. 5.1(a)

s2 is retransmitted along with a new s1 while in Fig. 5.1(b) only the failed stream s1

is retransmitted. Fig. 5.1(c) shows the retransmission scheme of RSMA. s1,1 and s1,2

denote the two split streams of user 1. BS needs to decode both s1,1 and s1,2 to obtain

the message of user 1. We assume that user 1 has a better channel condition and the

decoding order is s1,1, s2, and s1,2. We only split one user and set this decoding order

because this setting enables the two users to achieve any point of the rate region, so

it is not necessary to split both users because it would not bring further rate improve-

ment [36]. Similarly, if s1,1 fails to be decoded, neither s2 and s1,2 can be decoded. But

sometimes only s1,1 needs to be retransmitted, and s2 and s1,2 will be decoded once

BS decodes s1,1 successfully. In the retransmission run, sometimes only one stream is

retransmitted instead of a superposition of streams, but the retransmission scheme is

not exactly like FDMA for reasons similar to the ones of NOMA. Thus, compared to

FDMA, RSMA has a higher spectrum efficiency thanks to full spectrum utilization

and flexible interference management [112]; while compared to NOMA, RSMA can

retransmit one of the split streams and has the potential to consume less energy.

There are two assumptions in this chapter. The two users require the same service,

so they have the same reliability requirements. The strong user splits its message

into two parts and encodes them into two streams, and the weak user encodes the

whole message and transmits only one stream. The contributions of this work are

summarized below:

• This chapter proposes a retransmission scheme for uplink RSMA. For a con-

ventional HARQ scheme, the failed steams will be retransmitted. Since RSMA

splits its messages into two parts, the number of transmitted streams increases.

Thus, more streams may need retransmissions if they fail to be decoded. This
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increase will bring more overhead and complexity during the retransmission

turns. Therefore, an appropriate design HARQ scheme for RSMA is necessary.

This chapter focuses on how to design a suitable HARQ scheme tailored for up-

link RSMA. This scheme does not need to retransmit all the failed streams, so

it will not bring additional complexity. Only one stream of the strong user and

the stream of the weak user are involved in retransmission. The two streams of

the strong user do not need to be decoded successively, so BS can decode these

two streams and the stream of the weak user alternatively. This decoding order

is optimal and it can fully exploit decoding flexibility. For the strong user, the

sum rate of the two streams is the achievable rate. We assume that BS has per-

fect CSI, so it can decide the power allocation and decode rates of split streams.

Thus, one of the streams can always be decoded successfully with a low rate by

designing the power allocation appropriately, and the other stream needs to be

retransmitted if the sum rate does not satisfy the desired rate. Therefore, only

two of three streams involve retransmissions. To our best knowledge, HARQ

with RSMA in uplink has not been studied before.

• The power allocation strategy between the two streams of the strong user is

introduced in this chapter. When SIC is used, this chapter assumes that if

one stream cannot be decoded, the following streams will fail. However, it is

not always necessary to retransmit a sequence of failed streams. Sometimes it

is possible to only retransmit one of the failed streams. Once this stream is

decoded and cancelled after retransmission, BS can continue the SIC process

to decode other failed streams. The power allocation between the streams of

the strong users can actually decide which stream(s) needs to be retransmitted.

This chapter analyzes how power allocation determines which stream(s) will be

retransmitted. Naturally, different power allocation strategies bring different

error probabilities of the users, and the error probabilities are given analytically

in this chapter. Then, the power allocation that brings the lowest error proba-
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bilities of the two users is chosen. The analysis of power allocation reveals the

essence of the design of RSMA with HARQ. It explains intuitively why this

HARQ scheme for RSMA has advantages with insights.

• The error probabilities and average transmission power per packet for a given

rate of RSMAwith HARQ are simulated byMonte Carlo and a detailed analysis

is presented. The performances are simulatedwith bothCCand IRanddifferent

retransmission times are allowed. The results show that althoughRSMAcannot

always decrease the error probability of the strong user, it can decrease the error

probability of the weak user dramatically. Since the two users require the same

service, it is more critical to enable the weak user to meet the service require-

ments. In this way, RSMAwith HARQ can support a higher rate with the same

reliability requirement and retransmission times. It can achieve promising per-

formances regardless of the latency requirement of the service. The results also

show thatRSMAconsumes the least power compared toNOMAandFDMA, be-

cause it canmitigate the effect of interference between users. Besides, the strong

user can retransmit one stream instead of two to save energy. Hence, RSMA

has the potential to be applied to services requiring low power consumption.

5.2 System Model

In this section, an uplink RSMA model of a two-user case is introduced briefly. We

consider the scenario that two single-antenna users transmit to a common BS with

a single antenna. The two users share one time-frequency block to operate the same

application with RSMA. L time retransmissions are allowed, which means a user can

transmit its message up to L+1 rounds, so if the message can not be successfully

decoded after L + 1 rounds, it will be dropped. The unsuccessful copies will be

buffered at BS. We assume that users do not have CSI while BS has perfect CSI.
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When the users send the request for connection, BS can obtain the CSI of the users

and decide who will split the message and the power allocation, and then send back

this information to the users during this connection setup process and CSI is updated

on each retransmission at BS. Users do not adjust transmission power because they

do not have CSI, and their transmission power is normalized to 1. Let hk∈C denote

the channel between user k and BS, and the channel is considered as Rayleigh fading

channel and fades independently, hk∼CN (0,Γk), where Γk is the average channel gain

of user k. According to 2.1, for user k, the transmitted signal can be represented as

sk=
2∑

i=1

√
Pk,isk,i, (5.1)

where sk,i is the split stream of user k and Pk,i is the power allocated to the stream

sk,i, which should satisfy the power constraint. The received signal at BS is

y=
2∑

k=1

hksk+n, (5.2)

where n∼CN (0,σ2
n) is the additive Gaussian noise. Without loss of generality, the

noise power is normalized to 1.

From 2.1, for the two-user case of RSMA, boundary points of the capacity region can

be reached by one user splitting the message [23], and which user splits its message

and how power is allocated can be decided by BS. We assume user 1 has a better

channel condition, and it splits its message into s1,1 and s1,2, and s1,1 is allocated a

fraction α of the transmit power, where α∈ [0,1]. Thus, the received signal at BS is

y=
√
αh1s1,1+

√
1−αh1s1,2+h2s2+n. (5.3)

We assume that s1,1 is the stream decoded first without loss of generality, and the

decoding order is s1,1, s2 and s1,2. If one stream cannot be decoded, the streams after
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it are unlikely decoded. Therefore, we assume that if one stream fails, the decoding

process terminates, i.e., if s1,1 cannot be decoded, s2 and s1,2 will not be decoded.

Thus, to obtain the whole message from user 1, BS needs to decode s1,1, s2 and s1,2;

while for user 2 s1,1 and s2 need to be decoded.

5.3 HARQ design for RSMA

This section introduces HARQ design for RSMA. Subsection 5.3.1 introduces how α

affects which stream(s) will be retransmitted. α also determines the error probabil-

ities of the two users, and the α which brings the lowest sum of error probabilities is

chosen. Subsection 5.3.2 and subsection 5.3.3 present how to obtain the error prob-

abilities with CC and IR, respectively. The HARQ schemes for FDMA and NOMA

are presented in the next subsection, subsection 5.4.

5.3.1 How α Determines Which Stream Needs Retransmis-

sions

We assume that at the BS if one stream fails, the decoding process terminates, i.e. if

s1,1 cannot be decoded, s2 and s1,2 will not be decoded. In the usual HARQ scheme,

failed streams will be transmitted again till they are decoded or consume all the re-

transmission turns. Since the number of streams increases in RSMA, the complexity

of HARQ will increase. However, is it necessary to retransmit all the failed streams?

For example, if s1,1 cannot be decoded, is it necessary to retransmit all the streams,

s1,1, s2 and s1,2 in the retransmission rounds? In fact, we do not need always to do this.

In some situations, a stream can be decoded once the previous one is decoded and can-

celled. In the previous example, sometimes s2 can be decoded directly after decoding

s1,1, so we do not need to retransmit s2. Not only do the failed streams not always be
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retransmitted together, but neither do s1,1 and s1,2 need to be retransmitted at the

same time. Let r1,1 and r1,2 denote the rate of s1,1 and s1,2, respectively. For a given

rate requirement r1, if r1,1+r1,2≥ r1 holds, the message from user 1 can be decoded.

In other words, if r1,1≥r1−r1,2 holds, this message can be decoded. Therefore, we can

only retransmit s1,1, because it is always possible to increase r1,1 by CC or IR during

the retransmission turns and fulfils r1,1≥r1−r1,2, and the maximum achievable r1,2 is

related to α. Hence, in this RSMA retransmission scheme, only s1,1 and s2 will be in-

volved in retransmission. In the retransmission turn, the power allocationαwill not be

changed, i.e., the retransmission power of s1,1 and s1,2 will still be α and 1−α, respec-

tively. This can decrease the complexity at the receiver, otherwise, the receiver should

be always informed about the new value of α. Thus, α does not need to be decided

at every turn, and it can be decided when both user 1 and user 2 send new packets.

In this scheme, only s1,1 and s2 are involved in retransmission, and sometimes they do

not need to be retransmitted together if they both fail. Channel conditions and power

allocation can decide which streams will be retransmitted. Let us first consider in

which situation the streams do not need to be retransmitted, and then the opposite sit-

uations would be retransmissions are needed. Let g1 and g2 denote the instantaneous

channel gain of user 1 and user 2 in the current round, respectively. The SINR of s1,1 is

σ1,1=
αg1

1+(1−α)g1+g2
, (5.4)

the SINR of s2 is

σ2=
g2

1+(1−α)g1
, (5.5)

and the SINR of s1,2 is

σ1,2=(1−α)g1. (5.6)
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Obviously, if there is any α that can let

log2(1+σ1,1)+log2(1+σ1,2)≥r1, (5.7)

and

log2(1+σ2)≥r2, (5.8)

both hold, the three streams do not require any retransmission. From (5.7), we can

obtain

α≤ (2r1−1)(1+g1+g2)−g1−g1g2−g21
g1(2r1−1−g1−g2)

=αh, (5.9)

and from (5.8) we can obtain

α≥1+
1

g1
− g2
g1(2r2−1)

=αl. (5.10)

αh and αl may not be values between 0 and 1, and only when they are smaller than

1+ 1
g1
, they are mathematically meaningful, because 1+σ1,1, 1+σ1,2 and 1+σ2 should

be positive. Thus, the α which can let all the streams be decoded should satisfy

α=∀x∈S, S={y :0≤y≤1,αl≤y≤αh,αh≥αl}, (5.11)

which means α can be any values in a set S and S is composed of the numbers between

max(0,αl) and min(1,αh), as long as αh≥αl.

Although αh andαl may not be values between 0 and 1, they can still indicate whether

the desired rate pairs (r1,r2) are in the capacity region. Fig. 5.2 is an illustration

representing the relation between the values of αh and αl and the location of (r1,r2).

The top left corner point represents α=1 because this point is achieved by allocating

all the power to s1,1 and decoding s1,1 before s2. The bottom right corner point repre-

sents α=0 since this point is achieved by allocating all the power to s1,2 and decoding

s2 before s1,2. α between 0 and 1 indicates the points on the diagonal line. When
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Fig. 5.2. An illustration of capacity region for two users.

αh≤ 0, the α satisfying (5.7) does not exist, so it represents the points on the right

side of the yellow line, which means this r1 cannot be achieved regardless of α. αh≥1

means α always satisfies (5.7), and this represents r1 is always achievable and the

corresponding points are located on the left side of the blue line. 0<αh<1 represents

the points between the blue line and the yellow line since r1 is not always achievable.

Similarly, αl≤0 represents the points below the red line, since any α can satisfy (5.8).

While αl≥1 represents the points above the green line because no α can satisfy (5.8),

and 0<αl<1 represents the points between the red line and the green line.

Above analysis presents the relation between αh, αl and the desired rate pairs (r1,r2).

If an α satisfying (5.11) exists, the desired rate pair is inside the capacity region, as

shown in Fig. 5.2, and no retransmission is needed. However, for some values of αh

and αl, S in (5.11) is empty, which means α satisfying (5.11) does not exist and the

rate pair is outside the capacity region. In the following situations, S is empty and

retransmissions are needed.
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1) αh≥1 and αl≥1: any α can satisfy (5.7); while no α can satisfy (5.8). In other

words, s2 needs to be retransmitted irrespective of α, while s1,1 and s1,2 do not

need retransmission, so only s2 needs to be retransmitted.

2) 0<αh<1 and αl≥1: if α≤αh, it can satisfy (5.7); while no α can satisfy (5.8).

Therefore, if we choose α∈ [0,αh], only s2 needs to be retransmitted. While if

we choose α∈ (αh,1], both s1,1 and s2 should be retransmitted, because this α

does not satisfy (5.7) and (5.8).

3) αh≤ 0 and αl≥ 1: no α can satisfy neither (5.7) nor (5.8), so both s1,1 and s2

need retransmission.

4) 0<αh < 1 and 0<αl < 1 (αh <αl): (5.7) and (5.8) cannot be satisfied at the

same time. Thus, if we choose α ∈ [0,αh], only s2 is retransmitted. While if

α∈ [αl,1], only s1,1 needs to be retransmitted because s2 will be decoded after

decoding s1,1. Otherwise, α∈(αh,αl), both s1,1 and s2 are retransmitted.

5) αh ≤ 0 and 0<αl < 1: There is α satisfying (5.8) if α≥ αl, but no α satisfied

(5.7). So if α ∈ [αl,1], only s1,1 needs to be retransmitted; while if α ∈ [0,αl),

both s1,1 and s2 will be retransmitted.

6) : αh≤0 and αl≤0: Any α can satisfy (5.8) but no α satisfies (5.7). Thus, only

s1,1 will be retransmitted because s2 will be decoded once s1,1 is decoded.

These situations are also summarized in TABLE 5.1.

Apparently, for the situations that need retransmissions, the choice of α can decide

which stream(s) will be retransmitted and the error probabilities after retransmis-

sions. Since the two users operate the same service, their reliability requirements

will be the same. Let p1,1 and p2 denote the error probability of s1,1 and s2 after the

next retransmission turn, respectively. The α which gives the lowest p1,1+p2 will be

chosen. Although sometimes it is possible to only retransmit one stream, considering
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αl

αh
αh≥1 0<αh<1 αh≤0

αl≥1
s2 is retrans-
mitted and
α∈ [0,1].

1) α∈ [0,αh]: s2
is retransmitted.
2) α∈(αh,1]:

both streams are
retransmitted

s1,1 and s2
are retrans-
mitted, and
α∈ [0,1].

0<αl<1 ∀α∈ [αl,1]

1) αh≥αl:
∀α∈ [αl,αh].
2) αh<αl:

if α∈ [αh,1], s1,1
is retransmitted;
if α∈ [0,αl], s2

is retransmitted;
if α∈(αh,αl),
s1,1 and s2 are
retransmitted.

1) if α∈ [αl,1],
s1,1 is

retransmitted.
2) if α∈ [0,αl],
s1,1 and s2
are retrans-
mitted.

αl≤0
α=0 or
α=1.

∀α∈ [0,αh]
s1,1 is retra-
nsmitted, and

α∈ [0,1].

Table 5.1: Choosing α according to αh and αl

(a) Splitting into two parts (b) Splitting into three parts

Fig. 5.3. A 3-user case

all the possibilities is for reliability reasons. When αh≤ 0 and 0<αl< 1, if only s1,1

is retransmitted and it fails again after retransmission, s2 still cannot be decoded;

while if both streams are retransmitted, even if s1 fails, s2 still has some chance to

be decoded. The sum of error probabilities of the former situation could be higher

than the latter one. p1,1 and p2 in CC and IR have some differences, and the error

probabilities of CC and IR will be analyzed separately.
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Remark 2. Although this work focuses on a two-user case, it can provide some in-

sights for a general K-user case. We first discuss the most intuitive design. In a

K-user case, the capacity region can be achieved by splitting K−1 users [36]. We as-

sume that k∈K,K={1,2,...K} and userK does not split its message and it transmits

sK, other users split their messages into sk,1 and sk,2, where k∈K\K. Similar to the

two-user case, we do not need to retransmit sk,2 because the rate requirement can be

fulfilled by retransmitting sk,1. Therefore, a proper power allocation strategy would be

important.

To handle the collisions better, a user may split its message into more than two parts

to have more flexibility. A simple 3-user case example can give some intuitions. For

a 3-user case, the boundary points of the capacity region can be reached by splitting

the messages of any two users into two parts [36], and the rate region is shown in

Fig. 5.4. Therefore, from improving achievable rate perspective, splitting all the three

users and more than two parts would not help. However, we want to decode sk,1 first to

avoid retransmitting sk,2, so not all decoding orders are available in this retransmis-

sion scheme and splitting multiple parts may help. We first consider that user 1 and

user 2 split their message into two parts, and the BS receives the streams s1,1, s1,2, s2,1,

s2,2 and s3. We assume that s1,1 and s3 can be decoded, and s1,2, s2,1 and s2,2 remain,

which is shown in Fig. 5.3(a). In this case, s2,1 needs to be retransmitted. Although

splitting two parts enables the three users to achieve any point inside the rate region,

splitting three parts could help from handling collisions perspective in this retransmis-

sion scheme. If user 1 splits its message into three parts, and the power fraction of s1,1

maintains the same, the BS will receive s1,1, s1,2, s1,3, s2,1, s2,2 and s3. Then s1,1 and

s3 are decoded, and s1,2, s1,3, s2,1 and s2,2 remain. However, s1,2 could be decoded with

a low rate, and the BS may continue decoding the remaining streams, which is shown

in Fig. 5.3(b). If BS still cannot continue decoding, s2,1 will be retransmitted. This toy

example shows that splitting amessage intomultiple parts would help handle collisions.
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Fig. 5.4. The rate region of 3-user case

Splitting all the messages may also be helpful in this HARQ context and an illustration

is shown in Fig. 5.5. s3 may not be decoded successfully and the SIC procedure stops,

which is shown in Fig. 5.5(a). If user 3 also splits its message into s3,1 and s3,2, s3,1

can be decoded at a low rate and then the SIC could continue. This could handle col-

lision better, but it will introduce more complexity. Although all users split messages

may be beneficial for a HARQ scheme of RSMA, we note that it is not necessary to

split all the messages to achieve the capacity region [36].

The above two toy examples show that in a general K-user case, splitting a message

into multiple parts and splitting all messages could be helpful for the design of HARQ

for RSMA. However, when the number of steams increases, the power allocation and

decoding order should be considered carefully. Besides, increasing the number of split

streams may also require increasing the buffer size, and this can lead to additional

processing delays because of managing and combining more data. More split streams
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(a) Splitting into two parts (b) Splitting into three parts

Fig. 5.5. The number of users splitting messages.

may also bring feedback delays because BS may need to send more ACK or NACK.

Since BS uses SIC to decode streams, more split streams will also bring additional

computation time to decide a power allocation strategy and signaling overhead. Re-

gardless, the splitting strategy and related trade-offs are interesting topics and could

be left for future work.

5.3.2 Chase Combining

When CC is used, BS can use both previous unsuccessful copies and the new packet

to decode the message, and the decoding error probability after l retransmissions is

given by [13],

plerror=Pr

{
log2

(
1+

l∑
i=0

SINRi

)
<R

}
, (5.12)

where SINRi is the SINR of ith retransmission round, and R is the desired rate.

Since SINR is related to channel gain and its Probability Density Function (PDF)

is known, the error probability can be derived by integrating over the channel gain.

However, for RSMA, obtaining the error probability after l retransmissions can be

highly complex because of the integration in the calculation. Therefore, the choice of
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α only depends on the current round and the very next retransmission round. Note

that we first consider the general 0<α<1, and α=0 and α=1 are two special cases

and they will be discussed later.

First, let us consider p1,1 when only s1,1 is retransmitted, which is shown in Fig. 5.1(c).

If s1,1 fails, s1,1, s2 and s1,2 will all receive NACK, but only s1,1 is retransmitted. After

successfully decoding s1,1, then s2 and s1,2 will be decoded, so p2 is exactly p1,1. Since

we have obtained instantaneous channel gains g1 and g2, in the following parts h1 and

h2 denote the channels in the retransmission turn and they are all variables. BS uses

the previous interfered copy of s1,1 and retransmited s1,1 to jointly decode s1,1. p1,1

can be represented as

p1,1=Pr
{
log2(1+σ1,1+α|h1|2)<r1−log2(1+σ1,2)

}
, (5.13)

and it can be rewritten as

p1,1=Pr

{
|h1|2<

2r1

α(1+σ1,1)
− 1+σ1,1

α
=γcc1,1

}
, (5.14)

where γcc1,1 is a term denoting ’residual SNR ’ for s1,1. Introducing this term is enlight-

ened by [97], and it represents the needed signal power to decode the stream. Since CC

and IR are discussed in separate sections, the subscript of HARQ type is omitted for

simplicity, so γcc1,1 and γir1,1 will be presented as γ1,1 in this subsection andnext subsec-

tion, respectively. The subscripts of HARQ typewill also be omitted in other variables

in the same way. The distribution of the channel gain is exponential, and the PDF is

f(x,Γk)=
1

Γk

e
− x

Γk , (5.15)

so that

p1,1=1−e−
γ1,1
Γ1 , (5.16)
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 









 

 

 



Fig. 5.6. The situation that only s2 needs retransmission. BS fails to decode s2 and s1,2, but
only asks user 2 to retransmit s2. Then, BS uses two interfered copies of s2 to decode it, and then
continues decoding s1,2.

and p1,1 increases as γ1,1 decreases. The α which gives the lowest p1,1 can be found by

Sequential Quadratic Programming (SQP).

Then, p2 when only s2 is retransmitted is analyzed and an illustration is shown in Fig.

5.6. The three streams are sent to BS. BS decodes and cancels s1,1 first, but it fails to

decode s2, so s1,2 also cannot be decoded. BS only asks user 2 to retransmit s2. Then,

BS can use the unsuccessful copies of s2 with interference and the retransmitted s2

to decode s2 and cancel it, and then continue decoding s1,2. Thus,

p2=Pr
{
|h2|2<2r2−1−σ2=γ2

}
=1−e−

γ2
Γ2 ,

(5.17)

where γ2 is the residual SNR for s2. Similar to p1,1, p2 decreases as γ2 decreases. Ob-

viously, the highest applicable α brings the lowest γ2, so for this situation the optimal

α=αh.
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

 

 

 

 













Fig. 5.7. The situation that both streams need retransmission. BS fails to decode s1,1 and asks
both user 1 and user 2 to retransmit. Then, BS uses two interfered copies of s1,1 and s2 to decode
them and then continues decoding s1,2.

Finally, p1,1 and p2 when both s1,1 and s2 need to be retransmitted are analyzed, and

this is shown in Fig. 5.7. Although we assume that it is always possible to find a low

rate to decode s1,2, the prerequisite is that s2 has been decoded. In the previous two

situations, once s1,1 or s2 is decoded, the decoding process can continue, but here s1,1

and s2 do not depend on each other completely, so here actually p1,1 is considered as

the error probability of whole message from user 1. Thus,

p1,1=Pr

{
α|h1|2

1+|h2|2
<γ

(1)
1,1 ,

|h2|2

1+α|h1|2
<γ

(1)
2

}
+Pr

{
|h2|2

1+α|h1|2
≥γ

(1)
2 ,α|h1|2<γ

(2)
1,1

}
+Pr

{
α|h1|2

1+|h2|2
≥γ

(1)
1,1 ,|h2|2<γ

(2)
2

}
,

(5.18)

where

γ
(1)
1,1=

2r1

1+σ1,2

−1−σ1,1, (5.19)
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γ
(1)
2 =2r2−1− g2

1+g1
, (5.20)

γ
(2)
1,1=

2r1

1+σ1,2

−1− αg1
1+(1−α)g1

, (5.21)

and

γ
(2)
2 =2r2−1−σ2. (5.22)

The error probability of s2 can be represented as

p2=Pr

{
α|h1|2

1+|h2|2
<γ

(1)
1,1 ,

|h2|2

1+α|h1|2
<γ

(1)
2

}
+Pr

{
α|h1|2

1+|h2|2
≥γ

(1)
1,1 ,|h2|2<γ

(2)
2

}
.

(5.23)

The derivation of p1,1 and p2 is in Appendix 1, and the results are (5.24) and (5.25),

respectively,

where c=−
(
1+γ

(1)
2

)
γ
(1)
1,1

α
(
γ
(1)
2 γ

(1)
1,1−1

) . The α which brings the lowest p1,1+p2 will be chosen.

Although the above discussion is general for RSMA, α= 0 and α= 1 could be two

special cases when considering the error probability. In the previous analysis, user 1

anduser 2will stop generating newpackets in retransmission turns, because the failure

of either s1,1 or s2 means that BS does not decode messages from user 1 and user 2

successfully. Similarly, if α=1 and the message of user 1 denoted by s1 fails, both user

1 and user 2 will pause transmitting new packets. For α=0 and s2 fails, the situation

is the same. These two situations can be included in the above discussion. However, if

α=1 and s1 can be decoded, user 1 will transmit a new packet in the next turn, so user

2 will retransmit s2 along with a new s1. Similarly, when α=0 and s2 can be decoded,

s1 will be retransmitted with a new s2. In these situations, the error probability of

the new message also needs to be considered, and this could affect the choice of α.

The formulations of error probabilities of these two situations are similar. We consider
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p1,1=



1− Γ1α

Γ2γ
(1)
1,1+Γ1α

e
−

γ
(1)
1,1

Γ1α− Γ2

Γ2+Γ1γ
(1)
2 α

e
−

γ
(2)
1,1

Γ1α
−

γ
(1)
2 γ

(2)
1,1

Γ2
−

γ
(1)
2
Γ2︸ ︷︷ ︸

A1

+
Γ1

Γ1+Γ2γ
(1)
1,1

e
−

γ
(1)
1,1
Γ1

[
1−e−

γ
(2)
2
Γ2

−
γ
(1)
1,1γ

(2)
2

Γ1

]
︸ ︷︷ ︸

A2

, if γ
(1)
1,1γ

(1)
2 ≥1

A1+A2−
Γ2γ

(1)
1,1

Γ2γ
(1)
1,1+Γ1α

e

1
Γ2

−
(

1
Γ1

+ α

Γ2γ
(1)
1,1

)
c

+ Γ2

Γ2+Γ1γ
(1)
2 α

e
−

γ
(1)
2
Γ2

−
(

1
Γ1

+
γ
(1)
2 α

Γ2

)
c

, otherwise

(5.24)

p2=



1− Γ1α

Γ2γ
(1)
1,1+Γ1α

e
−

γ
(1)
1,1

Γ1α− Γ2

Γ2+Γ1γ
(1)
2 α

e
−

γ
(1)
2
Γ2︸ ︷︷ ︸

B1

+
Γ1

Γ1+Γ2γ
(1)
1,1

e
−

γ
(1)
1,1
Γ1

[
1−e−

γ
(2)
2
Γ2

−
γ
(1)
1,1γ

(2)
2

Γ1

]
︸ ︷︷ ︸

B2

, if γ
(1)
1,2γ

(1)
2 ≥1

B1+B2−
Γ2γ

(1)
1,1

Γ2γ
(1)
1,1+Γ1α

e

1
Γ2

−
(

1
Γ1

+ α

Γ2γ
(1)
1,1

)
c

+ Γ2

Γ2+Γ1γ
(1)
2 α

e
−

γ
(1)
2
Γ2

−
(

1
Γ1

+
γ
(1)
2 α

Γ2

)
c

, otherwise

(5.25)

α=1 first, and s2 will be retransmitted with a new s1. For user 1,

p1=Pr

{
|h1|2

1+|h2|2
<γ1,

|h2|2

1+|h1|2
<γ2

}
+Pr

{
|h2|2

1+|h1|2
≥γ2, |h1|2<γ1

}
,

(5.26)

and for user 2,

p2=Pr

{
(|h1|2

1+|h2|2
<γ1,

|h2|2

1+|h1|2
<γ2

}
+Pr

{
|h1|2

1+|h2|2
≥γ1, |h2|2<γ2

}
,

(5.27)

where

γ1=2r1−1, (5.28)
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p1=


1− Γ1

γ1Γ2+Γ1

e
− γ1

Γ1 − Γ2

Γ2+γ2Γ1

e
− γ2

Γ2
− γ1

Γ1
− γ1γ2

Γ2︸ ︷︷ ︸
C

, if γ1γ2≥1

C− γ1Γ2

γ1Γ2+Γ1
e

1
Γ2

+
(1+γ2)γ1

Γ1(γ1γ2−1)
+

1+γ2
Γ2(γ1γ2−1) + Γ2

Γ2+γ2Γ1
e
− γ2

Γ2
+

γ1(1+γ2)
Γ1(γ1γ2−1)

+
γ1γ2(1+γ2)
Γ2(γ1γ2−1) , otherwise

(5.30)

p2=


1− Γ2

Γ2+γ2Γ1

e
− γ2

Γ2 − Γ1

Γ1+γ1Γ2

e
− γ1

Γ1
− γ2

Γ2
− γ1γ2

Γ1︸ ︷︷ ︸
D

, if γ1γ2≥1

D− γ1Γ2

γ1Γ2+Γ1
e

1
Γ2

+
(1+γ2)γ1

Γ1(γ1γ2−1)
+

1+γ2
Γ2(γ1γ2−1) + Γ2

Γ2+γ2Γ1
e
− γ2

Γ2
+

γ1(1+γ2)
Γ1(γ1γ2−1)

+
γ1γ2(1+γ2)
Γ2(γ1γ2−1) , otherwise

(5.31)

and

γ2=2r2−1−g2. (5.29)

The results are (5.30) and (5.31), and the detailed derivation is in Appendix 2.

When α=0, s1 will be retransmitted with a new s2. The expressions are as same as

(5.26) and (5.27), and the difference is the values of γ1 and γ2, which are

γ1=2r1−1−g1, (5.32)

and

γ2=2r2−1, (5.33)

so by substituting (5.32) and (5.33) to (5.30) and (5.31), p1 and p2 can be obtained.

Then the lowest p1+p2 can be obtained by SQP .

All the error probabilities of the situation in TABLE 5.1 can be obtained, and the

α leads to the lowest error probabilities will be chosen. If the streams still cannot

be decoded after one retransmission, the users will retransmit them again until the

streams are decoded or they do not have more retransmission turns.
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5.3.3 Incremental Redundancy

When IR is applied, the decoding error probability after l retransmissions can be

represented as

plerror=Pr

{
l∑

i=0

log2(1+SINRi)<R

}
, (5.34)

and SINRi is the SINR of the ith turn. α can be found by the similar method in

Section 5.3.2.

If only s1,1 is retransmitted, which is presented in Fig. 5.1(c), p1,1 is the same as

(5.16), but the ’residual SINR’ has a difference. In IR,

γ1,1=
2r1

α(1+σ1,1)(1+σ1,2)
− 1

α
, (5.35)

and then impose (5.35) into (5.16), and theαwhich gives the lowest γ1,1 will be chosen.

For the situation where only s2 is retransmitted shown in Fig. 5.6,

p2=Pr

{
|h2|2<

2r2

1+σ2

−1=γ2

}
=1−e−

γ2
Γ2 .

(5.36)

p2 decreases as α increases, so αh gives the lowest p2.

Then, when both s1,1 and s2 are retransmitted in Fig. 5.7, p1,2 and p2 can be repre-

sented by the same expressions in (5.24) and (5.25), respectively. But

γ
(1)
1,1=

2r1

(1+σ1,2)(1+σ1,1)
−1, (5.37)

γ
(1)
2 =

2r2

1+ g2
1+g1

−1, (5.38)
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γ
(2)
1,1=

2r1

(1+σ1,2)
(
1+ αg1

1+(1−α)g1

)−1, (5.39)

and

γ
(2)
2 =

2r2

1+σ2

−1. (5.40)

Substitute (5.37)-(5.40) to (5.24) and (5.25), and then the α can be found.

For the special cases when α = 0 or α = 1, the expressions are also the same as in

(5.26) and (5.27). When α=1, γ1 does not change, and

γ2=
2r2

1+g2
−1. (5.41)

When α=0, γ2 does not change, and

γ1=
2r1

1+g1
−1. (5.42)

5.4 HARQ Scheme for FDMA and NOMA

This section will introduce the HARQ scheme for FDMA and NOMA, and we use

them as baselines and compare their performances with RSMA in Section 5.5.

In FDMA, users are allocated to non-interfering resources, so each user will be al-

located to an isolated bandwidth. We assume that the bandwidth is normalized to

1, and each user is allocated a fraction of the bandwidth. If CC is used, the error

probability of user k after L retransmissions is

pk=Pr

{
wklog2

(
1+

∑L
l=0|h

(l)
k |2

wk

)
<rk

}
, (5.43)

where wk is the fraction of bandwidth allocated to user k,
∑2

k=1wk = 1, h
(l)
k is the
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channel of user k in lth round, and rk is the desired rate. The error probability when

IR is used is

pk=Pr

{
L∑
l=0

[
wklog2

(
1+
|h(l)

k |2

wk

)]
<rk

}
, (5.44)

The wk which gives the lowest
∑2

k=1pk will be chosen, and it can be computed by

Monte Carlo simulation. Compared to RSMA, the retransmissions are independent

in FDMA, i.e., whether a user will retransmit does not depend on other users, and

the users retransmit whole streams.

NOMA can be seen as a subset of RSMA since it equals that α = 0 or α = 1. The

decoding order is decided by the channel gain, which means if user 1 has better chan-

nel conditions, it will be decoded first (α=1), otherwise, user 2 will be decoded first

(α=0). For CC, the error probability of user 1 is

p1=Pr

{
log2

(
1+

L∑
l=1

SINR
(l)
1

)
<r1

}
, (5.45)

where

SINR
(l)
1 =


|h1|2

1+|h2|2 , if α=1

|h1|2, if α=0.

(5.46)

The error probability of user 2 is

p2=Pr

{
log2

(
1+

L∑
l=1

|h(l)
2 |2

1+(1−α)|hl
1|2

)
<r2

}
. (5.47)

For IR, similarly, the error probability of user 1 is

p1=Pr

{
L∑
l=1

[
log2

(
1+SINR

(l)
1

)]
<r1

}
, (5.48)
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where SINR
(l)
1 is (5.46), and error probability of user 2 is

p2=Pr

{
L∑
l=1

[
log2

(
1+

|h(l)
2 |2

1+(1−α)|hl
1|2

)]
<r2

}
. (5.49)

NOMA can be seen as a special case of RSMA, but it only retransmits whole streams,

so it is not as flexible as RSMA.

5.5 Numerical Results

In this section, the error probabilities and transmission power per packet of RSMA

with HARQ will be presented, and they are compared with FDMA and NOMA. For

all the simulation results, the average channel gains, Γ1 and Γ2, are set to 20 dB and

15 dB, respectively. Since we assume that user 1 and user 2 require the same service,

they have the same reliability requirement and the desired rate, and this rate is the

x-axis in the figures.

In Fig. 5.8 and Fig. 5.9, two retransmissions are allowed with CC, i.e. for low latency

service, URLLC. In Fig. 5.8, the error probabilities for different rates are presented,

and they are obtained by Monte Carlo simulation. The solid lines denote user 1, and

the dashed lines marked by triangles denote user 2. Generally, user 1 has a lower

error probability than user 2 due to the better channel condition, and RSMA has the

lowest error probability for user 2. Actually, the error probability of user 2 is more

critical, because it also needs to meet the reliability requirement. That both users can

have a low error probability is a main advantage of RSMA. The reason is that RSMA

can exploit the resources better than FDMA, and it is more flexible than NOMA.

In NOMA, if user 1 cannot be decoded, user 2 will also fail; while in RSMA, part of

the interference of user 1 can be cancelled and user 2 still has the possibility to be

decoded. Thus, RSMA has better performance for user 2. For example, at the initial

143



round, the magnitudes of channel gain of user 1 and user 2 are 35.6954 and 26.3955,

respectively, and the aim rate is 3 bits/s/Hz. BS is aware of CSI and decide to only

ask user 1 to retransmit. In the next round, the magnitude of channel gain of user

1 is 1.8654, and BS asks user 1 to transmit again. In the last retransmission round,

user 1 still does not have good channel and the magnitude of channel gain is 2.7076.

In this case, user 1 can only achieve r1=log2
(
1+ 35.6954

1+26.3955
+1.8654+2.7076

)
=2.8996

bits/s/Hz, so it cannot be decoded and user 2 also fails. While for RSMA, if α is set

to 0.9224 and retransmit s1,1, user 1 will be decoded after one retransmission with

rate r1 = log2

(
1+ 35.6954α

1+35.6954(1−α)+26.3955
+1.8654α

)
+log2(1+35.6954(1−α)) = 3.8450

bits/s/Hz, and user 2 with rate r2 = log2

(
1+ 26.3955

1+35.6954(1−α)

)
= 3.0004 bits/s/Hz.

Thus, the error probability of user 2 decreases. Fig. 5.9 shows the average trans-

mission power per packet. RSMA consumes the least energy. One reason is that it

has the largest capacity region than FDMA and NOMA without time-sharing so it

is more possible to achieve a given rate. For example, the magnitudes of channel

gain of user 1 and user 2 are 162.4555 and 85.2316, respectively, and the aim rate

is 2 bits/s/Hz. NOMA needs to retransmit s1, while for RSMA α can be set to 0.9

to avoid retransmission. The other reason is that when s1,1 is retransmitted only α

fraction of power is used. NOMA consumes more power than FDMA, because in

NOMA s1 is decoded with interference, so s1 is retransmitted a bit more frequently

than FDMA, which is free from interference from others.

In Fig. 5.10 and Fig. 5.11, IR is used and two retransmissions are allowed. Fig. 5.10

presents the error probabilities of user 1 and user 2. RSMA with HARQ still has the

best performance and the two users can all obtain low error probabilities. The trends

of the curves are quite similar to the results in Fig. 5.8, but FDMA outperforms

NOMA. FDMA benefits more from IR since the achievable rate is the sum of the rate

in each turn, which mitigates the effect of limited bandwidth. While for NOMA the

retransmission with interference may not contribute to the achievable rate as much as

the non-interfering retransmission, so the error probability increases. However, since
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Fig. 5.8. Error probabilities of two users in CC. The average channel gains for user 1 and user 2 are
20 dB and 15 dB, respectively. Retransmission times L=2.
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Fig. 5.9. Average power consumption of each packet in CC with 2 retransmissions.
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Fig. 5.10. Error probabilities of two users in IR. The average channel gains for user 1 and user 2 are
20 dB and 15 dB, respectively. Retransmission times L=2.

the decoding order of RSMA is shuffled, the negative impact of interference is miti-

gated to some extent. For example, in RSMA, when α is between 0 and 1 and either

s1,1 or s2 needs to be retransmitted, the stream will be retransmitted alone without

interference. But the decoding of s1,2 depends on s2, and this is the reason the error

probability of user 1 is close to user 2 as the rate increases. While in NOMA, when s1

is decoded before s2, if s1 can be decoded and s2 fails, s2 will be retransmitted with

another new s1, and s2 could fail again due to the interference of this new stream.

Fig. 5.11 shows the average power consumption of each packet. Similar to the trends

in Fig. 5.9, RSMA consumes the least power. NOMA consumes more power than

FDMAwhen the rate is lower than around 2.7 (bit/s/Hz), because NOMA could need

more retransmissions than FDMA. However, NOMA consumes less power when the

rate is higher than 2.7 (bit/s/Hz) since FDMA is limited by isolated resources.

Fig. 5.12 and Fig. 5.13 present the error probabilities and average power consump-

tion per packet with CC, respectively, and 4 retransmissions are allowed. This set can

be seen as for the service which is not very sensitive to the latency. In Fig. 5.12, for
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Fig. 5.11. Average power consumption of each packet in IR with 2 retransmissions.

both two users, RSMAhas the best performance, NOMAhas the second best, and the

error probabilities in FDMA are the highest. FDMA curves are not smooth because

the objective is minimizing the error probabilities, so when the rate is higher than

4.5 (bit/s/Hz) it allocates more resources to user 2 tominimize the error probabilities.

FDMA with CC is not quite efficient when the rate is high due to the limited band-

width while allocating resources in a non-orthogonal manner can exploit the resources

better. AlthoughNOMAhas amuch better performance than FDMA, for user 2 there

is still room to improve. A simple example can give intuition. We assume that s1 is

decoded before s2. Decoding s1 at a relatively high rate is not always possible due

to the interference from s2, and decoding s2 actually depends on whether decoding

s1 successfully, so the situation that both users cannot be decoded may happen. In

RSMA, s1,1 can be decoded and cancelled at a relatively low rate, and this increases

the probability of decoding s2 successfully. Besides, the two users will stop generating

newpackets if either s1,1 or s2 fails. Thus, if only one streamneeds to be retransmitted,

it will be retransmitted without interference. When 4 retransmissions are allowed,

these non-interfering copies can contributemore to achieve a higher rate. The average
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Fig. 5.12. Error probabilities of two users in CC. The average channel gains for user 1 and user 2
are 20 dB and 15 dB, respectively. Retransmission times L=4.

power consumption is shown inFig. 5.13. FDMAconsumes themost power per packet

among the three schemes. In FDMA, each user occupies a limited bandwidth, so the

frequency of retransmission increases. RSMA and NOMA consume less power since

they do not retransmit failed streams all the time. RSMA consumes the least power

when the rate is lower than 8 (bit/s/Hz). When the rate is higher than 8 (bit/s/Hz),

the power consumption of RSMA and NOMA are almost the same, because RSMA

tends to allocate more power to s1,1 so that s2 can experience less interference. Be-

sides, the frequency of retransmitting s1,1 and s2 together increases. Although RSMA

may boil down to NOMA, it still has an advantage in power consumption, because

at 5 (bit/s/Hz) the error probabilities of NOMA and RSMA are around 10−2, and

services may not desire an error probability which is higher than 10−2.

The performances when IR is applied with 4 retransmissions are shown in Fig. 5.14

and Fig. 5.15. Compared to HARQ-CC, the achievable rate of HARQ-IR is much

higher when 4 retransmissions are allowed since the logarithmic function is a concave

function. The error probabilities of the two users are shown in Fig. 5.14. According
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Fig. 5.13. Average power consumption of each packet in CC with 4 retransmissions.

to Fig. 5.14, NOMA has the highest error probabilities for both two users. While

for user 1 FDMA has a lower error probability than RSMA, RSMA has a lower error

probability for user 2 than FDMA. When a high rate is required and the latency

requirement is not strict, it would be better to let isolated resources be dedicated to

the users, because the user with good channel conditions cannot tolerate that much

interference. The copies with interference would also not help much, which is also

shown in Fig. 5.10. Hence, FDMA has lower error probabilities than NOMA though

the users can only occupy part of the resources. Although users can interfere with

each other in RSMA, in the retransmission rounds they do not always interfere with

each other. Similar to RSMAwith CC, that either s1,1 or s2 fails will cause both users

to pause generating new packets, so s1,1 or s2 will not be retransmitted with the in-

terference from a new message. In this way, the two users can share the resources but

not always interfere with each other. Fig. 5.15 shows the average transmission power

for each packet. FDMA consumes the most power, NOMA follows, and RSMA is the

lowest. For NOMA and RSMA, it is not necessary to transmit all the failed streams,

so they consume less power than FDMA. RSMA uses the least power because it can
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Fig. 5.14. Error probabilities of two users in IR. The average channel gains for user 1 and user 2 are
20 dB and 15 dB, respectively. Retransmission times L=4.

mitigate the effect of interference to some extent, so fewer retransmissions are needed

compared to NOMA.

According to the simulation results, RSMA with HARQ has the potential to im-

prove the achievable rate for users who require the same service. Two users can have

relatively low error probabilities with both CC and IR and different retransmission

times. The simulation results also show that RSMA with HARQ has the lowest av-

erage power consumption per packet, which means it is suitable for the service of

low-power devices.

5.6 Summary

In this chapter, a retransmission scheme tailored for uplink RSMA is proposed. This

scheme does not need to retransmit all the failed streams, so it avoids bringing addi-

tional complexity. This chapter focuses on the scenario that two users requiring the
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Fig. 5.15. Average power consumption of each packet in IR with 4 retransmissions.

same service share a common BS. The decoding order at BS is set to s1,1, s2, and s1,2,

which is the optimal order to exploit the flexibility of RSMA. It is always possible for

s1,2 to be decoded with a low rate, so only s1,1 and s2 are involved with retransmitting.

Power allocation between s1,1 and s1,2 is important and it decides which stream(s)

will be retransmitted. Error probabilities for different power allocation strategies are

given, and the α which gives the lowest sum of the error probabilities is chosen.

The simulation results present the error probabilities and the average power con-

sumption per packet of RSMA with CC and IR, and they are compared with NOMA

and FDMA. The results show that RSMA can let both users have a low error prob-

ability while consuming less energy with different retransmission times. This shows

that RSMA with HARQ could be applied to services that need low latency and low

power consumption. RSMA with retransmission can enhance diversity and improve

efficiency, so it could be a promising scheme for future communication networks.
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Chapter 6

Conclusion

6.1 Summary of Thesis Achievements

In this thesis, we investigate the application of RSMA to network slicing and the

coexistence of bit communications and semantic communications. A HARQ scheme

tailored for RSMA is investigated to enhance reliability. Simulation results and anal-

ysis are provided to evaluate the performance of RSMA.

In Chapter 3, we investigate eMBB and URLLC coexistence and eMBB and mMTC

coexistence with OMA, NOMA and RSMA. Deciding which user splits the messages

and power allocations are significant for RSMA scheme designs. The RSMA schemes

are designed for two coexistence scenarios based on the different requirements of

eMBB, URLLC and mMTC. For eMBB and URLLC coexistence, numerical results

show the achievable rate pairs of eMBB and URLLC in different channel conditions,

and how the splitting power factor impacts the performances. For eMBB and mMTC

coexistence, a novel RSMA scheme is proposed. The pairs of eMBB rate and mMTC

arrival rate are simulated, and the impact of the splitting power factor is also anal-

ysed. The results show that RSMA can always outperform NOMA counterpart and
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can achieve the pairs that OMA cannot.

In Chapter 4, we investigate the coexistence of semantic users and a bit user in the

uplink. Three MA schemes are considered: FDMA, NOMA and RSMA, and the rate

regions of these three schemes are characterized. The main novelty is that we propose

a RSMA scheme for this coexistence scenario, and analyses the differences between

RSMAdesigns in coexistence and bit communications. To evaluate the performances,

a SCA algorithm is proposed to obtain the rate region. Numerical results show that

RSMA has the potential to be applied to the coexistence scenario of semantic users

and bit users.

In Chapter 5, a HARQ scheme tailored for uplink RSMA is proposed. In this scheme,

the users do not need to retransmit all the failed streams, so it will not bring addi-

tional complexity. This chapter focuses on a two-user case, and the power allocation

strategies are designed to minimize the error probabilities of users, and the expres-

sions of error probabilities are provided. Simulation results show that RSMA with

HARQ outperforms NOMA and FDMA in terms of error probabilities and power

consumption. This shows that RSMA has the potential to be applied to the scenario

requiring high reliability.

In conclusion, RSMA is a promising MA technique in terms of spectrum efficiency

and interference management. As a non-orthogonal MA technique, RSMA allows

users to share the resources, which brings higher spectrum efficiency than OMA, so it

can better handle the scenarios with more users. Compared to NOMA, RSMA has a

more flexible interferencemanagement strategy. In uplink, this flexibility ismainly re-

flected in the flexible decoding order, and this is especially useful for the system aiming

at user fairness and users with various requirements. Chapter 3, Chapter 4 and Chap-

ter 5 show that how this flexibility helps to improve the performance in some scenarios

of future networks. Although flexible decoding order and resource allocation enables

RSMA to achieve promising performances, flexibility also means that decoding order
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and resource allocation should be considered carefully. Overall, RSMA shows its po-

tential in future networks to handle the requirements of various services and users, but

there are still topics to be explored and some of them are presented in the next part.

6.2 Future Work

Some potential future research directions are listed as follows:

1. More general setups of RSMA for network slicing: In Chapter 3, for

eMBB and URLLC coexistence scenario, we do not consider finite blocklength,

because in this work we consider that URLLC does not have instantaneous CSI,

such that the factor which causes packet error is the randomness of the channel

coefficient (SNR) instead of the noise instance at a given SNR [113]. There-

fore, we are working with the asymptotic rate. The scenario related to finite

blocklength could be explored in future work. A more general nU -URLLC-user

scenario would also be an interesting direction and the extension of Remark 1

about decoding order could be studied.

2. Multiple bit users and various semantic information sources in co-

existence scenario: In Chapter 4, a scenario with one bit user and multiple

semantic users is investigated. How to accommodate multiple bit users and

multiple semantic users can be explored in future. Especially, the number of

split streams and the decoding order are interesting questions to explore. Be-

sides, Chapter 4 focuses on the semantic communication for text transmission,

DeepSC, it would be also interesting to explore how to design RSMA in the

coexistence scenario semantic communications for other information sources,

i.e. images, videos and speeches. Besides, since DeepSC is an end-to-end frame-

work, Chapter 4 only considers SISO, but exploring a coexistence scenario with

multiple antennas and how to design RSMA would be interesting topics.
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3. RSMAwithHARQ inmultiple user cases: AlthoughChapter 5 focuses on

the two-user case, it also provides insights for amultiple-user case. The decoding

order and resource allocation need to be considered carefully. In some cases,

splitting a message into multiple parts may avoid the collision. It is interesting

to explore when it would be helpful to split a message into multiple parts, how

to design HARQ for RSMA in such a case, and to what extent collisions could

be avoided. These topics can be left as future work. This chapter considers that

users keep transmitting packets, and investigating the scenario that users send

packets with a specific probability could be considered in future. This direction

can also be integrated with random access to study the case that numerous users

are connected to one BS. Besides, this work aims to study the fundamental

limits of the systems and assumes perfect SIC, while how imperfect SIC will

impact the performance is a critical issue and it can be an interesting topic.
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1 Appendix A

Here the derivation of p1,1 and p2 when both s1,1 and s2 are retransmitted will be

given. We let x and y denote the channel gains, |h1|2 and |h2|2, respectively, and their

pdf follow the exponential distribution in (5.15). First, let we compute (5.18), and it

can be rewritten as

p1,1=

∫ ∞

0

∫ γ
(1)
2 (1+αx)

αx

γ
(1)
1,1
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Γ2

e
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(1)

The second term and third term can be computed directly, but if γ
(2)
1,1 or γ

(2)
2 is nega-

tive, which means the constraint is not applicable for the variable, it should be seen as

∞, since the exponential distribution is only applicable for the non-negative region.
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Thus, for the first term, the lower limit of the inner integral should be non-negative,

so the first term can be rewritten as

∫ ∞

γ
(1)
1,1
α
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2 (1+αx)

αx

γ
(1)
1,1

−1

1

Γ2

e
− y

Γ2 dy

 1

Γ1

e
− x

Γ1 dx

+

∫ γ
(1)
1,1
α

0

(∫ γ
(1)
2 (1+αx)

0

1

Γ2

e
− y

Γ2 dy

)
1

Γ1

e
− x

Γ1 dx.

(2)

For the first term of (2), the higher limit of the inner integral should be larger than

the lower one, which can be rearranged as

(
γ
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2 −1. (3)

Thus, if γ
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2 ≥1, the integral does not change, but if γ
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2 γ
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)=
c, and this is the new higher limit of the outer integral of the first term of (2). p2

equals that p1,1 subtracts the second term, and can be computed by the same way.

Then, (5.24) and (5.25) can be obtained.

2 Appendix B

The derivations of (5.30) and (5.31) are presented. Similarly, we let x and y denote

|h1|2 and |h2|2, respectively. The first term of (5.26) can be represented as
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Here the lower limit of the inner integral should not be negative, and if it is negative,

the lower limit should be 0. Thus, it can be rewritten as
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Then, the second term of (5.26) can be represented as
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The sum of second term of (5) and (6) is
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Obviously, if
(
γ2− 1

γ1

)
≥0, there does not exist additional requirement for x; while if(
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(5.27) can be represented as
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and by the same method, (5.31) can be obtained.
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