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Abstract In this survey paper, we rst provide insightson the
evolution of radio access networks (RANSs) through investigating
the existing paradigms and future trends towards 6G. We then
present the fully-decoupled RAN (FD-RAN), which aligns with
the trends by integrating existing paradigms and introducing new
features such as physical decoupling of uplink and downlink base
stations. We also discuss the key technologies enabled by different
architectures for further performance improvement and some
open issues. We hopethat this survey can stimulate morein-depth
research on transforming 6G RAN so as to unleash the power
of state-of-the-art technologies and meet higher performance
requirements in the future.

Index Terms 6G RAN, fully-decoupled RAN, C-RAN, cell-
free network, space-air-ground integrated network, integrated
sensing and communications.

I. INTRODUCTION

ELLULAR networks have dominated terrestrial mobile
communications since the launch of the rst commercial
cellular communication system in 1979. The advantages,
including high capacity, low energy cost of mobile devices,
and large coverage, have led to the continuous evolution
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from 1G to the current 5G. Over the years, technological
advancements such as the switch to a fully digital system in
2G, theintroduction of packet switching, orthogonal frequency
divison multiplexing (OFDM), and multiple-input multiple-
output (MIMO) in 4G, and the cloud-native deployment of
core network functions in 5G [1], [2] have greatly contributed
to the success of cellular networks. The increasing capabilities
of cellular networks and mobile devices have aso led to the
prosperous development of mobile applications and services,
which have become essential for our daily lives. A whole
picture of 5G and beyond is given in Fig. 1, illustrating the
applications, scenarios, and underlying radio access technolo-
gies.

With the worldwide rollout of 5G in the past few years,
we have once again come to a critical time point where the
next generation cellular network, i.e., 6G, needs to be de ned.
We can see that a variety of 6G research initiatives have been
launched globally, such as:

- Hexa-X [3]: a European Union research project aimed
at de ning the research challenges and technological
requirements for 6G, as well as developing a roadmap
for its deployment.

- Next G Alliance [4]: a U.S.-based industry aliance
formed by leading technology companies, including
AT&T, Apple, Nokia, and Qualcomm, to acceler-
ate the development and deployment of 6G wireless
technologies.

- 6G Flagship [5]: a research project led by the University
of Oulu in Finland that aims to create a global ecosystem
for 6G research and innovation, involving academia,
industry, and public authorities.

Besides, academic research also attempts to shape the future
6G, and there have been several outstanding surveys on the
development of key technologies [6], [7]. Potentia directions
include green and sustainable 6G, metamaterials, integrated
sensing and communications, non-terrestrial networks, core-
edge computing integration, Al [8], digitd twin [9], and
blockchain [10].

A. Challenges of 6G RAN

Certainly, 6G has to confront with a variety of challenges.
In the scope of radio access network (RAN), we try to focus
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Fig. 1. A whole picture of 5G and beyond.

on the fundamental and long-standing challenges, which not
only exist in 6G, but also exist in 5G and early generations.
Since these challenges have not been completely addressed
yet, we believe that evolution of RAN architecture is required
to solve them. Meanwhile, these challenges still need to face
6G s new situation and requirements.

Firstly, in order to meet the Immersive Communication
(extension of eMBB in 5G) requirement of 6G, higher data
rates are necessary, which usually means using more spectrum,
given that the spectrum ef ciency has been highly optimized
in 5G. Unfortunately, high-quality spectrum resources, espe-
cidly low-frequency bands, have been exhausted. Although
aternative spectrum, including millimeter waves, terahertz
bands, and visible light, have been considered, their practical
application scenarios are still very limited in 5G [11] due to
the high frequency ranges, and it is evident that 6G cannot
completely rely on these additional spectrum. Hence, it is
worth further improving the utilization ef ciency of the exist-
ing low-frequency bands available for the cellular networks.
However, the in exibility in the current spectrum utilization
pattern often leads to spectrum shortage (i.e, demand is
higher than supply) in both time and space domains [12].
Speci cally, in both frequency division duplex (FDD) and time
division duplex (TDD) modes, the same spectrum can only be
used for either uplink or downlink at a given time, and the
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need to guard between uplink and downlink adds complexity

and consumes additional resources. Additionally, operators

are restricted to using only their licensed spectrum, leaving

their spectrum supply xed, while the traf ¢ demand from

their subscribers can experience signi cant spatiotemporal
uctuations.

Another critical issue is the heavy cost burden associated
with deploying and operating mobile networks, including cap-
ital expenditures (CapEx) and operating expenditures (OpEX).
This challenge becomes ever dominant for mobile operators
towards the 6G era, because 5G has introduced much higher
costs than the previous generations. The increase in CapEx
is primarily due to the cost of more powerful hardware, such
as base stations (BSs) equipped with large antenna arrays,
the cost of new licensed spectrum, and the cost of deploying
additional BSs for ultra-dense networks. The increase in OpEXx
mainly stems from the higher energy consumption required for
data transmission and processing. It has been reported that the
power required by asingle 5G BS is approximately four times
that of a4G BS[13], and the higher density of BSs exacerbates
the energy cost burden. Since 6G is anticipating more high-
cost extensions from 5G and introducing new features, such
as extra-large scale massive MIMO [14], [15], recon gurable
intelligent surface (RIS) [16], and Al-related applications [17],
it is imperative to gure out how to achieve the balance
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between the investment and potential pro ts of 6G, so as to
deploy 6G in a more cost-ef cient way [18] that is acceptable
for both mobile operators and users.

Finaly, 6G is expected to be truly everyone-centric [19]
and provide customized service to users. Although garnered
very little attention, the current 5G mobile networks till
operate with the primary focus on improving transmission
performance, while totally neglecting users actua needs and
desires. In 5G, the network is not aware of the diverse and
varying service requirements of the users, and thereisbasically
no mechanism to guarantee a speci ¢ user s quality-of-
experience (QoE). Thus, more stringent requirements for 6G,
e.g., hyper reliable and low-latency communication (HRLLC,
extension of URLLC in 5G), cannot be satis ed. It isimportant
to recognize that the ultimate goal of the network is to
meet users needs for information and services, and bring
more value to them, rather than simply transmitting larger
amounts of data without considering their value to the users.
Thus, the future cellular network should shift to a user-centric
paradigm [20] and offer personalized services.

B. Motivations

To address these long-standing challenges, we believe that
the underlying RAN architecture of 6G needs to be trans-
formed. 5G RAN till inherits from its early generations,
utilizing cell as the basic unit for composing large-scale
networks. User control and uplink/downlink data transmission
are restricted in each individual cell. Further, user s serving
cell changes through handover. The single cell based archi-
tecture is simple and easy for RAN deployment and user
management. However, it also limits the potential for more
advanced physical and MAC layer technologies.

The motivation of this survey is to emphasize the neces-
sity of transforming the underlying architecture of 6G RAN
and inspire more in-depth thoughts and discussions on this
topic. This is critical especialy at this early stage of 6G
standardization and development. To nd out how the 6G
RAN architecture should be transformed, we present this
survey from the perspective of RAN architecture evolution. We

rst investigate the existing paradigms that have been widely
acknowledged for their advantages. In particular, our focus
will be on the centralized control paradigm, heterogeneous
cell paradigm, and no cell paradigm. The RANS corresponding
to these paradigms are known as cloud RAN (C-RAN),
heterogeneous network (HetNet), and cell-free (CF) network,
respectively. Then, we derive the trends of 6G RAN evolution
from the existing paradigms, considering the long-standing
challenges. Finally, we present a tutorial on a newly-proposed
fully-decoupled RAN (FD-RAN) architecture [35] that aligns
with these trends by adopting the decoupling paradigm. FD-
RAN uni es the above RANs and is a promising direction of
6G RAN evolution. In the following, we brie y introduce the
architecture and motivations of these RANSs, and in particular,
highlighting the differences and advantages of FD-RAN.

1) Centralized Control Paradigm: In C-RAN, signa pro-
cessing is separated from signal transmission and centralized.
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The baseband processing units (BBUs) handle signal process-
ing while remote radio heads (RRHSs) are responsible for signal
transmission. BBUs are centralized and run on the edge cloud
to reduce operational costs, while RRHs are distributed at
various locations to ensure that users are covered by signals.
BBUs and RRHs are connected through high-speed ber
optic fronthaul links. More generadly, since data processing
is centralized, it is natural to control the wireless resource
allocation of these RRHs to further reduce interference.

2) Heterogeneous Cell Paradigm: In HetNet, cells of vary-
ing sizes are deployed and their coverage areas may overlap.
These cells can be categorized into macro cells, small cells,
femto cells, etc. based on their size. These cells have dif-
ferent characteristics and are suited for different application
scenarios. For example, small cells are mainly used for indoor
environments and macro cells for outdoor environments. More
generally, the cells can be heterogeneous in terms of their used
spectrum bands, e.g., sub-6GHz for macro cells and mmWave
for small cells. Also, the cells can be non-terrestrial asin aerial
radio access network (ARAN) comprising airborne objects
employed for transmission [33].

3) No Cdl Paradigm: The cell-free network is similar
to a distributed massive MIMO system and follows the C-
RAN paradigm. Different from C-RAN, many lightweight
access points (APs) are uniformly distributed and controlled
by central processing units (CPUs). Each user is served by
multiple APs simultaneously, with the MIMO transmission
technology providing support. This ensures that all users
receive the same level of quality-of-service (QoS) and there is
no cell edge as in traditiona cellular networks.

4) Decoupling Paradigm: Inspired by neurotransmis-
sion [36], in FD-RAN, a conventional fully functional base
station is split into three different types of base stations:
downlink data base station (DL-BS), uplink data base station
(UL-BS), and control base station (C-BS). The DL-BSs and
UL-BSs are deployed separately, based on the needs for data
reception or transmission, while the C-BS covers a larger
area and exchanges low-latency, low-volume control-related
data with users. For a user equipment (UE), control messages
and data transmission are separately transmitted on different
physical channels. Furthermore, uplink and downlink can be
served by different base stations, and cooperative transmission
techniques in both directions can be applied.

In the decoupling paradigm, control and data transmis-
sion are physically separated, and also uplink and downlink
data transmission are physically separated. Thus, FD-RAN
enhances the centralized control of C-RAN with the dedicated
control BS and typically a larger control area. FD-RAN also
brings more exihility to ef ciently integrate the heteroge-
neous resources in HetNet owing to the complete decoupling
of uplink and downlink networks. FD-RAN can further reduce
the deployment costs of CF networks since UL-BSs and DL -
BSs are no longer required to be co-located. Compared with
traditional RAN, spectrum can be utilized for either uplink
or downlink in FD-RAN, and users personalized service
requirement can be satis ed through resource cooperation.
Despite being a new architecture, FD-RAN has attracted
attention from both academia [6] and industry [37]. Also,
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TABLE |

SUMMARY OF SELECTED RAN SURVEYS

1953

Ref. RAN Generation Main Discussed Topics [ Differences on Perspectives, Insights or Proposals
[21] 5G New radio access technologies, emerging system- | Proposes that these technologies should complement
level technologies, and interplay between them. so as to enable versatile and adaptable 5G networks.

[22] 5G A detailed description of each functional split option | Provides insights on how the fronthaul network will
and assessment of advantages and disadvantages. be affected by the choice of functional split.

[23] 6G General technologies and challenges for 5G and 6G. | Proposes a virtualized network slicing based archi-

tecture of 6G.

[6] 6G In-depth survey of 6G, including vision, require- | Provides insights on lessons learned from literature.
ments, architectures, key technologies, testbeds, etc.

[7] 6G Fundamental 6G technologies for IoT. 6G for IoT | Provides insights on the convergence of 6G and IoT.
applications.

[24], [25] 5G Surveys on architecture and technologies of C-RAN. | Focuses on the C-RAN perspective.

[26], [27] 5G Survey on resource allocation in HetNets for 5G | Provides two potential structures to solve the RA
communications. problems of the next-generation HetNets.

[28] 5G General survey on 5G and its technologies. Discus- | Provides comparisons on different architectures from
sion on various C-RAN like architectures. various perspectives.

[29] 5G General survey on ultra-dense networks (UDN). Focuses on the UDN perspective.

[30] 5G A holistic overview on the DL-UL decoupled access | Focuses on the DUDe perspective.

(DUDe) approach.

[31] 5G SDN application in the context of 5G communication | Focuses on the SDN-C-RAN integration perspective.
and C-RAN.

[32] 5G DL techniques applied in C-RAN. Focuses on the convergence of C-RAN and DL.

[17] 6G The cloud-edge-mobile infrastructure and technolo- | Provides insights on edge intelligence and mobile
gies required to support AIGC services. AIGC.

[33] 6G Survey on ARAN architecture, features and tech- | Focuses on the ARAN perspective.
nologies.

[34] 5G/6G Comprehensive survey on O-RAN from various as- | Provides insights on the fundamental logic of O-
pects. RAN.

Ours. 6G Existing paradigms and trends of RAN. Architecture- | Provides a unified RAN evolution perspective. Pro-
enabled technologies. A newly-proposed FD-RAN | vides insights on existing paradigms and future
architecture for 6G. trends. Proposes to transform the underlying RAN

architecture of 6G to enable more technologies.

the potential application scenarios of FD-RAN cover some
important emerging services for 6G, such as space-air-ground
integrated network, integrated sensing and communications,
and Al generated contents.

C. Our Perspective and Differences With Related Surveys

The concept of RAN architecture discussed in this survey is
from the high-level networking design perspective. We inves-
tigate different modalities of organizing BSs into large-scale
RANSs, and focus on their motivations and enabled technolo-
gies. On the other hand, the RAN architecture mentioned in
the context of standardization bodies such as 3GPP or O-RAN
Alliance mainly refers to the speci cations of functional
splits [22] at hardware or software level. Particularly, O-RAN
will evolve RAN from different perspectives [34]. Similar to
3GPP 5G NR, it disaggregates BSs into functional units and
de nes corresponding interfaces, yet aiming at improving the
interoperability and hardware exibility, such that multiple
vendors can participate in the market to lower the costs. It
also de nesthe RAN intelligent controllers (RICs) to facilitate
programmability and Al/ML.

Since existing surveys have discussed various topics of
RAN, we present a brief review on related surveys, especialy
with unique perspectives, insights or proposals, and highlight
our contributions and differences with them through Table I.
To summarize, our survey offers a unified study of different
RAN paradigms and their enabled technologies, highlighting
the key point that an appropriate architecture is the foundation

for enabling new technologies. The point is further demon-
strated through the decoupling paradigm and the FD-RAN
architecture, which not only integrates the existing paradigms
but also develops its own features, pushing forward the RAN
evolution to achieve technology deployment and versatility.
The main contributions of the survey are highlighted below:

- We discuss the evolution of RAN architectures towards
6G by investigating the existing paradigms and point out
the future trends. We further introduce the architecture of
FD-RAN and show how it is aligned with the trends.

- We present surveys on the key technologies that are
appropriate to be deployed in 6G so as to meet the future
performance demands. We show how these technologies
are enabled by the underlying RAN architectures, as well
as the lessons learned from these technologies.

- We present case studies on the key technologies under the
FD-RAN architecture, and show how FD-RAN enables
these technologies through the lessons learned. We aso
discuss the future directions of FD-RAN, including the
integration of FD-RAN with other emerging services in
6G, and open issues in FD-RAN.

D. Organization

The organization of the survey is outlined in Fig. 2. In the
remainder of thissurvey, we rst examine the RAN paradigms.
An overview of the existing RAN paradigms are presented
in Section Il. The trends of RAN evolution are summarized
in Section 11, together with the newly-proposed decoupling
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Section Il - Overview of Existing RAN Paradigms

; A - The Centralized Control Paradigm and C-RAN
2 B - The Heterogeneous Cell Paradigm and HetNet
g C-The No Cell Paradigm and CF Network

U% D - Summary of Existing Paradigms

e

Section Il - Trends of RAN Evolution and FD-RAN

E

A - Trends of RAN Architecture Evolution
B - The Decoupling Paradigm and FD-RAN
C - Summary of FD-RAN

Fig. 2. Organization of the survey.

paradigm and FD-RAN architecture that integrates the existing
RANSs. Then, architecture enabled PHY- and MAC-Layer
technologies are discussed in Sections IV and V for existing
RANSs, and in Section VI for FD-RAN, respectively. We
draw lessons from these three sections, and present future
applications and open issues for FD-RAN in Section VI.
Conclusion of the entire survey is given in Section VII.

Il. OVERVIEW OF EXISTING RAN PARADIGMS

This section presents a brief review of the existing RAN
paradigms with representative features.

A. The Centralized Control Paradigm and C-RAN

One of the practical problems for wireless network deploy-
ment is the lack of equipment rooms, as air conditioning
is essential for BS deployment. Besides, in order to ful Il
increasing user demand, more BSs will have to be deployed
in the same region, which may result in high inter-cell
interference if these BSs are not coordinated. The densely
deployed BSs will also lead to high energy consumption and
high maintenance cost.

To overcome the above challenges, C-RAN was conceived
to obtain exible network capabilities while curtailing network
deployment and maintenance expenditures. The concept was

rst proposed by IBM in 2010 with the name of wireless
network cloud (WNC), building on the concept of Distributed
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Section IV - Architecture-enabled Physical Layer: Multi-
Link Connection and Transmission

A - Multi-connectivity

B - CoMP

C - UL-DL Decoupling

D - Multi-user Transmission

E - Lessons Learned

Section V - Architecture-enabled MAC Layer: Resource
Virtualization and Allocation

A - Virtualization

w

- Resource Allocation in C-RAN

C - Resource Allocation in HetNets

o

- Resource Allocation in CF Network

E - Lessons Learned
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Section VI - FD-RAN: Enabled Technologies and Future
Directions

—— A - Cooperative Uplink Reception
—— B - Cooperative Downlink Transmission
— C- Flexible Resource Allocation

—— D - Lessons Learned

—— E - Applications of FD-RAN for 6G Emerging Services

~—— F-Open Issues

Wireless Communication System [38]. Further, its technology
trends and feasibility analysis is elaborated in 2011 by China
Mobile Research Institute [39].

In the early days of cellular networks, radio frequency
and baseband processing functionalities were integrated into a
single BS in 1G and 2G networks. As technology advanced,
the BS was decoupled into RRHs and BBUs in 3G and
4G networks. This allowed for lower site rental and ease of
maintenance. In beyond 4G and in 5G, with the emergence
of cloud computing and data centers, BBUs are virtualized
into BBU pools that are shared by multiple base stations.
RRHs are connected to the BBU pools viafronthaul links. This
evolutionary process has led to the development of a common
C-RAN architecture that leverages the bene ts of centralized
processing and virtualization to improve network performance
and ef ciency.

The C-RAN architecture is shown in Fig. 3, and it consists
of four main components: RRH, fronthaul, BBU pool, and
backhaul. RRH and BBU pool are functiona entities, while
fronthaul and backhaul represent the two connection tiers.
Below, we provide a brief overview of each component:

« RRH: The RRH component is responsible for transmit-
ting radio frequency signals to users, which involves
tasks such as Itering, RF ampli cation, and A/D and
D/A conversion. RRHs serve as a simple RF front-
end, with the majority of processing tasks performed
in the BBU pool. This design makes RRHs easy to
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deploy and alows for extensive distribution at a low
cost.

= Frouthaul: The fronthaul isthe connection tier that links a
set of RRHs to the BBU pooal, providing high-bandwidth
links to handle the requirements of multiple RRHSs.
Fronthaul communication technologies include optical

ber communication, millimeter-wave communication,
and cellular communication. Among them, optical ber
is considered the most ideal communication approach in
C-RAN as it can provide the highest bandwidth. The
RRHs communicate with the BBU pool via the Common
Public Radio Interface (CPRI) protocol, which is aradio
interface protocol widely used for transmitting in-phase
and quadrature (1Q) data between RRHs and BBUs.

- BBU pool: The BBU pool is a collection of virtualized
computing units that can be located at a centralized site,
such as a cloud server or data center. By performing
baseband processing in a centralized manner, it can facil-
itate cooperative radio resource allocation, collaborative
processing at large-scale, and intelligent networking.

- Backhaul: The backhaul is responsible for transmitting
data between the BBU pool and the mobile core network.
This can include both wired and wireless communication
technologies, depending on the network infrastructure
and the speci ¢ deployment scenario. The backhaul is
an important component of the C-RAN architecture, as
it enables the BBU pool to communicate with the core
network and provide services to end users.

The C-RAN architecture introduces signi  cant demands on
the fronthaul transport network, which must support high
bandwidth, low latency, and low jitter requirements. In light
of the exacting demands imposed by the C-RAN architecture,
several system structures have been explored to aleviate the
strain on the fronthaul transport network by transferring certain
processing tasks from the BBU pool to the RRHSs. In addition,
partial centralization has emerged as a feasible trade-off to
offset the costly initial investment required to transition from
conventional distributed networks to C-RAN, while simultane-
oudly curtailing operational expenses by aggregating baseband
processing to the cloud and minimizing power consump-
tion [40]. As shown in Fig. 4, the basic difference between
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10101011
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Fig. 4. Fully and partialy centralized architecture.

these C-RAN system structures lies in the location where the
physical layer functions are handled, resulting in what kind
of signals are transmitted in fronthaul. The C-RAN system
structures can be classi ed into three categories, namely fully
centralized, partially centralized, and hybrid, based on the
functionalities of the BBU pool and RRH:

- Fully centralized architecture: In a fully centralized
C-RAN architecture, al processing tasks related to the
physical layer are handled entirely by the BBU pool
located in a centralized data center. The fronthaul carries
raw digitized radio signals between the RRHs and the
BBU pool. This architecture is advantageous in terms of
ease of operation and maintenance since al the functions
of managing and processing resources are centralized at
the BBU pool. However, it requires signi  cant bandwidth
and low latency on the fronthaul links to accommodate
the transfer of raw data between the RRHs and the BBU
pool.

- Partially centralized architecture: In a partialy central-
ized C-RAN structure, some physical layer processing
is done a the RRH to dleviate the burden on the
fronthaul, as the physical layer information accounts for
a signi cant portion of communication resources. For
instance, the RRH only receives the demodulated signals,
which require only 20-50 times less bandwidth than
the modulated signals. However, such a structure may
not deliver optimal performance due to reduced resource
sharing and the inability to effectively support advanced
features such as cell-free.

- Hybrid architecture: The hybrid C-RAN architecture
seeks a middle ground between the fully centralized and
partially centralized structures. It offers the ability to
shift processing loads dynamically between the RRHs
and BBUs to optimize for fronthaul bandwidth usage,
latency, and network conditions. It aims to maximize
the network s operational ef ciency and support for
advanced features while managing the fronthaul transport
requirements more effectively than the fully centralized
model.

C-RAN offers numerous advantages in various aspects.
The centralized BBU pool brings several bene ts, including
simple equipment for RRHSs, ef cient utilization of BBUS,
cost-effective network deployment and operation, and ease of
updates. Additionally, C-RAN provides exibility for network
scalability and adaptability to non-uniform traf c patterns.
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Furthermore, centralized baseband processing can improve
energy ef ciency and spectrum ef ciency by introducing
advanced technologies such as interference mitigation and
CoMP. These advantages are discussed in detail below.

- Ease for network upgrades and maintenance: The rapid

with much larger coverage compared to traditional BSs.
This allows for high computing resource ef ciency of the
BBUs, even in the presence of non-uniform traf c. An
evaluation of statistical multiplexing gains indicates that
the number of BBUs in the Tokyo metropolitan region

growth of mobile data requires the mobile operators to
signi cantly increase communication capacity of their
networks in order to offer mobile broadband to the
general public. As a results, the total cost of own-
ership (TCO) is increased, which includes OpEx and
CapEx [24], [39]. By centralizing compute tasks in a few
data centers and of oading easy tasks to RRHs, C-RAN
reduces operating and maintenance costs. The RRH in
C-RAN is much simpler and cheaper than the BS in tra-
ditional RAN, requiring less hardware for installation and
no cooling system for operation. Additionaly, C-RAN
enables more effective equipment sharing, resulting in
lower CapEx. Moreover, centralized BBU pools allow
for more regular hardware updates than BBUs located in
remote locations, potentialy bene ting from IT advances
in CPU technology. Quantitative cost analysis shows that
C-RANSs can reduce capital expenditure per kilometer by
10% to 15% compared to traditional LTE networks [41].

- Agile network architecture: The rapid growth of mobile

communication demands requires mobile networks to
dynamically update their coverage and capacity. C-RAN
presents a seamless approach for network coverage exten-
sion and technology evolution. Its centralized structure
simpli es scaling of cellular network coverage. Network
operators can connect new RRHs with BBU pools to
expand service regions and add new compute units
into BBU pools to enhance baseband processing abil-
ity. Additionally, a more decoupled structure facilitates
easier and cost-effective network hardware equipment
and communication standards updates. The BBUs in the
C-RAN is centralized in a few locations, making it easier
to update than if they were placed in a decentralized
manner. Meanwhile the RRHs is only has the function of
radio frequency and it is cheap to update. Additionally,
C-RAN can enhance network capacity by dividing cells
into smaller cells, which can improve coverage and
increase capacity for high-traf ¢ areas. Besides, the
software updates, such as resource allocation algorithms
and communication standards, can be quickly achieved
in BBU pools.

- Adaptability to nonuniform traffic. The daily traf c

distribution in each cell is dynamic, and traf c peaks
occur at different times. Traditionally, the maximum BBU
capacity of base stations often depends on the peak traf ¢
hours, causing a huge amount of wasted when users move
from busy areas to residential areas [42]. In C-RAN, the
BBU pool is responsible for a large region, alowing for
optimal alocation of compute resources to RRHs based
on their instantaneous demand. Despite the dynamically
changing serving RRH due to UE movement, the serving
BBU can remain in the same BBU pool. Non-uniformly
distributed traf ¢ caused by movement can be handled
in the same BBU pool, as it contains a set of RRHs

can be reduced by up to 75% compared to atypica RAN
architecture [43]. Another study found that by leveraging
the variation in processing demand between base stations,
using centralized processing can save more than 22% of
computing resources [44].

- High spectrum efficiency: C-RAN with centralized con-
trol has enabled many new technologies to improve the
spectrum ef ciency, which cannot be achieved in the
traditional RAN with distributed BBUSs. In the traditional
LTE systems, all cells operate at the same frequency,
which can result in considerable inter-cell interference.
For instance, the observed ratio of peak to cell edge
throughput can reach up to 10 [24]. In C-RAN, signal
processing of many neighboring cells can be handled
in the same BBU pool, easing the implementation and
reducing processing and transmitting delays. With the
BBU pool, communication information such as channel
state information (CSI) and traf ¢ data of UES can be
easily shared among RRHs with low latency. Therefore,
joint processing and scheduling can be implemented,
improving the spectral ef ciency of the network by min-
imizing inter-cell interference and optimizing resource
allocation.

- High energy efficiency: Energy consumption in mobile
networks is primarily used for powering ampli ers,
RRHs, BBUs, and air conditioning. Deploying C-RAN
can improve the energy ef ciency of the mobile network
in several ways. Firstly, the C-RAN architecture can
reduce the number of BS sites, resulting in lower
power consumption for air conditioning and other sup-
porting equipment. Secondly, since traditional networks
consume most of their energy on BSs, moving the
functions of BSs to a centralized cloud server can
improve the utilization rate of processing resources and
reduce power consumption [45]. In addition, C-RAN
architecture offers the opportunity to selectively turn off
machines in the BBU pool during periods of reduced
processing demands, such as at night. Furthermore, by
utilizing higher density RRH networks and coopera-
tive radio management techniques, interference between
neighboring RRHs can be minimized. In total, comparing
with traditional RAN architecture, ZTE has claimed
that C-RAN can reduce 67%-80% power consumption
while China Mobile research estimates 71% for power
savings [39], [46].

Regarding standardization, the concept of C-RAN was rst
introduced in LTE and its architecture is de ned in the
Technical Speci cations (TS) 36.201 and TS 36.300 series.
These speci cations outline the functional split between the
BBU and RRH, interoperability requirements, and protocols
for communication between different C-RAN components.
Further, the C-RAN architecture in 5G NR is de ned in the
TS 38.401 and TS 38.300 series. These speci cations provide
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Fig. 5. The architecture of future HetNets.

guidelines for the functional split options, fronthaul interfaces,
and the interaction between central units (CUs) and distributed
units (DUs).

B. The Heterogeneous Cell Paradigm and HetNet

The burgeoning data demand in next-generation networks
has prompted the exploration of dense cell deployment as a
promising solution. However, increasing the number of iden-
tical macro cells directly would result in higher interference
and lower service quality. Instead, deploying smaller and
simpler BS to complement macro cell coverage is a more
suitable alternative, resulting in a heterogeneous network
with various cell types, which is in contrast to homoge-
neous networks consisting of identical cells. Furthermore,
recent advancements in communication technologies, such
as machine-to-machine (M2M) communication, Internet of
Things, and device-to-device (D2D) communication, have led
to increasingly diverse services and personalized communica-
tion requirements, further amplifying network heterogeneity.

Traditional HetNets typically incorporate macro BSs
(MBSs) and small BSs (SBSs). However, with the emergence
of diverse communication technologies, the architecture of
future HetNets is becoming more heterogeneous, as illustrated
in Fig. 5. Speci cally, we classify these communications into
the following three categories.

- MBS communications refer to traditional communication
methods that rely on legacy BSs (e.g., 2G/3G BSs), which
constitute the foundation of communication in HetNets.
MBSs are responsible for providing wide coverage and
seamless mobility for UES using high transmit power over
large geographic areas. The maximum radius of coverage
area varies from 1 km to 25 km, depending on the BS
type and terrain.

= The introduction of SBS communications on the basis
of MBS communications marks the beginning of the
heterogeneous phase of cellular networks. SBSs are
deployed within the coverage area of MBSs to provide
expansive coverage, increased capacity and higher-speed
transmission. They aso help to mitigate the traf ¢ burden
of MBSs, which have lower transmit power and smaller
coverage areas than MBSs. SBSs encompass various
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TABLE Il
COMPARISONS OF MBS AND SBSs [26]

BS Types ‘ Coverage Power (W) ‘ Served Users ‘ Scenarios
Macro few 10s kilometers | 20 to 160 100s urban, rural
shopping malls,
Micro few 100s of meters 5 to 20 >128 s ?ppmg m‘_l s
railway station
Pico 10s of meters 0.1to5 64 to 128 office building
home,
Femto 10s of meters 0.01 to 1 4 to 32 ome‘
small office

types of BSs, including micro BSs, pico BSs, and femto
BSs, each with different coverage, power, number of
served users, and scenarios. A detailed comparison of
MBSs and various SBSs is shown in Table I1.

- While traditional HetNets only incorporate MBSs and
SBSs, as stated in 3GPP Release 12 [47], there is a grow-
ing range of diverse communication technologies that
could also be integrated into HetNets to embrace a wide
range of applications. These emerging technologies com-
prise relay communication, D2D communication [48],
vehicle-to-vehicle (V2V) communication [49], and more.
In addition, there has been discussion of combining
multiple radio access technologies (RATS) such as WiFi
and Bluetooth [50], as well as multiple bands such
as mmWave. These emerging communications represent
further heterogeneity in future HetNets.

With the proliferation of heterogeneous cells, the capacity of
HetNets will be signi cantly increased. SBSs further improve
the service quality of edge users, Iling coverage holes and
expanding coverage areas. SBSs also shorten the distances
between users and BSs, leading to reduced pass loss, delays,
and power consumption in HetNets. HetNets enable MBSs
to share spectrum with SBSs, which tremendously improves
spectral ef ciency. Emerging techniques, such as D2D and
V2V communications, can further facilitate the ef ciency
by utilizing spectrum sharing [26]. In terms of operational
costs, HetNets have been found to be more cost-effective
compared to homogeneous networks with the same density.
This is attributed to the higher ef ciency of deploying and
operating SBSs in HetNets. Moreover, the proper of oading
of traf ¢ to SBSs has been shown to diminish conges
tion in MBSs, thereby potentialy improving overal system
performance [51]. HetNets have demonstrated a multitude of
advantages, which will be further ampli ed and augmented
through the enabling technologies.

In order to address the severe interference issues present
in HetNets, as well as the limitations of CoMP transmission,
a new solution known as heterogeneous cloud radio access
networks (H-CRAN) has been proposed [52]. This innovative
approach seeks to leverage the bene ts of C-RAN, such as
the powerful and ef cient cloud computing capabilities, to
enhance cooperative gains and reduce interference. Fig. 6
illustrates the architecture of H-CRAN, where MBSs are clas-
si ed as high-power nodes (HPNs), and SBSs and RRHs are
categorized as low-power nodes (LPNs). H-CRAN leverages
control-data separation techniques, with HPNs providing the
control plane function and enhanced coverage, and LPNs
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TABLE Il
COMPARISONS OF C-RAN AND H-CRAN

Comparisons C-RAN

H-CRAN

Architecture including RRHs

Centralized with homogeneous distributed units, only

Centralized with heterogeneous distributed units, includ-
ing HPNs (MBSs) and LPNs (SBSs and RRHs)

Control-Data Separation | No, control and data plane are coupled

Yes, HPNs provide the control plane function and LPNs
are responsible for the data plane

Coordination One-level coordination, only between RRHs

Multi-level coordination, between HPNs and LPNs

Deployment

Less flexible and less scalable, restricted by homoge-
neous RRHs and coupled control and data planes

More flexible and more scalable, heterogeneous dis-
tributed units and separated control-data plane enable
high flexibility and scalability

Fronthaul Requirements | Strict, low-latency & high capacity

Alleviated requirements by separated control-data plane

Energy Efficiency Good, benefit from centralized operation

Better, not only from centralized operation but also
heterogeneous deployment and sleeping of LPNs

Fig. 6. The architecture of H-CRAN.

responsible for the data plane, diverse communication require-
ments, and improved system capacity. The centralized BBU
pool is used to coordinate HPNs and LPNs, process data, and
manage interference ef ciently. HPNs and LPNs are connected
to the BBU pool via high-speed, low-latency fronthaul links,
such as optica ber. It is worth noting that HPNs also
connect to the BBU pool to coordinate with LPNs and mitigate
interference.

H-CRAN presents numerous advantages over both HetNets
and C-RAN, making it an attractive option for network
deployment. One of its key strengths is the ability to enhance
system capacity and coverage by exibly deploying additional
LPNs asrequired [28], an approach that is quite complicated in
C-RAN dueto its lack of a decoupled data plane and HetNets
characteristics. However, in H-CRAN, operators only need to
add some new LPNs and connect them to the BBU pool.
Moreover, the strict fronthaul requirements that are a drawback
of C-RAN are aleviated in H-CRAN. By decoupling the
control plane from the BBU pool and enabling HPNs to
deliver signaling to UEs, H-CRAN reduces the control latency
restrictions and network capacity on fronthaul, particularly for
latency requirements [53].

As a crucial aspect of RANs, we address the issue of
energy consumption in HetNets as follows. The introduction

of additional SBSs results in increased energy consumption.
However, SBSs exhibit a higher energy ef ciency due to their
reduced cooling requirements. Moreover, the overal energy
ef ciency of HetNets surpasses that of homogeneous networks
with the same density, as highlighted in [27]. This superiority
can be attributed to the more  exible deployment and operation
characteristics of HetNets. In addition, various technologies
emerging in HetNets, including carrier aggregation [54], dual
connectivity [55], CoMP [56], UL-DL decoupling [57], ICIC,
and enhanced ICIC (elCIC) [58], contribute to higher energy
ef ciency for HetNets and have demonstrated their superiority.
Regarding H-CRAN, it can leverage the energy ef ciency
bene tsof both HetNet (e.g., exible deployment) and C-RAN
(e.g., ef cient cooling systems in the BBU pooal), thereby
advantaging higher energy ef ciency compared to C-RAN and
HetNets. Furthermore, the BBU pool s management enables
underutilized LPNs to sleep [59], promoting energy ef ciency,
a feature that is not feasible in C-RAN due to homogeneous
RRHs and coupled control-data plane. H-CRAN operates
similarly to C-RAN in a centralized manner, yet there are
notable differences between them, as outlined in Table I11.

3GPP has actively participated in the standardization of
HetNets. Although information about architectures is limited,
somede nitionsconcerning scenariosand key technol ogieshave
been established. In Release 12, HetNet scenarioswere de ned,
integrating MBSs and SBSs [47]. Numerous key technologies
enabling HetNets within 3GPP have aso been identi ed. The
concept of dual connectivity wasintroduced by 3GPPin Release
12[60]. With the evolution from LTE to 5G, avariety of options
for multi-radio dual connectivity have been standardized in
3GPP[61]. Release 14 marked the inception of intra-site carrier
aggregation[62]. Addressingacrucial aspect, thestandardization
of UL-DL decoupling was undertaken in Release 12 [60]. In
3GPP Release 8/9, Inter-Cell Interference Coordination (ICIC)
wasintroduced in the standardi zation process, and subsequently,
enhanced I CIC (el CIC) wasintroduced in Release 10 to further
augment its capabilities [63].

C. The No Cell Paradigm and CF Network

In traditional cellular systems, the coverage area of each
antenna unit is usually xed. To reduce interference between
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Fig. 7. The architecture of cell-free network.

cells, different frequency bands are usualy alocated to differ-
ent cells. Moreover, the base station does not have the ability of
joint signal processing. With the increasing of cell density and
the number of usersin the future 6G era, the main disadvantage
of traditional cellular systems is that the interference among
cells will increase dramatically. Also, the system throughput
will be severely limited.

Compared with the traditional cellular communication
system, the main feature of the cell-free network system is
that the Remote Antenna Unit (RAU) and the Base Band Unit
(BBU) are separated, and the two are generally connected by
optical  ber, as shown in Fig. 7. Another feature of the cell-
free network system is the joint signal processing at BBU
pool. Cell-free network belongs to the distributed antenna
system (DAS), but with a much denser and uniform AP
deployment. The applications of massive MIMO technology
in CF network can further enhance system capacity and
service performance. The terminology of CF massive MIMO
(mMIMO) was proposed in [64], where a very large number of
distributed access points simultaneously serve a much smaller
number of users.

As shown in Fig. 7, in order to realize the joint signal
processing, al RAUs and BBUs generaly need to be con-
nected through optical bers. The development of cell-free
network has led to the emergence of front-haul network, which
is usually consist of specialy designed ber optic Ethernet.
To avoid the direct connection between each RAU and BBU,
all RAUs and BBUs are connected to the front-haul network.
In addition, to effectively improve the performance of the
system, the front-haul network needs to be carefully designed
in many aspects, such as rea-time, congestion control, and
time synchronization.

A cell-free network deploys a large number of distributed
access points that cooperatively serve users, leading to
increased energy consumption, primarily due to the larger
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number of active nodes and the enhanced processing require-
ments. To mitigate this, several solutions are being explored.
For example, the implementation of energy-ef cient hardware
and the optimization of power ampli ers can signi cantly
reduce the energy requirement per node. Also, advanced
algorithms for power control and resource allocation can
optimize the network s overall energy usage. These algorithms
intelligently adjust the power levels and switch off redundant
nodes when not needed. The adoption of machine learning
techniques for predictive maintenance and energy management
can further optimize energy usage by anticipating network
loads and adjusting resources accordingly.

The key advantage of cell-free network is to alow each
RAU using the same time-frequency resource to provide
services for multiple users [65]. The signals of each RAU are
converged to the BBU through optical ber. To eliminate the
interference among RAUSs, the BBU will jointly process the
signals from different RAUs. According to the demands and
locations of different users, it can exibly carry out beamform-
ing and resource scheduling. By joint signal processing, the
interference among different users can be eliminated as much
as possible. In this way, the cell-free network can improve
spectrum ef ciency, enhance system coverage, and provide
uniform data rates.

To better eliminate the interference among users on the
same time-frequency resource, accurate CSl acquisition is
indispensable. Thus, CF network usualy applies the time
division duplexing (TDD) mode, where the same frequency
band is applied to both the uplink and downlink and a good
symmetry between the downlink and uplink channel matrix
can be obtained. The speci ¢ process is that the user sends
uplink detection reference signal (SRS) to the base station,
and the base station receives the signal and performs channel
estimation to obtain the uplink channel matrix. Then, the
downlink channel matrix is obtained by using the reciprocity
of the uplink channel matrix and downlink channel matrix.

In the downlink data transmission, the data need to be
precoded before sending to multiple users. The common multi-
user precoding methods are block diagonalization multi-user
precoding algorithm, and zero-forcing multi-user precoding
algorithm. The main idea of block diagonalization precoding
is to map the precoding matrix design of the target user
to the null space of the channel matrix of other users.
The main idea of zero-forcing precoding is rstly to obtain
the pseudo-inverse matrix of the whole downlink channel
meatrix. Then, by using the property of zero-forcing matrix,
the matrix can be decomposed. In this way, we can obtain the
multi-user precoding matrix of the downlink. After precoding
and beamforming, the signal will be transmitted to different
users on the same time-frequency resource grid. In order
to maximize system capacity, it is also necessary to carry
out downlink power control, considering the user s location
and quality of service (QoS), the size of the coverage area,
interference suppression and other factors.

In the uplink of cell-free network, different users send
signals to the base station on the same time-frequency resource
grid. For improving the uplink transmission performance,
uplink power control method is usualy applied to suppress
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TABLE IV
COMPARISONS AMONG DIFFERENT RAN ARCHITECTURES

RAN architecture \ BS association pattern

\ Spectrum and interference management

Traditional RAN:

. UE is associated with a single
single-cell

Adjacent cells use different spectrum, or there will be strong inter-cell interference

BS
C-RAN: cell cloud with | UE can be served by one or | BSs can use the same spectrum; interference is handled by cooperative transmission
centralized control more BSs techniques

UE’s UL and DL can be de-
coupled and associated with
separate BSs

HetNet: multi-cell with
heterogeneity

MBSs and SBSs can use the same spectrum (underlay) or different spectrum (overlay);
inter-cell interference between MBS and SBS is handled through power control

Cell-free network: no-cell
and ultra-dense deploy-
ment

UE is served by multiple co-
operative APs by default

Spectrum is reused among APs and massive MIMO techniques are used, so there will
be no interference if the network is not overloaded

Fully-decoupled RAN:
UL: no-cell

DL: flexible multi-cell
Control: single-cell

UE is served by at least one
C-BS, and possibly multiple
cooperative DL-BSs and UL-
BSs

C-BS uses dedicated spectrum; UL-BSs and DL-BSs use whole spectrum band without
predefined constraints; interference is handled through fine-grained resource allocation
on multiple dimensions based on utilization of cooperative transmission techniques

the interference among different users. The common uplink
control method is called maximum-minimum power control
method, which aims to guarantee that different users can obtain
better quality of service. When the AP receives signals from
different users, it needs to conduct joint signal processing. The
common method of joint signal processing is to convert multi-
user composite channel into multi-channel parallel single-user
channel, so that the interference between multi-users can
be decoupled. Further, the iterative interference cancellation
algorithm will be applied to reduce the multi-user interference
for improving the transmission performance of the whole
system. Moreover, to avoid the inversion operation of large
dimensional matrix, it is necessary to make full use of the
sparse power domain characteristic of the non-cellular channel.
To reduce the computational complexity dramatically, the
factor graph representation method and the belief propagation
algorithm have been used in joint signal processing.

The man advantages of cell-free network can be

summarized from the following aspects.

- Improvement of system spectrum ef ciency: Comparing
with traditional cellular network, cell-free network can
improve spatial resource ef ciency viadistributed MIMO
antennas. Freguency monochrome multiplexing can be
applied into cell-free network, which breaks the princi-
ple of frequency multi-color multiplexing in traditional
cellular network. In this way, system spectrum ef ciency
will be promoted largely by cell-free network.

- More exibility of system coverage: Cell-free Network
has higher exibility in the aspect of system coverage.
According to location, number, and requirement of user,
beam direction and beam coverage will be adjusted
by cell-free network equipped with distributed MIMO
antennas. The coverage area of cell-free network will be
different from that of traditional cellular network.

- Uniform performance enhancement for users within the
coverage area: In the traditional cellular network, users
on the edge of the cell usually undergo low transmission
performance, which is caused by insuf cient network
coverage and inter-cell interference. By beamforming

exibly with uniformly distributed RAUSs, this problem

can be solved in cell-free network with better data rate
for users that may otherwise be located at traditional cell
edge. In other words, cell-free network provides a higher
and more uniform SNR within the coverage area than
conventional cellular networks.

- Lower in uencesin adjacent coverage areas. By adopting

exible beam scheduling, joint signal processing and
other methods, the interference between antennas in cell-
free network will be reduced through space division
multiplexing. Then, the interference in overlapping cov-
erage area can be avoided as much as possible.

- Balance between power ef ciency and spectrum ef -
ciency: According to different scenarios, users, and
service requirements, cell-free network with distributed
antennas or large-scale multiple antennas can make a bal-
ance between power ef ciency and spectrum ef ciency.
It makes the entire architecture more exible.

Currently, the whole concept of cell-free networks has
not yet been directly standardized by 3GPP. However, the
underlying distributed MIMO technologies has aready been
studied in the LTE era, and were released as CoOMP-JT. Also,
the CU/DU split in 5G NR aso lays the foundation for
realizing the cell-free system. Cell-free network support in the
scope of O-RAN was aso discussed [66]. After al, as an
emerging paradigm, standardization of cell-free networks still
faces challenges in terms of technological development and
economic viability.

D. Summary of Existing Paradigms

Table IV compares different RAN paradigms. The concepts
of C-RAN and HetNet were proposed in 2010s while cell-
free network was conceived several years later in 2015.
Basically, their objectives are different and independent. Yet,
the centralized control paradigm is helpful for enhancing both
HetNet and cell-free network. Also, the core rationale behind
HetNet and cell-free network is similar, i.e., densifying the
cells/APs to increase the average gained capacity of users. The
features of C-RAN and HetNet have been partly realized in
the current networks, while cell-free network still faces some
challenges in real world deployment. In the next section, we
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will summarize the trends of cell architecture evolution and
show how to integrate the key features and advantages of
these existing RANSs through the decoupling paradigm and the
newly-proposed FD-RAN architecture.

[1l. TRENDS OF RAN EVOLUTION AND FD-RAN
A. Trends of RAN Architecture Evolution

1) Increasing BS Density and Heterogeneity: Increasing
the density of BS deployment is an effective means of
enhancing network throughput [29]. This leads to smaller
cell sizes with users closer to BSs, and allows for spectrum
reuse across multiple cells. To further increase density, the
coverage aress of cells can overlap. With an increasing number
of BSs, heterogeneity may be introduced naturally, meaning
that cells can exhibit diversity with regards to size, BS
con guration, spectrum, and air interface technology. This
allows for BSs with varying characteristics to be utilized in
various application scenarios.

2) Enhancing BS Cooperation: The cooperation of differ-
ent BSs transforms the conventional paradigm of a user being
served by only one BS. As BS density increases, multiple
BSs can offer services to the user simultaneously, enhancing
the user s QoS, especialy at the cell edge. There are severa
methods for BSs to cooperate. The simplest form is multi-
connectivity, alowing the user to have multiple connections
to different BSs. Usually, a primary connection is used for
service, but if its performance drops, another connection
can be activated as the primary, ensuring the user s service
reliability. More advanced cooperation techniques are belong
to coordinated multi-point transmission [67]. BSs can allocate
orthogona frequency resources to the same user or transmit
signals to the user on the same frequency using distributed
MIMO techniques. Heterogeneity of cells can aso be utilized
in cooperation, such as using small cells for uplink and macro
cells for downlink. To achieve cooperation, two prerequisites
must be met: central control of different BSs, and dense and
heterogeneous BS deployment.

3) Improving Spectrum  Utilization Efficiency and
Flexibility: The spectrum is a vauable resource for
wireless communication. The use of advanced physica
layer transmission technologies, such as beamforming and
spatial multiplexing, has signi cantly improved the spectrum
ef ciency in bits/Hz. However, in practical cellular networks,
the utilization ef ciency of the spectrum, i.e., the percentage
of the spectrum actually used for data transmission, is often
low on both time and space scale. This is due to the lack
of exibility for spectrum utilization in the current RANS. In
both TDD and FDD, a portion of the spectrum must be left
unused to prevent interference between uplink and downlink.
Moreover, without cell cooperation, the unused resources of
neighboring cells cannot be utilized to meet the demands
of users in the current cell. To increase spectrum utilization

exibility, it is necessary to pool the spectrum resources
and adopt centralized scheduling without any predetermined
restrictions.

4) Reducing Network Cost: Reducing cost is crucial for the
long-term success of cellular networks. Lower costs enable
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the deployment and operation of more infrastructure and give
smaller operators the opportunity to enter the market, leading
to improved services for users. Centralizing high-complexity
signal processing and placing computing resources at the edge
cloud can decrease operational costs. Another effective way
to reduce energy costs is to turn off some BSs when total
user demand is low [13]. Although increasing BS density and
heterogeneity will lead to more capital costs, potential savings
can still be achieved during practical deployment and through
using reduced capability (RedCap) equipment.

5) Providing Personalized Services. Looking back at the
history of cellular networks, we can see that 4G was successful
in providing widespread high-speed Internet access to users.
Moving forward, 5G is expected to be tailored to speci ¢
application scenarios and industries. In line with this trend, we
can say that 6G should be able to offer personalized services
to users, who usually have diverse requirements. To achieve
this goal, BS heterogeneity and cooperation are crucia. The
network must also be exible enough to maintain a high level
of quality at any location, so as to meet users requirements.

6) Becoming Al-Native: Due to the tremendous success of
Al models, many research works have employed Al to tackle
various challenges in wireless communications. It is believed
that Al will be deeply integrated with cellular networks [68],
leading to signi cant transformations, especially with the
recent breakthrough of large foundation models. From the
standpoint of RAN architecture, the network should rst
be equipped to gather large amounts of training data and
computing resourcesto facilitate Al adoption. Additionaly, the
network s operation must be more open and exible, enabling
Al to maximize its potential and enhance performance under
various situations.

B. The Decoupling Paradigm and FD-RAN

Considering the advantages of existing network archi-
tectures and the trends of evolution mentioned above, we
further present a newly-proposed architecture for 6G, namely
FD-RAN. The architecture of FD-RAN is depicted in Fig. 8.
It is designed with edge cloud assistance, with centralized
network control and data processing at the edge cloud. The
network serves users through three types of BSs: data BSs,
including DL-BSs and UL-BSs, and a C-BS. DL-BSs provide
downlink data transmission, while UL-BSs are responsible for
uplink data reception. DL-BSs typically require more energy,
which is supplied directly from the electric grid, whereas
UL-BSs consume less energy, alowing for more exible
deployment with a higher density to save energy for UEs. C-
BSs use low-frequency spectrum bands for a larger coverage
and mainly handle control message exchange with UES. Each
UE is covered by at least one C-BS, enabling network control
and state feedback. It is important to note that C-BS is not
used for physical layer channel feedback, which is required
for physical layer data transmission in current networks.

At the core network, Cybertwin [69], [70] serves as a
new network function for FD-RAN. Cybertwin runs at
the edge cloud and serves as a user s entry point to the
Internet. Meanwhile, it acts as the anchor of all the user s
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Fig. 8. Architecture of fully-decoupled RAN.
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Fig. 9. FD-RAN incorporates key features from C-RAN, HetNet, and cell-
free network.

communication links, including other air interfaces such as
Wi-Fi and satellite communications. Therefore, it performs
multi-connectivity management and mobility management for
users. Cybertwin also acts as the interface between users and
the cellular network. Through Cybertwin, users can con gure
their personalized requirements for speci ¢ services, enabling
the network to satisfy different users QoE through user-centric
resource allocation.

FD-RAN incorporates key features from C-RAN, HetNet,

and cell-free network, as shown in Fig. 9. Speci cally:

- FD-RAN not only adopts centralized signa processing
at the edge cloud as C-RAN to enable cooperative
transmission techniques like CoMP, but aso enhances the
central control in C-RAN by using a dedicated C-BS so
as to maintain a dedicated control channel with UEs.

- In FD-RAN, the uplink and downlink BSs are fully
separated. Thus, decoupled access in HetNet is supported
by default. Also, more heterogeneous uplink and down-
link BSs can be incorporated owing to the deployment
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exibility introduced by FD-RAN. For example, non-
terrestrial BSs can be adopted solely for supplementing
downlink. Furthermore, multi-BS cooperative transmis-
sion in both uplink and downlink can improve the
utilization ef ciently of heterogeneous BSs.

- In FD-RAN, uplink BSs are decoupled from downlink
BSs, thus it becomes much easier to densely deploy
uplink BSs. Then, users uplink SNR and data rate can
also be enhanced uniformly as in cell-free networks, con-
sidering that uplink performance is usually the bottleneck
in traditional cellular networks. Besides, users can be
served in a user-centric fashion in FD-RAN by selecting
the most appropriate uplink and downlink BSs, and their
personalized service requirements can be satis ed with
the help of Cybertwin.

The key features of FD-RAN are further discussed as

follows:

1) Separate Uplink/Downlink Transmission: In FD-RAN,
the uplink and downlink data transmission are decoupled, and
are performed by UL-BSs and DL-BSs, respectively. This
alows for a UE to connect with the most suitable BSs for
both uplink and downlink transmission. Additionaly, a UE
can connect with multiple BSs of the same type, which can
work together to provide better service. The separation of the
uplink and downlink networks means that traditional physical
layer transmission methods, which rely on resource-intensive
channel feedback, cannot be used. Control-related messages
can be transmitted more ef ciently through the use of C-BSs
and a dedicated control channel, rather than being tightly
coupled with data transmission on the same channel.

2) Flexible Spectrum Usage: In FD-RAN, the separation
of uplink and downlink networks allows for more exibility
in the use of spectrum. The spectrum is no longer restricted to
a xed use for either uplink or downlink and can be used for
any purpose, as long as interference is avoided. Additionally,
the ownership of the spectrum can be decoupled from its
usage through either spectrum sharing or spectrum trading. In
spectrum sharing, operators share their licensed spectrum with
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TABLE V
ADVANTAGES AND DISADVANTAGES OF DIFFERENT RAN ARCHITECTURES

6G challenges, new features, and requirements | C-RAN | HetNet | H-CRAN | Cell-free | FD-RAN
BS cooperation and centralized signal processing Yes No Yes Yes Yes
UL/DL decoupling No Yes Yes No Yes
Improvement of cell edge performance Partially Yes | No Partially Yes | Yes Yes
Flexibility (e.g., spectrum usage, BS deployment and | No Partially Yes | Partially Yes | No Yes

BS on-demand activation)

Improvement of spectrum efficiency and utilization Partially Yes | Partially Yes | Partially Yes | Yes Yes
QoS guarantee/user-centric service No No No Yes Yes
Integrating satellite communications No Yes Yes No Yes
Signal processing and resource management com- | High Medium High High Medium
plexity

Fronthaul costs Medium Low Medium High Medium
Dense BS/AP deployment costs Low Medium Medium High Medium

each other [71], while in spectrum trading, an operator can
rent spectrum to another. The contract must specify the valid
time and location for using the shared or rented spectrum.
This results in more exible utilization of spectrum resources
at both a micro level, between uplink/downlink and different
BSs, and a macro level, between operators.

3) User-Centric Network Service Provision: With the
always-on control channel between the C-BS and UEs, users
QOE and personalized service requirements can be fed back
to the network. This allows the network to become user-
centric [20], serving different users in different ways. The

exibility of resource utilization in FD-RAN allows lower-
layer network resources, such as BSs, spectrum, and power, to
be dynamically scheduled to meet users personalized require-
ments. To guarantee QOE and differentiate between users,
service-level agreements (SLAS) can be signed with users, and
the network should make its best effort to comply with the
SLA and compensate users if it fails. As total resources are
limited, SLAs with different service qualities should be priced
differently [72], with higher-priced SLAS receiving higher
priority. Additionally, a user can have different SLAs signed
for different applications, based on their value to the user.

4) Reduced Energy Consumption: The most useful tech-
nique for reducing energy consumption of BSs is sleeping.
However, for fully-functional BSs, seeping can only be
achieved when there is no need to use both uplink and
downlink. Instead, in FD-RAN, since the UL-BSs and DL-
BSs are physically separated, each BS can be deactivated
separately. As a result, there is more possibility to sleep
more BSs. Furthermore, the C-BS will be kept aways on
so as to coordinate the other BSs and UEs, and also to
reduce the possibility of coverage holes [73]. For the UE
side, it should be clari ed that the UE does not use more
antennas for maintaining uplink, downlink and control link
connections. In FD-RAN, these links use different spectrum.
Thus, UE s energy consumption in FD-RAN is similar to FDD
system, which is lower than TDD system. Besides, UEs can
be associated with the nearby UL-BSs so as to reduce the
uplink transmission distance. Uplink receive diversity, signal
combining and resource cooperation techniques can aso be
adopted in FD-RAN. Then, the UE can use less power to
transmit data and achieves improved energy ef ciency, as
showcased in [74].

PHY Layer

Multi-connectivity

CoMP PHY Layer

UL-DL Decoupling ' Cooperative Uplink Reception
Multi-user Transmission R Cooperative Downlink Transmission

MAC Layer

CRAN <

HetNet+  FD-RAN

CF Network+:
MAC Layer

Flexible Resource Allocation

Virtualization

Resource Allocation

Fig. 10. Relationship between architectures and enabled technologies.

C. Summary of FD-RAN

In summary, the key advantage of FD-RAN isits exibility
in the utilization of network resources, alowing the network to
adapt to changes in traf ¢ demand. Speci cally, the shortage
of spectrum can be aleviated by relaxing its usage and making
more spectrum available in areas with high traf ¢ demand.
Network costs can be reduced through: (1) on-demand deploy-
ment of UL-BSs and DL-BSs, which are cheaper than fully
functional BSs; (2) improved spectrum utilization ef ciency
through spectrum sharing and trading; and (3) increased
energy ef ciency through techniques such as selective activa
tion of DL-BSs. Personalized service requirements and QoE
for users can be guaranteed through user-centric resource
alocation, which prioritizes ful Iling SLAS to satisfy users.
FD-RAN is aso suitable for speci ¢ use cases, such as C-
V2X [75], [76] and federated learning [77], [78]. In Table V,
we aso list the advantages and disadvantages of existing RAN
architectures as well as FD-RAN. These different RANs are
evaluated with respect to various 6G challenges, new features,
and requirements. Note that the evaluation results are derived
from comparisons among these architectures and are therefore
relative.

IV. ARCHITECTURE-ENABLED PHYSICAL LAYER:
MULTI-LINK CONNECTION AND TRANSMISSION

In this section, we present survey on multi-link connection
and transmission. Each user can connect with more than one
BSs, and each connection can incorporate both uplink and
downlink or either of them. Fig. 10 illustrates the relationship
between architectures and enabled technologies. For example,
CoMP can be enabled by C-RAN and CF network, and UL-DL
decoupling can be enabled by HetNet. For physical layer
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TABLE VI
COMPARISONS OF MULTI-CONNECTIVITY TECHNIQUES

3GPP Carri
Techniques L. Backhaul arrler. Data Flow Split | Coordination Performance Gain Implementation
Standardization Frequencies
Ideal, Fiber-based, Inter-sit Hich data rat
nter-si i a rates
CoMP Release 11 High-speed, Low-Latency, Same PHY Layer 04 . gh qata rates, Most Difficult
i and Intra-site imporved cell-edge throughput,
Complex and Expensive
Ideal, Fiber-based, Inter-sit Capacity enhancement,
nter-s
CA Release 10 High-speed, Low-Latency, Different RLC Layer and 1 l%l Eit no reliability enhancement, Modest
Complex and Expensive and tnfrasite mobility robustness
. Improved cell-edge throughput,
Non-ideal, bility robust
mobility robustness
DC Release 12 Lower speed, Higher latency, Different PDCP Layer Inter-site oIty 0 us .LS\’ Simple
. reduced signaling,
Simpler and Cheaper R X
load balancing, energy efficiency

transmission, through utilizing the advanced signal processing
techniques, multiple transmission points can coordinate and
transmit to one or more users simultaneously, so as to improve
the spectral ef ciency and reduce interference.

A. Multi-Connectivity

Multi-connectivity [50], [79] is a general topic as a user
can be served by multiple BSs in severa different ways. In
this subsection, we will cover carrier aggregation (CA) and
dual connectivity (DC), which use different carrier frequencies
for different links. CoMP will be introduced separately in
the next subsection since it works on the same fregquency.
A comparative analysis of these techniques is presented in
Tab. VI.

1) Carrier Aggregation: CA enables users to access BSs
with wider bandwidth, resulting in higher data rates, by
aggregating multiple independent component carriers from the
same or different BSs to form contiguous or non-contiguous
frequency bands. The aggregated carriers are classi ed as
primary carriers, which update only during the handover and
BS selection process, and secondary carriers, which can be
updated anytime. CA supported by 3GPP Release 14 [62]
is an intrasite (and inter-band) manner, which has been
further extended to a multi-connectivity manner, namely inter-
site CA (also referred to as multi- ow CA or multi-stream
CA) [54], [80], [81]. In inter-site CA, UEs transmit data
simultaneously to MBSs and SBSs in HetNets, resulting in
enhanced network performance.

Recent advancements in CA in the context of HetNets are
the followings. In [80], the authors employ a queuing analyti-
cal moded to investigate the cross-layer performance of UESin
HetNets using multi- ow CA. Numerical results demonstrate
that the developed model can of oad traf ¢ from MBSs
to SBSs while guaranteeing the QoS for UEs. An energy-
ef cient multi-stream CA approach for HetNets is proposed
in [54], which is tackled using quasiconvex relaxation. The
performance of the scheme is evaluated, and the trade-offs
between energy savings and capacity maximization are charac-
terized. A related study that also focuses on optimizing energy
ef ciency is presented in [56], whereas a novel CoM P scheme
enabled by multi-stream CA is proposed. The performance of
the proposed scheme is compared with conventional multi-
stream CA or CoMP schemes, and it is validated to be

superior. Additionally, game-based spectrum alocation [81]
and distributed power alocation [82] frameworks are explored
to showcase the advantages of multi- ow CA.

2) Dual Connectivity: Challenges such as mobility robust-
ness, per-user throughput enhancements, and increased
signaling load due to frequent handover have prompted the
development of DC. DC was rst speci ed in 3GPP Release
12 [60] to alow users to obtain resources from both the
Master BS (commonly MBS in HetNets), which serves as
the main resource provider and mobility anchor, and the
Secondary BS (commonly SBS in HetNets), which serves as
a supplementary resource provider, simultaneously using the
same or different carrier frequencies. DC is analogous to inter-
site carrier aggregation techniques [83]. However, DC aims
to leverage the advantages of inter-site carrier aggregation
by non-ideal backhauls instead of ber-based connections
between macro and small BSs.

In a study by [60], the effectiveness of dual connectivity at
the same carrier frequencies was investigated, demonstrating
that it can effectively increase the throughput of micro users
by reducing interference from macro BS. However, it may
not be valid for macro users, as the interference from micro
BS is relatively dlight. In [84], the authors summarized the
architecture and functionalities of DC from the perspectives
of the user and data plane. They exempli ed the dua con-
nectivity DL/UL user plane protocol stacks and mobility
management procedures to explain how DC operates. System-
level simulations also demonstrated the superiority of DC over
single connectivity in terms of throughput and mobility, with
acceptable performance degradation compared to inter-site
carrier aggregation. In [85], high-mobility vehicular networks
are considered, and the authors leverage multi-connectivity to
guarantee the uURLLC service. A deep reinforcement learning
method is developed to realize power alocation for multi-
connectivity uRLLC.

The evolution to 5G is a gradual migration from LTE, with
consideration given to capital costsand backward compatibility.
DC introduced in LTE can be exploited to achieve a smooth
transition, which not only addresses coverage holes in the early
stages of 5G deployment but also provides a viable and cost-
effective solution for network operators. 3GPP has proposed
different architecture options for 5G deployment, including the
transition from legacy LTE to full- edged 5G. However, only
some of these options are suitable for implementation in the
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Fig. 11. Different MR-DC con gurations in HetNets.

transition stage, namely Option 3, 4, and 7, while Option 2
represents the ultimate goal of 5G deployment. These different
optionslead to different multi-radio dual connectivity (MR-DC)
con gurations, as de ned in [61] and illustrated in Fig. 11:

- EN-DC: The user is connected to both LTE and NR,
where the ng-eNB is the master BS and gNB is the
secondary BS.

= NGEN-DC: The user is connected to both LTE and NR,
where ng-eNB is the master BS and gNB is the secondary
BS.

- NE-DC: The user is connected to both LTE and NR,
where gNB is the master BS and ng-eNB is the secondary
BS.

= NR-DC: The user is only connected to NR, where one
gNB is the master BS and another gNB is the secondary
BS, or one gNB is both the master and secondary BS.

The differences also lie in their core network utilization. In
the EN-DC con guration, the evolved packet core (EPC) is
utilized, while 5G core (5GC) is used in the other con gu-
rations. It should be noted that the rst three con gurations
are unique in the sense that DC is adopted to connect two
different generations of RAN.

Based on the aforementioned de nitions and Fig. 11, it can
be observed that EN-DC aligns with Option 3, NGEN-DC cor-
responds to Option 7, NE-DC can be associated with Option
4, and NR-DC can be attributed to Option 2. An overview
of these architecture options is provided in [86], [87]. For
EN-DC, speci caly Option 3, 3a, and 3x, [88] provides a
comprehensive introduction to the architecture, data plane, and
control plane functions, as well as a comparison of these
options in terms of data rate, user plane and control plane
latency, mobility and reliability, and beam failure recovery.
The dual connectivity operation in NE-DC is analogous to
EN-DC, and thus discussion relevant to NE-DC can consult
EN-DC. However, NGEN-DC requires more improvements on
legacy LTE BSs compared to NE-DC [89]. Furthermore, NR-
DC ismorein line with traditional LTE DC but exhibits more
characteristics of NR, such as high throughput, high isotropic
pathloss, poor diffraction, and more [90].

B. CoMP

CoMP in 6G is a promising solution that improves cell edge
completion while minimizing coordination complexity [67].

1965

Fig. 12. Three types of CoMP.

Combined with large bandwidth, Massive MIMO and arti cia
intelligence, the potential of CoMP is further unlocked by
fully optimizing and coordinating concurrent transmissions
from multiple RRHSs, the ef ciency, throughput, and coverage
of the multi-cell system can be greatly improved. However,
coordinated cells require precise synchronization and bring
additional scheduling, signal processing, pilot overhead, and
complex beamforming design [91]. Fortunately, virtualizing
BBUs into a BBU pool provides the necessary conditions
for achieving CoMP, and enables new technologies to be
combined with CoMP [92].

It was rstly identi ed as one of the key functions for
physical layer enhancements in the 3GPP research project on
LTE-Advanced [93], [94]. There are various types of CoMP
coordination schemes, and 3GPP has identi ed three main
downlink coordination categories for LTE-A [95], [96], [97].
With Fig. 12, these three types of downlink CoMP are illus-
trated as follows.

1) Joint Transmission (JT): In JT-CoMP, alarge distributed
single antenna array is formed by the antennas of a coor-
dinated RRH cluster [98]. This allows the same data to
be simultaneously transmitted to the UE by all coordinated
RRHSs, resulting in signi cantly improved communication
performance. Multiple RRHs can serve a single user in a
coherent manner, where interference signals are converted
into useful signals. Coherent transmission is achieved through
synchronized transmission and joint precoding, which ensures
that the signals from different coordinated transmission points
are co-phased at the transmitter via precoding. While this
type of coordination scheme offers the best results, it
requires a high backhaul bandwidth with low latency due to
the need for extremely precise information synchronization,
including CSl and scheduling, among multiple coordinated
RRHs.
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2) Coordinated Scheduling/Coordinated Beamforming(CS/CB):

In CS/ICB-CoMP, a single RRH transmits the signa to the UE
while other RRHSs in the coordinated cluster use scheduling
and beamforming functionality to dynamically mitigate inter-
cell interference [99]. The CSI of al RRHs is rst shared
in the BBU pool for coordinated scheduling/beamforming
operations, and then the transmit data is sent to the
serving RRH. Beamforming between different RRHs can
reduce interference, and scheduling can help mitigate strong
interference conditions. Due to the reduced data exchange,
CS/CB requires lower backhaul bandwidth compared to
JT-CoMP.

3) Dynamic Point Selection (DPS): In DPS-CoMP mode,
user data is transmitted from a single serving RRH, while the
serving RRH can be dynamically changed to another RRH
in different subframes depending on channel conditions and
resource availability among a set of available RRHs within
the cluster. In each transmission interval, all available RRHs
in the CoMP cluster check their channel quality to the UE
and dynamically select the RRH with the maximum channel
gain for data transmission. Compared to JT-CoMP and CS/CB-
CoMP, DPS-CoMP offers a good trade-off between system
performance, transmission algorithm complexity, and backhaul
overhead.

CoMP techniques are also utilized in the context of HetNets,
that is, the Scenario 3 of CoMP scenarios proposed by
3GPP [96], which utilizes low-power remote radio heads for
expanded coverage. COMP is more signi cant and effective in
HetNets than in homogeneous networks due to the consider-
ably higher interference. While the principal ideas of CoMP
and elCIC are similar, COMP outperforms elCIC in terms
of performance and complexity. The differences are listed
as follows [67]: Furthermore, some joint CoMP and elCIC
schemes in HetNets are investigated in [100], [101], [102].
Considering the increasing energy consumption of densely
deployed HetNets, [103] and [104] propose energy-ef cient
CoMP schemes assisted by simultaneous wireless information
and power transfer (SWIPT) for green HetNets. The proposed
NOMA-aided CoMP framework for HetNets, as presented
in [105], leverages JT-CoMP and CS-CoMP techniques for
less distinctive channels with multiple BSs, whereas non-
CoMP is employed for the dominating channel with a single
BS. Numerical results attest to the framework s superior
spectral and energy ef ciency in comparison to the conven-
tiona CoMP-orthogonal multiple access scheme. A similar
scheme [106] is investigated in virtualized HetNet aiming
at reducing the complexity of users successful interference
cancellation.

C. UL-DL Decoupling

Traditional networks have primarily focused on DL
performance because of the dominance of DL services [107].
However, due to the emergence of new technologies,
such as cloud techniques, machine-type communica
tions (MTC) networks, dense HetNets, and increasing
subscribers and devices, UL traf ¢ is anticipated to
escalate rapidly [108]. As a result, maintaining UL

Fig. 13. Decoupled UL-DL association in HetNet.

performance has become a signi cant area of research
interest.

Despite the growing importance of UL, improving its
performance remains a challenge due to the inherent imbalance
between UL and DL transmissions. BSs can utilize more
antennas and higher transmit power to compensate for path-
loss, while the transmit power and antennas of UEs are quite
limited. Moreover, the gap between UL and DL coverage is
further exacerbated by higher frequency bands, resulting in
more severe path-loss, and massive MIMO techniques that
provide more multiplexing and diversity gains on the BS side,
but not on the UE side [109].

In addition to inherent limitations in user equipment, another
signi cant challenge to UL performance stems from HetNets.
In homogeneous networks, users connect to BSs based on the
maximum DL reference signal received power (RSRP) in both
UL and DL, known as coupled UL-DL access. However, this
approach is not appropriate for HetNets. As shown in Table 11,
MBSs have a higher transmit power than SBSs, resulting in
asigni cant number of users accessing MBSs. In contrast, in
UL, users prefer BSs that are geographically closer, i.e., SBSs,
since the transmit power of UEs is uniform, and the received
power is largely determined by the distance between the user
and the BS. This contradicts the access strategy in DL and
leads to poor UL performance, particularly for cell edge users.
Moreover, denser deployment of BSs exacerbates this poor
performance [110]. Although techniques such as cell range
extension (CRE) can dleviate this problem to some extent,
high interference at the cell edge remains an issue [111].

In response to the aforementioned challenges, the
UL-DL decoupling framework has been proposed in litera-
ture [112], [113], [114] with the emergence of HetNets. This
framework alows for more superior UL and DL associa
tions that are determined by path-loss and received power,
respectively. In Fig. 13, we illustrate the decoupled UL-DL
association in a HetNet. Speci cally, UE2 is located within
the downlink coverage area of the MBS but beyond the SBS.
As aresult, UE2 should connect to the MBS in both downlink
and uplink as per the coupled association manner. However,
as UE2 is also within the uplink coverage area of the SBS, it
can achieve better performance by associating with the MBS
in downlink and the SBS in uplink, respectively, i.e, in a
decoupled association manner.
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The advantages of UL-DL decoupling arise from the
optimal UL and optimal DL associations, which ensure that
each transmission is directed towards the most suitable BS.
Decoupled access to serving BSs leads to a shorter distance,
resulting in lower path-loss, transmit power, interference,
and consequently higher signal-to-noise-and-interference ratio
(SINR). Additionally, UL-DL decoupling allows for more
traf ¢ of oading from MBSs to SBSs, leading to a reduction
in the burden on MBSs and an improvement in the utilization
of SBSs.

The concept of UL-DL decoupling has been standardized
in 3GPP Release 12 [60] utilizing DC, and preliminary
performance evaluations demonstrate signi cant performance
gains, particularly at the cell edge. In [57], the authors
present ve arguments in support of UL-DL decoupling,
highlighting its potential performance bene ts and practical
deployment. The paper also outlines the enabling architectural
frameworks and future research directions in this domain.
Since its inception, UL-DL decoupling in HetNets has been
extensively studied in the literature to demonstrate its supe-
riority. Theoretical performance analyses have investigated
both spectral ef ciency [115], [116], [117] and energy ef -
ciency [115], [118], [119] to compare decoupled UL-DL with
coupled access. Studies have shown that decoupled access can
provide signi cant improvementsin load balance, fairness, and
overall system capacity [115], [116]. The spectral ef ciency of
HetNets with mmWave BSs and microwave BSs has also been
evaluated [117]. In addition, other studies have investigated
the bene ts of UL-DL decoupling in scenarios such as non-
uniform user distribution [120], full-duplex operation [121],
ultradense networks [110], multi-tier HetNets [122], multi-
antenna BSs [123], and multiuser MIMO [116]. Some
studies have aso investigated the latency gain in decoupled
UL-DL [124], [125] and proposed signaling mechanisms for
decoupled UL-DL networks [126]. Furthermore, an overview
of association policies in UL-DL decoupling networks is
provided in [127], and a recent survey provides a holistic
review of operating band UL-DL decoupling at the same
BSs [30].

D. Multi-User Transmission

Low-complexity detection is the key to multi-user trans-
mission technology. In centralized MIMO system, the channel
correlation matrix is mainly used to reduce complexity.
While the correlation of distributed MIMO channel is low,
other methods are needed. The precoding technology can
effectively eliminate interference among multiple users and
signi cantly improve the system s capacity. At the same time,
the appropriate precoding method can simplify the receiver
algorithm, which is an important way to improve the system s
performance.

1) Precoding: In [128], to suppress multi-user interference
completely, the block diagonal (BD) precoding was proposed.
However, BD precoding method can suppress multi-user
interference at the cost of noise enhancement. In order
to overcome this shortcoming, the generalized zero-inverse
(GZI) matrix method was proposed in [129], whose sum rate
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increased linearly with the number of users and transmit-
ted antennas. Its complexity was lower than BD precoding.
Further, the authorsin [130] proposed a low-complexity linear
multi-user multi-input multi-output Gyre precoding based
on gradient descent agorithm. This method could nd the
rotation angle with low complexity and achieve a throughput
gain of 13% higher than that of forced zero precoding
method. In [131], it aimed to solve the performance degra-
dation problem in multi-carrier, multi-user large-scale MIMO
systems, when Doppler expansion was enormous. Using an
OTFS-based multi-user pre-encoder at the BS, the proposed
LCD detector were used at each user termina (UT). All
the message symbols of UT were jointly demodulated. The
analysis results showed that as the number of BS antennas
increases, the performance of the proposed LCD detector
will achieve to that of the optimal detector. In high mobility
scenarios, the proposed OTFS multi-user large-scale MIMO
pre-encoder achieved a better SE than that of OFDM-based
multi-user large-scale MIMO pre-encoder.

In [132], the authors considered the problem of commu-
nication over repeater-assisted MIMO channels and designed
three types of rational forced pre-encoders. By formalizing the
precoder design problem, computation complexity and system
performance can be compromised. In [133], the Space-Time
coding approach was adopted to align the interference in the
multi-user system. The left null space of channel matrix was
used to detect the information symbols at different receivers.
This new transmission strategy can save the transmission time-
slot resources signi cantly.

2) Detection: In super-large scale MIMO (XL-MIMO)
systems, the computational cost of multi-antenna processing
will increase, and the average energy of a given users
signal will varies throughout the array. In [134], it proposed
a distributed receiver based on variational message passing
(VMP) to solve above problems. The receiver had a exible
complexity-performance tradeoff architecture. Performance
was close to that of a genie assisted receiver by utilizing
spatial non-stationary properties. The complexity was lower
than that of traditional central linear processing methods, like
ZF precoding method.

For the unsolicited random access problem of multiple
receiving antennas, the user was restricted by using the same
codebook and cannot be distinguished. In [135], it proposed
to divide user messages into two parts. The pilot portion
was selected from the joint codebook, and standard block
codes encode the message bits. The multi-measure vector
approximate message passing (MMV-AMP) agorithm was
used to estimate the active user channel from the pilot portion.
Then, the estimated channel was used to perform a coherent
maximum ratio merge (MRC) to decode the information bits.
The results showed that the proposed scheme was superior
to the existing schemes in terms of energy ef ciency and
much lower complexity when the coherent block length was
signi cantly larger than the number of active users.

In [136], an iterative solution for transmitting/receiving
beamforming with total digital minimum mean square error
(MMSE) was derived in a millimeter-wave full-duplex MIMO
system. On this basis, the RF and baseband Iters close to the
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complete digital beamforming were designed by the orthogo-
nal matching (OMP) agorithm, and the digital beamforming
meatrix was derived by the BD method to reduce intra-user and
inter-user interference. Authors in [137] proposed two kinds
of the semi-blind receiver based on tensor model. The most
prominent feature of this receiver was that it can estimate
channel state information without pilot sequence and had
higher spectral ef ciency. The simulation results showed that
the proposed receiver had a higher bit error rate (BER) and
normalized mean square error (NMSE) performance than the
existing receiver under the two modes of TDD and FDD.
In [138], the authors put forward different views on the
previous MMSE receiver. The actual MMSE receiver not
only depended on the CS| eror statistics, but also on the
autocorrelation coef cient of the time-varying channel. By
deducing the quasi-sealing formula of SINR, the MMSE
recelving function can reach a higher SINR. In [139], the
closed-form expression of mean vector symbol error rate
(VER) for packet detection of maximum likelihood (GD-ML)
receiver was derived. It was proved that GD-ML was superior
to the forced zero (ZF) and MMSE receivers in terms of
VER. Moreover, GD-ML receivers had ailmost the same com-
plexity as ZF and MMSE receivers regarding oating point
operations.

Unlike the above ideas, [140], [141] applied the arti -
cia intelligence agorithm to the receiver to achieve higher
performance. Reference [141] proposed a machine learning
(ML) enhanced MU-MIMO receiver based on the standard
linear least mean sguare error (LMMSE) architecture. It
retained the interpretability and extensibility of the LMMSE
receiver while improving accuracy. Reference [140] proposed
the limit learning receiver based on machine learning. By
appropriately setting the number of hidden neurons, ELM
achieved higher spectral ef ciency and lower bit error rate
with fewer oating point operations. In [142], it focused on
analyzing the interrupt performance of four wide linear (WL)
receivers and proved that WL receivers had higher diversity
gain and user reuse capability.

In order to further reduce the complexity of channel detec-
tion, [143] adopted con dence propagation detection based on
factor graph in MU-MIMO system encoded by low-density
parity check (LDPC), which was called FG-GAI BP detection.
The proposed iterative joint detection and decoding (JDD)
strategy can make the detection scheme converge quickly
and achieve a lower bit error rate. In a distributed MIMO
system, the downlink and the receiver model after uplink
interference suppression were typical linear models under
colored noise. In [144], the iterative soft-decision interference
elimination (ISDIC) method was used to suppress the inter-
user interference. In frequency-selective channels, ISDIC had
low complexity and excellent performance.

E. Lessons Learned

From the review of multi-link connection and transmission
technologies, we can learn the following lessons so as to
provide guidance to the development and design of a different
RAN for 6G:
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- It is suggested that 6G RAN architecture should have
dedicated control infrastructure and resources, so as
to enable reliable, low-latency, and large-scale control
of multiple BSs and UEs. With the independent and
enhanced control functionality, not only signal processing
can become more resource-ef cient and cost-ef cient due
to centralization, but also more transmission opportunities
can be explored. For example, although multi-user trans-
mission techniques such as MU-MIMO can be realized
within asingle cell, itisless ef cient due to the dif culty
in selecting proper users from the same cell. However,
with the global information and control of UEs through
the dedicated control channel, there will be more chances
to carry out multi-user transmission for a certain BS.
Dedicated control also pavesthe way for realizing exible
cooperation among BSs, e.g., via COMP.

- It is further suggested that UEs uplink and downlink
should not be bound with certain BSs or cells for data
transmission. It is obvious that UEs will be in a multi-
link environment consisted of multiple heterogeneous
BSs. Thus, these links need to be exibly selected
depending on the UEs situations and the properties of
links, so as to ef ciently utilize them. The decoupling
of uplink and downlink for the same UE can further
improve performance, especially for uplink transmission.
Moreover, the heterogeneous BSs and resources can be
tailored for either downlink or uplink.

V. ARCHITECTURE-ENABLED MAC LAYER: RESOURCE
VIRTUALIZATION AND ALLOCATION

In this section, we present surveys on resource virtualization
and alocation. First, the aggregated various kinds of network
resources should be pooled. Virtualization technologies will
play an important role. Then, the pooled resources need to be
ef ciently utilized, which can be realized through appropriate
resource allocation. Since resource allocation is a large topic,
and strongly depends on the scenario and system architecture,
we will survey the literature on resource allocation in different
RANS, respectively.

A. Virtualization

The remarkable evolution of the RAN in the past three
decades has led to a diverse and complex infrastructure,
making it increasingly challenging to develop new network
technologies. Traditional BBU processing boards are designed
for speci ¢ standards and support only a xed number of car-
riers, which may cause issues during the rapid development of
wireless technologies and standards [39]. The addition of vir-
tualization technology can greatly reduce the CapEx and OpEx
associated with these challenges [145], [146]. Virtuaization
is considered a promising technology for RAN evolution.
Recently, virtualization has gained signi cant attention in
the communications and networking elds. For instance, in
order to merge user-centric and service-centric networking,
holistic network virtualization is proposed from both the
service demand and provision perspectives, with its main
technologies including digital twin, arti cia intelligence, and
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network dlicing [68]. In this subsection, we rst discuss the
virtualization of various kinds of physical network resources.
Then, we introduce the virtualization of network functions at
a higher level.

1) Network Resource Mrtualization: Virtualization in
C-RAN offers signi cant bene ts for the ef cient deployment
and operation of wireless networks. It abstracts physical
entities, spectrum resources, and network functionsinto logical
units, enabling alocation and utilization that maximizes
performance while guaranteeing user requirements [147].
This approach offers several advantages, including improved
hardware utilization, decoupling from the network infras-
tructure, easier migration to newer technologies, and exible
network management. Consequently, it leads to more ef cient
utilization of network resources and reduces the cost of
deployment and operation of wireless networks [148].

The virtualization in C-RAN has a quite broad scope
ranging from BBU pool, RRH and radio frequency resources.
In general, according to the architecture of C-RAN, the
virtualization of C-RAN can be divided into three main
components: computing hardware, network facilities and radio
frequency resources.

Computing hardware virtualization is a powerful technique
that abstracts isolated computing units and aggregates them
into a pool of computing resources. It provides users with a
uni ed and abstracted computing platform, while hiding the
physical characteristics of computing units. This technique can
be applied to communication systems to create BBU pools,
which can address the problems associated with xed designs.
A range of hardware components, including network interface
cards, memory, CPUs, and storage units, are virtualized using a
software platform implemented by the operating system [149].
C-RAN BBU virtualization provides numerous advantages,
such as reduced capital investment, lower costs, reduced
power consumption, and increased exibility and reliability in
utilizing the computing resource.

The network facility in C-RAN, which includes the fron-
thaul and RRHs between the BBU pool and mobile users, can
also be virtualized to simplify management and optimize the
wireless network. Virtualization alows the RAN controller to
focus on the capabilities and loads of the facilities in terms
of communication and radio frequencies, rather than their
physical differences and diversity. By ef ciently utilizing the
limited fronthaul bandwidth to transmit |Q data based on real-
time load information, the controller can maximize the utility
of the fronthaul [150]. Virtualizing independent RRHs into a
collaborative system enables a distributed antenna to support
advanced technologies such as COMP. The bene ts of network
facility virtualization include improved performance, reduced
cost, and increased  exibility.

Radio spectrum is a criticad resource for wireless
communications, comprising licensed and dedicated free spec-
trum [151], [152]. Virtualizing spectrum resources enables
the C-RAN controller to gain a comprehensive view of
available communication frequencies. This allows for more

exible and ef cient use of fragmented spectrum, dynami-
cally alocating frequencies to users based on their real-time
demands. Additionally, it facilitates cooperation among
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telecommunication operators, alowing multiple contracted
operators to use al or part of licensed spectrum under their
cooperation agreements for spectrum sharing. This results
in more ef cient and effective spectrum usage for wireless
communication.

2) Network Function Virtualization: The advancements
of C-RAN are founded on its capabilities, such as pro-
grammability, softwarization, virtualization, redesigning radio
interfaces, and resource coordination. These improvements
are made possible by the enabling technologies of software-
de ned networking (SDN) and network function virtualization
(NFV) [153], [154]. SDN achieves decoupling of control and
data planes, while NFV abstracts functionalities from the
underlying hardware.

The separation of control and data planes in networking
is a key trend that can be leveraged to enable wireless
virtualization in C-RAN [31]. By breaking vertical integration,
SDN simpli es policy enforcement and network evolution
through the use of alogically centralized controller and basic
forwarding devices, such as switches and routers [155]. In the
context of C-RAN, switches can be equated to BBUs in a
pool, while controllers serve as pool coordinators that manage
these BBUs.

NFV is a promising technique that aims to consolidate
various network equipment devices into software running on
high-volume servers, storage units, and switches in the cloud.
By leveraging standard computing virtualization technology,
NFV reduces costs, preserves the power and physical footprint
of the equipment, and makes it easier to adapt to changing
network needs. In the context of C-RAN, NFV virtualizes
the computational resources while clouding the physical radio
resources. This allows BBUs to be implemented as virtualized
network functions, providing greater exibility and agility in
the management of wireless networks [156], [157].

To summarize, one of the key advantages of virtualization is
that it allows network services to be decoupled from their pro-
viding infrastructures. This means that multiple differentiated
services can share the same infrastructure, maximizing utiliza-
tion, and reducing the number of required infrastructures. This
approach is expected to save operators up to 40% of the $60
billion spent on OpEx and CapEx over a ve-year period [158].
Additionally, virtualization facilitates migration to newer tech-
nologies or protocols while till supporting legacy products.
By isolating a portion of the network, multiple experiments can
be launched and operated concurrently, allowing experimental
functionality to be evaluated and deployed without disrupting
normal services, even in a rea infrastructure [159]. Finally,
wireless network virtualization can provide a powerful and
convergent network management mechanism for the emerging
complicated wireless networks. The BBU pool of C-RAN can
dynamically and ef ciently control multiple RRHs over alarge
area, enabling extensive and sophisticated collaboration that
results in better network performance.

B. Resource Allocation in C-RAN

Effective resource allocation in C-RAN can address vari-
ous challenges related to latency, capacity, and connectivity.
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Furthermore, the convergence of C-RAN and deep learning
is anticipated to bring new possibilities for academic research
and industrial applications. Deep learning is a suitable solution
for enhancing data processing capacity, cloud resource man-
agement, and cellular communication traf ¢ prediction [32].
In the following, we will cover task scheduling, RRH
selection, spectrum management, power alocation, and joint
optimization [160].

1) Task Scheduling: Task scheduling involves selecting a
group of communication tasks to be executed at a spe
ci ¢ time period based on channel conditions and available
computational resources [161]. Given the limited resources
and interference constraints, intelligent scheduling of tasks is
essential for improving network throughput and minimizing
interference. In [162], existing scheduling approaches suitable
for C-RAN are studied, and their potential limitations are
identi ed. To address these issues, a hierarchical scheduling
framework is proposed to mitigate the negative impact of
fronthaul delays on the throughput of non-cell edge users
and enable ef cient retransmission of erroneous data, while
gtill bene ting cell edge users from interference mitigation
techniques that require centralized control. Additionaly, to
improve network utilization and reduce deployment costs,
a exible scheduling algorithm for C-RAN architectures is
proposed to replace demand forecasts that are uncertain
and do not re ect actual uctuations [163]. Besides, a load
balancer called Dynamic Greedy Spike (DGS) is designed
and implemented for a C-RAN architecture using user-level
virtualization, allowing network operators to assign new users
to any host in the cloud, regardless of their source base sta-
tion [164]. By modeling the issue as weighted improper graph
coloring, DGS assigns users to different hosts to improve
isolation and decrease user interference.

2) RRH Sdection: The selection of RRHs is a critical task
that directly impacts network spectral and energy ef ciency.
Moreover, RRHs can collaborate and perform centralized
beamforming tasks, enhancing wireless channel throughput.
To mitigate the network performance decline caused by the
unnecessary handovers and blocked users, an RRH-Sector pair
selection for new connections and network load-balancing
framework is proposed to optimize the network performance
and operator reward without affecting the users QoS in C-
RAN [165]. The network power consumption for a user-centric
is minimized by jointly optimizes the precoding matrices and
the set of active RRHs, where both users rate requirements
and per-RRH power constraints are considered [166]. This
problem is tackled in two stages: rst, a low-complexity user
selection method is proposed to obtain the largest subset of
feasible users, followed by a low-complexity algorithm to
solve the network optimization problem with the selected
users. In order to avoid the long processing delays and high
computational burden associated with optimizing different
resources in different network dynamics, a supervised deep
learning technique is proposed to ensure the QoS requirements
of users [167]. It solve the joint resource alocation and
RRH-association problem in multi-tier C-RAN, where an
ef cient RRH-association, sub-channel assignment and power
allocation technique are applied to generate training data.
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3) Spectrum Management: Spectrum management is the
key to reaping the true bene ts of C-RAN technology. An
ef cient multi-class classi cation radio resources management
scheme based on the cooperative evolution of support vec-
tor machine (SVM) is proposed to assign sub-channel of
variable bandwidth to RRH users and D2D pairs, such that
sub-channels can be reused without compromising the QoS
requirement [168]. A resource allocation strategy based on the
effective bandwidth and 5G physical layer enablers together
with CoMP is presented to meet the reliability and latency
requirements of ultrareliable low-latency communications
(URLLC) traf ¢ under the restrictions of fronthaul capacity
and RRH resource availability [169]. The packet delivery
method, time-frequency resource allocation, and queuing strat-
egy for the CoMP enabled uRLLC in C-RAN are investigated,
where the interplay between the error components is used
to minimize bandwidth and the end-to-end error and delay
components are identi ed. An network dlicing algorithm is
studied for C-RAN than incorporates two services. enhanced
mobile broadband (eMBB) with multicasting for improved
throughput and uRLLC with nite blocklength capacity to
accurately capture delay [170]. Its godl isto maximize revenue
by admitting slice requests while meeting limited resource
congtraints, and the problem is formulated as a mixed-integer
nonlinear programming problem and solved using ef cient
methods such as semide nite relaxation and successive convex
approximation.

4) Power Allocation: Effective power allocation isacritical
aspect of wireless networks, but it is particularly challenging
in C-RANSs due to the close proximity of RRHs and resulting
interference issues. Furthermore, proper power allocation is
crucial for achieving high energy and spectral ef ciency.
To improve the uRLLC reliability of vehicular network, a
multi-connectivity URLLC downlink transmission scheme is
studyed and a multi-agent cooperative deep reinforcement
learning algorithm, called transformer associated proximal
policy optimization (TAPPO), is proposed to achieve real-
time robust power alocation for multi-connectivity uRLLC
with imperfect CSl [85]. To support different use cases with
diverse QoS, the ef cient resource alocation problem in C-
RAN is formulated as a mixed integer nonlinear program,
and an algorithm based on penalized successive convex
approximation of polynomial time complexity is designed to
determine a sub-optimal solution [171]. A resource alocation
method for C-RAN is developed for the optimization issue
that is intended to maximize the network s energy ef ciency,
subject to practical restrictions such as QoS requirements,
RRH transmit power limits, and fronthaul capacity limits
[172]. This non-convex, mixed-integer network energy ef -
ciency maximization problem is transformed into a weighted
sum-rate (WSR) maximization problem through successive
convex approximation methods and solved through a provably-
convergent iterative method.

5) Joint Optimization; Optimizing multiple parameters
simultaneously through joint optimization is a powerful and
practical approach in C-RAN. However, it is aso one of
the most challenging approaches due to the large number
of parameters that need to be optimized. The dynamic user

Authorized licensed use limited to: University of Waterloo. Downloaded on September 17,2024 at 15:24:33 UTC from |IEEE Xplore. Restrictions apply.



CHEN et a.: EVOLUTION OF RAN ARCHITECTURES TOWARD 6G

1971

TABLE VII
STATE-OF-ART LITERATURE REVIEW ON USER ASSOCIATION, RESOURCE BLOCK ALLOCATION, AND POWER ALLOCATION IN HETNET

Catergories Ref Optimized Resources

Performance Metrics

Algorithms Operations

User Association [180], [181]

Carrier Allocation [178]

Subchannel Allocation [179]

Bandwidth Allocation [180]

Power Allocation [178], [179], [180], [181]
Time Allocation [182]

Optimization-Based [189], [179], [180], [181], [182]

Energy Efficiency[178], [179], [180], [181]
Overall Delay[182]

[178] Convex Alteration Estimation,
Fractional Programming,
Lagrange Dual Method

[179] Relaxation Approach,
Worst-case Transformation

[180] Relaxation Approach, ADMM

[181] Fractional Programming,

Centralized [178], [179], [181],
Distributed [180], [182]

Two-phase e-optimal outer-approximation
[182] Layered Algorithm,
Myopic-gradient

User Association [185], [186]
Computing Resource Assignment [183]

Channel Reusing [183]

Edge Resource Allocation [183]

Subchannel Allocation [184], [185], [56]
Bandwidih Assignment [186]

Precoding Vector [187]

BS Clustering [56]

Power Allocation [184], [185], [186], [187], [36]

Optimization-Based

3 . (1851, X .
Combining Others [183]. [184]. [185]. [186]. [187. [5¢€]

Energy Consumption [183]
Energy Efficiency [184], [56]

Network Cost [185]

User Rate and Cross-Tier Interference [186]
Sum Rate of All Users [187]

[183] Lagrangian Multiplier Method,
Matching Theory,
Greedy-based Algorithm

[184] Lagrangian Dual Method,
Modified Gale-Shapley Matching

[185] Alternative Search Method,
Hungarian Algorithm, SCA

[186] Swapping based Algorithm,
Closed-Form Derivation, SCA

[187) Fractional Programming,
Quadratic Transform,

Centralized [183], [184], [185]. [186], [187], [56]
Distributed [183]

Genetic Algorithm

[56] Sequential Minimization Technique,
Zoutendijk Feasible Direction Method,
Genetic Algorithm

User Association [188], [191]
Spectrum Allocation [188]

Computing Resource Management [189], [47]
Beam Allocation [190]

Game Theory [188]. [189]. [190]. [47], [191]

Efficiency and Load Balancing [188]
Maximum Integral Utilities with
Stable User Distribution [189]
Energy Efficient Beam [190]
Utilities for Sellers and Buyers [47]
Efficient Association [191]

[188] Non-Cooperative Game

[189] Evolutionary Game,
Stackelberg Differential Game

[190] Cooperative Game

[47] Two-Stage Auction Game

[191] One-to-Many Matching Game

Centralized [189], [190], [47], [191]
Distributed [188]

User Association [193], [194], [195]
TDD Configuration [192]
Spectrum Allocation [193]
Power Allocation [193], [194], [195]

DRL [192], [193], [194], [195]

Data Transmission Rate [192]
Network Rate [193], [194]
Proportional Fairness [195]

[192] Deep Belief Neural Network,
DQN

[193] Distributed Coordinated
Multi-Agent DDQN

[194] Single-Agent DQN,
Multi-Agent DDPG

[195] RNN,
Closed-Form Policy Gradient

Centralized [192], [194], [195]
Distributed [1931, [194]

scheduling and power allocation problem is formulated as a
stochastic optimization problem with the objective to minimize
the total power consumption of the whole network, and it is
solved by transforming it into a series of static optimization
problems [173]. To accomplish the minimum total system
transmit power with low complexity algorithm subject to
sparse code multiple access (SCMA) restriction, total available
power in RRH, fronthaul limitation, and QoS prerequisites
for each user, a downlink joint codebook assignment, user
association, and power alocation for a SCMA-based systems
in C-RAN are considered [174]. A joint energy minimization
and resource allocation problem in C-RAN with mobile cloud
computing is solved by an iterative algorithm, where the
constraints includes task executing time, transmitting power,
computation capacity and fronthaul data rates [175]. A joint
resources alocation scheme is studied for network dlicing in
C-RAN, which combines network dicing with C-RAN and
solves the joint spectrum and computing resource alocation
problem by modeling it into a MINLP problem and then
decomposing it into two subproblems [176]. A machine
learning scheme called Twin-GAN-based DRL (TGDRL) is
proposed to jointly allocate both wireless bandwidth and
computational resources by extending existing GAN-based
DRL results [177]. This scheme employs a multi-objective
optimization algorithm to improve spectrum ef ciency and
reduce computational resource consumption, which simultane-
ously addresses both bandwidth allocation and computational
resource allocation.

C. Resource Allocation in HetNet

In HetNets, the increased network density and the presence
of diverse multi-RATSs allow users to access a more extensive

selection of BSs, providing more degrees of freedom in
resource scheduling. However, this also presents challenges for
resource allocation, as more ubiquitous BSs are constrained by
limited resources, resulting in more complicated management
than in previous networks. To this end, we present recent
advances of resource allocation in HetNets, focusing on two
aspects. user association, resource and power allocation; and
interference management.

1) User Association, Resource Block and Power Allocation:
Apart from interference management, resource allocation can
beclass edinto the following parts: user association, resource
block allocation, and power allocation. User association
involves establishing connections between users and BSs,
which can be many-to-one or even many-to-many. Resource
block alocation is de ned as the scheduling of physical
resource blocks based on established connections, while power
allocation involves the allocation and control of power. These
three parts are interdependent and indivisible, and are often
jointly optimized. We are concerned with approaches that
tackle these parts to form an ef cient resource alocation and
do not distinguish between them particularly. We provide a
comprehensive summary of the state-of-the-art literature in
Tab. VII, categorizing the studies into four distinct groups
based on their methods: optimization-based, optimization-
based combining others, game theory, and DRL. Additionaly,
key characteristics such as optimized resources, performance
metrics, agorithms, and operations are detailed in the table.

In order to develop green HetNets for the future, authors
in [178] aim to minimize overall energy consumption by
optimizing carrier alocation and power utilization, which in
turn determine whether small cells should be put to sleep. In
the energy harvesting (EH)-enabled HetNet that incorporates a
MBS and multiple SBSs, afractional problem is formulated to
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optimize the energy ef ciency. To address the non-convexity
of this problem, the authors estimate a lower bound of user
throughput and apply parametric programming to transform it
to a convex form. They then employ the Lagrange dual method
to obtain the solution. Another study, described in [179],
proposes a resource allocation algorithm for two-tier cognitive
HetNets with non-orthogonal multiple access (NOMA) tech-
nology. Speci cally, this agorithm optimizes transmit power
and subchannel alocation jointly, using both relaxation and
worst-case approaches to convert the origina problem into a
convex one. In [180], authors investigate joint user association,
bandwidth and power alocation, and caching deployment
in heterogeneous fog radio access networks (Fog-RAN) by
formulating an energy ef ciency maximization problem as a
non-convex problem, which is transformed into a consensus
convex problem by relaxing binary variables. In particular, the
resulting consensus problem can be ef ciently solved using
the alternating direction method of multipliers (ADMM). To
address the sub-optimality of NOMA and orthogonal multiple
access (OMA) in resource allocation, hybrid NOMA is applied
in beyond 5G HetNets by the authors of [181]. They formulate
a non-linear concave fractional programming problem to
maximize energy ef ciency, which is then transformed into
a concave form using the Charnes-Cooper transformation.
However, this transformation results in a mixed-integer non-
linear programming problem. To solve it, the authors utilize
a two-phase -optimal outer-approximation algorithm. In the
multi-access enabled network [182], the authors study the
transmission time allocation for NOMA-assisted computation
of oading, aiming at minimizing the overall computing delay
of all users. The problem is decomposed vertically into top
and bottom problems, which are further solved by different
optimization algorithms.

The mixed-integer nature of resource alocation problems,
resulting from user association and subchannel alloce
tion, poses a signi cant challenge to their solution. Pure
optimization-based methods, as mentioned above, which are
con ned to speci ¢ scenarios, cannot be widely applied.
Consequently, researchers have extensively explored the com-
bination of optimization-based methods with other algorithms
in HetNets. For instance, Qin et al. [183] used matching
theory and a greedy-based agorithm along with Lagrangian
multiplier method to solve the joint task of oading and
resource alocation problem in HetNets. In their study [184],
the authors explore the optimization of energy ef ciency in
NOMA HetNets with energy harvesting, where the subchan-
nel allocation and power alocation have been resolved by
modi ed Gale-Shapley matching algorithm and Lagrangian
dua method, respectively. Moghimi et al. [185] employed
alternative search method, Hungarian algorithm, and succes-
sive convex approximation to address the joint radio resource
allocation and cooperative caching optimization problem in
power-domain NOMA HetNets. To optimize the resource
allocation in terrestrial-satellite HetNets, Zhang et al. [186]
decouple the original highly non-convex problem into three
subproblems: user association, bandwidth assignment, and
power allocation. The authors propose a swapping-based
algorithm to solve the user association subproblem, derive
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a closed-form expression for the bandwidth assignment, and
use the Taylor expansion to approximate the power allocation
subproblem, which is then solved iteratively. In addition,
genetic algorithms have also been utilized in [56], [187] in
conjunction with optimization-based methods to address the
resource allocation problem in HetNets.

In [188], the authors investigate spectrum alocation and
user association in HetNets using both mmWave and sub-
6GHz frequency bands. They formulate cell load based
spectrum allocation as a non-cooperative game to balance
spectrum ef ciency and reuse, proving the existence of a Nash
equilibrium. For user association, they propose a distributed
algorithm leveraging non-cooperative game theory, with the
unique Nash equilibrium obtained through a fast converging
Best Response algorithm. In [189], the authors propose a
SDN-based HetNet to support ef cient resource allocation for
hybrid edge and cloud services. They establish an evolutionary
game based service selection approach under incomplete
information, and develop a Stackelberg differential game
mechanism to trade cloud computing resources between dif-
ferent cloud and edge computing service providers. Extensive
simulations validate the performance of the resource sharing
mechanism and demonstrate convergence and equilibrium
states. In [190], the authors utilize cooperative game theory
to allocate beams in a massive MIMO HetNet in an energy-
ef cient manner, showing superior performance compared
to existing approaches. The computation resource allocation
problem in D2D relay-aided HetNets is tackled in [48], where
the sel  shness of users, which was ignored in previous works,
is considered. To maximize utilities for both sellers and buyers,
a group-based two-stage auction for relay-aided computation
resource alocation (TARCO) is proposed in light of the
computation of oading problem. Additionally, two modi ed
algorithms based on TARCO are presented to achieve higher
utility or total social welfare. Simulationsillustrate the superior
performance of these algorithms. In [191], considering the
indispensable role of network dlicing in improving isolation
and exibility, the authors propose a new network slicing
architecture to tackle user association in ultra-dense HetNets.
They formulate the problem as a one-to-many matching
game and solve it through the UE-dlice association algorithm,
which enhances network performance as shown in numerical
simulations.

Al/ML is regarded as an important feature of 6G, and
has been widely used for solving various resource allocation
problems. With the emergence of heterogeneous techniques
in HetNets, radio utilization is expected to be improved by
full-duplex TDD, where the TDD con guration is intractable
for the high mobility HetNet. In light of this, the authors
in [192] propose a DRL based online a gorithm to dynamically
alocate the resources, in which the deep neural network
performs the complex information extraction and the dynamic
Q-vaue iteration based RL achieve adaptively con guration.
Different from the centralized resource allocation, the authors
in [193] propose a distributed deep reinforcement learning
based scheme for HetNets, where each BS alocates the
resource only based on local information. To circumvent
large state and action spaces resulting complicated network,
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Fig. 14. Interference scenarios in HetNet.

a multi-agent Dueling Deep-Q Network (DDQN) is adopted,
and the distributed and coordinated learning leads to a faster
convergence than other learning algorithms. The extensive
simulations also show the preferable performances of proposed
algorithm compared to others. To cope with the high com-
plexity from multi-RATs and serving multi-connectivity in
future HetNets, the authors in [194] exploit a single-agent
Deep-Q Network (DQN) algorithm and a multi-agent Deep
Deterministic Policy Gradient (DDPG) agorithm to establish
connections and allocate power, respectively. The single-agent
at cloud-based edge servers interacts with multi-agents at
RATSs iteratively to learn the policy. The simulations show
the superiority of this framework in terms of network utility
and adaptability to dynamic changes. The authors investigate
the dynamic user association and power control problem in
HetNets with a tightly constrained computation time [195],
where an unsupervised learning-based algorithm utilizing
recurrent neural network (RNN) is proposed to resolve the
problem. Comparing with the previous work [196], [197]
using fully-connected-neural network (FCN) to achieve a
reduced computation time, the proposed solution can adapt to
the varying number of users as well as retain this advantage.
Extensive simulations demonstrate a higher performance than
traditional optimization-based methods.

2) Interference Management: The signals received at user
or BS comprise desired signals, interference, and noise. Noise
istypically caused by external factors such as electromagnetic
interference, jitter, and distortion, which disrupt communi-
cation for al receivers. In contrast, interference refers to
a signa that is undesired for some particular receivers but
desired for others. In HetNets, interference can be categorized
as either crosstier or co-tier interference, as illustrated in
Fig. 14. Co-tier interference arises from the same network tier,
similar to interference in homogeneous networks, while cross-
tier interference occurs when different network tiers share
the same resources. As stated in [198], serious interference
can signi cantly degrade network performance. Interference
management in HetNets is even more complex and chal-
lenging than in homogeneous networks, given the trend of
denser deployment [199], more heterogeneous RATs [27], and
denser spectrum reuse [200], among others. In consideration
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of the aforementioned, we provide a summary of advanced
interference management techniques, alongside areview of the
state-of-the-art investigation on interference management.

Various interference management techniques have been
investigated in recent literature, including mitigation, can-
cellation, and coordination. The rst two techniques aim
to aleviate interference within a single cell. For example,
OFDMA employs orthogonal subcarriers in cells to mitigate
interference, and interference rejection combining (IRC) sup-
presses interference in receivers by exploiting the difference
between the desired and interference channels [201], and oth-
ers. In terms of the coordination schemes, such as ICIC [63],
enhanced ICIC (elCIC) [202], and CoMP are promising
techniques to mitigate interference. Readers can consult the
corresponding references for speci ¢ details regarding the
techniques mentioned above. In the following subsection, we
present a state-of-the-art survey on interference management
in HetNets.

The authors in [203] proposed the successive interference
cancellation and alignment (SICA) scheme to address the
challenges posed by the unidirectional strong interference
caused by in-building propagation loss and the diversity
of transmit power, which have received limited attention
in the literature for general K-user interference channels.
SICA is designed to exploit interference rather than just
aigning it, by transmitting the alignment streams and the
superposition streams simultaneously, thereby improving the
overall achievable rate and ensuring the overall degrees of
freedom (DOF). To maximize the weighted sum rate, the
joint transceiver designs for SICA are formulated and solved
alternately by solving a sequence of equivalent weighted mean
square error problems. In [204], a scheme is proposed that
combines interference avoidance and CoMP techniques in
terms of SINRs in machine-type HetNets. Speci cally, for
outdoor machine-type devices whose SINRs are lower than a
threshold, one of the techniques in the scheme is employed,
namely, SBSs transmit nothing to reduce interference or coop-
erative data signals to collaboration. To eliminate interference
between users in NOMA-enabled HetNets that share spec-
trum between users of OFDM and orthogonal time-frequency
divison (OTFS), the authors propose an iterative multiuser
detection algorithm based on successive interference can-
cellation (SIC) [205]. Speci cally, the receivers incorporate
two detectors. one for low-mobility users with OFDM and
one for high-mobility users with OTFS. They exchange their
output decisions and use them in the SIC process. Extensive
simulations and extrinsic information transfer chart analysis
demonstrate the superiority of the proposed agorithm in
terms of convergence rate and error performance. The authors
propose the optimal SIC ordering and power alocation (JSPA)
algorithm to maximize the sum-rate in NOMA networks [206].
The decoding order of users is dynamically updated during
power control. However, due to its forbidding complexity, the
authors adopt a suboptimal scheme with xed SIC ordering.
Speci cally, they investigate a lower-complexity near-optimal
strategy to jointly optimize rate and power. Furthermore, a
semi-centralized framework is proposed for larger-scale two-
tier HetNets to manage interference ef ciently. The adoption
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TABLE VIII

LITERATURE ON POWER ALLOCATION AND ENERGY EFFICIENCY OPTIMIZATION IN CF NETWORK

Year Ref. Scenario Main Discovery
No.

2015 [208] downlink Showed that the power optimization problem of non-convex nature transforms into a geometric
programming problem, which is solved by an iterative algorithm.

2019 [209] downlink Proposed sequential algorithm for GEE maximization to solve the non-convex problem of power
distribution for maximum global energy efficiency.

2019 [210] uplink Showed that SCA and heuristic suboptimal solutions transform the power allocation problem into a
standard geometric programming (GP) problem and iteratively solve the decoupled subproblems.

2020 [211] downlink Proposed the nonlinear power control of SDP-optimized downlink transmission.

2020 [212] uplink & downlink Showed the iterative process of solving ZF-based problems through the ICA framework and Dinkelbach
method so that only a simple convex program is solved for each iteration.

2020 [213] uplink Showed that the successive internal approximation (SIA) technique transforms the max-min quality of
service (QoS) power control problems into a series of convex optimization problems that can be solved
iteratively.

2020 [214] downlink Proposed the efficient power optimization algorithm based on the Lagrangian multiplier method to
improve the performance of the incoherent and coherent joint transmission.

2020 [215] downlink Showed that it solves the mixed integer second-order cone program to obtain the optimal global solution
of the non-convex problem.

2020 [216] uplink & downlink Showed that jointly optimized uplink and downlink power control coefficients minimize the total transmit
energy consumption while satisfying target SINRs.

2020 [217] downlink Proposed the deep neural network (DNN) to solve the non-deterministic polynomial (NP) problem of
promptly maximizing each user’s minimum capacity.

2021 [218] uplink Proposed the access point (AP) allocation algorithm to improve decentralized schemes’ spectrum and
energy efficiency.

2021 [219] uplink & downlink Proposed the alternating optimization algorithm to solve the problem of highly coupled non-convex
optimization.

2021 [220] uplink Proposed two GP-based successive approximation algorithms for maximizing total spectral efficiency and
maximizing total energy efficiency.

2021 [221] uplink & downlink Proposed the first-order algorithm to find the initial feasible point and approximate optimal solution of
the non-convex optimization problem with maximum energy efficiency.

2021 [222] uplink Showed the maximum-minimum fair power optimization algorithm by solving geometric programming
problems, ensuring that users receive consistent and good service in any geographical location.

2022 [223] downlink Showed that a new centralized framework is adopted to solve a series of simpler power distribution
subproblems by incorporating fractional programming, non-cooperative game theory, and gradient-assisted
binary search (GABS) algorithms.

2022 [224] uplink & downlink Proposed the iterative power control algorithm based on the framework of the accelerated projection
gradient (APG) method.

2022 [225] uplink Proposed two new energy delay sensing power control strategies to minimize energy delay costs online
by employing Bernoulli-Bandit learning (BBL) and Gauss-Bandit learning (GBL).

2022 [226] downlink Proposed the new block-QT technique to optimize the global energy efficiency (GEE) of the non-convex
network center and decompose the GEE optimization into more specific convex problems.

2022 [227] uplink & downlink Showed that maximizing GM-rate solves power allocation problems and perceived quality of service
(QoS) network energy efficiency problems.

2022 [228] downlink Proposed the suboptimal algorithm with high computational efficiency based on SCA to solve optimal
power control’s maximum and minimum problem.

2022 [229] downlink Proposed the maximum-minimum power control strategy based on the accelerated projection gradient
(APG) method.

of a multi-tier architecture with lower power BS and smaller
cells that share the same spectrum with multiple users leads
to severe interference in massive MIMO HetNets, resulting in
signi cant degradation of network performance. To this end,
the authors propose a feedback mechanism on an existing
algorithm and utilize evolutionary game theory to effectively
reduce interference [207].

D. Resource Allocation in CF Network

Transmission power allocation and global energy ef ciency
optimization in cell-free networks are essential ways to
optimize the system s performance. By adjusting the trans-
mission power of each AP, transmission power allocation
aims to maximize system capacity. To improve the system s
performance wholly, global energy ef ciency optimization
is to nd the best balance between the system s spectral
ef ciency and energy ef ciency. Tab. VIII summarizes the

literature for transmit power allocation and globa energy
ef ciency optimization. Through the joint modeling of energy
ef ciency and spectral ef ciency, the problem was the non-
convex power distribution problem by maximizing global
energy ef ciency.

For downlink of large-scale cell-free MIMO, the Sequential
Algorithm for GEE Maximization (SAGM) was applied
in [209] for cell-free and user-centric large-scde MIMO
scenarios at millimeter-wave frequency band. This agorithm
solved the non-convex power distribution problem by maxi-
mizing the global energy ef ciency of downlink. It proposed a
low complexity power distribution rule aiming at maximizing
global energy ef ciency. The analysis showed that this alo-
cation algorithm can effectively increase the system s energy
ef ciency and average rate per user.

Max-Min Fair agorithm (MMF) combined with LSFD
and power control can maximize the minimum SE among
UEs. Due to the highly coupled non-convex problem, [219]
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proposed an aternating optimization algorithm. It combined
the closed L SFD vector with binary-searching, and can ensure
the algorithm s convergence while nding the optimal global
solution.

Non-orthogonal multicast and unicast transmission resource
alocation for massive cell-free MIMO was a non-convex
optimization problem with complex constraints. For solving
the problem, authors in [221] proposed a rst-order agorithm
(FOA) to nd the initial feasible point and approximate
optimal solution. It was much less complex than general
second-order algorithms, and can obtain amost the same
performance.

Mixed integer second-order cone programming method
can solve non-cornvex optimization problems, but the com-
putational complexity is high for real-time implementation.
Therefore, [215] improved it and proposed two suboptimal
algorithms with lower complexity. The algorithm used the
inherent group sparsity and optimized transmit power solution
in the problem, respectively. The computational complexity
was much less than the branch delimitation method. The
power consumption was only about 20% higher than the global
optimal method, which can be applied into large cell-free
networks.

In the uplink of cell-free massive MIMO network, authors
in [210] decoupled the energy ef ciency maximization
problem into two sub-problems. One was the receiver Iter
coef cient design and other is power allocation. The receiver

Iter coef cient design was formulated as a generalized eigen-
value problem. The power allocation problem was transformed
into a standard geometric programming (GP) problem through
successive convex approximation (SCA) and heuristic sub-
optimal schemes. The numerical results showed that the
proposed algorithm can achieve aimost twice the total energy
ef ciency than that of equal power allocation method. In [228],
it modeled power alocation control as a max-min problem
and proposed a sub-optimal algorithm with high computational
ef ciency based on SCA.

In order to obtain higher spectrum ef ciency and energy
ef ciency in the in-band full-duplex (FD) CF mMIMO wire-
less network, two low-complexity transmission methods based
on ZF were proposed in [212]. The iterative process of
solving ZF-based problems was derived through the ICA
framework and Dinkelbach method. Then, a simple convex
programming problem can be solved within each iteration.
It was worth noting that the proposed ZF-based transmission
method consumed less time than a simple method with MRC.

In Rayleigh fading channel of the uplink transmission,
authors in [213] considered max-min QoS power control
problem in generalized cell-free massive MIMO systems. The
successive interna approximation was used to transform the
NP complex problems of related optimization problems into a
series of convex optimization problems, which can be solved
iteratively with low complexity.

In [226], a new block-quadratic transformation (block-QT)
scheme was proposed to optimize the global energy ef ciency
(GEE) of the center of a non-convex network. This scheme
combined block optimization and quadratic transformation
methods to decompose GEE optimization into simpler convex

1975

sub-problems. For non-convex optimization decomposition,
simulation results demonstrated that the Block-QT scheme was
better than the SCA method.

E. Lessons Learned

From the review of resource virtualization and allocation in
various RANs, we can learn the following lessons so as to
provide guidance to the development and design of a different
RAN for 6G:

- It is suggested that resources should not be tightly
bound with BSs or cells, mobile operators, and spe-
ci ¢ usage (i.e., uplink or downlink). In other words,
spectrum can be utilized in an ultra exible manner. In
this way, more resources can be aggregated for serving
the users, even if the total resources do not increase.
Then, resource alocation can potentially become more
powerful, because more available resources lead to larger
solution space for resource alocation. It is also helpful
to aggregate resources from a larger network consisting
of more heterogeneous BSs and resources. Furthermore,
by exploiting virtualization techniques, it is equivalent to
have more resources to be utilized, owing to statistical
multiplexing gain.

- It is further suggested that a rea-time RAN intelligent
controller (RIC) should be deployed at the edge for realiz-
ing ef cient and adaptable resource scheduling. Under the
large-scale and heterogeneous network scenario, resource
scheduling will also become more complicated to imple-
ment in practice, while the performance improvement
gained from resource scheduling can only be achieved
when it is feasible. Also, resource alocation has dif-
ferent problem formulations in different networks and
under different conditions, and it is very hard to nd
the universal solution for resource scheduling problems
with traditional optimization methods. Thus, Al-based
resource scheduling should be further investigated and
deployed at the real-time RIC, with enhanced user inten-
tion sensing, control, and computing resources support.

VI. FD-RAN: ENABLED TECHNOLOGIES
AND FUTURE DIRECTIONS

This section  rst presents several studies [74], [230], [231]
enabled by the FD-RAN architecture, demonstrating the
advantages of FD-RAN. Due to page limit, we only brie y
introduce the background, proposed method, simulation envi-
ronment and results of each study. More information can
be found in the origina published papers. Then, the future
directions of FD-RAN are discussed, including the potential
applications of FD-RAN for both general scenarios and emerg-
ing services of 6G, as well as the open issues and potential
research directions.

A. Cooperative Uplink Reception

The uplink network consists of densely deployed UL-BSs
and is facilitated by the edge cloud, which serves as the
coordinator for all UL-BSs and users. Users are served by

Authorized licensed use limited to: University of Waterloo. Downloaded on September 17,2024 at 15:24:33 UTC from |IEEE Xplore. Restrictions apply.



1976

——Massive MIMO
Small Cell
=== SEMVS-FD
0.8
0.6 i
SE |mprovement 0.3
w ~
S b
0.2
0.4r 2
0.1 /
L )
02 Lo / _.-=7705 1 15 2 25
\2‘_ -
O = L ’ L L L L
0 2 4 6 8 10 12

Spectral Efficiency [bit/s/Hz]

Fig. 15. The CDF of users spectral ef ciency for different networks.

multiple cooperative UL-BSs to enhance the signal recep-
tion performance. The network must determine the optimal
scheduling of UL-BSs for each user, considering factors such
as fronthaul capacity constraints and user fairness.

In [74], the proposed resilient cooperative reception frame-
work adopts a two-tier signal combination approach to
address large-scale fading, which consists of localized sig-
nal combination at the base stations and centralized signal
combination at the edge cloud. Data signals from users are
transmitted to cooperative virtual service clusters (VSCs) of
UL-BSs, where the received signals from multiple antennas
are combined and forwarded to the edge cloud for further
processing. The channel statistical information is collected and
periodically transmitted to the edge cloud, providing global
channel information for centralized signal combination by the
edge cloud. Additionally, transmit power control is utilized
to reduce interference between users and improve network
spectral ef ciency, as well as to reduce the overall power
consumption of UEs compared to transmitting at maximum
power.

In the simulation, the following scenario is considered: one
control BS, M = 64 UL-BSs with antennas N = 4, and
K = 30 users distributed in a 1000m x 1000m square area.
All the UL-BSs and users are independently and uniformly
distributed in the area of interest. The distance-based wrap-
around simulation strategy is adopted, and the performance of
the network with 30 active userskm? and 256 antennas/km?
can be acquired. In the area, al UL-BSs receive both sig-
nal and interference from all directions simultaneously. The
massive MIMO based cellular network is also evaluated for
comparison, keeping the same number of antennas with M¢ =
4 BSs and N = 64 antennas in the same area. The small
cell scenario is aso considered, in which Mg = 64 smal
cells, each with Ng = 4 antennas, are uniformly distributed
in the same area. The channel follows spatially correlated
Rayleigh fading at 2GHz carrier frequency, where the large-
scale fading is based on the 3GPP Standards [232] and the
spatial correlation matrices is generated employing [233]. The
transmit power is up to 200mW with a bandwidth 20MHz,
and the noise power spectrum density is  174dBm/Hz with a
noise gure 7dB.

As shown in Fig. 15, the SE performance of the FD-
RAN system with the spectrum-ef ciency maximized virtual
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Fig. 16. Energy ef ciency of users for different networks.

service cluster selection (SEMVS) algorithm is generaly
superior to that of the massive MIMO cellular network and
the small cell network, particularly for users experiencing
poor channel conditions. This improvement is primarily due
to the cooperative reception provided by multiple UL-BSs
in FD-RAN. Additionally, the distance between users and
base stations is smaller in FD-RAN compared to the massive
MIMO cellular network, leading to a stronger received signal
strength at UL-BSs. Fig. 16 further illustrates the comparison
of EE between the different networks. As a result of the
aforementioned factors, the FD-RAN uplink demonstrates
superior EE.

B. Cooperative Downlink Transmission

In FD-RAN, downlink transmission is fully separated from
uplink transmission, enabling exible deployment of DL-BSs
based on UEs traf ¢ distribution and downlink coverage
needs. Additionally, a UE can be served by multiple DL-BSs
through cooperation. Speci cally, coordinated beamforming is
employed, where multiple BSs act as one virtual BS and a
UE can choose a subset of the total antennas in this virtual
BS. Data is transmitted to the UE by these antennas and BSs
simultaneously. However, acquiring CSl is a major challenge
for downlink coordinated beamforming in FD-RAN, as it
cannot be directly fed back to the DL-BS. Also, channel
reciprocity cannot be utilized as there is no duplex channel
for data transmission in FD-RAN.

In FD-RAN, the radio antennas for both uplink and
downlink are physicaly distinct. Hence, a general channel
estimation and feedback process is necessary for downlink
association, link adaptation, beamforming, and other opera
tions [230]. The downlink problem involves the association of
multiple BSs and UEs and the dynamic allocation of resources,
with the aim of maximizing the weighted sum rate. Fig. 17
illustrates the coordinated beamforming approach with two-
stage channel estimation error, as described in [234]. The
channel estimation error between downlink pilot transmission
and uplink feedback is modeled as a mixed-integer non-convex
programming problem, which can then be decomposed into
multi-connectivity and beamforming subproblems.

The simulation focuses on a 7-hexagon urban micro cells,
each having a radius of 200m. Each cell consists of three
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Fig. 17. The system model of downlink coordinated beamforming.

sectors (i.e., three BSs), and is equipped with a linear antenna
array with N = 10 antennas. There are three UEs generated
independently in each cell. A circular exclusion region with
radius of 20m is considered. The maximum DL transmit power
is set as 43 dBm. The thermal noise gure of each UE is set
to 114 dBm. The communication bandwidth is set to unit 1.
The maximum number of BSs that a UE can connected to is
restricted to 3. The importance weights | for the proportional
fairness is set as 1 for each UE. In addition, the DL channel
is generated according to standard 3GPP 36.873 urban micro
(UMI) channel using the QuaDRiGa simulation environment.
The performance of following algorithms are compared:

- MRT: MRT beamforming is a traditiona linear beam-
forming method with low complexity. Here, the
single-connectivity MRT (i.e., each UE access to only
one BS) is used as a baseline algorithm.

- MRT Multiple: This algorithm considers the MRT beam-
forming in terms of the multi-connectivity. Besides, this
multi-connectivity is simply depending on the DL RSRP.

- MRT Multiplet UBSA: This algorithm adds the UE-BS
swap-matching algorithm (UBSA) on the basis of multi-
connectivity compared to MRT Multiple algorithm.

- MBMCB+UBSA: This agorithm includes multi-BS
multi-UE coordinated beamforming (MBMCB) and
UBSA algorithm.

Fig. 18 presents the comparison of the sum capacity
obtained by different algorithms under both perfect and non-
perfect CSlI conditions. The MBMCB+ UBSA method shows
an average SE improvement of 16.0% under the perfect
channel condition and a 34.9% improvement under the non-
perfect channel condition. It can be seen that MBMCB+ UBSA
gtill offers an average SE improvement of nearly 11.4% under
the non-perfect CSI condition compared to its performance
under perfect CSl.

The CDFs of the non-perfect CSl conditions for different
algorithms are shown in Fig. 19. The results demonstrate
that simple multi-connectivity without association scheduling
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or power optimization does not result in any SE gain. In
comparison, the MRT+ UBSA method only provides a slight
SE improvement, whereas the MAMCB+ UBSA method sig-
ni cantly increases the average SE. This result highlights the
effectiveness of the proposed MAMCB beamforming method.

C. Flexible Resource Allocation

The rationale behind this study isto demonstrate the exible
spectrum utilization pattern of FD-RAN, which is different
from TDD and FDD in traditional RANs. In FD-RAN, the
whole spectrum can be used for either uplink or downlink,
depending on the traf ¢ demands. This is owning to the
physical separation of uplink and downlink networks. As a
result, the spectrum utilization ef ciency in practical scenarios
can be improved.

In FDD, dedicated frequency bands are allocated for uplink
and downlink transmission. However, the method of spectrum
usage in FDD is not exible or ef cient enough to accom-
modate the changing user traf ¢ requirements. Additionally,
FDD requires frequency bands to be assigned in pairs, with
the same bandwidth for both uplink and downlink, resulting
in arigid and less ef cient use of spectrum resources that
can lead to underutilization of uplink and downlink capacities
and impose limitations on frequency band planning. Although
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TDD avoids the issues faced by FDD, it still lacks exibility
in practical deployments and cannot adapt to varying traf ¢
demands.

The proposed exible spectrum allocation method for FD-
RAN aimsto enhance the utilization ef ciency of the available
spectrum [231]. Unlike the traditional FDD and TDD modes,
which are designed for single cells, FD-RAN is similar to
C-RAN and operates with centralized control over a larger
region. The new method allows the entire available spectrum
to be used for both uplink and downlink transmission and
adapts the allocation of frequency bands to respond to changes
in user service requirements, providing improved ef ciency in
spectrum utilization.

Overdll, the dynamic spectrum allocation method in FD-
RAN operates as follows. The centralized controller located
at the edge cloud collects the uplink and downlink service
requirements of all users in the local area. Based on these
requirements, the controller dynamically divides the available
spectrum between uplink and downlink transmission. To do
S0, it selects appropriate subchannels and uplink and downlink
base stations for each user, taking into account factors such as
the fronthaul capacity of the base stations, user QoS, and the
system s overall capacity.

The simulation considers a dense urban area consisting
of 7 hexagonal virtual cells, where each virtua cell has a
radius of 100 m and contains 1 DBS in the center and 5
UBSs that are uniformly distributed. In the FD-RAN, each
BS has 3 sectors facing different directions and there are
105 UBS sectors and 21 DBS sectors in total, where each
UBS sector has 2 receiving antennas and each DBS sector
has 10 transmitting antennas. Each sector can be regarded as
an independent BS for uplink and downlink transmissions.
QuaDRiGa is used to generate the transmission channel based
on the 3GPP Standards. The network has a total bandwidth
of 120 MHz and 12 subchannels, each having a bandwidth
of 10 MHz. The performance of three resource allocation
methods is compared and evaluated through simulation results
presented in Fig. 20 and Fig. 21. The evaluated methods are
the FD-RAN with spectrum division (SD) and power control
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(PC), the FD-RAN without SD, and the traditional cellular
RAN.

In Fig. 20, the performance of three different resource
allocation methods is evaluated and compared under varying
user loads. The number of uplink users is varied from 10 to
130, while the number of downlink users is kept constant at
50. Here, a saturated traf ¢ model is assumed such that each
user always has data to transmit if allocated resources. The
results show that the FD-RAN with xed SD outperforms the
traditional cellular RAN, with a weighted sum rate that is on
average 1.45 times higher. Additionaly, the FD-RAN with
dynamic SD and PC further improves the performance, with
a weighted sum rate that is on average 30% higher than that
of the FD-RAN with xed SD. These results demonstrate the
superiority of the FD-RAN architecture and the effectiveness
of the proposed resource allocation agorithm.

In Fig. 21, the number of uplink and downlink users are
both 50. It is observed that the weighted sum rate per subchan-
nel in the FD-RAN schemes surpasses that of the traditional
cellular RAN. Additionally, a comparison between the FD-
RAN without SD scheme (with subchannels 1-6 allocated to
downlink and subchannels 7-12 allocated to uplink) and the
FD-RAN with dynamic SD and PC scheme (with subchannels
1-2 alocated to downlink and subchannels 3-12 allocated to
uplink) demonstrates the superior spectrum utilization and
increased system capacity achieved by the latter.

D. Lessons Learned

From the review of above studies, we learn lessons on how
FD-RAN enables these PHY and MAC technologies with its
two key features.

- Multi-BS cooperation is enabled by the physical sep-
aration of control and data BSs. In both uplink and
downlink, the UE is actualy served by a dynamic
virtual cooperation set of BSs. In order to support multi-
connectivity for UEs as a default mode, control plane
needsto besimpli ed, so that the association between UE
and multiple UL-BSs/DL-BSs can be exibly changed.
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Fig. 22. Integrating FD-RAN with emerging services.

In FD-RAN, since the C-BS takes over all the control
plane communications with UEs, the data BSs and UEs
do not have to setup and maintain RRC connections to
transmit data, reducing the overheads greatly.

- Flexible spectrum utilization is enabled by the physical
separation of uplink and downlink networks. In the
current 5G network, spectrum utilization for uplink and
downlink is static. The rationale behind is simple, because
in traditional RAN architectures, uplink and downlink
are tightly coupled to serve the users demands together.
However, in FD-RAN, the uplink and downlink networks
become independent, thus they do not need to consider
each other and can only focus on providing the uplink
or downlink services with the available spectrum, which
can be exibly adjusted according to the actual traf c
demands.

E. Applications of FD-RAN for 6G Emerging Services

The application scenarios of FD-RAN can be both gen-
eral and speci ¢. FD-RAN can serve as the supplement of
existing 5G networks, owing to the decoupling of uplink
and downlink BSs. For example, independent DL-BSs can be
deployed where downlink traf ¢ demands are high. In non-
public network or vertical scenarios, deploying FD-RAN in
standalone mode is also more advantageous than deploying
traditiona RAN, since the UL-BSs and DL-BSs can be
deployed more exibly based on the traf ¢ demands.

FD-RAN can aso be applied for several emerging services
of 6G. Speci cally, it can be combined with integrated sens-
ing and communications (ISAC), space-air-ground integrated
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network (SAGIN), and Al generated contents (AIGC), respec-
tively, asillustrated by Fig. 22. Although FD-RAN is designed
separately, when integrated with these services, we nd it can
show superiority in some aspects.

1) FD-RAN and ISAC: Dueto lack of frequency resources,
5G is moving to higher frequency bands located at tens of
GHz, eg., 28 GHz and 60 GHz. Such mmWave bands have
also been used for traditional radar sensing. Since the sensing,
especially localization capability is regarded as a signi cant
service of 6G, how to integrate sensing and communication
in the same system has become a magjor research direction for
6G [235]. The ISAC system can utilize signals for both data
transmission and sensing, thereby saving the precious spec-
trum resources. Thus, the waveform design for transmitting
such ISAC signals becomes critical [236].

According to [237], ISAC can be classi ed into device-
based and device-free. The former is an active sensing process
that incorporates signal transmission and/or reception of the
sensing targets, while the latter is a passive sensing process
that requires no additional capabilities from the sensing targets.
We focus on the device-based ISAC, which can be further
class ed based on whether the sensing/localization is cooper-
ative or not. Cooperative localization is more powerful since
more information can be provided. However, it is aso more
challenging since the sensing signals from different sources
need to be combined. The network itself also needs to support
the cooperative transmission, such as relay and device-to-
device communications mentioned in [237].

It is straightforward for FD-RAN to perform cooperative
localization, due to its uplink-downlink decoupled architecture.
Speci cally, in cooperative sensing, the sensing signals can be

Authorized licensed use limited to: University of Waterloo. Downloaded on September 17,2024 at 15:24:33 UTC from |IEEE Xplore. Restrictions apply.



1980

transmitted from the DL-BS to the UE, and are then received
by the UL-BSs, asillustrated in Fig. 22. Thus, thereis no need
to consider the physical separation of signal transmission and
reception, since it is already realized in FD-RAN. The signal
combination and processing can be done at the edge cloud,
and the location information of UE can be delivered to the C-
BS. Furthermore, C-BS can utilize UE s location to perform
location-based feedback-free transmission directly. Since the
location feedback process is saved, the performance of FD-
RAN can aso be improved. To conclude, combining ISAC
and FD-RAN is bene cial to each other and is therefore a very
promising solution.

2) FD-RAN and SAGIN: The satellite and aerial-based
communications are indispensable for providing ubiquitous
connectivity, which is an important objective for 6G. In
SAGIN, different layers of networks are integrated, including
the GEO, MEO, and LEO satellites as well as high-atitude
platforms (HAPs) [238]. 3GPP has also de ned the architec-
tures of non-terrestrial networks (NTNs) [239], in which the
air interface of an NG-RAN is replaced by the NTN gateway
and satellite. Thus, the NTNs are totaly transparent to the
mobile users.

Speci cally, we consider the ultra-dense LEO satellite-
terrestrial integrated 6G [240]. LEO satellites can have much
lower latency and higher throughput than GEO/MEO satellites,
and can provide more coverage and reliability than HAPs.
These advantages make the ultra-dense LEO satellite network
(e.g., Starlink) a competitive substitute for the terrestrial
mobile networks. Besides, in the future cloud-based Internet,
most services are deployed in the cloud data centers. Then, the
NTN gateways can be directly connected with the cloud, such
that maobile users are only one-hop away from the services.

However, since the transmit power of mobile devicesis low,
the uplink of traditional satellite-based NTN is not ef cient
and may cause high energy consumption of UEs. To this
end, a natural choice is to physically decouple the uplink and
downlink, which requires a new fully-decoupled architecture,
namely FD-RAN. The downlink transmission can still be
carried out by the LEO satellites, and the location-based
feedback-free transmission mechanism used in FD-RAN can
be utilized. On the other hand, the UL-BSs in FD-RAN can
be used for receiving uplink signals from UEs. Cooperative
transmission techniques can also be adopted for both uplink
and downlink. Therefore, under the FD-RAN architecture, the
advantages of ultra-dense LEO satellite networks can be fully
exploited, while the disadvantages can be avoided, making the
FD-RAN a promising architecture for the future 6G SAGIN.

3) FD-RAN and mobile AIGC: AIGC refersto the contents
that are generated by Al models instead of human users, such
as the large language models (e.g., GPT-4 [241]) used for
generating texts, and the diffusion models used for generating
images (e.g., Stable Diffusion [242]). Since AIGC can greatly
improve the producing ef ciency, it is regarded as the most
important service for the future Internet. Therefore, it is aso
necessary to consider how to provide AIGC services in the
mobile network.

According to a recent survey on the mobile AIGC
network [17], integrating AIGC services and mobile networks
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has several advantages. On the one hand, the models can be
deployed at the edge cloud, such that users can access the
services with lower latency. On the other hand, personalized
services can be provided through ne-tuning models based on
users own data and requirement. For the purpose of privacy,
the netuned models can be deployed on the local edge
servers.

FD-RAN can further enhance the mobile AIGC network
in several aspects. In FD-RAN, Cybertwin serves as each
user s personal data keeper at the edge cloud. Thus, the
personalized model can be ne-tuned through the private data
kept by Cybertwin, and there is no risk of leaking the data
to third-party. Furthermore, at the RAN side, FD-RAN pro-
vides personalized transmission service through user-centric
resource alocation. Although AIGC services are resource-
consuming, stronger service quality guarantee can be achieved
with FD-RAN. Moreover, as shown in the lifecycle of AIGC
services in [17], pre-training the large model requires huge
amount of data, which need to be collected through the mobile
network in more and more situations, such as industrial 10T.
With the help of uplink and downlink decoupling in FD-RAN,
the huge traf ¢ of data collection can be satis ed through
deploying more UL-BSs, and the infrastructure and energy
costs can be greatly reduced.

F. Open Issues

In this subsection, we discuss some open issues in FD-RAN
and point out some future directions.

1) Delayed/No Feedback: Owing to the decoupling
paradigm of FD-RAN, the feedback mechanism in traditional
RAN is weakened. Although the C-BS can be utilized
for feedback, additional delay will be incurred, leading
to inaccuracy or untimeliness of feedback information.
Speci caly, in FD-RAN, delayed feedback will have negative
impacts on CSI and HARQ. Potential research directions
on these two aspects will be discussed in the following,
respectively.

In state-of-the-art MIMO techniques such as spatial
multiplexing, channel information is required for precoding.
In TDD systems, CSI can be easily acquired through sending
pilots for channel estimation and utilizing channel reciprocal.
In FDD systems, CSl is usualy feedback in a compact
or quantized format so as to reduce overheads. For either
systems, timeliness is important since channel state varies
fast. However, this means more resource consumption. In
FD-RAN, since there is no direct feedback, the problem
becomes even worse. To this end, a novel method, namely no-
feedback MIMO transmission is proposed [243]. The channel
information is solely acquired from UE s geolocation, with the
help of Al and historical channel data, which are highly corre-
lated with location. Although no-feedback MIMO transmission
will lose some performance due to lack of reatime CSl, it
can save the resource consumption of pilots and feedback
overheads, and is less sensitive to feedback delay.

HARQ plays an important role in error control at the MAC
layer. To deal with the latency in HARQ process, two possible
approaches can be considered. On the one hand, HARQ in
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non-terrestrial networks has been studied [244]. 3GPP Release
17 dso develops solutions for HARQ with large feedback
latency. These solutions can be exploited by FD-RAN, with
the C-BS used for HARQ feedback. On the other hand, the
HARQ mechanism can aso be deactivated. Instead, error
control can be achieved at higher layer, e.g., transport layer.
To reduce packet retransmission delay, the transport layer can
be implemented inside the RAN, namely stacked onto the end
to end connection between UE and the user plane function at
core network. Furthermore, QUIC protocol can be adopted for
better transport layer performance.

2) Massive Low-latency Control Sgnalling: In FD-RAN,
the control signaling happens between UEs and the C-BS. The
C-BS, which uses low-frequency bands for a wide coverage
area, may face a large number of UEs accessing it, each
requiring frequent transmission and receipt of control signals.
Furthermore, these control signals must meet stringent require-
ments, such as sub-1ms latency and 99.9999% reliability. The
traf c pattern of control messages must also be taken into
account, including the mix of small, periodic control packets
and signaling bursts, as well as different priorities of different
control messages. In conclusion, the C-BS must satisfy both
the URLLC and the massive machine type communication
(mMTC) [245] requirements in 5G, which is a challenging
task. Thus, it is imperative to employ appropriate multiple
access schemes to achieve this goal.

To meet the requirements of both URLLC and mMTC in
5G, the 3GPP has proposed the grant-free random access
(GFRA) mechanism [246] since Release 15. GFRA replaces
the traditional four-step grant-based request-triggered trans-
mission with a more ef cient two-step procedure, in which
the UE can transmit small packets along with necessary
control information [247], resulting in reduced uplink trans-
mission latency. Reliability is improved by implementing
advanced hybrid automatic repeat request techniques. GFRA
can either pre-allocate frequency resources or use contention
for frequency sharing, with the former being suitable for peri-
odic transmission and the latter for sporadic packets. However,
when the number of accessed UEs increases, contention-
based access may experience con icts and reserved frequency
resources may not be suf cient, leading to reduced quality of
service. In such cases, other access control mechanisms such
as access class barring and back-off may be implemented,
especially considering the different priorities of the packets.

For downlink support in FD-RAN to address the require-
ments of mMMTC and URLLC, a multiple access mechanism
that can accommodate the simultaneous transmissions from a
large number of UEs is required. This demands the dicing of
wireless resources on additional dimensions, such as space,
power, and code. In this context, NOMA [248], [249] can
prove to be a promising solution. In NOMA, non-orthogonal
utilization of resources can be achieved in the power or code
domain, enabling multiple users to be served by the same
time-frequency resource block. For instance, in power domain
NOMA, signals from different users are superposed on the
same resource block and differentiated through different power
levels. The receiver then performs SIC to decode the signals.
Additionally, NOMA can be integrated with other technologies
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like MIMO to make better use of the spatial domain and sup-
port massive connectivity. 3GPP has also considered NOMA
as a potential solution within the framework of multiuser
superposition transmission (MUST) [250].

3) Cybertwin-Assisted Personalized Service Provision: In
6G, the focus should be not only on improving system-level
performance metrics such as network throughput, but also on
better serving its users. To accomplish this, there must be a
way to understand and characterize a user s service expec-
tations. However, traditiona QoE metrics do not consider
the subjective opinions of individual users. There also needs
to be a communication channel established between users
and the network, alowing the network to be aware of each
user s personalized requirements. Lastly, the network should
implement a resource allocation scheme that takes into account
each user s personalized requirements and their respective
priorities, as the total network resources are limited.

In FD-RAN, Cybertwin [70] serves as the user s agent,
acting as the user s point of entry to the Internet. It is
responsible for communicating the user s requirements to the
network. Prior to using the network, the user should con gure
Cybertwin with his or her desired performance metrics for
each service, such as data rate and latency, along with a
value associated with the service. This allows the network
to compare and prioritize the relative importance of different
services for different users. Dynamic pricing [251], [252] of
network resources is also used to re ect the real-time balance
between demand and supply. When the price of resources
is high, the network must prioritize services with higher
values and the corresponding users must pay a higher price.
The network operator may sign SLAs with different prices
for each user or a novel utility function considering both
transmission performance and user value can be utilized to
allocate resources.

4) Energy Consumption of UEsand BSs: It isimperative to
reduce the energy consumption of both UEs and BSs for 6G.
Due to the decoupling paradigm, FD-RAN has the potential
to optimize the energy usage. From the UE s point of view,
its transmit power needs to be reduced. In FD-RAN, since the
UL-BSs and DL-BSs are physically decoupled, the UE can be
associated with the nearby UL-BSs so as to reduce the uplink
transmission distance. Furthermore, uplink receive diversity,
signal combining and resource cooperation techniques can
be adopted in FD-RAN. In both ways, the UE can use less
power to transmit data. For the control plane, energy-ef cient
communication protocols can be developed so as to minimize
signaling overhead.

To reduce the power consumption of BSs, one of the most
ef cient ways is BS degping. Thus, we should consider from
the network s perspective: when the total traf ¢ demands are
low, some of the BSs can be deactivated. In FD-RAN, this
can be achieved with C-BS performing central control. With
C-BS, UEs can at least be connected by the control channel,
such that coverage holes can be avoided. Also, the solution
space for optimizing total energy consumption becomes much
larger, since the UL-BSs and DL-BSs are separated. Then, it
is worth studying an ef cient strategy to balance the energy
costs and users QoS.
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VII. CONCLUSION

In this survey, we have presented an evolutionary perspec-
tive on the 6G RAN architectures. At such a time when many
6G initiatives are being launched or are about to be launched,
the meaning of this survey is signi cant as previous genera-
tions of cellular networks have adopted nearly the same RAN
architecture, limiting the potential for further performance
improvement. We have investigated the existing paradigms and
formulated the design objectives for the next generation RAN
architecture. We have also presented FD-RAN as a promising
RAN design that not only incorporates the advantages of
existing RANSs but also fully decouples the RAN. We have
presented surveys on the promising technologies that can be
enabled by transforming the underlying RAN architectures, so
as to boost the performance of 6G. Case studies on the key
technologies in FD-RAN are also provided to demonstrate its
core mechanisms. Future directions, especially the integration
of FD-RAN and emerging services of 6G are further discussed.
We hope that this survey will encourage renovation of 6G
RAN architecture, thereby facilitating the implementation of
state-of-the-art technologies.
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