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摘要

隨著 5G 頻寬日益稀缺，尋找額外頻寬或提高使用效率已成為關
鍵課題。為了應對這一挑戰，相關標準組織提出了新型無授權頻段

（NR-U）來擴展 5G 頻寬，並引入多播與廣播服務（MBS）以提升頻
寬利用效率。本文首次提出將 NR-U與MBS結合的方案，並提供一套
分析模型進行驗證。透過精密設計結合這兩個元素，我們的最佳解法

在 20 個無線網路接取點的環境中，效能相較於現有技術提升達 7.27
倍。此外，我們的方法完全符合標準規範，效能也提升至現有技術的

3.92倍。我們根據站點間距與頻率等參數進行多項模擬，並得出多項
具有啟發性的結果。

關鍵字：非授權頻帶、新空中介面技術、多播廣播服務、用戶設備啟

動、非授權新空中介面技術
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Abstract

With the increasing scarcity of 5G bandwidth, finding additional band-

width or improving usage efficiency has become critical. The 3GPP proposed

the New Radio Unlicensed (NR-U) band to expand 5G bandwidth and intro-

duced Multicast and Broadcast Service (MBS) to enhance bandwidth utiliza-

tion efficiency. This paper is the first to propose the integration of NR-U and

MBS, along with an analytical model for validation. Through a sophisticated

design combining these two elements, our optimal solution outperforms the

state-of-the-art (SOTA) by a factor of 7.27 in an environment with 20 Wi-

Fi APs. Furthermore, our fully 3GPP standard-compliant method achieves

3.92 times the performance of the SOTA. We conducted various simulations

based on parameters such as inter-site distance (ISD) and frequency, deriving

several insightful results.

Keywords:Unlicensed band, New radio, MBS, UE-initiated,NR-U

iv doi: 10.6342/NTU202404732

https://doi.org/10.6342/NTU202404732


Contents

口試委員會審定書 i

誌謝 ii

摘要 iii

Abstract iv

Chapter 1. Introduction 1

Chapter 2. Related Work 5

Chapter 3. Background 9

3.1 3GPP Standards . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.1.1 NR-U (BS-initiated NR-U) . . . . . . . . . . . . . . . . . . . . . 9

3.1.2 UE-initiated NR-U . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1.3 Multicast Broadcast Service (MBS) . . . . . . . . . . . . . . . . 12

3.2 Single frequency network (SFN) . . . . . . . . . . . . . . . . . . . . . . 12

Chapter 4. System Model 13

4.1 Scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13

4.2 Fully-listened and partially-listened . . . . . . . . . . . . . . . . . . . . . 13

4.3 BS state . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4.4 UE-initiated NR-U with MBS . . . . . . . . . . . . . . . . . . . . . . . 15

Chapter 5. Problem formulation 17

v doi: 10.6342/NTU202404732

https://doi.org/10.6342/NTU202404732


Chapter 6. Proposed solutions and state of the art 19

6.1 MCS-opt . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

6.2 UE-initiated SFN . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

Chapter 7. Analytical evaluation 23

7.1 Fully-listened . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

7.1.1 BS-initiated NR-U . . . . . . . . . . . . . . . . . . . . . . . . . 25

7.1.2 UE-initiated NR-U . . . . . . . . . . . . . . . . . . . . . . . . . 27

7.1.3 MBS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

7.2 Partially-listened . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

Chapter 8. Simulation Results and Discussion 33

8.1 Simulation settings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

8.1.1 Modulation and Coding Scheme . . . . . . . . . . . . . . . . . . 33

8.2 Fully-listened . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

8.2.1 Baseline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

8.2.2 Comparison between Methods . . . . . . . . . . . . . . . . . . . 36

8.2.3 Central Frequency . . . . . . . . . . . . . . . . . . . . . . . . . 38

8.2.4 Inter-site distance (ISD) . . . . . . . . . . . . . . . . . . . . . . 39

8.2.5 Optimization of method MCS-opt . . . . . . . . . . . . . . . . . 41

8.3 Partially-listened . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

8.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

Bibliography 53

vi doi: 10.6342/NTU202404732

https://doi.org/10.6342/NTU202404732


List of Figures

1.1 Increase of video traffic in recent years [1]. In recent years, the number of

viewers of online videos has increased. The video resolution also becomes

a concern of viewers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

3.1 NR-UBS access unlicensed band procedure. If the channel is idle for defer

time, the backoff counter will continue counting down. When it counts to

zero. It starts transmitting. . . . . . . . . . . . . . . . . . . . . . . . . . 9

3.2 Flowchart of NR-U base station accessing the unlicensed band . . . . . . 10

3.3 Ue-initiated signal flow. The UE gives access to BS. After receiving ac-

cess, BS starts to transmission . . . . . . . . . . . . . . . . . . . . . . . 11

4.1 Signal flow of UE-initiated NR-U with MBS . . . . . . . . . . . . . . . . 16

6.1 The choices of MCS and BS that the system has. Different combinations

will have different results. . . . . . . . . . . . . . . . . . . . . . . . . . . 20

7.1 MarkovChain for NR-U. Themain difference from traditionalWi-Fi is that

after collisions reach the maximum collision times and another collision

occurs, the contention window will not remain at its maximum value but

will return to the minimum value. . . . . . . . . . . . . . . . . . . . . . 24

8.1 2.4GHz Comparison between methods of different initiating mechanisms

and MBS strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

8.2 5GHz Comparison between methods of different initiating mechanisms

and multicast strategies . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

vii doi: 10.6342/NTU202404732

https://doi.org/10.6342/NTU202404732


8.3 ISD equals 100. Comparison betweenmethods of different initiatingmech-

anisms and multicast strategies . . . . . . . . . . . . . . . . . . . . . . . 41

8.4 ISD equals 500. Comparison betweenmethods of different initiatingmech-

anisms and multicast strategies . . . . . . . . . . . . . . . . . . . . . . . 42

8.5 System throughput of method optimized MCS-opt and method MCS-opt . 43

8.6 Transmission probability of initiating UE . . . . . . . . . . . . . . . . . 44

8.7 Collision probability of transmitting UE . . . . . . . . . . . . . . . . . . 44

8.8 Success probability of transmission. It does not represent the proportion

of time but rather the proportion of events. . . . . . . . . . . . . . . . . . 45

8.9 Idle event probability of the channel. It does not represent the proportion

of time but rather the proportion of events. . . . . . . . . . . . . . . . . . 45

8.10 Successful transmission probability of nodes other than the designated

UE. It does not represent the proportion of time but rather the proportion

of events. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

8.11 Collsion probability of transmission. The collision probability of trans-

mission differs from 𝑝, which represents the collision probability specif-

ically when a transmission is occurring. Here, the collision probabil-

ity refers to the proportion of collision events out of all events occurring

within a given time frame. . . . . . . . . . . . . . . . . . . . . . . . . . 47

8.12 Access times of a node in certain period(10000𝜇𝑠) . . . . . . . . . . . . 47

8.13 Throughput of the NR-U system . . . . . . . . . . . . . . . . . . . . . . 48

8.14 Throughput of the NR-U system when x-axis stands for number of APs . . 49

8.15 The results of the five methods in the partially-listened scenario closely

resemble those in the fully-listened scenario. . . . . . . . . . . . . . . . . 50

viii doi: 10.6342/NTU202404732

https://doi.org/10.6342/NTU202404732


List of Tables

2.1 Comparison of Related Work on the Unlicensed Band and MBS . . . . . 7

7.1 Mathematical Notations for NR-U . . . . . . . . . . . . . . . . . . . . . 23

7.2 Mathematical Notations for MBS . . . . . . . . . . . . . . . . . . . . . . 25

8.1 Default parameters of the system . . . . . . . . . . . . . . . . . . . . . . 33

8.2 Time parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

8.3 Modulation and coding scheme: SINR to speed rate . . . . . . . . . . . . 35

ix doi: 10.6342/NTU202404732

https://doi.org/10.6342/NTU202404732


Chapter 1. Introduction

In modern society, nearly everyone owns a smartphone, and using them to watch

videos online is very common. According to [1], video streaming consumes 75% of the

wireless spectrum for transmission. Smartphones typically use 5G networks to access

video content. As screen resolutions improve, the demand for high-resolution video con-

tent increases. The growing video traffic is illustrated in 1.1. Consequently, the 5G net-

work is experiencing a spectrum shortage. Additionally, with the maturation of virtual

reality (VR) technology, VR is expected to become popular in the near future, exacerbat-

ing the spectrum scarcity issue due to its significantly larger data requirements compared

to video content.

This paper aims to address the aforementioned problems: spectrum scarcity. The

3rd Generation Partnership Project (3GPP) introduced New Radio Unlicensed (NR-U)

to tackle these issues. NR-U allows 5G networks to access unlicensed bands, which are

spectrums available for use without a license, provided that users follow specific standards.

The most well-known technology operating in unlicensed bands is Wireless Fidelity (Wi-

Fi). Accessing unlicensed bands can alleviate the spectrum scarcity problem.

However, NR-U must adhere to specific rules when accessing unlicensed bands, re-

quiring it to contend for channel access with Wi-Fi. Consequently, NR-U throughput may

be affected by Wi-Fi access points (AP). To address this issue, we utilized a mechanism

established by 3GPP called user equipment (UE)-initiated NR-U. UE-initiated NR-U in-

creases access opportunities by allowing user equipment (UEs), which are generally more

numerous than BSs, to contend for channel access.

We then combine 3GPP NR-U with Multicast and Broadcast Service (MBS) to max-
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imize throughput using novel methods. MBS focuses on more efficient spectrum usage.

MBS does this by enabling multicast and broadcast data transmission to multiple users

who all need the same data.

We introduce two advanced methods: UE-initiated SFN and modulation and cod-

ing scheme optimization (MCS-opt), both of which outperform existing baselines and

state-of-the-art (SOTA) solutions. UE-initiated SFN combines UE-initiated NR-U with

a single frequency network (SFN). Both UE-initiated SFN and SOTA use SFN to improve

throughput. UE-initiated SFN uses UE-initiated NR-U to improve the throughput further.

It achieves up to 7.27 times better throughput than SOTA. However, SFN is not included

in the 3GPP MBS standard.

MCS-opt, while only 4.92 times better than the SOTA, itsMBS part follows the 3GPP

MBS standard. It is easier to implement in the real world than UE-initiated SFN and the

SOTA.

The main contributions of our work are as follows:

1. To the best of our knowledge, this is the first work to study and analyze the integra-

tion of the 3GPP UE-initiated NR-U and MBS systems.

2. Designed two outstanding methods to maximize throughput: UE-initiated NR-U

SFN andMCS-opt. The effectiveness of these proposed methods was demonstrated,

withUE-initiatedNR-USFNoutperforming the SOTA in all scenarios andMCS-opt

surpassing the SOTA in most typical conditions. The issue of network congestion

was significantly alleviated.

3. First, a fully-listened simulation and analysis will be followed by a partially-listened

simulation and analysis. The results showed that the performance of both simula-

tions was nearly identical, confirming the validity of the fully-listened assumption.

Future researchers can build upon my study, making it easier to carry out further

research advancements.
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Figure 1.1: Increase of video traffic in recent years [1]. In recent years, the number of
viewers of online videos has increased. The video resolution also becomes a concern of
viewers.
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Chapter 2. Related Work

The current NR-U [2] is based on Long Term Evolution-Licensed Assisted Access

(LTE-LAA). In Release 13, 3GPP standardized LTE-LAA, leading to numerous stud-

ies [3–6] focusing on coexistence and fairness between LTE-LAA andWi-Fi. Pei et al. [3]

used an analytical model to demonstrate that LTE small cell scenarios can negatively im-

pact Wi-Fi in terms of throughput and delay. Mehrnoush et al. [4] also investigated sim-

ilar scenarios, extending their research to the relationship between the energy detection

(ED) threshold and throughput. Additionally, Mehrnoush et al. [5] examined the effects

of transmit opportunity (TXOP), defer time, and contention window size on throughput.

In contrast, Bitar et al. [6] explored coexistence in both homogeneous and heterogeneous

networks. Most of these studies employed Markov chain models for analysis, following

the pioneering work in [7].

In Release 16, 3GPP shifted focus to NR-U. Naik et al. [8] presented the first compre-

hensive survey on NR-U coexistence with other technologies, such as 802.11 andWireless

Gigabit. The study addressed key parameters like listen-before-talk (LBT) and maximum

channel occupancy time (MCOT). Hirzallah et al. [9], similar to [8], considered scenarios

where packet arrivals follow a Poisson process and provided simulation results for both

uplink and downlink transmissions. While these studies offered valuable insights, they

were limited to simulation-based approaches without mathematical analysis.

Subsequent works [10–16] incorporated mathematical models to better analyze co-

existence. Bao et al. [10] optimized power and time allocation to maximize throughput.

Lien et al. [11] focused on vehicle-to-everything (V2X), addressing challenges like high

density and collision probabilities in NR-U. Chen et al. [12] discussed scheduling mecha-
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nisms to improve energy efficiency, critical for battery-operated unlicensed band devices.

Daraseliya et al. [13] was the first to analyze NR-U coexistence with Wireless Gigabit, ad-

dressing fairness issues caused by reservation signals. Similarly, [14–16] examined coex-

istence using analytical and simulation-based approaches. Ren et al. [17] further extended

Markov chain analysis for a wide range of coexistence studies.

Most of these studies assumed a ”fully-listened” scenario, ignoring the hidden node

problem, a persistent challenge in unlicensed bands. For example, [18] and [19] proposed

solutions to mitigate hidden node issues in Wi-Fi by improving signaling responses and

optimizing transmission timing. Similarly, Huang et al. [20] introduced ”listen before

receive” to address hidden nodes in LTE-LAA. Hung et al. [21] provided a mathematical

analysis of Wi-Fi with hidden nodes, though the time parameters differ from NR-U. Ren et

al. [22] analyzed coexistence between NR-U and Wi-Fi, including hidden nodes, but their

BS-initiated access methods only considered collisions between BSs and APs. In contrast,

our UE-initiated analysis accounts for collisions between BSs and UEs.

Rather than focusing on coexistence between LTE-LAA, NR-U, and Wi-Fi, we adopt

analytical methods to evaluate the performance of our proposed methods. Few studies ex-

plore NR-U andMBS simultaneously. Prasad et al. [23] discussed unlicensed technologies

and enhanced Multimedia Broadcast Multicast Service (eMBMS), using LBT and SFN to

boost throughput. Instead of relying on a single backoff counter, we employ UE-initiated

NR-U to improve channel access chances. Additionally, as SFN is not permitted in the

3GPP MBS standard [24], we developed a method that aligns more closely with these

standards while outperforming the SOTA in most scenarios.

Regarding MBS and SFN, Liu et al. [25] addressed the partitioning problem for SFN

areas and provided an overview of Multimedia Broadcast Multicast Service (MBMS), in-

cluding reconfiguration mechanisms, path loss models, and the relationship between SINR

and modulation and coding schemes (MCS). MBS is conceptually similar to MBMS, and

our study builds upon this foundation to enhance NR-U performance.
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Table 2.1: Comparison of Related Work on the Unlicensed Band and MBS

Paper Year Content Scenario Analytical

method

Simulation MBS

[18], [19] 2007,

2009

Proposed methods to address hidden

node issues in Wi-Fi by enhancing

signaling mechanisms and optimizing

transmission scheduling.

Fully-

listened

Yes Yes No

[21] 2010 Conducted a mathematical analysis of

Wi-Fi systems with hidden nodes.

Fully-

listened

Yes Yes No

[3] 2017 Developed an analytical model to assess

the impact of LTE-LAA on Wi-Fi net-

works.

Fully-

listened

Yes No No

[23] 2018 Discussed unlicensed technologies and

enhanced eMBMS, employing LBT and

SFN to improve throughput.

Fully-

listened and

Partially-

listened

No Yes Yes

[4] 2018 Explored the relationship between en-

ergy detection (ED) thresholds and

throughput in LTE-LAA systems.

Fully-

listened

Yes No No

[5] 2018 Investigated the effects of TXOP, de-

fer time, and contention window size on

throughput.

Fully-

listened

Yes No No

[6] 2018 Examined coexistence scenarios involv-

ing both homogeneous and heteroge-

neous networks.

Fully-

listened

Yes No No

[8] 2020 Studied partitioning issues in SFN areas

and reviewed MBMS, including mecha-

nisms and configurations.

Partially-

listened

Yes (only

MBMS)

Yes Yes

[8] 2020 Provided a comprehensive survey on

NR-U coexistence with other technolo-

gies like 802.11 and Wireless Gigabit.

Fully-

listened

No Yes No

[9] 2020 Examined NR-U scenarios where packet

arrivals follow a Poisson process and

provided simulation results for uplink

and downlink transmissions.

Fully-

listened

No Yes No

[10] 2021 Optimized power and time allocation

strategies to maximize throughput.

Fully-

listened

Yes No No

[11] 2021 Focused on vehicle-to-everything (V2X)

networks, addressing challenges such as

high density and collision probabilities

in NR-U systems.

Fully-

listened

Yes Yes No

Continued on next page
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Paper Year Content Scenario Analytical

method

Simulation MBS

[12] 2021 Proposed scheduling algorithms to

improve energy efficiency in battery-

dependent unlicensed band devices.

Fully-

listened

Yes No No

[13] 2021 Investigated NR-U coexistence with

Wireless Gigabit, highlighting fairness

concerns caused by reservation signals.

Fully-

listened

Yes No No

[14] 2021 Conducted analytical studies of NR-U

coexistence with Wireless Gigabit to ad-

dress fairness issues.

Fully-

listened

Yes No No

[14,15] 2021 Utilized analytical and simulation-based

approaches to evaluate coexistence chal-

lenges.

Fully-

listened

Yes No No

[20] 2021 Introduced a ”listen before receive”

mechanism to mitigate hidden node is-

sues in LTE-LAA systems.

Fully-

listened

Yes Yes No

[16] 2022 Employed analytical and simulation

methods to investigate coexistence

problems.

Fully-

listened

Yes No No

[17] 2021 ExtendedMarkov chain analysis to study

coexistence in various scenarios.

Fully-

listened

Yes Yes No

[22] 2023 Analyzed coexistence between NR-U

and Wi-Fi, incorporating hidden nodes

but focusing on BS-initiated access

methods.

Partially-

listened

Yes Yes No
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Chapter 3. Background

3.1 3GPP Standards

3.1.1 NR-U (BS-initiated NR-U)

In simple terms, NR-U is about NR using Wi-Fi frequencies for transmission. How-

ever, to ensure fair coexistence withWi-Fi, NR-U has some restrictions. As outlined in [2],

3GPP utilizes a mechanism called backoff to establish the standard for NR-U. Both uplink

and downlink follow similar procedures. Since our MBS primarily serves downloads, we

assume a downlink scenario here.

Each base station (BS) has an integer called a backoff counter. Initially, the backoff

counter is randomly selected from a range between 0 and a parameter called the minimum

contention window minus one, as shown in 3.1. The BS will then start counting down. If

a BS detects that another BS is transmitting, its countdown will be paused. The channel

must remain idle for a defer time before the counter can resume counting down. The station

will send an ACK after a time period of𝑇 𝑓 following the success of data transmission. The

mechanism is similar to Wi-Fi.

Data transmission Tf

ACK

Defer time

012

Busy medium Defer time

567

10 9

4 3 2

BS 1

BS 2

11

Figure 3.1: NR-U BS access unlicensed band procedure. If the channel is idle for defer
time, the backoff counter will continue counting down. When it counts to zero. It starts
transmitting.
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Figure 3.2: Flowchart of NR-U base station accessing the unlicensed band

3.2 is the flow chart of NR-U BS. After determining the backoff counter, the BS

checks if the counter equals zero. If it does, the BS stops counting down and starts trans-

mission. Otherwise, it decreases the counter by one. The BS then checks if the channel is

idle in the current time slot. If the channel is idle, the BS checks again if the backoff counter

equals zero. If the channel is busy, the BS freezes the counter until the channel is idle for

the defer time. The channel is considered busy if the Signal-to-Interference-plus-Noise

Ratio (SINR) in decibels (dB) exceeds the energy detection(ED) threshold. Conversely,

the channel is considered idle if the SINR is below the ED threshold.

The initial backoff counter value is chosen from 0 to the current contention window

minus one—the size of the contention window changes based on the occurrence of col-

lisions. The minimum contention window is used when the BS has not experienced any

collisions. As shown in (3.1), 𝐶𝑊𝑖 represents the contention window for a BS that has

experienced 𝑖 collisions. The contention window will not double if the number of colli-

sions reaches the maximum contention window. If the number of collisions exceeds the

maximum, the contention window resets to the minimum value.
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UE BS

Give
access

Start transmission

Figure 3.3: Ue-initiated signal flow. The UE gives access to BS. After receiving access,
BS starts to transmission

𝐶𝑊𝑖 =


2𝑖𝐶𝑊𝑚𝑖𝑛 𝑖 <= 𝑚

2𝑚𝐶𝑊𝑚𝑖𝑛 𝑜𝑡ℎ𝑒𝑟

(3.1)

3.1.2 UE-initiated NR-U

UE-initiated NR-U is also specified in the 3GPP standard. Its mechanism closely

resembles that of classic NR-U. As described in the previous subsection, each BS has

its own backoff counter. In UE-initiated NR-U, however, each UE is assigned a backoff

counter instead of the BS. The backoff counters of UEs operate in the same manner as

those of BSs. When a UE’s backoff counter counts down to zero, it grants the access

opportunity to the BS rather than to itself. If the access granting process is successful,

the BS begins transmitting data, as shown in 3.3. There are several rules that must be

followed. For instance, if UE1 grants access to BS1, BS1 must start a transmission that

includes UE1. This transmission can be unicast, multicast, or broadcast. Additionally,

unicast transmissions that include user data planes can only be sent to UE1.
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3.1.3 Multicast Broadcast Service (MBS)

Under normal conditions, data is transferred from one device to another in a one-to-

one manner, with only the two devices being aware of the content. This approach can lead

to inefficiencies when multiple devices need the same data, as the data must be transmit-

ted multiple times. To address this, 3GPP introduced MBS (Multicast Broadcast Single

Frequency Network) in 5G. Instead of the traditional one-to-one method, MBS transmits

data one-to-many or one-to-all, known as multicast and broadcast, respectively.

MBS provides efficient data delivery across various scenarios, such as live video

streaming, large-scale meetings, and online gaming. Additionally, MBS uses unicast to

retransmit data that was not successfully transmitted in the initial broadcast, ensuring re-

liable delivery.

3.2 Single frequency network (SFN)

In traditional wireless networks, improving the receiver’s SINR is typically achieved

by increasing the transmitter’s power. However, SFN improves SINR by synchronizing

transmitters to transmit the same signal, causing the signals to add constructively. This

method has three main advantages:

1. Maximizing spectrum utilization in situations where the spectrum is limited.

2. Ensuring that when a single BS is unable to transmit due to buildings or natural

obstacles, other BSs can still maintain signal reception for the receivers.

3. Reducing costs; as mentioned earlier, instead of building a single expensive high-

power BS, several low-cost low-power BSs can achieve the same transmission effect.
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Chapter 4. System Model

4.1 Scenario

We consider two scenarios in this work. The first one is the cell scenario. In this

scenario, the BS is located at the center of each cell. Each cell is of the same size and

contains only one BS. There are 19 cells arranged in a honeycomb structure. UEs are

uniformly scattered in the field, meaning they are evenly distributed along both the x-axis

and y-axis. We assume that every UE remains fixed during the simulation period without

loss of generality. Additionally, the number of UEs remains constant, not increasing or

decreasing over time. APs are also uniformly scattered across the field, with devices con-

tending for channel access. The path loss equation is given by (4.1), where 𝑑 represents the

distance between the BS and UE, 𝑓𝑐 is the central frequency, and ℎ is the average height

of buildings.

𝑝𝑙 = 20 log10

(
40𝜋𝑑𝑓𝑐

3

)
+ min(0.03ℎ1.72, 10) log10(𝑑)

− min(0.044ℎ1.72, 14.77) + 0.002 log10(ℎ𝑑)
(4.1)

4.2 Fully-listened and partially-listened

In studies of unlicensed bands (such asWi-Fi), researchers often adopt a fully-listened

assumption to simplify the model for simulation and mathematical analysis, as seen in [7]

and [17]. The fully-listened assumption disregards the hidden node problem by assum-
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ing that every device can detect the signals from all other devices. In most cases, this

assumption does not introduce significant deviation. Additionally, mathematical analyses

generally rely on [7] as a foundation, with some necessary adjustments. However, although

this assumption is widely used, some researchers also consider the partially-listened sce-

nario. Partially-listened assumes that devices cannot detect signals from all other devices,

only from some, which makes the hidden node problem more likely to occur during data

transmission. This approach is indeed more realistic but also complicates research. In

this paper, we will first consider the fully-listened scenario, and in later chapters, we will

address the partially-listened case, ultimately comparing the similarities and differences

between the two.

4.3 BS state

In NR-U, if we observe a single BS, we can identify three possible events: idle, col-

lision, and success. Idle indicates that the BS is merely counting down with no activity.

Collision occurs when two or more nearby BSs transmit simultaneously, causing signal

interference that ultimately results in a failed data transmission. Success refers to the case

where only the observed BS is transmitting at that moment, with no other BSs competing

for the channel, allowing the message to be successfully received by the receiver. Wi-Fi

shares the exact mechanism as NR-U but with slight differences in parameters, so certain

events in the system need to be handled separately, as shown below. For actual values, see

8.2.

1. Idle (𝑡𝑖𝑑𝑙𝑒):

There is no node transmitting. It is as long as one time slot because the condition

of the next time slot cannot be predicted.

2. Successful NR-U transmission (𝑡𝑢𝑠):

Only one NR-U BS is transmitting through the channel. It only takes one time slot

for the UE to tell BS that it just got access. However, BS takes 𝑡𝑔𝑎𝑝 to transfer

from receiving to transmitting according to [2]. The periods mentioned above are
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all included in 𝑡𝑐𝑜𝑡 . So the transmission time is only 𝑡𝑐𝑜𝑡 − 𝑡𝑔𝑎𝑝 − 𝑠𝑡 . The other nodes

then wait for 𝑡𝑑 to start counting down again.

3. Collided NR-U transmission (𝑡𝑢𝑐):

The UE still spends one time slot to give BS access. However, the BS does not get

the signal from UE, so other nodes will start counting down after 𝑇𝑑 .

4. Successful Wi-Fi transmission (𝑡𝑤𝑠):

There is only one Wi-Fi AP transmitting in the channel. Wi-Fi AP takes 𝑡𝑟𝑡𝑠 to send

the RTS signal first. After 𝑡𝑠𝑖 𝑓 𝑠, UE takes 𝑡𝑐𝑡𝑠 to send the CTS signal. After another

𝑡𝑠𝑖 𝑓 𝑠, the header and payload are transmitted by BS, which takes 𝑡ℎ𝑒𝑎𝑑𝑤 and 𝑡 𝑝𝑙𝑤.

After another 𝑡𝑠𝑖 𝑓 𝑠, the UE will transmit the ACK signal, which takes 𝑡𝑎𝑐𝑘 . Waiting

for 𝑡𝑑𝑖 𝑓 𝑠, other backoff counters of nodes can start counting down again.

5. Collided Wi-Fi transmission (𝑡𝑤𝑐):

There is more than one AP transmitting at the same time. The Wi-Fi AP first sends

the RTS signal. However, the UE can not receive the signal, so after 𝑡𝑑𝑖 𝑓 𝑠, the other

nodes will start to count down again.

6. Collided transmission of NR-U BS and Wi-Fi AP (𝑡𝑢𝑤𝑐):

There are NR-U BS and Wi-Fi transmitting at the same time. The time cost of this

event will be the larger period of 𝑡𝑢𝑐 and 𝑡𝑤𝑐.

4.4 UE-initiated NR-U with MBS

As in the title of our paper, the objective of our research is to integrate UE-initiated

NR-U with MBS. However, the integration process is more complex than just putting the

components together; it requires careful harmonization.

As shown in 4.1, the most basic form of integration works as follows. Using the

backoff mechanism described above, the UE gains access and transfers this access to the

BS. Upon receiving it, the BS notifies the control node via a wired network about the

granted access. Based on the information collected on the status of each device, the control
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Figure 4.1: Signal flow of UE-initiated NR-U with MBS

node then determines the optimal MCS combination and designates which BS or BSs

should start transmitting.
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Chapter 5. Problem formulation

As mentioned in the 1, video content consumes a significant amount of spectrum,

leading to a scarcity of available spectrum. Our objective is to maximize the utilization of

the spectrum. In this paper, we define spectrum utilization as the throughput of a fixed-size

spectrum (20 MHz). Let 𝑡𝑖 represent the throughput of the received data for UE 𝑖. 𝑁𝑈𝐸

denotes the number of UEs in the network. The overall network throughput 𝑇 is given by:

𝑇 =
𝑁𝑈𝐸∑
𝑖=1

𝑡𝑖 (5.1)

In addition to maximizing network throughput, we aim for our solution to comply

with the standards set by 3GPP and other relevant authorities. This compliance ensures

that our solution can be easily applied to real systems and maintains fairness with other

current wireless technologies like Wi-Fi.
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Chapter 6. Proposed solutions and

state of the art

6.1 MCS-opt

Our first proposed method is more aligned with the existing 3GPP standards, as cur-

rent MBS services do not include SFN. As for the details, generally speaking, the number

of UEs is much larger than the number of BSs. This feature is the key to our proposed

solution. There is a mechanism called UE-initiated NR-U that is published in the standard

of 3GPP [2] that we mentioned many times. Instead of BSs contending for channel ac-

cess, this mechanism uses UEs to contend for the channel. Since they all share the exact

backoff mechanism, more backoff counters mean more access opportunities. More access

opportunities mean the ability to transmit more data.

As shown in 4.1, the UE gains access through the backoff mechanism and, upon

obtaining access, hands it over to the nearest BS, which then reports it to the control node.

At this point, the control node needs to make two critical decisions: first, whichMCS level

to use, and second, which BS or BSs should handle the transmission.

As shown in 6.1, we simplify the selection to two available BSs and twoMCS options

without compromising generality. Selecting a different BS impacts the number of UEs

covered, as, in the real world, UEs are not evenly distributed but rather clustered in dense

and sparse areas. Regarding MCS, choosing a fast MCS (with a higher transmission rate)

indeed increases the transmission rate, but since it requires a better SINR, it ultimately

covers fewer UEs. In contrast, a slowMCS, which has a relatively lower transmission rate,
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Figure 6.1: The choices of MCS and BS that the system has. Different combinations will
have different results.

only requires a lower SINR and thus can cover a more significant number of UEs.

Determining how to choose between these options is the focus of our exploration. Our

idea is to have each BS regularly report the signal conditions of both the UE and itself,

enabling the control node to estimate the distribution map indirectly. In the articles we

referenced, there are 16 MCS levels. By multiplying the number of UEs each MCS level

can cover by its transmission rate, we can calculate the throughput achievable with each

MCS level. We repeat this process for each accessible BS and define 𝑛𝑏 as the number of

BSs. This results in 16𝑛𝑏 choices, from which we select the one that yields the maximum

throughput as our MBS approach. The time complexity is 𝑂 (𝑛), which is manageable for

the control node.
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6.2 UE-initiated SFN

Forming an SFN (Single Frequency Network) in the unlicensed band was introduced

in [23]. Rather than using traditional NR-U, we adopt UE-initiated NR-U as introduced

in [2], assigning each UE a backoff counter. When a counter reaches zero, the UE sends

access to the nearest BS, which then informs the control node. The control node sub-

sequently triggers all BSs with access to form an SFN. This approach improves SINR

for UEs, allowing for data transmission at higher MCS levels. Additionally, as outlined

in [23], the system selects an MCS level suitable for all UEs in the network.

Although this method theoretically achieves excellent performance, SFN is not per-

mitted under the MBS standard defined by 3GPP, limiting its feasibility compared to the

MCS-opt approach.
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Chapter 7. Analytical evaluation

7.1 Fully-listened

Table 7.1: Mathematical Notations for NR-U

Notation Description
𝜏 The probability that the node transmits in a random time

slot

mu The maximum collision times a node can suffer

𝑝 The probability that the node collides with other nodes

𝑏0,0 The stationary probability of the node staying in the state
where collision times equal zero and the backoff counter is
zero

𝑛 Number of nodes

𝑝𝑖𝑑𝑙𝑒 The probability that the system’s channel is idle

𝑝𝑤𝑠 The probability that one Wi-Fi AP successfully transmits

𝑝𝑛𝑠 The probability that one NR-U BS successfully transmits

𝑝𝑤 𝑓 The probability that Wi-Fi APs collide

𝑝𝑛 𝑓 The probability that NR-U BSs collide

𝑝𝑛𝑤 𝑓 The probability that NR-U BSs and Wi-Fi APs collide

𝜖 The ratio of time that the transmission is really happening
without counting headers

𝜎 System throughput of NR

𝑠𝑡 Slot time

𝑠 The speed rate of NR BS
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Figure 7.1: Markov Chain for NR-U. The main difference from traditional Wi-Fi is that
after collisions reach the maximum collision times and another collision occurs, the con-
tention window will not remain at its maximum value but will return to the minimum
value.

𝑏0,0 =
2(1 − 𝑝)(1 − 2𝑝)

((1 − 2𝑝) (1 − 𝑝𝑚𝑢+1) + (1 − 2𝑝𝑚𝑢+1)(1 − 𝑝)𝑐𝑤𝑚𝑖𝑛)
(7.1)
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Table 7.2: Mathematical Notations for MBS

Notation Description
𝑙 Maximum modulation and coding scheme

𝑝𝐿,𝑏,𝑙 The probability that any UE has the maximum modulation
and coding scheme 𝑙 to BS 𝑏

𝑐𝑏,𝑙 The CDF of 𝑝𝐿,𝑏,𝑙
𝑝𝑛,𝑏,𝑙 The probability that any UE has the maximum modulation

and coding scheme 𝑙 to the nearest BS 𝑏

𝑠(𝑙) Speed rate of themaximummodulation and coding scheme
𝑙

𝛽 The coefficient of BS 𝑏 used to calculate 𝜂

𝜂 Analytical system throughput of the nearest method

𝑛𝑏𝑠 The number of BSs in the system

𝑝 𝑓 ,𝑏,𝑙 The probability that any UE has the maximum modulation
and coding scheme 𝑙 to the farthest BS 𝑏

𝛾 The coefficient of BS 𝑏 used to calculate 𝜁

𝜁 Analytical system throughput of the farthest method

𝑙𝑏 Maximum MCS that the initiating UE has to BS 𝑏

𝑛𝑐,𝑏,𝑙 The number of UEs covered by MBS when the MBS BS is
𝑏 and the MCS is 𝑙

𝜎𝑏,𝑙 The MBS throughput when the MBS BS is 𝑏 and the MCS
is 𝑙

𝜈 The maximum of 𝜎𝑏,𝑙

𝜔𝑏,𝑖 The power received by UE 𝑖 from BS 𝑏

𝜔𝑖 The power received by UE 𝑖 from all BSs in the network

𝜔𝑚 The smallest 𝜔𝑖

𝜓𝑖 SINR for UE 𝑖

𝜒𝑖 Speed rate of UE 𝑖

7.1.1 BS-initiated NR-U

In [17], a Markov chain similar to that in [7] is used to analyze the performance of

NR-U. The main difference lies in the behavior of the contention window. In [7], when

the maximum number of collisions is reached, the contention window remains at its maxi-

mum if collisions continue. However, in [17], which reflects modern Wi-Fi and NR-U, the
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contention window resets to its minimum size once a device collides after it reaches the

maximum collision count. In the following analysis, we will first attempt to determine 𝜏,

according to [17], the probability of a device beginning transmission, regardless of whether

the transmission is successful. We will then find the collision probability 𝑝 during trans-

mission. Using these two equations, we solve for 𝜏 and then calculate the probabilities

of different events occurring based on 𝜏. Finally, by multiplying the probabilities by the

duration of each event, we obtain the expected values.

First ,by citing [17], we can get (7.2) to (7.12).

Define 𝜏 as the probability that the node starts transmission.

𝜏 =
1 − 𝑝𝑚𝑢+1

(1 − 𝑝) 𝑏0,0 (7.2)

Define 𝑝 as the probability that the transmission collides.

𝑝 = 1 − (1 − 𝜏)𝑛−1 (7.3)

By simplifying 7.3, we can get 7.4.

𝜏 = 1 − (1 − 𝑝) 1
𝑛−1 (7.4)

Now, we can find solutions from the above equations. We can get (7.5) to (7.9).

The probability that there is no AP transmitting is 𝑝𝑖𝑑𝑙𝑒. This condition is also called

idle. As for 𝑝𝑤𝑠, it is the probability that an AP succeeds in transmitting. The probability

that there is a successful transmission started by an NR-U BS is 𝑃𝑛𝑠. The probability that

there is a collision between APs is 𝑃𝑤 𝑓 . The meaning of 𝑝𝑢 𝑓 is similar to 𝑃𝑤 𝑓 . Here, we

must assume there is no AP transmitting. There will be only six events for the channel,

so we can get 𝑝𝑛𝑤 𝑓 by using the other five probabilities to subtract one. We can now get

(7.10). 𝑝𝑛𝑤 𝑓 represents the probability of a collision between NR-U and Wi-Fi devices.

𝑝𝑖𝑑𝑙𝑒 = (1 − 𝜏𝑛)𝑛𝑛 (1 − 𝜏𝑤)𝑛𝑤 (7.5)
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𝑡𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙 = 𝑝𝑖𝑑𝑙𝑒𝑠𝑡 + 𝑝𝑛𝑠𝑡𝑛𝑠 + 𝑝𝑤𝑠𝑡𝑤𝑠 + 𝑝𝑛 𝑓 𝑡𝑛 𝑓 + 𝑝𝑤 𝑓 𝑡𝑤 𝑓 + 𝑝𝑢𝑤 𝑓 𝑡𝑢𝑤 𝑓 ; (7.11)

𝑝𝑤𝑠 = 𝑛𝑤𝜏𝑤 (1 − 𝜏𝑤)𝑛𝑤−1(1 − 𝜏𝑛)𝑛𝑛 (7.6)

𝑝𝑛𝑠 = 𝑛𝑛𝜏𝑛 (1 − 𝜏𝑛)𝑛𝑛−1(1 − 𝜏𝑤)𝑛𝑤 (7.7)

𝑝𝑤 𝑓 = (1 − 𝜏𝑛)𝑛𝑛 (1 − (1 − 𝜏𝑤)𝑛𝑤 − 𝑛𝑤𝜏𝑤 (1 − 𝜏𝑤)𝑛𝑤−1) (7.8)

𝑝𝑢 𝑓 = (1 − 𝜏𝑤)𝑛𝑤 (1 − (1 − 𝜏𝑛)𝑛𝑛 − 𝑛𝑛𝜏𝑛 (1 − 𝜏𝑛)𝑛𝑛−1) (7.9)

𝑝𝑛𝑤 𝑓 = 1 − 𝑝𝑖𝑑𝑙𝑒 − 𝑝𝑤𝑠 − 𝑝𝑛𝑠 − 𝑝𝑤 𝑓 − 𝑝𝑛 𝑓 (7.10)

We multiply the probabilities with the time period written in 8.2. As a result, we can

get (7.11). It also means the average interval of the system. The ratio of time that the

transmission is really happening without counting headers is (7.12).(7.13) stands for the

throughput of the NR-U BS. We define 𝑆𝑟 as the transmission rate of the BS.

𝜖 =
𝑝𝑛𝑠𝑡𝑐𝑜𝑡
𝑡𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙

(7.12)

𝜎 = 𝑆𝑟
𝑝𝑛𝑠𝑡𝑐𝑜𝑡
𝑡𝑖𝑛𝑡𝑒𝑟𝑣𝑎𝑙

(7.13)

7.1.2 UE-initiated NR-U

For UE-initiated NR-U, since the UE needs to send a start signal to the BS first, the

transmission collision time for NR-U will be different. Define ˆ𝑡𝑢𝑐 as the duration of an

unsuccessful UE-initiated NR-U transmission. It takes 𝑠𝑡 to transmit the start signal to the

BS. We define 𝑡𝑔𝑎𝑝 as the time the BS takes to switch to transmission mode after receiving

the signal. The BS then begins transmitting data back to the UE that granted access, taking

an additional 𝑠𝑡 transmission time. If the UE does not receive the data within ˆ𝑡𝑢𝑐, it will

regard the transmission as failed and restart the countdown.

ˆ𝑡𝑢𝑐 = 𝑠𝑡 + 𝑡𝑑𝑒 𝑓 𝑒𝑟 + 𝑠𝑡 (7.14)
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𝛽 =
𝑙∑

𝑙=1

𝑛∑
𝑘=1

𝑝𝑛,𝑏,𝑙𝑐
𝑛−𝑘
𝑏,𝑙 (1 − 𝑐𝑏,𝑙)𝑘−1𝐶𝑛−𝑘+𝑘−1

𝑛−𝑘 (𝑛 + 1 − 𝑘)𝑠(𝑙) (7.15)

As for why the successful transmission time for UE-initiated NR-U does not change,

it is because although transmitting the start signal takes 𝑠𝑡 , and switching the BS from

receive mode to transmit mode takes 𝑡𝑔𝑎𝑝, these times are all included in 𝑡𝑐𝑜𝑡 , so they do

not change.

7.1.3 MBS

Our paper proposes its own MBS analysis method. Using this analysis method, we

determine the system’s transmission rate. Finally, by multiplying the proportion of effec-

tive transmission time obtained from [17] by the transmission rate we derived, we obtain

the throughput.

Nearest We first define UE as having max modulation and coding scheme 𝑙. This means

that the UE can demodulate and decode MCS that is lower or equal to 𝑙. Define 𝑝𝐿,𝑏,𝑙 as

the probability that any UE has max modulation and coding scheme 𝑙 to 𝐵𝑆 𝑏. Define 𝑐𝑏,𝑙

as the cdf of 𝑝𝐿,𝑏,𝑙 . We then make all UEs only connect to their nearest BS. Define 𝑝𝑛,𝑏,𝑙

as the probability that any UE has max modulation and coding scheme l to the nearest

𝐵𝑆𝑏. We assume there is a random UE scattered on the map. There are 𝑛 − 𝑘 UEs that

have better or equal modulation and coding schemes than the UE that we randomly chose.

There will be 𝑘 −1 UEs that have worse modulation and coding schemes than it excluding

itself. There can be combinations. We know signals can only be received and decoded by

UEs that have better or equal SINR. In the end, we multiply it with speed rate 𝑠(𝑙). Integer

𝑘 could be any number from 1 to 𝑛. 7.17 is established. Define 𝛽 as the coefficient of 𝐵𝑆

𝑏.

Define 𝜎𝑛 as the analysis system throughput of the method nearest. Define 𝑛𝑏 as the
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𝛾 =
𝑙∑

𝑙=1

𝑛∑
𝑘=1

𝑝 𝑓 ,𝑏,𝑙𝑐
𝑛−𝑘
𝑏,𝑙 (1 − 𝑐𝑏,𝑙)𝑘−1𝐶𝑛−𝑘+𝑘−1

𝑛−𝑘 (𝑛 + 1 − 𝑘)𝑠(𝑙) (7.17)

number of BSs in the system. We can get 7.16.

𝜎𝑛 =
𝑛𝑏∑
𝑏=1

𝛽(𝑏)𝜖 (7.16)

Farthest Wefirst define UE as havingmaxmodulation and coding scheme 𝑙. This means

that the UE can demodulate and decode MCS that is lower than 𝑙. 𝑝𝑛,𝑏,𝑙 is the probability

that any UE has max modulation and coding scheme 𝑙 to 𝐵𝑆𝑏. 𝑐𝑏,𝑙 stands for the cdf of

𝑝𝑛,𝑏,𝑙 . We then make all UEs only connect to its farthest BS. 𝑝 𝑓 ,𝑏,𝑙 is the probability that

any UE has max modulation and coding scheme l to farthest 𝐵𝑆𝑏. We assume there is a

randomUE scattered on the map. There are 𝑛−𝑘 UEs that have better or equal modulation

and coding schemes than the UE that we randomly chose. There will be 𝑘−1 UEs that have

worse modulation and coding schemes than it excluding itself. There can be combinations.

We know signals can only be received and decoded by UEs that have better or equal SINR.

In the end, we multiply it with speed rate 𝑠(𝑙). 𝑘 could be any number from 1 to 𝑛. 7.17

is established. 𝛾 stands for the coefficient of 𝐵𝑆 𝑏.

𝜁 stands for analysis system throughput of method farthest. 𝑛𝑏𝑠 stands for the number

of BSs in the system. 7.18 is established.

𝜁 =
𝑛𝑏𝑠∑
𝑏=1

𝛾(𝑏)𝜖 (7.18)

MCS-opt As mentioned in section 6, the method MCS-opt chooses the best MBS com-

bination in the possible MBS combinations. We define the initiating UE as having max

MCS to BS 𝑏 as 𝑙𝑏. 𝑛𝑐,𝑏,𝑙 as the number of MBS covered UE when the MBS BS is 𝑏 and

the MCS is 𝑙. 𝜎𝑏,𝑙 stands for the MBS throughput when the MBS BS is 𝑏 and the MCS is

𝑙. 7.19 is established.

𝜎𝑏,𝑙 = 𝑛𝑐,𝑏,𝑙𝑠(𝑙) 𝑙 > 𝑙𝑏 (7.19)
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We need to find the maximum, and we call it 𝜈. 7.20 is established.

𝜈 = 𝑚𝑎𝑥(𝜎𝑏,𝑙) (7.20)

𝜎 stands for the system throughput as follows:

𝜎 = 𝜈𝜖 (7.21)

SFN 𝜔𝑏,𝑖 stands for the power that is received by UE 𝑖 from BS 𝑏. 𝜔𝑖 stands for the

power that is received by UE from all BS in the network. 𝜔𝑚 stands for the smallest 𝜔𝑖 as

followed

𝜔𝑚 = 𝑚𝑖𝑛(
𝑛𝑏𝑠∑
𝑏=1

𝜔𝑏,𝑖) (7.22)

We then get SINR written as 𝜓 from𝜔𝑚. Finally, we use 8.3 to change 𝜓 into speed

rate 𝜒. System throughput 𝜎 is as followed:

𝜎 = 𝜒𝜖 (7.23)

7.2 Partially-listened

In the partially-listened scenario, hidden node problem exists. We first define the

initiating UE as the UE that is going to grant access to a BS and the receiving BS as the

BS that will receive this access from the initiating UE. Essentially, two types of nodes

are present. One type is the sensible UE, which is within the sensing range of both the

initiating UE and the receiving BS. The other type is the hidden node, which lies within

the sensing range of the receiving BS only and is outside the sensing range of the initiating

UE.

Define 𝑁𝑠 as the number of sensible nodes. Define 𝑁ℎ as the number of hidden nodes.

We can get 7.24 from 7.2. Define 𝜏𝑠 as the probability that a sensible node transmits in

any time slot.

𝜏𝑠 =
1 − 𝑝𝑚𝑢+1

1 − 𝑝
𝑏0,0 (7.24)
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Define 𝜏ℎ as the probability that a hidden node transmits in any time slot according to [22].

𝜏ℎ = (1 − 𝑝𝑚𝑢+1

1 − 𝑝
+

𝑚𝑢∑
𝑖=0

(2𝑐𝑤𝑖 − 𝑣) (𝑣 − 1)𝑝𝑖
2𝑐𝑤𝑖

)𝑏0,0 (7.25)

Define 𝑝 as the probability that a collision occurs when the UE is transmitting access.

𝑝 = 1 − (1 − 𝜏𝑠)𝑁𝑠 (1 − 𝜏ℎ)𝑁ℎ (7.26)

We can now determine the probability of the channel being idle. If all hidden nodes

and sensible nodes, including the node we are calculating, are not transmitting, the channel

is idle.

𝑝𝑖𝑑𝑙𝑒 = (1 − 𝜏𝑠)𝑁𝑠 (1 − 𝜏ℎ)𝑁𝑢 (7.27)

For a successful transmission, the chosen node must be transmitting, and all sensible

nodes, excluding the chosen node, and hidden nodes must not transmit.

𝑝𝑠 = 𝜏𝑠 (1 − 𝜏𝑠)𝑁𝑠−1(1 − 𝜏ℎ)𝑁ℎ (7.28)

Define 𝑝𝑜𝑠 as the success transmission probability of other UEs that can be sensed

by the chosen UE.

𝑝𝑜𝑠 = (𝑁𝑠 − 1)𝜏(1 − 𝜏)𝑁𝑠−1(1 − 𝜏ℎ)𝑁ℎ (7.29)

The collision probability is 1 minus all other probabilities.

𝑝𝑐 = 1 − 𝑝𝑠 − 𝑝𝑖𝑑𝑙𝑒 − 𝑝𝑜𝑠 (7.30)

Define Ω𝑖 as the number of times that node 𝑖 can successfully access in simulation

time 𝑆. Define 𝑠𝑡 as the slot time length.

Ω𝑖 =
𝑝𝑠𝑡𝑢𝑠𝑆

(𝑝𝑠𝑡𝑢𝑠 + 𝑝𝑜𝑠𝑡𝑢𝑠 + 𝑝𝑐𝑡𝑢𝑐 + 𝑝𝑖𝑑𝑙𝑒𝑠𝑡)𝑡𝑢𝑠
(7.31)
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Define Ω as the number of times that all nodes of the NR-U system access successfully.

Ω =
𝑁𝑈𝐸∑
𝑖=1

Ω𝑖 (7.32)

Define 𝑟𝑢 as the speed rate of NR-U. Define 𝑛𝑎𝑚 as the average number of UEs within

the sensing range of a BS. Multiply 𝑟𝑢, 𝑛𝑎𝑚, and the number of times the system can

successfully access to get the system throughput. Define 𝜎ℎ as the system throughput.

𝜎𝑖 =
𝑟𝑢𝑛𝑎𝑚Ω𝑖

𝑆
(7.33)

𝜎 =
𝑁𝑈𝐸∑
𝑖=1

𝜎𝑖 (7.34)
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Chapter 8. Simulation Results and

Discussion

8.1 Simulation settings

The system is composed of UEs, APs, and BSs. The default set parameters are shown

in 8.1. The devices will contend for the channel using backoff mechanism. As discussed

in the 1, spectrum resources are becoming scarce. Therefore, we assume that the devices

will operate with a full buffer. Once the transmission is completed, the devices will release

the channel, and the next round of contention will begin.

Table 8.1: Default parameters of the system

Parameters Value
Radius of cells 300m
Number of BS 19
Number of UE 100

BS transmission power 30dBm
Noise Power -92dBm

𝑓𝑐 2.4GHz
h 5m

Speed rate of Wi-Fi (𝑟𝑤) 54Mbps
BS distribution Cellular Network
UE distribution Uniform

8.1.1 Modulation and Coding Scheme

When the BS transmits, it might use different modulation and coding methods. We

summarize these as modulation and coding schemes. Using a compact modulation and
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Table 8.2: Time parameters

Time parameters Value (𝜇𝑠) Description
𝑠𝑡 9 Length of a time slot
𝑡𝑝𝑢𝑠𝑐ℎ 𝑠𝑡 Time reserved for PUSCH
𝑡𝑔𝑎𝑝 16 Time gap between uplink and downlink
𝑡 𝑓 16 Silent period
𝑡𝑐𝑜𝑡 8000 Channel occupancy time for NR-U
𝑡𝑝𝑙𝑤 3008 Channel occupancy time for Wi-Fi
𝑡𝑑 𝑡 𝑓 + 2𝑠𝑡 Defer time
𝑡𝑟𝑡𝑠 (160+224)/𝑟𝑤 Length of ready to send signal
𝑡𝑠𝑖 𝑓 𝑠 16 Length of short interframe space
𝑡𝑑𝑖 𝑓 𝑠 34 Length of DCF interframe space
𝑡𝑐𝑡𝑠 (112+224)/𝑟𝑤 Length of clear to send signal
𝑡ℎ𝑒𝑎𝑑𝑤 (192+224)/𝑟𝑤 Length of Wi-Fi header
𝑡𝑎𝑐𝑘 𝑡𝑐𝑡𝑠 Length of ACK message
𝑡𝑢𝑠 𝑡𝑐𝑜𝑡 + 𝑡𝑑 Length of successful transmission of NR-U

𝑡𝑤𝑠
𝑡𝑟𝑡𝑠 + 3𝑡𝑠𝑖 𝑓 𝑠 + 𝑡𝑐𝑡𝑠 + 𝑡ℎ𝑒𝑎𝑑𝑤
+𝑡𝑝𝑙𝑤 + 𝑡𝑎𝑐𝑘 + 𝑡𝑑𝑖 𝑓 𝑠 + 𝑠𝑡

Length of successful transmission of Wi-Fi

𝑡𝑢𝑐 𝑡𝑐𝑜𝑡 + 𝑡𝑑𝑒 𝑓 𝑒𝑟 Length of collision transmission of NR-U
ˆ𝑡𝑢𝑐 𝑠𝑡 + 𝑡𝑑𝑒 𝑓 𝑒𝑟 Length of collision transmission of UE-initiated NR-U
𝑡𝑤𝑐 𝑡𝑟𝑡𝑠 + 𝑡𝑑𝑖 𝑓 𝑠 + 𝑠𝑡 Length of collision transmission of Wi-Fi
𝑡𝑢𝑤𝑐 𝑚𝑎𝑥(𝑡𝑢𝑐, 𝑡𝑤𝑐) Length of collision transmission of NR-u and Wi-Fi

coding scheme can provide a better data rate. However, a compact modulation and coding

scheme means that once there is any interference with the transmission, the UE might

have difficulty demodulating and decoding the signal. Therefore, we must decide on the

modulation and coding scheme based on the SINR that the UE is experiencing. According

to [25], we can obtain 8.3 for the modulation and coding schemes. Additionally, the UE

can demodulate and decode signals that have a higher SINR than the minimum required.

8.2 Fully-listened

8.2.1 Baseline

Nearest BS In this method, we assume that the system is UE-initiated. After gaining

access to the channel, the UE grants it to the nearest BS, which then begins MBS. The

MCS is set so that the UE that granted access can just demodulate and decode. All other

UEs with an equal or better MCS level can also receive the data.
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Table 8.3: Modulation and coding scheme: SINR to speed rate

Speed rate (Mbps) SINR (dB)
10.369 29
9.68 27
8.717 24.9
7.777 23.1
7.161 21.5
6.333 19.5
5.463 17.45
4.651 16.1
3.823 13.9
3.369 11.8
2.68 10
2.067 8
1.228 5.1
0.527 4.05
0.213 2
0 0

Farthest BS In this method, we assume that the system is UE-initiated. After gaining

access to the channel, the UE grants it to the nearest BS. The BS informs the control

node that it has obtained access. The control node then initiates MBS from the BS that

is furthest from the UE that granted access. It is important to note that the UE must be

able to detect the signal from this BS. The MCS is set so that the UE that granted access

can just demodulate and decode. Additionally, all other UEs with an equal or better MCS

level can receive the data.

SOTA This method, introduced in [23], represents the state-of-the-art in mobile network

unlicensed bands with multicast and broadcast. It follows traditional NR-U, specifically

BS-initiated NR-U. When the BS’s backoff counter reaches zero, it activates all BSs with

access to form an SFN (Single Frequency Network), allowing BSs to transmit data using

a higher MCS level. According to [23], the system selects an MCS level that can serve

all UEs in the network. Intuitively, this method should deliver excellent performance.

However, as mentioned earlier, SFN is not permitted in theMBS standard defined by 3GPP.

35 doi: 10.6342/NTU202404732

https://doi.org/10.6342/NTU202404732


8.2.2 Comparison between Methods

In 8.1, we can see that the method nearest BS has worse performance compared to

the method farthest BS. This is because the nearest BS method excludes too many UEs.

Although the bottleneck user has a transmission rate, it can contribute little throughput to

the system.

The performance of the farthest BS method is better than that of the nearest BS

method. The reason for this result is similar to that of the nearest BS method. Although

the transmission rate of the MBS is limited due to the long distance between the BS and

the initiating UE, the large number of covered UEs compensates for this drawback.

The MCS-opt method performs better than the nearest BS and farthest BS methods

in any condition because it always considers all combinations. Additionally, there are only

16𝑛𝑏 combinations, so the time complexity is acceptable.

It is intuitive that UE-initiated SFN has the best performance. UE-initiated access

gives it more chances than SOTA. Once it has access, it activates all BSs that have access

to form an SFN. Even though it needs to serve all the UEs in the system, meaning the

UE with the worst SINR in the network will be the bottleneck user, the MCS of system

transmission will still be fine. This is because SFN provides considerable improvement to

SINR.

ThemethodRival SFN has several featuresworth discussing. First, it performs almost

identically to the UE-initiated SFN method when there is no AP. This is because, without

APs, only the NR-U nodes are accessing the channel, resulting in the same performance

for both BS-initiated and UE-initiated approaches. However, when the number of APs

increases to one, the system throughput drops sharply from around 1000 to about 600.

This decline occurs because the number of contending nodes has increased, and Wi-Fi

now shares part of the channel access opportunities. As the number of APs continues

to grow, the system throughput of NR-U decreases correspondingly, which is expected

behavior for any unlicensed system. We can now proceed to compare this SOTA method

with other methods on a case-by-case basis.

As mentioned above, the SOTA method has no chance of outperforming the UE-
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Figure 8.1: 2.4GHz Comparison between methods of different initiating mechanisms and
MBS strategies

initiated SFN method because SOTA has fewer contending nodes than UE-initiated SFN

and is thus more susceptible to interference, which easily lowers its performance. Com-

pared to the MCS-opt method, SOTA starts to fall behind once there is more than one

contending AP. It is reasonable to consider the MCS-opt method as outstanding since it

closely aligns with current standards and surpasses the SOTA method under most condi-

tions. Moreover, setting up a communication system in an area without any other un-

licensed technologies is impractical, so it is reasonable to conclude that the MCS-opt

method generally performs better than the Rival SFN method in real-world wireless net-

works. The Rival SFN method even falls behind the farthest BS method when there are

more than five active APs. Finally, it performs almost the same as the nearest BS method

when the number of APs reaches seventeen, indicating that SOTA’s performance deterio-

rates significantly when numerous APs are present.

In conclusion, the farthest BS method generally outperforms the nearest BS method

due to its higher number of MBS-covered UEs. TheMCS-opt method offers both low time

complexity and better performance compared to these two methods. In real-world scenar-

ios, MCS-opt theoretically outperforms SOTA. The UE-initiated SFN method demon-

strates strong resistance to interference from Wi-Fi APs.
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8.2.3 Central Frequency

The 5GHz band is another unlicensed band that is frequently used. Generally speak-

ing, people use the 5GHz band for its wider spectrum. Compared to the 2.4GHz band, the

higher frequency of the 5GHz band makes it easier to provide more spectrum. However,

in this paper, we only consider contending for a fixed-size spectrum because we want to

focus on the impact of path loss on system throughput.

In 8.2, we can see that all methods perform worse than in 8.1. The nearest BS method

has decreased by about 61 percent. The farthest BSmethod decreased by about 46 percent.

The reason the nearest BS method suffers more loss than the farthest BS method is clear:

the nearest BS method covers very few UEs for each MBS, with its advantage being a

high transmission rate for each covered UE. However, the high path loss caused by higher

frequency easily diminishes this transmission rate. In the case of the farthest BS method,

its advantage lies in covering many UEs during MBS, and since the speed rate is already

low, worse SINR only causes a slight loss. For the MCS-opt method, the decrease is about

43 percent. The percentage decrease in system throughput for the MCS-opt method is less

than for the nearest BS and farthest BS methods, but the high path loss still remains a

concern.

The UE-initiated SFN method still achieves the best system performance among all

methods. However, there is a slight performance decrease due to the high path loss asso-

ciated with high central frequencies. This decrease is minimal thanks to the SFN, which

enhances SINR for all UEs. In the 2.4GHz band, the SINR of the UE-initiated SFNmethod

already exceeds the requirements for 16-level MCS, the highest MCS level. Therefore, the

SINR of its UEs remains very high overall.

As usual, the SOTAmethod has nearly the same system throughput as theUE-initiated

SFN method when there are no APs. As the number of APs increases, its system through-

put decreases similarly to the behavior observed at 2.4GHz. It starts to fall behind the

MCS-opt method when there are 5 APs contending for the channel and loses to the farthest

BS method when there are ten contending APs. Despite this, it consistently outperforms

the nearest BS method.
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Figure 8.2: 5GHz Comparison between methods of different initiating mechanisms and
multicast strategies

In conclusion, the MCS-opt method is still the best method compared to the nearest

BS and farthest BS methods. SFN provides better resistance against high path loss caused

by high central frequency because its SINR is much higher than the minimum required.

However, the decrease in system throughput is inevitable.

8.2.4 Inter-site distance (ISD)

Inter-site distance (ISD) equals 100 meters In 8.3, we can observe that the nearest BS

method, the farthest BS method, and the MCS-opt method all perform better when the

ISD is 100m compared to when the ISD is 300m. However, there is no improvement in

either SFN method. At an ISD of 300m, the SFN has already enabled the bottleneck user

to achieve sufficient SINR to receive transmissions from BSs at the highest MCS level, so

the increased SINR resulting from lower path loss no longer enhances system throughput.

Nevertheless, the increase in contending APs continues to have a significant impact on

SOTA.

As for the nearest BS method, the improvement is 424 percent. The improvement of

this method is the highest compared with other methods. There are two main reasons. The
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first one is the SINR improvement for the bottleneck user. The MBS can proceed with a

higher level of MCS. However, this reason alone will not account for such a significant

improvement. The second reason is the main reason. The MBS covers many more UEs

than before. The decrease in ISD can also be explained by the higher density of UEs. The

MCS chosen by this method can include many more UEs than before.

Compared with the nearest BS method, the farthest BS method shows only a 102

percent improvement. This is because it already performs exceptionally well when ISD

equals 300m, and with an ISD of 100m, its coverage area is already extensive, making it

challenging to increase the number of covered UEs further.

As for the MCS-opt method, we can see that its system throughput has also im-

proved. The reason for the improvement is similar to the nearest BS method and farthest

BS method. It can now cover more UEs because the density of UEs has increased. Addi-

tionally, the level of the bottleneck user’s MCS is also increased. Furthermore, it almost

has the same performance as the method UE-initiated SFN.

The SINR of the UE-initiated SFN is already sufficient when the ISD equals 300m,

even exceeding the SINR required for the highest MCS. Therefore, further reduction in

path loss does not bring any improvement. Meanwhile, SOTA continues to be affected by

interference from APs.

If the network is small enough, SFN does not offer a significant advantage over

other methods. Choosing the MCS-opt method achieves performance close to that of

UE-initiated SFN, making it an excellent choice, mainly because its mechanism is more

compatible with existing standards.

Inter-site distance (ISD) equals 500 meters In 8.4, the system throughput of the three

MBS methods (nearest BS method, farthest BS method, and MCS-opt) has all decreased.

The nearest BS method decreases by around 53 percent, the farthest BS method by about

31 percent and the MCS-opt method by approximately 31 percent. The nearest BS method

still shows the most considerable change. This is due to a similar reason as its significant

increase when the ISD is 100m: the number of covered UEs decreases sharply as the ISD

increases, and the MCS used by the BS is also lower compared to the scenario when the
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Figure 8.3: ISD equals 100. Comparison between methods of different initiating mecha-
nisms and multicast strategies

ISD is 300m.

As for the two SFN methods, the system throughput remains unchanged. This is

because the SINR of UEs already exceeds the required SINR for the highest MCS level

by a substantial margin when the ISD is 300m. There needs to be more than the increased

path loss to lower the UE’s SINR below the requirement for the SINR of the highest MCS

level.

We can draw a brief conclusion that SFN demonstrates strong resilience against ex-

treme conditions, such as high path loss. Moreover, our designed UE-initiated SFN out-

performs the SOTA. Among the other three methods, MCS-opt still takes the lead.

8.2.5 Optimization of method MCS-opt

As specified in [2], the MBS of UE-initiated NR-U must include the initiating UE.

This mechanism is designed to ensure fairness, preventing situations where a UE gains

frequent access without receiving any data itself. However, this rule limits the range of

MCS levels available for selection. Without this restriction, we have 16𝑛𝑏 combinations

to choose from. With the restriction in place, we are left with only 16(𝑛− 𝑖), where 𝑖 is the
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Figure 8.4: ISD equals 500. Comparison between methods of different initiating mecha-
nisms and multicast strategies

maximum MCS level of the initiating UE, thus reducing the number of possible choices.

Our objective is to determine if this rule impacts system throughput and, if so, to quantify

the extent of this impact.

We use the parameters in 8.2. Unlimited opt means that the system chooses any

BS and any MCS. Opt means that the system chooses BS and MCS, which must cover

the initiating UE. As shown in 8.5, we can see that both methods have almost the same

performance. Unlimited opt has only a bit better performance than op.

We can conclude that the 3GPP requirement sacrifices only a negligible amount of

performance while achieving fairness in the system.

8.3 Partially-listened

As shown in 8.6, the transmission probability of the initiating UE gradually decreases

as the number of UEs increases. This is intuitive, as with fixed bandwidth, a higher number

of UEs means that each UE has fewer transmission opportunities available.

As shown in 8.7,p represents the probability of a collision occurring when the initi-

ating UE begins to grant access to the receiving BS. This probability is influenced by the
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Figure 8.5: System throughput of method optimized MCS-opt and method MCS-opt

number of sensing UEs and the number of hidden UEs. Although NR-U has a backoff

mechanism to avoid collisions, the probability of collisions still increases as the number

of UEs grows.

By observing (7.28), we can easily see that 𝑝𝑠 is strongly related to 𝜏𝑠 and 𝜏ℎ. It is also

influenced by the number of sensing nodes (𝑁𝑠) and hidden nodes (𝑁ℎ). As the number

of UEs increases, 𝜏 decreases, while 𝑁𝑠 and 𝑁ℎ increase, resulting in a decrease in 𝑝𝑠.

This is intuitive: as the number of competing nodes with the exact mechanism grows, the

chances of success naturally decrease. As shown in 8.9, as the number of UEs increases,

𝑝𝑖𝑑𝑙𝑒 starts to decrease because more UEs mean more nodes are attempting to access the

channel. As more nodes attempt to access the channel, the probability that the channel

remains idle naturally decreases.

As shown in 8.10, when the number of UEs is 1, the probability is 0. This is because

we focus on a specific UE within the system for the calculation, and with no other UEs

present, this results in a probability of 0. Additionally, we observe that this probability

gradually increases as the number of UEs rises. This is intuitive, as the more competing

UEs there are besides the designated UE, the more 𝑝𝑜𝑠 will slowly increase.

As shown in 8.11, 𝑝𝑐 represents the probability that the initiating UE fails to pass
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Figure 8.6: Transmission probability of initiating UE
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Figure 8.7: Collision probability of transmitting UE
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Figure 8.8: Success probability of transmission. It does not represent the proportion of
time but rather the proportion of events.
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Figure 8.9: Idle event probability of the channel. It does not represent the proportion of
time but rather the proportion of events.
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Figure 8.10: Successful transmission probability of nodes other than the designated UE.
It does not represent the proportion of time but rather the proportion of events.

access to the BS. Initially, 𝑝𝑐 rises quickly as the number of UEs increases, leading to

more frequent collision opportunities. As shown in 8.9, as the number of UEs increases,

𝑝𝑖𝑑𝑙𝑒 starts to decrease because more UEs mean more nodes are attempting to access the

channel. As more nodes attempt to access the channel, the probability that the channel

remains idle naturally decreases.

As shown in 8.11, 𝑝𝑐 represents the probability that the initiating UE fails to pass

access to the BS. Initially, 𝑝𝑐 rises quickly as the number of UEs increases, leading to

more frequent collision opportunities. As shown in 8.12, by using (7.31) along with the

probabilities discussed above, we can determine the average number of times each UE can

access the channel within the simulation period. We observe that this number is mono-

tonically decreasing. This is because we are focusing on the access times of a single UE,

similar to 𝑝𝑠.

As shown in 8.13, throughput increases as the number of UEs rises. This increase is

primarily due to two factors. First, as the number of UEs grows, the available bandwidth

across the system’s spatial area gradually becomes fully utilized, meaning channel uti-

lization improves. Second, with more UEs, there are more potential target UEs for MBS

transmissions, which naturally leads to an increase in throughput.
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Figure 8.11: Collsion probability of transmission. The collision probability of transmis-
sion differs from 𝑝, which represents the collision probability specifically when a trans-
mission is occurring. Here, the collision probability refers to the proportion of collision
events out of all events occurring within a given time frame.
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Figure 8.12: Access times of a node in certain period(10000𝜇𝑠)
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Figure 8.13: Throughput of the NR-U system

As shown in 8.14, we set the x-axis to represent the number of APs, assuming there

are 100 UEs. We can clearly observe that the simulation results closely match the math-

ematical analysis, and the overall trend aligns with intuition: a higher number of APs

gradually impacts the NR-U system’s throughput due to Wi-Fi interference. However, the

impact remains minimal, mainly due to the use of UE-initiated NR-U.

In summary, using the calculated probabilities, we derive access times, which then al-

low us to determine throughput. Although a higher number of UEs increases the collision

probability (𝑝𝑐), NR-U’s inherent mechanisms effectively limit excessive collision rates.

Additionally, the UE-initiated approach provides NR-U throughput with strong resilience

against Wi-Fi interference. At the same time, the multiplicative growth in MBS transmis-

sion targets leads to an overall increase in throughput, demonstrating that our system is

both practical and capable of achieving significant throughput gains.

As shown in 8.15, we will simulate the five methods previously discussed under the

partially-listened assumption. First, by comparing 8.15 with 8.1, we can clearly see that

the values and trends in both figures are very similar. All methods are affected by the

number of APs, with SOTA being the most impacted. Next, we will provide a detailed

comparison of each method.
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Figure 8.14: Throughput of the NR-U system when x-axis stands for number of APs

SOTA Since SOTA is BS-initiated, it involves fewer contending nodes than UE-initiated

methods, thereby increasing its vulnerability to interference as the number of APs rises.

This effect is evident in both fully-listened and partially-listened scenarios.

Nearest In the fully-listened scenario, only one channel is active at a time. In contrast,

the partially-listened scenario functions as if there are multiple independent channels that

do not interfere with each other, ultimately resulting in better performance.

Farthest Due to the limitation of the sensing range, the base station selected by the

farthest method will essentially be the same as the one selected by the nearest method,

leading to the same throughput in the end.

MCS-opt In the fully-listened scenario, MCS-opt typically selects a lower transmission

rate to include more UEs, which generally improves throughput and ensures that almost all

UEs are served. In this case, the partially-listened scenario would demonstrate a similar

performance to the fully-listened scenario.

UE-initiated SFN Thanks to the strong signal power provided by the SFN, nearly all

UEs achieve the optimal SINR. This ensures that the majority of UEs can receive a high-
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Figure 8.15: The results of the five methods in the partially-listened scenario closely re-
semble those in the fully-listened scenario.

quality signal, leading to a consistent system throughput. As a result, the overall through-

put remains stable and similar across different scenarios sincemost UEs can take advantage

of the improved signal strength.

Here, we can draw a brief conclusion: the five methods demonstrate highly simi-

lar performance in both fully-listened and partially-listened scenarios, indicating that the

fully-listened assumption remains valid in the NR-U MBS context under discussion.

8.4 Conclusion

In this paper, we strive to leverage UE-initiated NR-U and MBS to enhance the

throughput of NR systems. With network congestion increasing due to streaming media,

improving system throughput has become imperative. 3GPP introduced NR-U technology

to boost NR system throughput by utilizing the unlicensed band and further introduced

UE-initiated NR-U in [2], a mechanism that grants greater channel access to networks

with more UEs. Additionally, 3GPP introduced MBS in [26] to manage the high vol-

ume of video traffic in modern wireless networks. We are the first to combine these two

mechanisms, resulting in a substantial improvement in system throughput.
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Moreover, we have not just simply combined them; we propose the MCS-opt method

and the UE-initiated SFNmethod. Both methods show significant improvement over base-

lines, including the state-of-the-art. This improvement is demonstrated through simulation

and analysis. MCS-opt uses a low-complexity exhaustive algorithm to identify the opti-

mal solution among variousMBSMCS options. UE-initiated NR-U SFN strengthens each

UE’s SINR through SFN, increasing throughput and taking advantage of the high access

probability of UE-initiated NR-U.

Under the fully-listened assumption, simulations, and mathematical analyses reveal

that our proposed methods vastly outperform the baselines. We also discuss the impact

of different frequencies and cell radius, and our proposed methods remain exceptional

under these variations, sometimes even approaching theoretical limit values. To further

validate our methods, we conducted simulations and analyses under the partially-listened

scenario, which produced results closely aligned with those under the fully-listened as-

sumption. This confirms two points: first, the fully-listened assumption is highly realistic

in the context of UE-initiated NR-U combined with MBS, and second, our methods are

indeed applicable in real-world scenarios.

In summary, we developed the novel concept of combining UE-initiated NR-U and

MBS as a means of significantly enhancing throughput—a strategy that, to our knowl-

edge, has not been previously proposed. Beyond simple combination, we propose two

highly effective designs(UE-initiated SFN, MCS-opt) for this integration. Both designs

are operationally sound and deliver remarkable performance improvements. MCS-opt, in

particular, achieves near-perfect compatibility with current protocols. These designs of-

fer a promising solution to current bandwidth scarcity issues. Additionally, we evaluate

these methods across a variety of scenarios, bridging the designs closer to real-world ap-

plications. We even conduct a comparison between partially-listened and fully-listened

conditions—a comparison that, as far as we know, is unprecedented in UE-initiated NR-U

research. This comparative foundation will serve as a valuable reference for future re-

searchers in this domain.

National Taiwan University (NTU) NTU
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