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Abstract

The world is witnessing the rapid development of commercial fifth-generation (5G) networks that enable diverse applications
and services with enhanced mobile broadband, ultra-reliability, low latency, and massive connectivity performance. Technical
specifications and requirements for 5G networks have been officially standardized by the Third Generation Partnership Project
(3GPP) organization since Release (Rel) 15. Subsequently, several advanced technologies have been involved in the standards
through recent updates. This paper investigated the evolution of 5G access networks derived from stable 3GPP standards to obtain
a systematic view of the technology. In particular, Rel 15 initiated the first complete 5G network along with the standalone New
Radio (NR) architecture. While Rel 16 focused on improving system performance, expanding user cases, and exploiting new
spectrum resources, Rel 17 targeted the cellular Internet of Things, multimedia services, and intelligent computing capabilities. In
addition, expected features in Rel 18 and Rel 19 are studied and considered for future research for 5G and beyond. This paper aims
to provide interested readers with a reference framework on the standard 5G access technology development and trends.
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1. Introduction

Fifth-generation (5G) mobile technology has successfully
proved its valuable contribution to societal development. This
technology expands the capacities of existing services with ex-
tremely high performance while enabling new classes of ap-
plications based on three major use cases: enhanced mobile
broadband (eMBB), ultra-reliable and low-latency communi-
cations (URLLC), and massive machine-type communications
(mMTC). Indeed, the regular mobility report [1] published by
Ericsson in November 2023 revealed that more than 280 service
providers have commercially launched 5G services globally. As
a result, global 5G mobile subscriptions are projected to reach
1.6 billion by the end of 2023. That number is forecasted to sur-
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pass 5.3 billion in 2029. Myriad 5G applications, such as mo-
bile Internet broadband, real-time virtual reality, high-precision
smart factories, heterogeneous smart cities and transportation,
and aerial services, are offered.

The International Telecommunication Union Radiocommu-
nication (ITU-R) sector has developed and managed key per-
formance indicators (KPIs) and technical specifications for 5G
recognition globally to achieve such rapid development. De-
tailed requirements for key metrics, such as the peak data rate,
latency, mobility, connectivity, and spectral efficiency, are de-
scribed in the latest standard recommendation ITU-R M.2150-
1 [2]. Accordingly, the Third Generation Partnership Project
(3GPP) organization has integrated appropriate technologies to
enable 5G networks, devices, and services to satisfy the ITU-R
requirements in their release standards, starting from Release
(Rel) 15 [3].

In late 2018, 3GPP Rel 15 was completed, defining the first
stage of 5G (i.e., 5G basic). In addition, Rel 15 completed
4G with the most advanced technology, Long-Term Evolution-
Advanced (LTE-A) Pro, to ensure a smooth transition between
two contiguous generations. The standard started 5G by intro-
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Figure 1: The 3GPP standard milestone for 5G development.
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Figure 2: The 3GPP organization structure and its collaboration with partners.

ducing the novel New Radio (NR) architecture, which is ready
for implementation in non-standalone networks. This approach
enabled 5G infrastructure to be fully compatible with the exist-
ing infrastructure in previous generations. Subsequently, 3GPP
Rel 16 (in 2020) [4] and Rel 17 (in 2022) [5] specified the re-
quirements and technologies for the next 5G stage (a.k.a. the
5G evolution). In this stage, a fully 5G network was introduced
using the NR architecture at the access and a 5G standalone
network at the core. The prime case studies and their enablers
were standardized for 5G service popularity.

In addition, Rel 18 started to improve the system and service
performance using artificial intelligence (AI). The last stage of
5G, 5G Advanced, was planned to be developed from Rel 18 to
Rel 21 for the maturation of network intelligence. At Rel 21,
there will be a transition from 5G Advanced to the first stage
of 6G. Fig. 1 illustrates the complete 3GPP standard milestone
planned for 5G development up to 2028.

The 3GPP organizes a management consortium of seven pri-
mary members (i.e., local organizational partners from the Eu-
ropean Union, Japan, Korea, China, North America, and In-
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Table 1: Key abbreviations.

Abbre. Description
3GPP 3rd Generation Partnership Project orga-

nization
5G Fifth-generation
5GC Fifth-generation core
ACK Acknowledgment
AI Artificial intelligence
ADC Analog-to-digital
AoA Angle of arrival
AoD Angle of departure
BS Base station
BWP Bandwidth part
CA Carrier aggregation
CC Component carrier
CDMA Code division multiple access
CP Control plane
CQI Channel quality indicator
CSI Channel state information
CT Core network and terminals
CU Central unit
DCI Downlink control information
DL Downlink
DM-RS Demodulation Reference Signal
DRX Discontinuous reception
DSS Dynamic spectrum sharing
DU Distributed unit
EAS Edge application server
ECS Edge configuration server
EEC Edge enabler client
EES Edge enabler server
EH Energy harvesting
eMBB Enhanced mobile broadband
eMTC Enhanced machine-type communication
eNB Evolved node B
EPC Evolved packet core
FAB Fixed access backhaul
FBE Frame-based equipment
FDD Frequency division duplex
FDMA Frequency division multiple access
FR Frequency range
GEO Geosynchronous Earth orbit
gNB Next-generation node B
GNSS Global navigation satellite system
HAP High altitude platform
HARQ Hybrid automatic repeat request
IAB Integrated access and backhaul
IDMA Interleave-division multiple access
IGMA Interleave-grid multiple access
IoT Internet-of-Things
ISaC Integrated sensing and communication
ITU-R International Telecommunication Union

Abbre. Description
KPI Key performance indicator
LBE Load-based equipment
LBT Listen-before-talk
LCRS Low code rate spreading
LEO Low Earth orbit
LMF Location management function
LSSA Low code rate and signature-based shared

access
LTE Long-term evolution
LTE-A Long-term evolution-advanced
MAC Medium access control
MBS Multicast-broadcast service
MEO Medium Earth Orbit
mMTC Massive machine-type communication
mmWave Millimeter wave
MT Mobile termination
MIMO Multiple-input multiple-output
ML Machine learning
NOMA Non-orthogonal multiple access
MUD Multiuser detection
MUSA Multiuser sharing access
MUST Multi-user superposition transmission
NACK Negative acknowledgment
NB-IoT Narrow-band Internet of Things
NCMA Non-orthogonal coded multiple access
NOCA Non-orthogonal coded access
NG New generation
NR New radio
NR-U New radio for unlicensed spectrum
NTN Non-terrestrial network
OFDM Orthogonal frequency division multiplex-

ing
OFDMA Orthogonal frequency division multiple ac-

cess
OMA Orthogonal multiple access
O-RAN Open radio access network
OTA Over-the-air
PCell Primary cell
PCG Project coordination group
PDCCH Physical downlink control channel
PDCP Packet data convergence protocol
PD-NOMA Power-domain non-orthogonal multiple

access
PDSCH Physical downlink shared channel
PDU Protocol data unit
PHY Physical layer
PMI Precoding matrix indicator
PRACH Physical random-access channel
PRS Positioning reference signal
PUCCH Physical uplink control channel

Abbre. Description
PSM Power saving mode
PSSCH Physical sidelink shared channel
PTM Point-to-multipoint
PTP Point-to-point
PUSCH Physical uplink shared channel
QoS Quality-of-service
RACH Random-access channel
RAN Radio access network
RDMA Repetition-division multiple access
RedCap Reduced capability new radio devices
Rel Release
RF Radio frequency
RI Rank indicator
RLC Radio link control
RRC Radio resource control
RRM radio resource management
RTT Round trip time
RS Reference signal
RSMA Resource-spread multiple access
RSRP Reference signal received power
SCell Secondary cell
SCI Sidelink control information
SCMA Sparse-coded multiple access
SCS Subcarrier spacing
SDAP Service data adaptation
SDT Small data transmission
SINR Signal-to-interference-plus-noise ratio
SL Sidelink
SLA Service-level agreement
S-NSSAI Single network-slice selection assistance

information
SPC Short-packet communication
SRS Sounding reference signal
TB Transport block
TDD Time division duplex
TDMA Time division multiple access
TDoA Time difference of arrival
TRP Transmission reception point
TSG Technical specification group
UAV Unmanned aerial vehicle
UDP User datagram protocol
UE User equipment
UL Uplink
UP User plane
URLLC Ultra-reliable low-latency communication
V2V Vehicle-to-vehicle
V2X Vehicle-to-everything
WG Working group
WSN Wireless sensor network
WUS Wake-up signal

dia) and numerous associate members (i.e., referential orga-
nizations, including technical forums, standards organizations,
and industrial alliances) to certify commercial mobile networks
regarding satisfying the IMT-2020 requirements issued by ITU-
R for 5G networks, devices, and services. The primary mem-
bers contribute technical reports and descriptions to maintain
specifications and recommendations for 3GPP standards, and
associate members refer to the 3GPP standards for their inter-
operability. These relationships are presented in Fig. 2. To de-
velop an internal structure, 3GPP assigns a project coordination
group as the highest decision-making body to coordinate three
technical specification group work items, such as the radio ac-
cess networks (RANs) of six working groups, the service and
system aspects of six working groups, and the core network and
terminals of four working groups.

A systematic view of the 5G developments through recent
3GPP standard analyses is essential for interested engineers and
scholars working in the field. There have been several surveys
reviewing different technical aspects of 3GPP standards. For in-

stance, Giordani et al. [6] explored measurement techniques for
beam and mobility management, focusing on the design of ac-
curate control schemes tailored for 3GPP NR cellular networks.
This tutorial highlighted existing studies on precise beam align-
ment and considerations for optimal strategy based on deploy-
ment environments and system parameters. Jun et al. [7] and
Le et al. [8] detailed 3GPP standardization activities for ultra-
low latency services. The scope of this review covers the adop-
tion of mobile edge computing (MEC) and time-sensitive com-
munication, aiming to achieve sub-10 ms end-to-end latency
in the edge network. Concerning the security perspective, Cao
et al. [9] thoroughly discussed security features, requirements,
vulnerabilities, existing solutions, and open research issues in
3GPP 5G networks. Regarding IoT services, Jiang et al. [10]
extensively investigated the 3GPP Industrial Internet of Things
(IIoT) model, comparing it with other indoor models. The sur-
vey covered IIoT scenarios, frequency bands, and channel pa-
rameters, including path loss and line-of-sight probability, with
considerations for antenna height and clutter density. Simi-
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▽ 1. Introduction
▽ 2. Release 15
o New Radio
o High-Frequency Bands and Radio Frame Structure
o Massive MIMO
o Ultra-Reliable Low-Latency Communication

▽ 3. Release 16
o NR Non-Orthogonal Multiple Access
o Integrated Access and Backhaul Networks
o NR Positioning
o Latency Reduction
o User Equipment Power Savings
o NR Vehicle-to-Everything Communications
o NR for Unlicensed Spectrum

▽ 4. Release 17
o RedCap NR Devices
o Non-Terrestrial Network
o NR Multicast-Broadcast Services
o Edge Computing
o Radio Access Network Slicing

▽ 5. Release 18 (as expected)
o RAN Intelligence
o Network Energy Savings
o Small Data Transmission
o Unmanned Aerial Vehicles
o Low-Power Wake-Up Signal and Receiver
o Dynamic Spectrum Sharing

▽ 6. Release 19 (as planned) and Beyond
o AI/ML Enhancement for NG RAN
o Integrated Sensing and Communication
o Ambient IoT
o NTN Evolution

▽ 7. Concluding Remarks

Figure 3: Paper structure and a summary of technologies per release.

larly, Lin et al. [11] and Ali et al. [12] respectively reviewed
3GPP non-terrestrial and V2X networking models, which sum-
marized technical specifications, system designs, and service
applications in 5G networks.

These aforementioned studies have significantly contributed
to providing an overview of 3GPP activities from various as-
pects. However, it lacks a comprehensive review of new tech-
nologies recommended in the 3GPP release series for 5G ac-
cess infrastructure and beyond. This observation motivated us
to conduct such a survey. In particular, each access network rec-
ommendation from Rel 15 to Rel 19 is investigated thoroughly
in Sections 2 to 6, respectively. We describe the major tech-
nologies and case studies and provide a lesson-learned discus-
sion at the end of each section. For ease of reference, Table 1
provides a list of key abbreviations used throughout the article.
In addition, Fig. 3 illustrates the paper outline.

2. Release 15

In June 2018, 3GPP completed the Rel 15 study on technolo-
gies for the enhanced long-term evolution (LTE)/LTE-A net-
work, 5G core (5GC) network, and 5G RAN, which defines
specifications for the initial 5G phase [3]. This section is ded-
icated to reviewing the key technological features for the 5G
RAN specified in 3GPP Rel 15, including NR, eMBB func-
tionality with the high spectrum and massive multiple-input
multiple-output (MIMO) implementation, and URLLC. Tech-
nical extensions to LTE/LTE-A systems for mMTC are also
implemented in 3GPP Rel 15; however, we do not review them
because this section focuses on 5G NR technology.

2.1. New Radio

The main evolution from LTE/LTE-A to 5G is the NR tech-
nology that satisfies 5G requirements without disrupting the ex-
isting LTE and LTE-A systems. One important aspect is that
the LTE/LTE-A RAN employs the LTE Uu interface to support

wireless connectivity for terminals from the LTE evolved Node
B (eNB). In contrast, the 5G RAN applies the next-generation
(NG) Node B (gNB) functionality with the NR Uu interface for
5G terminal connectivity. Additionally, 3GPP Rel 15 provides
specifications for the non-standalone and standalone operations
for 5G NR, which are described as follows.

• The non-standalone architecture, a.k.a LTE-5G dual con-
nectivity, offers a combination of 5G NR and the existing
LTE/LTE-A networks. As depicted in Fig. 4(a), the LTE
and 5G regions are connected to the evolved packet core in
the LTE core network via the S1 interface. Moreover, the
X2 interface is leveraged for (i) the connections between
conventional LTE eNB stations in the LTE region and (ii)
the connections between LTE eNB and 5G gNB-central
unit (CU). This configuration can be a stepping stone to-
ward a full 5G deployment. In such a scenario, LTE ser-
vices are primarily supported through the LTE Uu inter-
face, but they still partially receive 5G NR support through
the NR Uu interface (e.g., URLLC and eMBB).

• The standalone architecture enables 5G NR systems to op-
erate independently, which excludes the LTE/LTE-A sys-
tems. As illustrated in Fig. 4(b), 5G regions are linked
to the 5GC in the 5GC network through the NG interface.
The connections between a set of gNB-CU nodes are con-
ducted via the Xn interface. Most importantly, this config-
uration can be considered the full 5G deployment, where
the 5G region offers 5G services to terminals via the NR
Uu interface only.

For system enhancements, 3GPP Rel 15 has additionally
considered the centralized-distributed fashion and functional
split for the 5G RAN infrastructure, described as follows. In
the centralized-distributed fashion, gNB can be split into gNB-
CU and gNB-distributed unit (DU) to enhance scalability, user
experience, and DU offloading efficiency. Notably, CU-DU
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split options for NR RAN logical architectures have been in-
troduced in Rel 14 to facilitate diverse demands [13], including
radio resource control (RRC) – packet data convergence proto-
col (PDCP) (Option 1), PDCP – radio link control (RLC) split
(Option 2), intra-RLC split (Option 3), RLC–medium access
control (MAC) split (Option 4), intra-MAC split (Option 5),
MAC–physical layer (PHY) split (Option 6), intra-PHY split
(Option 7), and PHY–radio frequency (RF) split (Option 8).
The detailed description and literature reviews for each split op-
tion can be found in [14]. Among the eight CU-DU split options
introduced in Rel 14, after extensive discussions, 3GPP defined
only two CU-DU split architectures for 5G NR, in addition to
the traditional monolithic one, as follows.

• The high-level split with Option 2 is predominantly rec-
ommended for 5G NR because it offers the most straight-
forward option to standardize while guaranteeing compa-
rable performance [3]. In Option 2, gNB-CU is responsi-
ble for the service data adaptation protocol (SDAP), RRC,
and PDCP radio protocols, whereas the remaining radio
protocols (i.e., PHY, MAC, and RLC) reside in gNB-DU.
Notably, the implementation of this split option requires
coordinating security context parameters when deployed
in a topology with different PDCP instances.

• The low-level split with Option 7 is expected to employ a
simple gNB-DU, reduce fronthaul load consumption, and
enhance centralization of processing functions for 5G NR

[15]. Furthermore, this allows leveraging the benefits of
uplink (UL) and downlink (DL) independently. In the UL,
gNB-DU hosts the fast Fourier transform and control plane
(CP) removal functions, while gNB-CU is responsible for
the remaining PHY functions. In the DL, gNB-DU hosts
the inverse fast Fourier transform and CP addition func-
tions, while the remaining PHY functions reside in gNB-
CU. It is worth mentioning that this split option may re-
quire subframe-level timing interactions between a part of
PHY in gNB-CU and a part of PHY in gNB-DU. Conse-
quently, gNB-DU cannot solve all synchronization issues.

Within the centralized-distributed fashion, each gNB-DU is
managed by only one gNB-CU, whereas the gNB-CU leads
the networking functionality for one or more gNB-DU nodes
through the F1 interface [16]. This is equivalent to the fact
that the CU-DU split can increase the number of cells managed
by each gNB-CU, allowing for more handovers to be handled
through intra-gNB mobility. This approach has a significantly
smaller impact compared to handovers handled by inter-gNB
mobility when the anchor point of the devices remains constant.
As a result, the CU-DU split can maximize the ratio of intra-
versus inter-gNB handovers. Furthermore, when terminals may
connect to multiple different gNBs, only one of gNBs (the an-
chor gNB) is responsible for processing split data streams via
PDCP, which can cause load imbalance and inefficient resource
usage among gNBs. Motivated by this drawback, the CU-DU
split enables the offloading of PDCP aggregation to the gNB-
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CU, where resource sharing or pooling can efficiently handle
the task.

Furthermore, the functionality of gNB-CU can be split into
a gNB-CU-CP and gNB-CU-user plane (UP), where the inter-
connection between two functional plane parts of gNB-CU (i.e.,
gNB-CU-CP and gNB-CU-UP) are specified by the E1 inter-
face [17]. The gNB-CU-CP and gNB-CU-UP are connected to
the gNB-DU through the F1-C and F1-U interfaces, respec-
tively. This approach enhances the functional possibility of
the 5G RAN infrastructure in at least four aspects: (i) opti-
mizing the location of various RAN functions in a centralized-
distributed fashion, (ii) efficiently supporting the radio resource
isolation for network slicing, (iii) independently scaling the CP
and UP capacity, and (iv) addressing the bandwidth scarcity
problem for the transport between gNB-CU and gNB-DU, es-
pecially in the context of the high spectrum, massive MIMO,
and URLLC.

From the enhanced functionality 5G NR perspective, some
typical academic studies using 3GPP Rel 15 can be reviewed
below. In [18], a fast data retransmission mechanism has been
introduced to assure the data delivery between CU and DU in
both the non-standalone and standalone architectures of 5G NR
using the CU-DU split Option 2, where the retransmitted data
packets can be identified and handled with high priority.

Subsequently, Xu et al. [19] proposed an improved solution
to achieve fast-centralized retransmission of lost PDCP proto-
col data units (PDUs) in the intra-CU inter-DU handover sce-
nario of the CU-DU split 5G NR. The system-level simulation
results in [19] have demonstrated that the CU-DU split using
Option 2 offers a better user experience than that of using Op-
tion 3.

In [20], a field-programmable gate array-based optimization
of a gNB-DU receiver was designed to optimize the power,
throughput, maximum operation frequency, and latency of the
5G NR DU utilizing the CU-DU split Option 7.1. The sim-
ulation results have revealed a direct dependence on the data
type, thereby making information available for a design deci-
sion. The modulation scheme is almost agnostic, providing re-
liable information for an optimized gNB-DU implementation.

Furthermore, the work [21] proposed a novel multilink mech-
anism, namely a single grant-based UL, for the 5G NR CU-
CP/CU-UP/DU split architecture. The proposed scheme can
be briefly described by three main steps: (i) gNB-CU-CP is
responsible for configuring UL grants for a given UE and pro-
vides this UL grant information to all gNB-DUs; (ii) each gNB-
DU recognizes to independently receive and process a single
UL signal received from the anchor UE; (iii) gNB-CU-UP pro-
cesses the desired signal by using sequence numbering-based
duplicate removal. The system-level simulation results have re-
vealed that the proposed framework significantly improves the
throughput, latency, and reliability compared to a single link
mechanism.

It is worth mentioning that the O-RAN Alliance organiza-
tion has extended the functional split Option 7.2 of 3GPP 5G
NR for increased disaggregation, which is referred to as open
RAN (O-RAN) [22]. O-RAN disaggregates gNB functionali-
ties into a CU, a DU, and a radio unit. Additionally, O-RAN

connects these split elements to a near-real-time RAN intelli-
gent controller with a configuration period of 10− 1000 ms and
a non-real-time RAN intelligent controller with a configuration
period exceeding 1 s. When O-RAN does not fall within the
scope of this work, we do not delve into detailed reviews. For
comprehensive information and literature reviews on O-RAN,
please refer to [22].

The enhanced functionalities for 5G NR compared to
LTE/LTE-A in 3GPP Rel 15 are to realize stringent URLLC
satisfaction and enable eMBB with high-frequency bands and
massive MIMO deployment. Subsequently, the NR-based func-
tionalities for high spectrum and bandwidth, massive MIMO,
and URLLC in 3GPP Rel 15 are reviewed in the subsequent
subsections.

2.2. High-Frequency Bands and Radio Frame Structure

The significant differences between 5G NR and LTE/LTE-A
are the characteristics of extremely high-frequency bands and
their large channel bandwidth. The existing LTE/LTE-A sys-
tems have provided services using 2 GHz and 800 MHz fre-
quency bands, where the maximum carrier bandwidth config-
ured for the user equipment (UE) is 20 MHz [23]. In con-
trast, 5G NR in 3GPP Rel 15 is expected to leverage the high
spectrum with broader bandwidth of the sub-6 GHz (or sub-
7 GHz) and millimeter wave (mmWave) frequency bands to
adopt various deployment scenarios, which are categorized into
frequency range (FR) 1 and 2, respectively. The applicable FR,
newly defined NR bands, supported channel bandwidth, and
defined parameters for multiple numerologies (i.e., subcarrier
spacing (SCS), the cyclic prefix, number of subframes per radio
frame, number of slots per subframe, and number of orthogonal
frequency division multiplexing (OFDM) symbols per slot cor-
responding to SCS) for each FR classification in 3GPP Rel 15
are summarized in Table 2.

As observed in Table 2, FR1 specifies the applicable FR be-
low 7 GHz (i.e., 450 MHz – 7.125 GHz). There are relatively
few technical issues because the use of FR1 is similar to that
of LTE/LTE-A systems (i.e., the LTE refarming band) in which
the technological aspects have matured. One disadvantage is
that an orderly wide frequency band cannot be guaranteed be-
cause most frequencies are already occupied in use. Motivated
by this, n77 (3.3 – 4.2 GHz), n78 (3.3 – 3.8 GHz), and n79
(4.4 – 5.0 GHz) are new frequency bands defined for 5G NR in
FR1 on a first-come, first-served basis. Moreover, FR2 speci-
fies the mmWave band (i.e., 24.25 – 52.6 GHz), where an or-
derly wide frequency band can be guaranteed due to the hardly
used nature of this band. It prevails in gaining easy support for
high speed, a large capacity, and data transmissions but suffers
from the large over-the-air (OTA) signal attenuation, motivat-
ing the technical discussion for the massive MIMO application
in Section 2.3. It is worth noting that only the OTA testing
methodology is specified in FR2, whereas both the conducted
testing and OTA testing methodologies can be used in FR1. For
the conducted testing method, antenna connectors are still ac-
cessible. However, an OTA testing method does not prefer an-
tenna connectors due to the excessive complexity, high cost,
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Table 2: Summary of the newly defined NR bands, channel bandwidth, SCS, and multiple numerologies for FR1 and FR2 in 3GPP Rel 15.

Classi-
fication

Applicable
frequency

band
Newly defined NR bands

Channel
bandwidth

(MHz)

SCS
(KHz)

Cyclic
prefix

Subframes
per radio

frame

Slot(s) per
subframe

Nslot

OFDM
symbols
per slot
Nsymbol

Supported
channels

Data Sync.

FR1 450 MHz –
7.125 GHz

n77 (3.3 – 4.2 GHz)
n78 (3.3 – 3.8 GHz)
n79 (4.4 – 5.0 GHz)

5, 10, 15,
20, 25, 30,
40, 50, 60,
80, 90, 100

15 normal

10

1 14 Yes Yes
30 normal 2 14 Yes Yes

60 normal 4 14 Yes Noextended 12

FR2 24.25 GHz –
52.6 GHz

n257 (26.5 – 29.5 GHz)
n258 (24.25 – 27.5 GHz)
n260 (37.0 – 40.0 GHz)

n261 (27.5 – 28.35 GHz)

50, 100,
200, 400

60 normal

10
4 14 Yes Noextended 12

120 normal 8 14 Yes Yes
240 normal 16 14 No Yes

and physical size limitations, especially in massive MIMO sys-
tems operating in FR2. In FR2, n257 (26.5 – 29.5 GHz), n258
(24.25 – 27.5 GHz), n260 (37.0 – 40.0 GHz), and n261 (27.5
– 28.35 GHz) are the new frequency bands that have not been
supported for LTE/LTE-A in the literature.

In summary, 5G technologies with a sub-6 GHz frequency
band can cover a larger geographical area for 5G coverage with
their mature techniques, but they cannot provide a significantly
higher speed DL compared with that of LTE/LTE-A. Moreover,
mmWave 5G technologies can provide class-leading DL speeds
with low latency but suffer from less geographical area cover-
age.

Unlike LTE/LTE-A systems with 100 MHz of the maximum
aggregated bandwidth, the maximum channel bandwidth for a
single component carrier (CC) in 5G NR is 100 MHz for FR1
and up to 400 MHz for FR2, respectively. Consequently, with
the carrier aggregation (CA) support possibility of up to 16
CCs, the maximum aggregated bandwidth in 5G NR is 1.6 GHz
for FR1 and 6.4 GHz for FR2, respectively. Furthermore, 5G
NR supports multiple OFDM SCS for data transmission and/or
synchronization, where defined parameters for flexible frame
structures with different numerologies in FR1 and FR2 are pro-
vided in Table 2. The NR frame structure is designed appropri-
ately according to the different choices for SCS. An illustration
of the radio frame structure in 5G NR is presented in Fig. 5,
where Nslot and Nsymbol denote the number of slots per subframe
and the number of OFDM symbols per slot, respectively. Fur-
thermore, an extended cyclic prefix is additionally defined for
the 60 KHz SCS, in which there are only 12 OFDM symbols
per slot. Notably, not every numerology can be applied to all
data and control channels. Specifically, SCS of 60 KHz only
supports data channels, such as the physical DL shared chan-
nel (PDSCH) and physical UL shared channel (PUSCH). Con-
tradictorily, SCS of 240 KHz is only used for synchronization
channels, including the primary synchronization signal (PSS),
secondary synchronization signal (SSS), and physical broadcast
channel (PBCH). It is worth mentioning that, in addition to the
SCSs introduced in Table 2, Rel 17 further incorporated SCSs
of 480 KHz and 960 KHz to enhance the supported channels of
both data transmission and synchronization [24].

We are currently witnessing a global rush to 5G deploy-
ment. During the initial phase of 5G devoted to 3GPP Rel 15,
three NR new bands in FR1 and four NR new bands in FR2

expose the essential investigation for the spectrum allocation
plans in each country worldwide. While technical standards
for 5G services were still being finalized at this stage, the Eu-
ropean Union (EU), United States of America (USA), Korea,
Japan, and China were still planning to be the first leaders to
deploy working commercial 5G networks. Fig. 6 illustrates the
spectrum allocation plans for 5G NR to these leading coun-
tries, where the data was collected from the following mate-
rials [25, 26, 27, 28]. It is worth noted that upper mid bands,
such as 7.125 − 24.25 GHz, were triggered at a later stage in
Rel 16. This frequency range is referred to as FR3 to differen-
tiate it from FR1 and FR2. Subsequently, Rel 17 defined 5G
NR in the frequency range of 52.6 − 114.25 GHz, called FR4.
To observe the spectrum regulations of RF3 and RF4, please
refer to [29] and [30], respectively. As of Rel 18, the frequency
range greater than 114.25 GHz is expected to be explored for
enhanced applications of 5G Advanced [31].

In academic studies, Coll-Perales et al. [32] proposed a sub-6
GHz assisted mmWave MAC that decouples the mmWave data
plane using the 802.11ad standard and CP using the 802.11p
standard. The proposed framework allows offloading mmWave
MAC control functions (e.g., beamforming, link availability
identification, and scheduling) to a sub-6 GHz vehicle-to-
everything (V2X) technology standardized by 3GPP Rel 15.
The numerical results have shown reduced control overhead,
delay degradation, and improved spatial sharing, network ca-
pacity, and scalability.

Subsequently, [33] introduced a novel compact-size dual-
function antenna that operates simultaneously at 3.5 GHz and
28 GHz for 5G NR, where a frequency reconfigurability tech-
nique was adopted. To enhance diversity and multiplexing per-
formance, a 8 × 8 MIMO prototype was considered. The nu-
merical results have shown good agreement with satisfactory
MIMO performance and safety guidelines.

Sang et al. [34] proposed a novel dual-band planar antenna
array by using recombining technology for 5G NR. A 4 × 4 an-
tenna array scale is designed for the sub-6 GHz bands (i.e., 4.5
– 6 GHz), whereas a 4×8 prototype is considered for operation
in mmWave bands (i.e., 24.5 – 26 GHz). OTA experimental
results have verified the compactness and good performance of
the proposed prototype.

Furthermore, a low-pass filter-based integrated 5G smart-
phone antenna was proposed in [35] for multi-band operation
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Figure 6: Spectrum allocation plans for 5G NR specified by 3GPP Rel 15 [25, 26, 27, 28].

at 3.5 GHz, 28 GHz, and 38 GHz, where a fabricated 8 × 8 ar-
ray scale prototype was designed. The numerical results have
validated satisfactory radiation performance and ensured safety
across all considered operating bands.

In [36], multi-frequency cooperative communication at
3.3 GHz (FR1), 6.5 GHz, 15 GHz, and 28 GHz (FR2) was
investigated to optimize spectrum utilization and enhance sys-
tem performance in urban micro and outdoor-to-indoor envi-
ronments. The simulation results have elucidated channel char-
acteristics such as path loss, shadowing, frequency-dependent
clustering, delay spread, Rician factor, and correlation proper-
ties. Additionally, it underscored performance tradeoffs regard-
ing cell coverage radius, data rate, and bit error rate among the
considered frequency bands.

2.3. Massive MIMO

Massive MIMO is one of the key components of 5G NR tech-
nologies to achieve extra degrees of freedom for increasing the
system throughput and substantial beamforming gains for cov-

erage improvement, where the support of up to 256 antenna el-
ements at each 5G gNB and up to 32 antenna elements at each
UE terminal is specified in 3GPP Rel 15 [3]. In practice, nu-
merous antenna elements can be assembled into multiple pan-
els aiming for cost and power reduction. The 5G NR massive
MIMO technology also provides the capability of multilayer
data transmission through multiple antenna ports.

Notably, the antenna port is a novel concept introduced in 5G
NR for massive MIMO. Before delving into its definition and il-
lustration, we first introduce new reference signals (RSs) as pre-
liminaries. The RSs are predefined signals occupying specific
resource elements within the DL/UL time-frequency grid. The
5G NR specification includes several types of RSs transmitted
differently for different purposes by a terminal. The functional
descriptions of RSs, i.e., demodulation RS (DM-RS), tracking
RS, phase tracking RS, channel state information (CSI) RS,
and sounding RS (SRS), are briefly summarized in Table 3.
Among them, CSI-RS is a key component for beam manage-
ment and the relevance of antenna ports in 5G NR. Notably,
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Table 3: Summary of RSs and beam-functional elements for 5G NR beam management.

Classification Functional description

R
ef

er
en

ce
si

gn
al

s

DM-RS
For the PDSCH, the DM-RS is used for DL channel estimation as part of coherent demodulation, envisioned in the resource
blocks for DL transmission. For the PUSCH, the DM-RS allows the 5G gNB to demodulate the UL transmission coherently.

Tracking RS The tracking RS is a sparse RS that supports terminals in time-/frequency-domain tracking.

Phase tracking RS
The phase tracking RS, also considered an extended version of DM-RS, is used for phase-noise compensation that enables
terminals to track the phase and mitigate performance loss for PDSCH and PUSCH.

CSI-RS
The CSI-RS, a DL RS, is transmitted by 5G gNB for UE to use in order to estimate DL CSI. Additionally, the CSI-RS is also
leveraged for mobility measurement, gNB transmission beamforming measurement, and frequency/time tracking.

SRS The SRS, an UL RS, is transmitted by terminals used for UL channel estimation at 5G gNBs.

B
ea

m
m

an
ag

em
en

t

Beam determination
Each beam is determined by a source RS and indicated by its corresponding index, facilitating the 5G gNB and terminals to
select suitable transmit and receive beams for the subsequent transmission of DL and UL channels.

Beam measurement
and reporting

The terminal measures beam quality and reports it to the 5G RAN. The network leverages this information when determining
appropriate beams to use and configure when communicating with the terminal.

Beam sweeping and
refinement

These procedures enable the 5G gNB to sweep and refine beams (i.e., using narrower beams) and track beams when the
terminal moves around or changes orientation.

Beam association for
DL and UL channels

This functionality associates the RSs of DL and UL channels with a beam’s source RS. The association is based on quasi-
colocation and spatial transmitter parameters.

Beam failure recovery
This procedure supports a rapid realignment of the gNB and terminal beams whenever a dominated beam is lost due to a
sudden blockage or the fast movement/rotation of the terminal.

Table 4: Supported configurations of the virtual logical antenna array specified
by 3GPP Rel 15.

CSI-RS
port

Virtual logical antenna port array configuration
Single panel (Nh,Nv) Multi-panel (Np,Nh,Nv)

P = 2 (1,1) -
P = 4 (2,1) -
P = 8 (2,2) or (4,1) (2,2,1)
P = 12 (3,2) or (6,1) -
P = 16 (4,2) or (8,1) (2,4,1), (4,2,1), or (2,2,2)
P = 24 (4,3), (6,2), or (12,1) -
P = 32 (4,4), (8,2), or (16,1) (2,8,1), (4,4,1), (2,4,2), or (4,2,2)

Table 5: 5G NR antenna port series specified by 3GPP Rel 15.

Antenna port DL UL

0-series - DM-RS for PUSCH
1000-series PDSCH SRS, PUSCH

2000-series
Physical DL control
channel (PDCCH)

Physical UL control
channel (PUCCH)

3000-series CSI-RS -

4000-series
PBCH or synchroniza-
tion signal block

Physical random-access
channel (PRACH)

CSI-RS in 5G NR can be seen as a counterpart of cell RS in
LTE. Specifically, cell RS is a mandatory signal transmitted in
LTE, whereas CSI-RS can be configured by RRC to be trans-
mitted in 5G NR, which is not a mandatory signal. There are
several options for the number of CSI-RS ports, denoted by P,
including P ∈ {1, 2, 4, 8, 12, 16, 24, 32}. Here, P = 1 is primar-
ily utilized for the tracking RS, while P ≥ 2 is used for CSI
measurement [37]. Furthermore, CSI-RS can be flexibly trans-
mitted in any OFDM symbols and subcarriers, as configured in
the RRC message.

In addition to the definition of CSI-RS ports, it is worth men-
tioning that the number of layers (a.k.a. the number of data

streams) is equivalent to the number of DM-RSs. In 5G NR,
the DL transmission supports a maximum number of eight lay-
ers for single-user massive MIMO systems, whereas the UL
transmission supports a maximum number of four streams for
such systems. For multiuser massive MIMO systems, a max-
imum number of 12 transmission layers is supported for both
the DL and UL transmissions.

Unlike conventional physical antennas, an antenna port refers
to a virtual logical antenna, representing a specific and unique
radio channel. As introduced in [37], an antenna port is strictly
defined as “such that the channel over which a symbol on the
antenna port is conveyed can be inferred from the channel over
which another symbol on the same antenna port is conveyed.”
From a conceptual standpoint, the receiving side can assume
that two transmissions share the same radio channel only when
they utilize the same antenna port. It is intuitively understand-
able that if two signals are transmitted through different phys-
ical antennas or spatial filters, they will experience difference
channels, resulting in distinct antenna ports. However, even if
transmitted through the same physical antennas using the same
spatial filter, differing radio channels and antenna ports can oc-
cur if the RSs used for channel estimation are different. There-
fore, the critical aspect of an antenna port lies in channel esti-
mation obtained through transmitted RSs.

Notably, when CSI-RS is generated in the final stage of PHY
for MIMO channel estimation, the high-level concept of an an-
tenna port generally refers to the CSI-RS ports. For each value
of P, 3GPP Rel 15 defined various options for the structure of
the virtual logical antenna port array [38], as shown in Table 4.
Here, Nh and Nv represent the number of cross-polarized vir-
tual antenna ports on the horizontal and vertical directions on a
single panel, respectively, while Np defines the number of sup-
ported panels. Due to support of cross-polarized antennas, the
number of CSI-RS ports is precisely shaped by P = 2NpNhNv.
Furthermore, in 5G NR specified by 3GPP Rel 15, various
antenna-port series were assigned based on the different phys-
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ical channel utilization and its corresponding RS, as summa-
rized in Table 5 [37]. It is worth mentioning that, in addition
to the antenna-port series introduced in Table 5, Rel 16 further
included the 5000-series for DL positioning RS (PRS) [39].

To ease the understanding of antenna ports incorporated with
layers, CSI-RS ports, and a physical antenna array, we illus-
trate their collaborative operation in Fig. 7. The first stage
involves mapping raw data from L layers, denoted by d =
[d0, d1, . . . , dL−1]T , to a CSI-RS port array. This is achieved
through the multiplication of Wd, where W represents the pre-
coding matrix indicator (PMI) matrix (known as the precoder)
with dimension P × L. Subsequently, the second stage encom-
passes the mapping from a CSI-RS array to a virtual logical
antenna array with cross-polarized antenna ports. Finally, the
last stage illustrates the mapping of antenna ports to a physical
antenna array. Notably, the dimension of a physical antenna ar-
ray should be greater or equivalent to the dimension of a virtual
logical antenna array, especially in beamforming applications,
where it is advisable for the physical array to be significantly
larger. In this example, we assume that four physical antennas
share the same antenna port.

It is widely known that beam management defines a set of
procedures that enable beam transmission and reception in the
desired direction with narrow angular coverage to focus the
transmitted energy optimally, leading to a significant antenna
gain improvement [40]. Beam management in 5G NR is com-
pleted by introducing beam-functional elements that are re-
sponsible for specific beam procedures, including beam deter-
mination, beam measurement and reporting, beam sweeping
and refinement, beam association, and beam failure recovery
[41]. The functional descriptions of beam procedures are briefly
summarized in Table 3.

For DL transmit beamforming, beam weights are generated
based on CSI feedback, known as CSI reporting, from UE,
where the CSI feedback includes the rank indicator (RI), PMI,
and channel quality indicator (CQI). These weights are used
to allocate multiple layers to (i) a single terminal in single-
user massive MIMO systems or (ii) different terminals in mul-
tiuser massive MIMO systems. In these cases, the beamforming
weight should be carefully chosen to maximize the beam gain
toward the desired terminal and minimize the leakage power
toward other terminals. Fundamentally, RI represents the num-
ber of possible layers for DL under specific channel conditions,
which is beneficial for computing PMI and CQI. The PMI and
CQI selection processes are summarized as follows.

• The PMI selection is conducted based on the codebook
type, the number of transmission layers, and panel dimen-
sions. In Rel 15, the 5G NR DL defined three types of
supported codebooks: Type-I single-panel, Type-I multi-
panel, and Type-II codebooks [38]. The NR Type-I code-
book family has roughly the same construction as the LTE
codebook but with more complexity, supporting more di-
verse types of predefined matrices. The NR Type-II code-
book has only one conventional table but with a very com-
plicated formula defining the precoding matrix. Please
refer to [38, Tables 5.2.2.2.1-1 to 5.2.2.2.1-12] and [38,

Tables 5.2.2.2.2-1 to 5.2.2.2.2-6] for specific parameters
of the NR Type-I codebook family, while [38, Tables
5.2.2.2.3-1 to 5.2.2.2.3-5] provides specific parameters for
the NR Type-II codebook. The NR Type-II codebook
can apply a more sophisticated precoding matrix than the
NR Type-I codebook using such a complicated form with
many parameters. Thus, Type I only supports a specific
single beam, whereas Type II supports a transmit beam-
forming with a group of beams by linearly combining
them within the group. It is worth mentioning that Rel 16
further included the enhanced Type-II codebook [42].

• The CQI selection can be performed based on the pres-
ence or absence of the given signal-to-interference-plus-
noise ratio (SINR) lookup tables. For CQI selection us-
ing lookup tables [38, Tables 5.2.2.1-2 to 5.2.2.1-4], SINR
values are mapped to codewords, and CQI is computed
based on SINR thresholds in accordance with block error
rate requirements, with the option to adjust the CQI in-
dex if needed. In contrast, for CQI selection without using
lookup tables, CQI is calculated by analyzing SINR values
across all layers associated with a reported PMI. The sys-
tem then selects the appropriate CQI combination based on
the number of codewords, following specified block error
rate conditions.

For UL transmit beamforming, the terminal transmits mul-
tiple SRS symbols to the 5G gNB. Subsequently, the 5G gNB
measures them and identifies the best beamforming weight cor-
responding to that terminal, where the UL 5G NR beam man-
agement is based on codebook-based and non-codebook-based
schemes [38]. In the codebook-based classification, the 5G
gNB measures the UL channel on the antenna ports of the SRS
resource and determines the rank and codebook index of the
PUSCH. In the non-codebook-based classification, the terminal
transmits multiple antenna-precoded SRS resources according
to the DL CSI-RS channel measurements. Subsequently, the
5G gNB measures the channel on the SRS resources. The UL
precoding at the terminal follows the precoded SRS resources
indicated by the 5G gNB.

Unlike the beamforming technology in traditional LTE/LTE-
A systems, which relies solely on the digital domain, 5G NR
allows additional implementation of analog beamforming [43].
Digital beamforming typically involves manipulating the phase
and amplitude of signals in the baseband or digital domain
before upconversion to RF for transmission, enabling adap-
tive beamforming based on channel conditions. This manip-
ulation is usually achieved through sophisticated signal pro-
cessing techniques such as matrix manipulations. In this sce-
nario, multiple beams (one per each UE) can be formed si-
multaneously from the same set of antenna elements. Mean-
while, analog beamforming is more commonly associated with
beam steering by adjusting the phase and amplitude of signals
in the RF domain at the level of individual antenna elements
[43]. This predominantly provides enhanced coverage, espe-
cially in environments with considerable propagation loss in
FR2. However, analog beamforming allows only one beam per
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Figure 7: An illustration of the collaborative operation among layers, CSI-RS ports, antenna ports, and a physical antenna array.

set of antenna elements, limiting data stream multiplexing. It
is worth mentioning that hybrid beamforming has been pro-
posed in academia with the aim of harnessing the advantages
of both beamforming techniques, but it has not yet been stan-
dardized within 3GPP releases. In hybrid beamforming, ana-
log beamforming is used for coarse adjustments, while digital
beamforming provides fine adjustments and adaptability. For a
comprehensive understanding and literature reviews on hybrid
beamforming, please refer to [44].

Additionally, 5G NR developed a flexible framework for
massive MIMO with the support of both the time-division du-
plex (TDD) and frequency division duplex (FDD) operation
modes. For TDD, CSI could be acquired by exploiting the UL
pilot signal through UL and DL channel reciprocity. For FDD,
when channel reciprocity between the UL and DL is unavail-
able, the 5G gNB obtains the CSI by exploiting the DL pilot
signal and UL feedback of the terminal.

In academic studies, the applications of 5G NR massive
MIMO systems based on the 3GPP Rel 15 specification have
been examined [45, 46, 47, 48]. Specifically, a study [45] pro-
vided system-level simulation results to demonstrate the perfor-
mance characteristics of 5G NR massive MIMO systems based
on the 3GPP Rel 15 specification (i.e., antenna array modeling
with beamforming, UL/DL codebook, TDD/FDD transmission
schemes, and single-user/multiuser massive MIMO), where the
influence of the array configuration, deployment scenario, and
transmission schemes on system performance was investigated.
For the same antenna array configurations, the system perfor-
mance in terms of the spectral efficiency of the 5G NR mas-
sive MIMO is significantly better than that of the LTE massive
MIMO.

In the study [46], system-level simulations of a 5G NR mas-
sive MIMO system with FDD transmission using DL pilot
training and UL feedback were conducted based on the 3GPP
Rel 15 standard. Besides that, the authors in [46] also proposed
a novel channel estimation algorithm, namely compression-
based linear minimum mean squared error, associated with a
novel adaptive estimate, namely the block sparsity adaptive
matching pursuit. The superiority of the proposed methodol-

ogy in terms of the mean squared error and time complexity
over conventional benchmarks was demonstrated.

In addition, in the context of the 5G NR massive MIMO
based on the 3GPP Rel 15 specification, Liu et al. [47] proposed
a phase preprocessing algorithm for the compression process
and a variable bit width for compressing phase quantization to
efficiently reduce the feedback overhead caused by a DL NR
Type-II codebook that consists of a wideband beam group and
beam combination coefficients of subbands.

Furthermore, learning algorithms have become a common
emergency trend as the world gradually moves toward AI. An
extreme learning machine-based receiver was designed for 5G
NR multiuser massive MIMO systems [48], where the 5G NR
data structure with the TDD mode using NR RSs was specified
in 3GPP Rel 15. Extensive link-level radio network simulations
were conducted to confirm the practical design of the proposed
framework in terms of the sum spectral efficiency, average bit
error rate, and time complexity.

2.4. Ultra-Reliable Low-Latency Communication

Up to 3GPP Rel 14, reliability and latency were treated rather
independently. 3GPP Rel 15 laid the foundation for joined as-
pects, i.e., URLLC. In 5G NR systems, latency can be roughly
divided into two major factors: CP latency and UP latency [49].
The CP latency refers to the transition time for a terminal to
switch from an idle state (i.e., a battery-efficient state, where
a terminal is not connected with RRC) to an active state (i.e.,
the start of a continuous data transfer). In contrast, UP la-
tency (a.k.a. radio interface latency) is measured by the time
it takes to deliver an internet protocol packet from the trans-
mitter PDCP to the receiver PDCP via the radio interface in
UL and DL communications. For the latency performance KPI
specified in 3GPP Rel 15, CP latency is expected to be lower
than 10 ms, whereas UP latency should be 0.5 ms for both UL
and DL directions. When the application performance primar-
ily depends on UP latency, UP is the crucial focus of interest for
low-latency communications. In addition, the KPI of mobility
interruption time is almost free of latency (i.e., 0 ms) for intra-
and inter-frequency handovers of intra-NR mobility.
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From the URLLC perspective, the ultra-reliability KPI can
also be associated with a low latency requirement, especially
for delay-sensitive information with trusted communications.
Reliability is the success probability of transmitting a prede-
fined number of bytes within a specific delay [49]. In accor-
dance with a general URLLC case specified in 3GPP Rel 15,
both the ultra-reliability of 0.99999 (five nines) and the low UP
latency of 1 ms must be satisfied with a reference payload size
of 32 bytes. For other specific Internet of Things (IoT) applica-
tions (e.g., factory automation, process automation, smart grids,
intelligent transport systems, professional audio, virtual real-
ity, serious gaming, and health care), latency can be relaxed to
10 ms or longer. In contrast, reliability can be guaranteed at six
nines or even higher [50, 51, 52, 53].

For instance, the URLLC requirements for vehicle-to-
everything communications are five nines of reliability and
3 ∼ 10 ms of UP latency [53]. In the guest editorial special is-
sue [54], the authors recommended 11 outstanding publications
that included a comprehensive survey and technical design pa-
pers for 5G URLLCs from industry and academia, which were
expected to stimulate enormous innovations for 5G URLLC
realization and performance improvement from the global re-
search community.

Within the URLLC scope, some typical academic studies us-
ing 3GPP Rel 15 specifications can be reviewed below. Ji et al.
[55] highlighted essential URLLC requirements and presented
enabling PHY technologies specified in 3GPP Rel 15, where
the advanced studies for packet and frame structure, schedul-
ing schemes, transceiver architecture for dynamic numerology
adaptation and simultaneous decoding schemes, and reliability
improvement techniques are presented. Additionally, [55] indi-
cated that advanced channel coding schemes with short-packet
communication (SPC) should be worth considering, where the
repetitive transmission scheme using time-domain resources is
feasible because of the short slot-length implementation. In
[56], the authors investigated multihop relay networks gained
along with the spatial diversity of MIMO implementation under
the SPC context to facilitate URLLC requirements, where the
individual and joint optimization problems of power allocation
and relay location configurations were also studied to achieve
the enhanced ultra-reliability and significant power savings.
The results demonstrated that SPC is beneficial for satisfying
the ultra-reliability to at least five nines and the low-latency
constraint of at most 10 ms. Popovski et al. [57] discussed
the principles of wireless access for URLLCs based on 3GPP
Rel 15 specifications, where the communication-theoretic prin-
ciples of URLLCs were provided on the trade-off relationship
between latency, reliability, bandwidth, packet size, and finite-
block-length treatment. Frame synchronization, traffic arrival
strategies, massive MIMO, multiconnectivity, and the statisti-
cal methodology of ultra-reliability guarantees were also inves-
tigated. Subsequently, the study [58] described the functional
features of LTE-5G multiconnectivity per the URLLC require-
ments specified in 3GPP Rel 15. Shortened slot structures,
wider OFDM SCS, and grant-free UL access were introduced
to facilitate the low-latency constraint to comply with this re-
quirement. In contrast, robust coding, robust modulation, di-

versity schemes, multiconnectivity with packet duplication on
PDCP, and CA were the options to enhance the ultra-reliability.
In addition, compared to eMBB services, reduced spectral ef-
ficiency requires more attention to boosting URLLC services.
Esswie et al. [59] presented the URLLC outage performance
under the optimal interference-free and intercell cross-link in-
terference constraints for 5G NR dynamic-TDD systems with
various 5G NR functionalities specified in 3GPP Rel 15. For
example, the functionalities include the frame structure, offered
sporadic packet arrivals, transmission time interval duration,
channel SCS, and proportional-fair and grant-free UL schedul-
ing. Based on the system-level simulation results, the superior-
ity of the flexible-FDD over the dynamic-TDD was also demon-
strated.

2.5. Summary and Discussion

Generally, 3GPP Rel 15 defines initial specifications for the
5G network, where the novel NR technology for 5G RAN, the
critical specifications for 5GC, and the technical extensions to
LTE/LTE-A are introduced to fulfill 5G use cases (i.e., eMBB,
URLLC, and mMTC). To primarily concentrate on novel tech-
nologies in Rel 15 for 5G RAN, this section only reviews key
technological pillars for 5G NR following eMBB and URLLC
functionalities, excluding enhancements from Rel 14. Each as-
pect provides its lessons as follows.

First, Section 2.1 introduces 5G NR, which is the main evo-
lution from LTE/LTE-A to 5G. Without disrupting the current
LTE/LTE-A systems, non-standalone and standalone architec-
tures are accepted for the initial 5G. The non-standalone archi-
tecture combines 5G NR and existing LTE/LTE-A networks,
which is a stepping stone toward a full 5G deployment. In
contrast, the standalone architecture enables 5G NR systems
to operate individually. The CU-DU split architecture and
CU-CP/CU-UP functional split are further specified by 3GPP
Rel 15 for the 5G RAN infrastructure to enhance the system
operation. Although O-RAN is out of the scope of this work,
it is worth mentioning that O-RAN allows more disaggregation
with a CU, a DU, and a radio unit, along with two RAN intelli-
gent controllers.

Subsequently, the eMBB functionality with a high spec-
trum specified in 3GPP Rel 15 is reviewed in Section 2.2.
Compared to LTE/LTE-A, 5G NR allows for extremely high-
frequency bands and large channel bandwidths. Table 2 sum-
marizes the applicable frequency bands, newly defined NR
bands, supported channel bandwidth, various applicable SCS,
and multiple numerologies for both FR1 (sub-6 GHz) and FR2
(mmWave) classifications. Accordingly, the NR frame struc-
ture is appropriately designed to be compatible with such high-
frequency characteristics. The choice of operation bands be-
tween FR1 and FR2 should consider the quality of service
(QoS) requirements under the trade-offs between the geograph-
ical area coverage and high-speed DL with low latency. No-
tably, in Rel 15, the FRs were designated as licensed bands.
To help mobile network operators deliver 5G with better per-
formance by alleviating spectrum constraints, 3GPP Rel 16 in-
troduced NR for unlicensed spectrum (NR-U). This extension
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made advanced features of 5G NR available to unlicensed spec-
trum globally.

In Section 2.3, we review eMBB functionality with the mas-
sive MIMO technology specified in 3GPP Rel 15, where up to
256 antenna elements at each gNB and up to 32 antenna el-
ements at each terminal are supported. In addition, 5G NR
massive MIMO provides the capability of multilayer data trans-
mission using multiple antenna ports and a flexible framework
for TDD and FDD modes. Moreover, 5G NR massive MIMO
enables a hybrid beamforming architecture by combining dig-
ital beamforming with analog beamforming using subarrays
to overcome the considerable propagation loss in the high-
frequency bands, especially in FR2. Beam management in 5G
NR is performed by introducing new RSs and beam-functional
elements, briefly summarized in Table 3. Finally, the descrip-
tions of DL and UL transmit beamforming are also introduced.
It is noteworthy that while enhancing spectral efficiency was
the primary KPI for massive MIMO in Rel 15, this objective
did not appear to be the main focus in Rel 16. In 3GPP Rel 16,
the primary emphasis shifted towards improving the stability of
MIMO connections and implementing a more resilient recovery
process for beam failure.

In Section 2.4, we emphasize that 3GPP Rel 15 lays a foun-
dation for URLLCs, where the KPIs for latency and reliability
are clarified. Accordingly, a general URLLC requirement is
defined with the reliability of five nines and the UP latency of
1 ms associated with a reference payload size of 32 bytes. For
other specific IoT applications, latency can be relaxed to 10 ms
or longer, whereas reliability can be guaranteed at six nines or
even higher. Moreover, the KPI of mobility interruption time is
almost free of latency for intra- and inter-frequency handovers
of intra-NR mobility. While Rel-15 laid the groundwork for
the URLLC use case, it did not incorporate all the necessary
elements. Subsequently, Rel 16 built on the improved URLLC
components, particularly focusing on latency reduction.

Notably, although 3GPP Rel 15 introduced 5G NR, only en-
hanced V2X was supported using LTE-A sidelink (SL) trans-
missions. V2X refers to the communication established be-
tween a vehicle and a variety of other vehicles, network en-
tities, or roadside units with primarily facilitating URLLC re-
quirements. In addition to the efforts made in Rel 14 to facili-
tate V2X services using LTE/LTE-A, the Rel 15 initiative pro-
vides detailed service requirements for enhanced V2X aimed at
augmenting 3GPP support for V2X scenarios [60]. Therefore,
3GPP Rel 15 with enhanced V2X may not fulfill the IMT-2020
requirements for 5G services. To overcome this hurdle, 3GPP
standardized NR V2X with NR SL transmissions in Rel 16.

3. Release 16

3GPP completed Rel 16, which greatly expanded the re-
search of 5G to new services, spectra, and deployments and
unlocked several new 5G opportunities beyond the traditional
vertical mobile and broadband ecosystem. The most notable
features mentioned are enhancements in NR non-orthogonal
multiple access (NOMA) systems, integrated access and back-

haul networks (IAB), positioning functions, latency reduction,
energy saving for UE, NR V2X communication, and NR-U.

3.1. NR Non-Orthogonal Multiple Access
Orthogonal multiple access (OMA) systems, including time-

division multiple access, frequency division multiple access
(FDMA), and code division multiple access (CDMA), are com-
monly used in the majority of conventional cellular networks.
A time-division multiple access-based system necessitates pre-
cise temporal synchronization, which is very difficult for UL
transmission because the information for each user is provided
in nonoverlapping time slots. In FDMA systems, such as or-
thogonal FDMA, the data for each user are allotted to a subset
of subcarriers. In addition, a CDMA scheme uses user-specific
codes to differentiate multiple users from the same channel.

However, none of these methods can fulfill the stringent re-
quirements of future radio access systems [61]. Specifically,
the number of terminal devices is restricted due to the limited
radio resources. In addition, the user scheduling with the ex-
pense of control signaling overhead to guarantee the orthogo-
nality causes high latency. Hence, NOMA has been introduced
as an alternative to OMA technology [62]. Compared to OMA
schemes, the fundamental mechanism of NOMA is to multiplex
various data streams using the same radio resources while using
a multiuser detector at the receiver to separate different signals
from multiple users. Thus, constraints of orthogonal resource
allocation and user scheduling time are relieved. The theoreti-
cal analysis and numerical results in [62, 63] demonstrated that
NOMA outperforms OMA concerning energy efficiency, sys-
tem throughput, and capacity.

The NOMA-based communications were first specified in
3GPP Rel 14 LTE to support DL and UL multiuser superposi-
tion transmission (MUST), in which NOMA can achieve better
system throughput than that of OMA [64]. The NOMA-based
MUST was developed for 5G NR, especially for UL transmis-
sion. Compared to OMA, the scheduling-based NOMA can
achieve better spectral efficiency in several UL transmission
scenarios, such as big-data communications. However, in SPC,
grant-free methods must be implemented to reduce the latency,
signaling overhead, and power consumption of terminal de-
vices. Thus, NOMA-based UL grant-free communication has
become a vital focus in 3GPP Rel 16 [65].

Fig. 8 compares the procedures of an UL grant-free NOMA
communication based on [66] and those of a scheduling-based
transmission. As depicted in Fig. 8(a), the UE must conduct a
four-step random-access procedure, namely the random-access
channel (RACH), with a base station (BS) before being acti-
vated for data transmission. The details of these initial random-
access steps are analyzed in Subsection 3.4. Subsequently, the
terminal device must send a scheduling request to the BS and
wait for an UL grant before being able to transmit an informa-
tion packet. The preprocessing steps between the BS and UE
before the UL data transfer result in extensive control signaling
overhead and a long delay in the data traffic.

In contrast, the grant-free NOMA provides autonomous and
decentralized transmissions without dynamic grants. There-
fore, the proposed grant-free access can resolve the signaling
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free, and (c) RACH-less grant-free UL NOMA-based communication.

overhead and latency problems. According to the existence of
the random-access stage, the grant-free transmission can be cat-
egorized into RACH-based and RACH-less grant-free UL com-
munications [67], as illustrated in Fig. 8(b) and (c), respectively.
Specifically, all user signals are synchronized by the random-
access procedure in RACH-based grant-free transmission. This
scheme can reduce the signaling overhead and benefit signal
detection at the receiver. In RACH-less grant-free NOMA,
both random access and grant acquisition are not performed
by the users; thus, the energy consumption of devices can be
reduced while receiving no preconfiguration packet. However,
the RACH-less method may cause substantial complexity for
the latter signal detection.

The signal preprocessing at the transmit side has become
a key technical aspect in standardizing future NOMA-based
communications. In MUST, transmit processing is critical be-
cause it alleviates the complexity burden of multiuser detection
(MUD) and prevents the overloading phenomenon at the re-
ceiver. Several schemes have been proposed to support the UL
transmission and can be categorized into bit-level and symbol-
level operations [65], as depicted in Fig. 9. In Fig. 9, yellow-
shaded blocks are legacy processing methods from the existing
NR design, green-shaded modules are newly presented tech-
nologies for NOMA, and pink-shaded blocks are optional. The
UL NOMA processing architecture design combines resource

mapping and the interleaving or scrambling pattern at two lev-
els (bit- and symbol-level operations). The bit-level operations
exploit the bit redundancy in low-rate forward error-correction
coding to differentiate multiple users and closely relate to chan-
nel decoding. In contrast, the symbol-level operations focus
on symbol spreading and scrambling patterns. Within the UL
NOMA scope, several academic studies of bit- and symbol-
level schemes have been actively investigated to support grant-
free transmission and are summarized in Table 6.

Recently, numerous NOMA technologies have been pro-
posed to facilitate non-orthogonal resource allocation among
the UE, and they can be typically classified into two main
categories: power- and code-domain NOMA mechanisms. In
power-domain NOMA (PD-NOMA) [68, 81, 82], the signals
of users are multiplexed in the power domain with the same
time and frequency resources. On the receiving side, multi-
ple users are distinguished in the MUD (i.e., successive in-
terference cancellation (SIC)) by exploiting the channel gain
difference between multiplexed users. The greatest advantage
of PD-NOMA is that it does not rely on the instantaneous
CSI of a strongly frequency-selective fading channel; there-
fore, the system latency reduction can be obtained in a practical
multicell NOMA system. The PD-NOMA can offer a higher
outage performance and a better ergodic sum rate than OMA
methods [83]. However, resource allocation and user schedul-
ing problems are generally NP-hard in PD-NOMA transmis-
sion designs. The energy-efficiency maximization problems are
the summation of multiple nonconvex subfunctions [84, 85],
which yields a remarkably higher complexity than that in the
OMA system. The code-domain NOMA schemes have become
preferable techniques to reduce the computational complexity
to overcome this obstacle.

The concept of code-domain NOMA is inspired by the con-
ventional CDMA scheme in which multiple user-specific sig-
nature patterns are used to spread modulated symbols. Unlike
CDMA, the trade-off of orthogonality in many cutting-edge
NOMA technologies is to achieve higher system throughput
and accommodate as many terminal devices as possible. These
are the key goals of 3GPP Rel 16 [65]. The interleave-division
multiple access (IDMA) has recently been widely studied in
academia and industry [69, 86]. Following the basic principle
of CDMA, IDMA offers a more robust solution to avoid the rate
loss suffered by the intercell interference and fading effect in
CDMA by exploiting several interleaves [69]. In addition, some
attractive features of IDMA, including the flexible rate adapta-
tion, power efficiency, and frequency diversity, are included in
[87, Ch. 13]. Compared to CDMA, the spreading sequences
are replaced by multiple low-rate coding interleaves, allowing
a low-complexity elementary signal estimator algorithm, called
chip-by-chip decoding strategy, to be employed at the receiver
[69].

The other bit-interleaving scheme is an interleave-grid mul-
tiple access (IGMA) [70, 88]. Unlike IDMA, which only ex-
ploits bit-level interleaves, the IGMA scheme combines differ-
ent grid-mapping patterns and interleaving mechanisms to im-
prove the degree of freedom for user separation. In IGMA, the
transmission bits are randomly distributed, and then the zero
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padding-based mapping process and symbol-level interleaving
are exploited to expand the dimensions of user multiplexing
[70, 89]. The interleaving, in which the symbol sequence or-
der is randomized, contributes to intercell interference reduc-
tion and mitigates the frequency-selective fading phenomenon.
Based on the property of interleaving, the low-complexity el-
ementary signal estimator algorithm can be applied at the re-
ceiver.

The other bit-level processing-based NOMA technique is a
low code rate and signature-based shared access (LSSA) [71],
which supports the UL transmission of mMTC. By exploit-
ing a user-specific signature pattern comprising an RS, com-
plex/binary sequence, and permutation pattern of a short-length
vector, LSSA can multiplex user signals at both the bit and sym-
bol levels. In addition, LSSA can optionally have a multicarrier
variant operating at a wider bandwidth to exploit the frequency
diversity and achieve latency reduction. Furthermore, low code
rate spreading (LCRS) is a low coding rate-based technique that
spreads the user data bits [72], where the maximum coding gain
can be accomplished by implementing channel coding and bit-
level repetition.

Several existing code-domain NOMA schemes are based on
short-spreading sequences in symbol-level operations to im-
prove connectivity. Regarding the sequence densities, these
short sequence-based methods can be further classified into two
subclasses: sparse and dense linear spreading. The main idea
behind sparse-sequence-based spreading is the sparsity pattern
in structured codebooks to facilitate user separation and reduce
multiuser interference. The number of nonzero elements in
each codeword equals the number of orthogonal resources and
demonstrates the diversity order.

Sparse-coded multiple access (SCMA) [73] was introduced
as the first short, sparse-spreading NOMA scheme to overcome
the overloading issue in a dense network. The design aspect of
SCMA was based on a predefined multidimensional codebook
that creates space diversity by shuffling the signal components
from multiple radio resources [90, 91]. In addition, the sparse
structure of SCMA codewords can be associated with the mes-

sage passing algorithm in the latter user data stream detection at
the receiver [92]. However, the sparsity of the SCMA structure
is not always held, especially when the number of pieces of UE
increases significantly and a single carrier is performed. This
outcome results in a massive delay and complexity of the latter
MUD. Pattern-division multiple access has become a NOMA
enhancement to meet the exponentially growing demand for
large-scale mobile communications [74]. In pattern-division
multiple access, irregular sparse signatures, which are the joint
design of diversity and power disparities, can be exploited by
a low-complexity SIC algorithm at the receiver [93, 94, 95].
Additionally, low-density signature vector extension is another
improvement in the low-density spreading family [75], which
can achieve a high diversity gain by merging two user-specific
signature patterns into an extended vector [96].

In contrast, the short, dense sequence-based spreading
schemes, such as multiuser sharing access (MUSA) [76], non-
orthogonal coded multiple access (NCMA) [77], and non-
orthogonal coded access (NOCA) [78], use multiple low cross-
correlation sequences to ensure high MUD accuracy with a
low data storage requirement. In MUSA, the data symbols are
spread with multiple complex-valued sequences selected from
a resource pool [97]. The spreading sequences in MUSA have
a low cross-correlation to facilitate the nearly optimal SIC de-
tector at the receiver. Moreover, NCMA is also based on low-
correlation-spreading sequences, referred to as non-orthogonal
cover codes, which are obtained by finding solutions to a Grass-
mannian line packaging problem [98]. In the NCMA scheme,
parallel interference cancellation is employed to recover mul-
tiplexed signals. In addition, NOCA is another short, dense
spreading scheme in which the non-orthogonal sequences are
operated over the time and frequency domains [78].

In short-spreading sequence-based NOMA techniques, syn-
chronization is required between the received signals, whereas
asynchronous transmission can be supported in the long
sequence-based category. Resource-spread multiple access
(RSMA) with its single-carrier variant, which allows grant-free
transmission, is a good candidate for asynchronous access [79].
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Table 6: Summary of transmit processing technologies for NR NOMA.

OL Scheme Company Mechanism Descriptions and highlights MUD
type

B
it-

le
ve

l

PD-NOMA [68] NTT DoCoMo Power-based

The signals are multiplexed in the power domain. This scheme design
can be decoupled into two subproblems: power allocation and user
scheduling. These problems are nonconvex and require considerable
computational complexity.

SIC

IDMA [69] Nokia Interleaving

Low
coding
rate

IDMA can mitigate the intercell interference and fading effect of
CDMA. It can exhibit attractive properties, such as flexible rate adap-
tation, power efficiency, and frequency diversity.

ESE

IGMA [70] Samsung Interleaving
A grid-mapping pattern and interleaving mechanism are employed to
enhance the user separation performance. The symbol-level interleav-
ing mitigates intercell interference and frequency selectivity fading.

ESE

LSSA [71] Samsung Scrambling
LSSA was proposed to support UL asynchronous large-scale transmis-
sions by multiplexing the user-specific signature patterns. It can be
used to achieve frequency diversity and lower latency.

SIC

LCRS [72] Intel Spreading
The maximum coding gain can be accomplished by implementing
channel coding and bit-level repetition. SIC

Sy
m

bo
l-

le
ve

l

SCMA [73] Huawei Spreading

Short and
sparse-
spreading
sequence

Coded bits are mapped to the modulation symbols based on a sparse
multidimensional codebook. When a single-carrier transmission is per-
formed, numerous users may result in substantial processing complex-
ity and delays at the receiving MUD.

MPA

PDMA [74] CATT Spreading

Irregular sparse signatures are employed to adapt to a massive number
of users. Multiple domains, including space, code, power, and com-
binations of these, are expanded to enhance the multiuser separation
performance.

MPA, SIC

LDS-SVE [75] Fujitsu Spreading

Unlike SCMA and PDMA, which employ separated user-specific sig-
nature patterns, LDS-SVE combines two signature vectors into a more
significant spreading vector. Thus, this scheme can exploit a higher
diversity gain.

MPA, SIC

MUSA [76] ZTE Spreading

Short and
dense
spreading
sequence

Several short complex-valued sequences are employed. One user can
transmit various symbols in multiple short sequences selected from a
spreading sequence pool. The existence of an imaginary part helps ex-
pand the resource pool while achieving a low signal cross-correlation.

SIC

NCMA [77] LG Electronics Spreading

The interference between two users can be predicted based on non-
orthogonal cover codes, which are obtained by solving the Grassman-
nian line packaging problem. Several multistage spreading sequences
based on non-orthogonal cover codes can be applied to improve the
system throughput.

PIC

NOCA [78] Nokia Spreading

The spreading mechanism of NOCA is operated in both the frequency
and time domains. The spreading sequences in NOCA are designed
based on multiple spreading factors that support adapting to user de-
tection accuracy requirements.

SIC

RSMA [79] Qualcomm Scrambling

Long
spreading,
scram-
bling
sequence

Codewords for each user can be spread in all available time and fre-
quency domains. The RSMA can achieve high system reliability by
employing low-rate forward error-correction codes and scrambling se-
quences with low correlation. Two kinds of schemes, single- and mul-
ticarrier RSMA, are implemented based on different scenarios.

SIC

RDMA [80] MediaTek Interleaving

In RDMA, modulated symbols of each user are repeatedly transmitted,
and various cyclic-shift numbers are indexed for multiple iterations.
The RDMA reduces the signaling overhead because the user-specific
interleaver and scrambler are not necessarily required.

SIC

GOCA [80] MediaTek Spreading
The GOCA is an improvement of the RDMA. It employs multiple
group orthogonal sequences with a two-step structure to spread the
modulated symbols over shared time and frequency resources.

SIC

Similar to scrambling-based LSSA, in RSMA, the user code-
words are spread over the available time and frequency do-
mains; thus, RSMA can achieve full diversity [79]. Moreover,
RSMA can achieve high system reliability by employing low-
rate forward error-correction codes and scrambling sequences
with low correlation [82]. In [99], the multicarrier RSMA is
also emphasized as an efficient solution for low-latency access.

In the long-spreading sequence-based family, repetition-
division multiple access (RDMA) has been proposed to ex-
ploit both time and frequency diversity with the cyclic-shift
repetition of multiple modulated symbols [80]. RDMA de-
ploys symbol-level interleaving based on cyclic-shift repeti-
tions, whereas IDMA focuses on bit-level interleaving. RDMA
also reduces signaling overhead compared to IDMA and RSMA
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because the user-specific interleaver and scrambler are not re-
quired. Additionally, group orthogonal coded access is an en-
hancement of RDMA [80] and is a two-stage technique that
generates multiple grouped orthogonal sequences. These se-
quences are spread over shared time and frequency resources.

Numerous transmission schemes were conducted by differ-
ent companies, as shown in Table 9, each developing their
own NOMA schemes. Those schemes have different advan-
tages and disadvantages and can be categorized into the fol-
lowing groups: scrambling-, spreading-, and interleaving-based
NOMA schemes. Scrambling-based NOMA offers low com-
plexity, making it suitable for conveying control channels.
However, its performance is degraded when user channels dif-
fer significantly. Spreading-based NOMA exhibits stronger
interference suppression due to inherent user separation pro-
vided by spreading codes. This robustness to diverse chan-
nel conditions facilitates its application in data channels and
scenarios with varied user complexities. However, the in-
creased complexity associated with spreading operations ne-
cessitates trade-offs compared to scrambling-based approaches.
Finally, interleaving-based NOMA leverages channel diversity
for user separation, demonstrating robustness to frequency-
selective fading and enhancing multi-user diversity. This makes
it an attractive choice for URLLC applications [88].

3.2. Integrated Access and Backhaul Networks
In a service network, the backhaul links a remote area (i.e.,

RAN) and a central management node (i.e., the core network).
Due to the requirement for high-speed Tbps rates and reliable
information transportation, fiber backhauling has typically been
the leading technology for this application. However, wireline
deployment requires a remarkable investment in hardware in-
stallation, and fiber communication is not an option for future
technologies. With the projected densification of networks and
introduction of new technologies, such as unmanned aerial ve-
hicles (UAVs) [100, 101], massive MIMO, high altitude plat-
form (HAP) stations, and beamforming, wireless backhauling
has become a mandatory, integral part of 5G communications
due to its significant reduction in cost and infrastructure.

Fig. 10 demonstrates an architecture combining wireless
backhauling links with fiber installation. A gNB-controlling

donor can connect to mobile users via access links and commu-
nicate with other gNB distributing nodes via backhaul chains,
such as a small BS or a UAV. These nodes provide communi-
cation access to the local terminal devices and connect to other
small BSs in different cells. These nodes form a wireless re-
lay network that extends the coverage of the donor station con-
nected optically to the 5GC network.

The wireless backhaul study was first presented in 3GPP
Rel 10, known as LTE relaying [102]. The LTE spectrum that
cannot be utilized for backhauling purposes is expensive; thus,
the existing LTE relay deployments cannot meet the commer-
cial criteria. The 5G licenses have been in commercial use
over the past few years to facilitate a larger spectrum, such
as mmWave, which provides a broader bandwidth for wireless
backhauling. With a higher-frequency bandwidth, the operators
can partition the radio resources into wireless access and back-
haul. In other words, the available resources must be efficiently
allocated to balance the user network access and the backhaul
traffic transmission of the BS to the core network.

Initially, the fixed access backhaul network was proposed as
an allocation solution in which the resources for various ac-
cess and backhaul links are equal across all BSs [103]. We
let TA and TB be the allotted time for the access and backhaul
links, respectively, and assume that the total available time is
1 s without loss of generality. Then, the constraints of resource
allocation in a fixed access backhaul network are TA ≤ δ and
TB ≤ 1 − δ for δ ∈ [0, 1]. However, the allotted time for access
and backhaul links for each BS maintains the global partition;
thus, this results in limitations on the end-user QoS, including
the transmission rate and latency.

The IAB has been standardized in 3GPP Rel 16 [104] and
recognized as a cost-effective replacement for resource man-
agement problems as it allows a more flexible partition of ac-
cess and backhaul resources that enhance the QoS of the en-
tire communication network. Although the total available re-
sources for access and backhaul links of each BS are still fixed,
no global partition between two links is maintained in an IAB
network. In other words, the allotted time constraint is replaced
as TA + TB = 1; therefore, IAB helps overcome an overloaded
situation. Specifically, when the BS has significantly more con-
nections to the terminals than usual, it is more beneficial to em-
ploy IAB, which uses the available backhaul resources to access
links. Furthermore, IAB can significantly reduce dependence
on the wired backhaul deployment compared to that of fixed
access backhaul [103]; thus, IAB is more advantageous to meet
the dynamic traffic demand of mmWave communications.

Fig. 11 describes the IAB user and control protocol stack ac-
cording to [104]. The overall IAB architecture is based on the
functional split [105], where the IAB donor is split into a CU
and multiple DUs. A DU terminates the lower layer protocols,
including RLC, MAC, and the PHY protocol, while a CU, apart
from PDCP, provides support for the higher layers of the pro-
tocol stack, such as service data adaptation and RRC protocol
in UP and CP, respectively. The IAB donor directly connects
to the core network, employs the DUs to help serve other IAB
nodes and UEs, and extends the data transmission coverage.
Two F1 interface types, F1-U and F1-C, convey data in the UP
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Figure 11: Descriptions of a protocol stack for (a) IAB UP and (b) IAB CP according to 3GPP Rel 16 [104].

and CP, respectively.
Regarding the functional CU–DU split architecture, the gen-

eral packet radio system tunneling protocol and user datagram
protocol packets are conveyed between the DU part of an IAB
node and the UP of the CU over an F1-U interface. Similarly,
for the CP, the corresponding stream control transmission pro-
tocol and F1 application protocol packets are transferred via
the F1-C interface. In addition, an IAB node may have a back-
haul link to the IAB donor through several connections to other
IAB nodes. Therefore, a multihop backhauling system can be
formed in the IAB network, as depicted in Fig. 11. Each IAB
node has a DU and a mobile termination (MT) functionality.
The MT is used to communicate with a parent DU of a parent
IAB node or an IAB donor. The DU functionality is to connect
to an MT of a child IAB node.

The CU–DU split architecture is motivated by the time-
critical functionality division between two units. For exam-
ple, scheduling, quick retransmission, and segmentation oper-
ate from the DU side, which is close to the antenna station.

Other less time-dependent tasks are realized in the CU part. In
addition, the external interface (i.e., Xn), which conducts con-
nections between a set of gNB-CU nodes, can be terminated in
the CU part; thus, the extra complexity is reduced on the DU
sides. Furthermore, the split structure also enhances the secu-
rity protection of end-to-end communication between the CU
and a separate UE by supporting the centralized termination of
PDCP, as displayed in Fig. 11. Besides the CU–DU split stan-
dard, a group of architectures presented in [106] has no split
and offers a nested tunneling connection between an IAB donor
and IAB nodes.

3.3. NR Positioning

Terminal wireless positioning has become a significant appli-
cation in several areas, such as location-based services, health-
care sensor management, and UAV operations. The position-
ing function has been supported in the cellular network since
Rel 9, and radio access technology-independent techniques
(i.e., global navigation satellite system (GNSS), blacktooth,
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barometric pressure, and Wi-Fi signal strength) have been sup-
ported on LTE carriers since Rel 15. Although GNSS is a
successful positioning innovation, it only applies to numerous
outdoor scenarios. The 5G technology improves outdoor posi-
tioning accuracy and provides exact indoor positioning perfor-
mance [107]. The positioning techniques in 5G are predomi-
nantly based on 4G architecture, with some innovative modifi-
cations adapting to the existence of the 5GC.

In addition, 3GPP Rel 16 proposed the UE positioning archi-
tecture, as demonstrated in Fig. 12, that applies to the NG RAN
[108]. As illustrated in Fig. 12(a), the gNB and enhanced LTE
eNB are the NG RAN nodes receiving the positioning requests
from a location management function (LMF), convey request
signaling to the target UE, perform UL positioning measure-
ments, and handle information transfer between the NR RAN
and access and mobility function in the core network. As de-
picted in Fig. 12(b), two main protocols are employed. The LTE
positioning protocol defines the procedures to exchange signals
between the UE and several gNB and enhanced LTE eNB trans-
mission points in 4G. It has been extended to support signaling
between the UE, gNB transmission reception points (TRPs),

and LMF in 5G positioning [108]. Additionally, the NR po-
sitioning protocol annex [109] covers the positioning measure-
ment control signaling between NG RAN BSs and the LMF.

In positioning architecture, an LMF determines a position-
ing technique based on the UE location and QoS requirements
for latency and accuracy. In addition, Rel 16 introduces some
RAT-dependent techniques, including the DL/UL time differ-
ence of arrival (TDoA), DL angle of departure (AoD), UL an-
gle of arrival (AoA), multicell round trip time (RTT), enhanced
cell identity to meet the more stringent performance require-
ments for commercial use cases. For example, the targets of
positioning error are below 3 m indoors and 10 m outdoors at
80% reliability for commercial use cases while maintaining less
than 1 s for the end-to-end latency [110]. High-accuracy appli-
cations, e.g., V2X, necessitate even stricter goals of less than
1 m error for network-based 3D positioning, necessitating high
reliability and support for challenging environments [110]. Ta-
ble 7 summarizes critical performance requirements for 5G NR.

In practice, timing-based methods are the most commonly
used among the mentioned positioning techniques. Especially
for electronic warfare, the TDoA schemes offer more accurate
measurements than conventional triangulation methods [111].
The prior time-based localizing techniques, the observed TDoA
and UL TDoA, were defined in the 3GPP LTE Rel 9 and Rel 11,
respectively. These geolocation methods are standardized in
NR Rel 16 and are called the DL TDoA and UL TDoA. The
TDoA localization uses hyperbolic trilateration (or multilater-
ation), which is visualized by three dashed yellow hyperbolic
curves in Fig. 12(b), to perform the terminal position approx-
imation. The multilateration in DL TDoA can be performed
based on multiple measurements of the time of arrival of the
RSs from different gNBs to the terminal.

The mechanism of the UL TDoA positioning technique is
similar to that of DL TDoA, except that it uses the UL RS
transmitted from the UE to the neighboring gNBs. The UL
TDoA calculation can be performed at the location measure-
ment units, which are any standalone units placed either inside
or outside the gNBs [112]. The information received at these lo-
cation measurement units is then conveyed to the core network
via the NR positioning protocol annex to compute the TDoA.
Compared with the DL TDoA, the localizing measurements are
not executed at any UE; thus, the computational complexity is
significantly reduced for each terminal.

Because the accuracy of time-based measurements rises with
the signal bandwidth, using wideband or ultra-wideband sig-
nals for ranging applications is appealing. As a result of its
capacity to resolve closely spaced multipath components, ultra-
wideband signaling has the potential to achieve high-precision
localization even in congested situations. These time-based
schemes typically operate based on estimating the arrival time
of the direct signal. However, in a contaminated environment
affected by multipath propagation, noise, and interference, the
first incoming signal is possibly a multipath component and
hinders the TDoA or time of arrival estimation schemes [113].
When the transmission time is unknown beforehand, the local
BSs can convey messages containing processing time to esti-
mate the RTT instead [114].
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Table 7: NR positioning requirements in Rel 16 and beyond [110].

Performance Metric Regulatory Minimum Commercial Indoor Commercial Outdoor High Accuracy (e.g., V2X)

Horizontal accuracy ≤ 50m (80% UEs) ≤ 3m (80% UEs) ≤ 10m (80% UEs) < 1m (> 95% service area)
Vertical accuracy ≤ 5m (80% UEs) ≤ 3m (80% UEs) ≤ 3m (80% UEs) 3D positioning: 10m to < 1m (80% scenarios)

Latency < 30s end-to-end < 1s end-to-end < 1s end-to-end Low latency critical
Additional requirements - - - High reliability, 200km/h mobility

The RTT has been specified in 4G LTE systems but is only
restricted to serving cell or indoor scenarios. In 5G NR Rel 16,
the multicell RTT method has been standardized as the mea-
surement possible from neighbor BSs in different cells. The
mechanism of multicell RTT is that the UE sends a request-
ing UL RS and receives multiple responding DL RSs from the
nearby BSs. The RTT estimated from those access communi-
cations is used to compute the distance between the UE and
neighbor BSs. Similar to the ideas of TDoA techniques, the
position of UE can be inferred by applying a hyperbolic trilat-
eration procedure. Both DL and UP RSs are employed for mul-
ticell RTT so that the resource overhead is higher than that of
the TDoA. However, the time synchronization errors of TDoA
can be resolved [115, 116].

Although the multicell RTT method is advantageous in time
synchronization, the angle-based solutions, including DL AoD
and UL AoA, are robust high-resolution positioning methods
in 5G mmWave applications and have been studied for decades.
For DL AoD, the RS received power (RSRP) is generated based
on the DL RSs transmitted from multiple transition points with
beam sweeping to the UE. The RSRP report is transferred from
the UE to the local core network via LTE positioning protocol
packets. The AoD based on RSRP can be estimated by apply-
ing the fingerprinting algorithm [117]. Compared to the DL
AoD, the UL AoA is the most popular angle-based positioning
method and is more efficient because the angles of the incoming
signals can be estimated directly at the gNBs.

Various techniques have been proposed for array signal
processing-based UL AoA estimation and are classified as
subspace-based methods [118, 119], sparsity-minimizing meth-
ods [120, 121], and the maximum likelihood method [122].
Subspace-based techniques, such as multiple signal classifica-
tion [118] and signal parameter estimation via the rotational in-
variance technique [119], can achieve a higher estimate resolu-
tion with a lower computational burden. Furthermore, the di-
rection estimation algorithms can be applied as stand-alone and
hybrid solutions with other RAT-dependent techniques, such as
the time-based estimation (i.e., TDoA); thus, positioning per-
formance is significantly enhanced in 5G applications. How-
ever, the most challenging positioning problem is the existence
of non-line-of-sight signals. With the assumption of far-field
sources, the multipath signals hinder the implementation of the
subspace-fitting techniques due to the rank deficiency of the sig-
nal covariance matrix [123, 124]. Several dimensionality reduc-
tion schemes, such as spatial smoothing [125] and algorithms
similar to the signal parameter estimation via the rotational in-
variance technique [126, 127, 123, 128, 129] have been sug-
gested to overcome this obstacle.
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Figure 13: Examples of symbol allocation of the (a) DL positioning RS and (b)
UL sounding RS in a physical resource block.

Although multiple existing RSs, such as synchronization sig-
nals or CSI-RS, can be opportunistically exploited for localiza-
tion estimation, they have several drawbacks. Initially, when
the signals from many BSs collide in both the time and fre-
quency domains, the interference from the adjacent cells pre-
vents these RSs from identifying the number of neighbor gNBs.
In addition, these RSs exhibit weak correlations due to their
low resource element density and potential for their resource
element pattern to not extend throughout all of the frequency-
domain subcarriers. Fig. 13 visualizes two new RSs proposed
in Rel 16 for DL and UP positioning. The RSs referred to as the
DL PRS and UL SRS are employed in DL and UP positioning,
respectively. With a high resource element density and better
correlation properties [39], these RSs have been leveraged to
overcome the above limitations.

Fig. 13(a) illustrates a DL PRS configuration in a comb-6
pattern with three TRPs only in one physical resource block.
By muting the appropriate PRS transmission instances, multi-
ple gNBs transmit the PRS simultaneously without interference
from nearby cells; thus, hearability is achieved with the PRS
muting property. Similarly, the comb-based structure has been
applied for the UL SRS since Rel 15. Fig. 13(b) visualizes an
example of the comb-4 UL SRS in one physical resource block.
From 3GPP Rel 16, its configuration is expanded to the comb-8
pattern in one resource [39].

During the evolution of positioning technologies docu-
mented in the technical reports of Rel 16, numerous field ex-
periments have been executed to validate their compliance with
5G NR positioning requirements. The investigation by Papp et
al. [130] delves into TDoA-based indoor positioning within 5G
small cell networks. Through the utilization of realistic simula-
tions and advanced algorithms, the study successfully mitigates
non-line-of-sight propagation, achieving remarkable position-
ing accuracy consistently under 3m. Meanwhile, Menta et al.
[131] leverage an extended Kalman filter in a 5G outdoor net-
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Table 8: Comparison of 5G positioning approaches in existing studies.

Ref. Input Data Environment Error Range
[130] TDoA mea-

surements
Indoor 3 m (can be improved)

[131] AoA estimates Outdoor Sub-meter (95% proba-
bility)

[132] AoA & TDoA Outdoor
(vehicle-to-
vehicle)

Lateral: < 1 m, longitu-
dinal: < 0.5 m (distance
constraints)

[133] RSRP & AoD Urban 2.1 m (line-of-sight),
8.4 m (non-line-of-sight)

[134] Various beam
data

Indoor and
Outdoor

Sub-meter (median
squared error)

work, showcasing their prowess by attaining sub-meter 2D po-
sitioning accuracy. Furthermore, the study by Kakkavas et al.
[132] navigates the realm of vehicle-to-vehicle positioning, en-
suring alignment with 5G NR requirements for platooning and
overtaking scenarios. Malmström et al. [133] utilize RSRP
and AoD information to estimate UE positions with an impres-
sive 80% accuracy within 10 m. Additionally, the authors in
[134] introduce a data-driven approach tailored for mmWave
networks, achieving sub-meter accuracy while effectively ad-
dressing collinear regions. Table 8 demonstrates diverse tech-
niques for 5G positioning, targeting both indoor and outdoor
environments.

3.4. Latency Reduction

A typical design of a random-access procedure on PRACH
is required to fulfill the low latency requirements for several 5G
applications, such as URLLC, eMBB, mMTC, and the adapta-
tion to both licensed and unlicensed spectra. For example, the
UL data must be transmitted quickly from the UE to BS in an
mMTC, which covers the connectivity of a million machine-
type communication devices per square kilometer. From that
perspective, the two-step RACH, based on the four-step RACH
proposed in 3GPP Rel 15, has been standardized in Rel 16 to
accelerate the initial connection establishment between the UE
and BS [135].

Fig. 14 illustrates two versions of random-access procedures
in Rel 15 and Rel 16. As depicted in Fig. 14(a), the four-step
RACH manifests two round-trip UE–BS cycles accomplished
by elaborating on the control signaling. Initially, the UE sends
Message 1 to the BS, containing a randomly selected preamble
associated with the PRACH occasion. A random-access radio
network temporary identity is defined by the time slot of the
preamble transmission that the BS can address the UE mes-
sage in the subsequent step [136]. However, other UEs can also
have the same temporary random-access radio network iden-
tity; thus, both the BS and UE have no evidence of this con-
tention at the initial step. Subsequently, the BS analyzes the
temporary identities of the random-access radio network to de-
tect the received preambles. Then, it transmits a random-access
response, which carries the confirmation identifier of success-
fully received preambles, cell radio network temporary iden-
tifiers, timing advance, and PUSCH resource grants for trans-
mitting Message 3 from each piece of UE [136]. Next, each
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Figure 14: Evolution of the random-access procedure from (a) a four-step
RACH in Rel 15 to (b) a two-step RACH in Rel 16 [135].

piece of UE applies for timing advance and transmits Message
3 to the BS based on the assigned PUSCH resource. Message 3
includes UE identity for contention resolution. The final mes-
sage of the round-trip cycle contains the received UE identity,
which resolves the possible contention arising due to the same
preamble transmission of multiple pieces of UE in the first step.

The mentioned procedures can take several milliseconds, re-
sulting in significant signaling overhead on the network, in-
creased power consumption for terminal-side signal transmis-
sion and detection, and significant latency for data transmission.
The two-step RACH enhancement presented in [135, 137] can
reduce latency and control signaling overhead by reducing the
number of messages between the UE and BS. This reduction
is achieved by combining the random-access preamble in Mes-
sage 1 and the scheduled PUSCH transmission in Message 3
into a single message referred to as Message A from the UE.
Subsequently, the BS sends UE Message B, a combination of a
random-access response in Message 2 and the contention reso-
lution in Message 4. Thus, only one round-trip cycle between
the UE and BS is needed to finish the access procedure instead
of the two cycles required in the four-step RACH, as displayed
in Fig. 14(b). Additionally, the reduction of transmitted mes-
sages decreases in listen-before-talk (LBT) events in the NR
unlicensed spectrum.

3.5. User Equipment Power Savings
The efficient efficiency of wireless communications relies on

a balance between optimizing data transmission efficiency dur-
ing network access and minimizing power consumption during
idle periods. This duality translates into two distinct terminal
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Table 9: Summary of power consumption.

Power state
Relative power

(power unit)

PS
M

Deep sleep 1 (ref.)
Light sleep 20
Microsleep 45

N
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M PDCCH-only 100
PDCCH+PDSCH 300
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Figure 15: Bandwidth adaptation with three BWPs.

modes: network access mode (NAM), where the terminal ac-
tively exchanges data, and power saving mode (PSM), char-
acterized by deep sleep and minimal power use through de-
activated radio and baseband components. Power-saving tech-
niques aim to optimize this balance by maximizing NAM effi-
ciency through bandwidth adaptations, antenna usage, and pro-
cessing time while simultaneously prolonging PSM periods by
minimizing the latency of mode transitions through dynamic
signaling. In NR Rel 16 [138], various sleep states offer a trade-
off between power consumption and wake-up latency. Deep
sleep minimizes power consumption with limited baseband ac-
tivity but longer wake-up times. Light sleep maintains stricter
timing and faster wake-up at the cost of slightly higher power
usage. Microsleep allows rapid wake-up but precludes data
transmission. On the other hand, the active state encompasses
PDCCH-only and PDCCH+CPDCCH configurations for data
communication. The relative power per slot for each state is
summarized in Table 9. We note that the power for each state
is relative to that of deep sleep, which consumes a single power
unit. Most UE energy is employed in the active state, and even
if no transmission is scheduled, the UE still monitors the con-
trol channel, leading to power waste. Therefore, minimizing the
wake-up duration is the most significant power-saving mission.

Some essential techniques for an energy-efficient 5G NR
framework have been proposed. The two most typical tech-
niques are the discontinuous reception (DRX) [139] and the
bandwidth part (BWP) adaptation [140]. The DRX is a power-
saving method regulating the UE to continuously receive sig-
nals with a predetermined active and sleep period under an RRC
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Figure 16: Example of the MIMO layer adaptation procedure.

connected state. The UE with DRX monitors PDCCH period-
ically during the active state controlled by the DRX inactivity
timer. When data are not scheduled, this parameter expires, and
the UE can enter the power-saving mode in which the DRX
on duration timer is employed to determine whether a control
channel exists.

However, the 5G NR supports up to 400 MHz of bandwidth;
thus, the terminal consumes significant power for a wide fil-
ter and a high-speed analog-to-digital (ADC) module to receive
wideband signals. The BWP, which is a set of contiguous re-
source blocks configured inside a channel bandwidth, was first
introduced in Rel 15 to support UE bandwidth adaptation that
reduces device power consumption. In other words, if the BWP
is smaller than the system bandwidth, the UE can tune the RF
bandwidth to the BWP to save energy. As illustrated in Fig. 15,
the UE configured with three BWPs can switch between differ-
ent BWPs at switching points. The switching from the first to
the second BWP may occur for several reasons, such as the ex-
piration of the inactivity timer [140] of the first BWP or receiv-
ing DL control information (DCI) indicating the second BWP
is active.

Based on the mentioned inventions, a standardized frame-
work has been built since the first release of 5G NR, and some
improvement techniques have been introduced in Rel 16 to meet
the 5G key requirement of energy-efficiency enhancements by
a factor of 100 [141]. First, adaptive MIMO layer reduction is
introduced to reduce the number of DL MIMO layers in some
low or latency-tolerant traffic load scenarios. To this end, the
maximum number of MIMO layers Lmax for DL data reception
in one serving cell is employed. Fig. 16 illustrates a procedure
of MIMO layer adaptation with two BWPs. The UE may in-
form the BS of its capability information, indicating the Lmax
values regarding two BWPs via an RRC message. The UE re-
ceives the second RRC message mentioning configuration pa-
rameters, comprising the Lmax values assigned for each BWP.
As depicted in Fig. 16, the UE activates up to Lmax = 4 anten-
nae if the first BWP is in use, whereas this number is reduced to
only Lmax = 2 if the second BWP is activated. Thus, the com-
putational resource can be dynamically reduced by skipping the
channel estimation for the unused antennae and turning off the
RF components.

The disadvantage of the DRX mechanism is that the UE must
wake up periodically to monitor the PDCCH, even during spo-
radic traffic or when no data arrives. A wake-up signal (WUS)
was proposed to monitor the channel control to avoid this un-
necessary power consumption. The WUS is provided by a new
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Figure 17: Wake-up signal-based power saving mechanism.
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Figure 18: Example of the SCell dormant state transition based on the PCell
signaling.

DCI format called DCI format 2 6 [142], which is employed to
notify the power-saving information located in a power-saving
channel before a DRX on duration timer for a DRX cycle, as
presented in Fig. 17. Based on the binary level indicated by
the WUS, the terminal wakes up to start the DRX on the du-
ration timer and monitors the PDCCH if the WUS is set to a
high level. In contrast, the WUS may become a go-to-sleep in-
dication when set to a low level. Accordingly, the UE does not
need to start the timer and can stop waiting for any PDCCH.
Thus, this method efficiently regulates the active duration of a
DRX cycle to reduce power consumption on top of the DRX
mechanism.

Several serving cells, including a primary cell (PCell) that
performs network access managing procedures and multiple
secondary cells (SCells), are aggregated simultaneously to
serve the UE through the CA operation to support a larger
bandwidth. The CA has supported LTE systems to activate
or deactivate SCells rapidly, depending on the traffic condi-
tions. However, the deactivating and reactivating state transi-
tion of SCells consumes considerable power due to some cru-
cial procedures, such as beam management or CSI measure-
ment. In Rel 15, a new SCell state, referred to as the dormant
state, is introduced so the terminal can stop decoding the PD-
CCH in that SCell without affecting other procedures; there-
fore, unnecessary power consumption can be avoided. The dor-
mant state transition is accomplished by receiving the activa-
tion/deactivation and hibernation MAC elements [143].

In Rel 16, the SCell dormancy is reported to be implemented
based on the BWP framework. Specifically, the SCell can be
switched from dormant to active when data transmission oc-
curs on that SCell. As depicted in Fig. 18, the SCell dormancy
is conveyed by receiving BWP switching DCI with format 2 6
[144] on the PCell or the primary, secondary cell when the
terminal is outside the DRX active time. Through DCI sig-

WUS indicator SCell dormancy indicator

For 1st UE For 2nd UE For 3rd UE For Nth UE

Figure 19: Structure of a DCI format 2 6.

naling, the UE may reduce the state transition latency so that
the assigned SCells can adapt to the traffic load condition more
quickly and frequently than MAC-control elements, which oc-
cupy a large portion of processing time [145]. In addition to
the mentioned WUS indicators, the SCell dormancy indicators
are integrated into the same DL control signaling for multiple
pieces of UE to reduce the resource overhead, as illustrated in
Fig. 19.

The concept of cross-slot scheduling is introduced as a
power-efficient technique for 5G NR to help the terminal re-
duce energy by expanding the low-power state without affect-
ing performance. This technique informs the terminal in ad-
vance when the DCI is transmitted via the data channel (i.e.,
PDSCH or PUSCH appears in a slot after the slot containing
the control channel, the PDCCH). When no data are scheduled,
the device omits some unnecessary RF operations to buffer the
PDSCH and go into a microsleep state rather than perform-
ing nonessential decoding tasks. According to [146], the time
delay values between the PDCCH slot and scheduled PDSCH
and PUSCH slots are denoted as K0 and K2, respectively. The
slot number KS allocated for the data channel is calculated as
KS =

⌊
n 2µPDCCH

2µ̄

⌋
+Kχ, where n denotes the slot with the schedul-

ing DCI, Kχ = {K0,K2} derives the slot offset from the slot
where the DCI (PDSCH or PUSCH) is received, and µ̄ and
µPDCCH represent the SCS configurations of the data channel
and PDCCH, respectively. The same-slot scheduling procedure
is employed when the SCS factors are identical and Kχ is zero.
Typically, the same-slot scheduling is only applied when the ter-
minal cannot determine what scheduling technique to decode
the DCI. This method requires a relatively higher processing
duration than cross-slot scheduling because UE must keep the
RF chain on to buffer any immediate DL transmission while
decoding the PDCCH.

An enhancement of cross-slot scheduling, employing the
minimum scheduling offset restriction values K0 min or K2 min,
is also introduced to guarantee that the UE has the knowledge
of the minimum slot offset before decoding the next PDCCH
[42]. Specifically, when the DCI format 0 1 or 1 1 with the
minimum applicable scheduling offset indicator field represent-
ing a change to the applied K0 min or K2 min is contained within
the first three symbols of the nth slot, the value of delay Kχ
is given as Kχ = max

{
K
′

χmin

⌈
2µPDCCH

2µ

⌉
,Zµ
}
, where Zµ is deter-

mined by the SCS of the active BWP in the scheduling cell, and
K
′

χmin denotes the currently applied minimum scheduling offset
K0 min or K2 min of the active DL or UL BWP in the scheduled
offset, respectively.
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Table 10: All power saving techniques discussed in Rel 16

Technique Advantages Disadvantages
BWP man-
agement

Reduced power con-
sumption on unused
resources

Increased signaling overhead with
frequent switching, potential con-
nection delays with BWP deacti-
vation

DRX en-
hancements

Extended UE sleep
periods for signifi-
cant power savings

Higher latency due to longer sleep
periods and inactive state, re-
duced unnecessary wake-ups with
WUS, missed network messages
or delays with inactive state

MIMO
layer reduc-
tion

Significant power
savings on MIMO
processing

Reduced data rates, especially in
high-throughput scenarios

WUS Reduced unneces-
sary wake-ups

Increased network complexity
due to additional infrastructure
and configuration requirements

SCell dor-
mancy

Reduced power con-
sumption on unused
small cells

Potential delays in re-attaching to
small cells, reduced scanning effi-
ciency

Cross-slot
scheduling

Improved overall
system efficiency and
UE power savings

Slight data transmission delays
compared to continuous schedul-
ing

As shown in Table 10, those aforementioned methodologies
exhibit noteworthy significance; however, each approach is not
exempt from inherent limitations. BWP switching may re-
sult in elevated signaling overhead during frequent adjustments,
whereas the deactivation of BWP introduces the potential for
re-activation delays. DRX enhancements, despite their com-
mendable power-saving attributes, are accompanied by poten-
tial latency penalties, particularly in prolonged sleep periods
and deeper inactive states. Adaptive MIMO layer reduction,
while enhancing power efficiency, may compromise data rates,
especially in high-throughput scenarios. While WUS proves ef-
ficient in minimizing unnecessary wake-ups, it introduces net-
work complexity. SCell dormancy balances power savings with
potential re-attachment delays and diminished scanning effi-
ciency. Cross-slot scheduling offers power savings through UE
sleep periods but may entail fewer data transmission delays than
continuous scheduling. Effectively navigating these trade-offs
necessitates meticulous consideration of network conditions,
application requirements, and user preferences, facilitating op-
timal power optimization without compromising performance
or user experience.

3.6. NR Vehicle-to-Everything Communications

3GPP reports [60, 147] provide a comprehensive overview
of NR V2X use cases and associated requirements, dividing
them into four key groups: vehicle platooning, advanced driv-
ing, extended sensors, and remote driving. Vehicle platooning
involves dynamic platoon management with essential data ex-
change influenced by QoS. Advanced driving focuses on semi-
or fully automated driving, emphasizing data sharing for safety
and traffic efficiency. Extended sensors highlight sensor data
exchange among vehicles, roadside units, pedestrian devices,
and V2X servers to enhance environmental perception. The
remote driving group enables teleoperated control for scenar-
ios such as hazardous environments. This structured approach

to automation and diverse use cases showcases NR V2X’s po-
tential to revolutionize transportation, enhancing safety, traffic
efficiency, and environmental awareness through coordinated
information sharing and action. In Rel 16, 3GPP sets strin-
gent requirements for V2X communications, driving towards
advanced, intelligent transportation systems, such as low la-
tency (< 100 ms), high reliability (> 90%), and precise posi-
tioning (50 – 1000 m) underpin advanced scenarios.

To meet the requirements of diverse use cases in vehicular
networks, 3GPP Rel 16 specifies three cast types for NR V2X,
providing physical layer support for unicast, groupcast, and
broadcast transmissions in the SL, which distinguishes it from
LTE V2X that supports only broadcast transmissions. Unicast
enables direct communication between a pair of UEs, while
broadcast involves a single transmitter sending messages to be
received by all UEs within its radio transmission range. Group-
cast, or multicast, allows a transmitter UE to send messages to
a specific set of receivers meeting required conditions. In ad-
dition, NR V2X incorporates a hybrid automatic repeat request
(HARQ) procedure tailored for both unicast and groupcast mes-
sages.

In NR V2X SL communications, the data transmission pro-
cess involves the organization of data into transport blocks
(TBs), each accompanied by sidelink control information (SCI)
carried in a physical SL shared channel (PSSCH) [42]. Dif-
ferent from LTE, NR V2X employs a two-stage transmission
of SCIs, with the 1st-stage sent on the physical SL control
channel and the 2nd-stage on the corresponding PSSCH. This
dual-stage approach allows for flexible SCI content, support-
ing unicast, groupcast, and broadcast transmissions, providing
a significant improvement over the limited broadcast capability.
The split SCI design allows non-receiving UEs to decode only
the 1st-stage information for resource allocation, while the 2nd-
stage SCI provides detailed instructions for actual receivers. In
addition, two HARQ feedback options include designated UEs
within a specific distance of the transmitter and feedback from
all receiving UEs, utilizing the physical SL feedback channel
(PSFCH) in response to PSSCH transmissions. Additionally,
for unicast scenarios, NR V2X supports CSI reporting, where
the transmitting UE emits CSI-RSs for the receiving UE to mea-
sure and report back CSI via the PSSCH. Furthermore, NR
V2X incorporates synchronization support for SL communi-
cations. A UE acting as a synchronization reference, called
SR-UE, transmits synchronization information on the SL syn-
chronization signal block (S-SSB), comprising the physical SL
broadcast channel (PSBCH), SL primary synchronization sig-
nal (S-PSS), and SL secondary synchronization signal (S-SSS)
[148]. Synchronizing to the SR-UE allows nearby UEs, poten-
tially outside network or GNSS coverage, to establish an SL
communication with both the SR-UE and each other. Notably,
the SR-UE does not necessarily transmit data, emphasizing its
role as a synchronization reference point.

LTE V2X typically operates in the LTE spectrum, while NR
V2X operates in the 5G spectrum. NR allows flexible and
efficient spectrum usage with scalable bandwidth and differ-
ent modes of resource allocation. NR-V2X can support wider
bandwidths, enabling higher data rates and better spectral ef-
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ficiency than LTE V2X. NR V2X communication embraces
flexibility and efficiency through BWPs [39]. These customiz-
able portions within the broader carrier bandwidth allow cus-
tomizing resource allocation to diverse V2X services and de-
vice capabilities [149, 150]. By supporting smaller BWPs, low-
end UEs with limited power budgets can reduce their opera-
tional burden. Meanwhile, BWPs enable targeted allocation of
resources based on specific service requirements, minimizing
overhead and spectral waste. The BWP flexibility can simulta-
neously support various V2X services with differing bandwidth
and numerology needs, maximizing carrier utilization.

In addition to BWPs, V2X communications are improved
significantly through innovation in different modes of resource
allocation. Two modes for NR V2X SL communications for
sub-channel selection are proposed in Rel 16. Mode 1 in NR
V2X SL communication prioritizes predictability and network
control by employing an allocation mechanism controlled by
the gNB. This approach inherits dynamic grant scheduling uti-
lized in LTE V2X Mode 3 but replaces the semi-persistent
scheduling with a more flexible configured grant scheduling
[150]. Based on the dynamic grant, Mode 1 UEs become highly
communicative, requesting resources from the gNB for each
TB, including retransmissions. This constant communication
involves UEs sending scheduling requests through the PUCCH,
to which the gNB responds with DCI on the PDCCH. To fur-
ther enhance coordination, UEs inform each other about their
allocated resources for TB and potential retransmissions using
the 1st-stage SCI. It is seen that Mode 1 allocation mechanism
offers several advantages. The network awareness of gNBs en-
ables optimized channel selection, scheduling, and power con-
trol, maximizing resource utilization and minimizing interfer-
ence. By centrally managing resource allocation, the gNB en-
sures coordinated transmissions and collision avoidance, which
are crucial for reliable communications, especially for safety-
critical V2X applications. Additionally, the gNB can prioritize
resource allocation based on UE needs and application require-
ments, promoting fairness and guaranteed QoS. However, the
centralized approach of Mode 1 also has drawbacks. Reliance
on the gNB introduces a single point of failure. Additionally,
centralized decision-making can increase latency, especially as
network density grows. Moreover, the constant communication
between UEs and the gNB can add to network overhead.

Mode 2, characterized by autonomous allocation, stands out
for its distributed and self-organizing approach to resource
management. Compared to the centralized control of Mode 1,
UEs in Mode 2 independently select communication channels
based on local sensing and information sharing. This auton-
omy offers several key features. Its scalability and robustness
are noteworthy, as the distributed nature inherently scales well
with increasing network density. Individual UE decision elimi-
nates dependence on a central gNB, making the system resilient
to gNB failures. Secondly, Mode 2 ensures low latency and
adaptability crucial for real-time V2X applications. Specifi-
cally, direct channel sensing and localized resource selection
enable faster allocation decisions, allowing UEs to adapt to
dynamic channel conditions and traffic conditions, yielding a
more interactive network. Moreover, Mode 2 promotes efficient

spectrum utilization by employing distributed allocation algo-
rithms that can achieve higher spectrum efficiency than central-
ized schemes. UEs can exploit spatial reuse opportunities by
dynamically avoiding occupied channels, thereby reducing in-
terference and maximizing network capacity. However, the lack
of centralized control in Mode 2 can lead to potential fairness
issues and higher interference risks due to competing UEs.

Two resource allocation modes presented in Rel 16 have
a trade-off between decentralized agility and centralized ef-
ficiency. Mode 1 prioritizes low latency and localized traf-
fic adaptation through UE-driven scheduling, potentially incur-
ring collisions and demanding complex UE capabilities. Con-
versely, Mode 2 leverages the comprehensive view for opti-
mized resource usage and collision avoidance, potentially intro-
ducing scheduling delays and necessitating robust network in-
frastructure. Choosing the optimal mode hinges on the specific
V2X scenario, with latency-critical safety applications favoring
Mode 1, while large-scale deployments with predictable traf-
fic patterns benefit from coordinated orchestration in Mode 2.
Ultimately, Rel 16 empowers V2X designs to select the suit-
able mode for the practical requirements of systems, ensuring
efficient and reliable communication across diverse vehicular
interactions.

HARQ is an extended feature for SL communication in NR
that is provided by the MAC layer. the HARQ procedure en-
hances the reliability of TB transmissions through a retrans-
mission process. Specifically, the receiver can request a HARQ
retransmission if forward error correction and error detection
codes fail to correct the entire transmission error. A HARQ re-
sponse has different forms, such as an acknowledgment (ACK)
in case of successful reception, a negative acknowledgment
(NACK) if the reception is unsuccessful, or no response if the
control information linked to the transmission is not success-
fully received within a preset timeframe. In unicast commu-
nications, the system employs ACK/NACK feedback for SL
HARQ, where the receiver responds with ACK upon successful
TB decoding or NACK if decoding fails after the 1st-stage SCI.
For groupcast, two feedback options exist. We note that the
concepts of two options mentioned in this section have no con-
nection to those, i.e., Options 1-8, mentioned in Section 2.1.
In Option 1, a receiver transmits NACK only if it fails to de-
code the TB and its distance to the transmitter is within the
required communication range specified in the 2nd-stage SCI.
This option, called NACK-only feedback, captures scenarios
where feedback is unnecessary due to successful TB decod-
ing or if the receiver is beyond the communication range. On
the other hand, Option 2 supports ACK/NACK feedback from
all receivers in groupcast, indicating the success of TB decod-
ing. In the context of groupcast, the transmitter specifies in the
2nd-stage SCI whether to use NACK-only feedback (Option 1)
or ACK/NACK feedback (Option 2). NACK-only feedback is
useful for groupcast services with less relevant information for
receiving UEs beyond the communication range, such as in the
extended sensors use case. For groupcast Option 1, the zone
ID of a transmitter in the 2nd-stage SCI helps the receiving
UE determine the Tx-Rx distance, enhancing communication
reliability by considering the spatial relationship between the
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transmitter and receivers. This innovation promotes a more ef-
ficient and adaptive communication framework, ensuring that
feedback mechanisms are adjusted to the specific needs of each
scenario, ultimately optimizing the NR V2X communication
protocol.

In NR V2X SL communication, two HARQ feedback op-
tions offer distinct trade-offs between resource efficiency and
feedback precision, as shown in Table 11. Option 1 prioritizes
resource conservation by using a shared channel for receiving
UEs to transmit NACK-only feedback, indicating decoding fail-
ures within the specified range without individual UE identifi-
cation. While minimizing resource consumption, this approach
limits the ability of transmitters to customize retransmissions,
potentially leading to unnecessary rebroadcasts. In contrast,
Option 2 allocates a dedicated resource for ACK/NACK feed-
back to each receiver, allowing fine-grained identification of
successful and failed decodings. This precision enables tar-
geted retransmissions, enhancing overall reliability but with a
higher resource cost. The choice between options depends on
the specific requirements of the V2X scenario. Option 1 suits
resource-constrained environments where basic reachability in-
formation suffices, while Option 2 excels in scenarios requiring
high reliability and efficient data delivery, albeit with increased
resource demands.

3.7. NR for Unlicensed Spectrum
5G NR-U is a crucial mode of operation within 3GPP Rel 16

[4]. In addition to the NR FRs utilizing licensed bands defined
in 3GPP Rel 15, NR-U provides the necessary technology for
cellular operations to seamlessly integrate unlicensed spectrum
into 5G networks. NR-U enables both UL and DL operations
in unlicensed bands, supporting 5G features such as wideband
carriers, flexible numerologies, dynamic TDD, beamforming,
dynamic scheduling, HARQ timing, etc. Based on how the
carriers are used for the UP and CP, three deployment modes
within NR-U can be classified as CA, dual connectivity, and
standalone [151]. Specifically, NR-U CA utilizes unlicensed
spectrum to increase only the downstream UP capacity, whereas
NR-U dual connectivity allows both upstream and downstream
UP traffic using unlicensed spectrum. We note that both NR-U
CA and NR-U dual connectivity modes define the CP traffic to
be transported over the licensed spectrum. In the NR-U stan-
dalone mode, 3GPP Rel 16 first defines the operation that relies
solely on unlicensed spectrum for both CP and UP traffic, i.e.,
without assistance from a carrier in licensed spectrum.

The deployment of 5G NR-U starts with the unlicensed
5 GHz band for the NR-U CA and NR-U dual connectivity
modes. As new 6 GHz unlicensed spectrum becomes available
in the USA (5925 – 7125 MHz) and the EU (5925 – 6425 MHz),
with plans for availability in other countries soon, along with
unlicensed mmWave spectrum (57 – 71 GHz), the 5G NR-U
standard is poised to support these bands next, especially for
NR-U standalone [152]. It is important to note that within NR-
U standalone, the 6 GHz unlicensed spectrum is first defined
in 3GPP Rel 16, whereas the unlicensed mmWave spectrum
is later defined in 3GPP Rel 17. NR-U standalone eliminates
any reliance on licensed network operators and is available for

deployment by private enterprises, managed service providers,
or network systems integrators. This allows private 5G imple-
mentations, which support emerging consumer and Industry 4.0
applications, to access secure, low-latency, reliable, and high-
bandwidth connectivity for densely populated endpoints.

The primary concern of NR-U operation is to enable high uti-
lization of 5 GHz bands while ensuring harmonious coexistence
with Wi-Fi technologies. In association with NR-U, previous
generations of Wi-Fi devices (i.e., IEEE 802.11a/b/g/n/ac) con-
tinue to operate in 5 GHz unlicensed bands, whereas IEEE
802.11ax is first standardized to allow unlicensed Wi-Fi opera-
tions in 6 GHz bands. We note that NR-U can employ the 5G
NR PHY to maintain the 5G evolutionary benefits; however,
MAC necessitates modification in NR-U to align with Wi-Fi
technologies, where the contention-based LBT mechanism is
perceived as the baseline for 6 GHz operations. There are two
LBT categories: frame-based equipment (FBE) and load-based
equipment (LBE). The mechanism of FBE and LBE is briefly
summarized below.

As illustrated in Fig. 20(a), because NR-U devices in the
FBE LBT mode perform channel sensing at fixed frame pe-
riods (FFPs), they must wait until the next frame interval for
contention, even when the payload transmission can finish be-
fore the next frame boundary. Nevertheless, the NR-U work
item [153] indicates that FBE LBT is efficient to NR-U only in
environments where the absence of Wi-Fi networks is guaran-
teed. Therefore, this can limit the performance of FBE LBT
associated with NR-U in general, which yields open challenges
in designing synchronized access for FBE LBT. Muhammad et
al. [154] investigated FBE LBT operating in dense deployment
scenarios, evaluating channel utilization, collision probability,
and channel access delay. They also presented a case study in-
volving intensive care unit hospital environments enabled with
5G NR-U, where the aim was to emphasize how the choice of
channel access parameters could influence the wireless coexis-
tence of medical devices and characterize diverse risk profiles
when operating in 5G NR-U.

Unlike the FBE LBT strategy, LBE LBT performs channel
sensing at any instant in time, which allows the contention
of NR-U devices to be experienced sequentially whenever the
channel becomes idle, as depicted in Fig. 20(b). It is impor-
tant to note that LBE LBT, used for NR-U devices, employs
the same mechanism as carrier sense multiple access with col-
lision avoidance, which uses an exponential back-off procedure
implemented for Wi-Fi devices. The details of carrier sense
multiple access with collision avoidance can be found in [155].
Compared to FBE LBT, which senses the channel during FFPs
and consumes less energy than LBE but may not be suitable
for heavy traffic patterns [154], LBE LBT involves continu-
ous channel monitoring. In other words, devices in the LBE
strategy transmit immediately when the channel is free, but
they have to wait and retry if it is occupied to avoid collisions.
Therefore, LBE is more efficient for bursty traffic but can be
more complex and consume more energy. Based on the LBE
LBT strategy associated with NR-U specified in 3GPP Rel 16,
several analytical and experimental works can be reviewed as
follows.
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Table 11: Trade-offs of two NR V2X HARQ feedback options

Option 1 (NACK-only) Option 2 (ACK/NACK)
Resource Usage Low High

Target-specific retransmissions No Yes
Reliability Lower Higher
Advantages Resource-constrained scenarios, basic reachability information High-reliability scenarios, efficient data delivery

Disadvantages Cannot identify specific failing UEs, potential unnecessary rebroadcasts Higher resource consumption
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UE

UE

gNB

(a) FBE LBT

Payload

Adapter

Payload transmission can finish before 

the next frame boundary

Frame interval

Frame boundary

Contention window

UE

UE

gNB

(b) LBE LBT

Payload

Adapter

Contention starts only in the next frame interval

Contention starts whenever the channel becomes idle

Figure 20: Illustration of LBT with (a) FBE and (b) LBE.

In [156], the impact of NR-U settings with flexible numerol-
ogy and mini-slot transmissions was investigated in the con-
text of DL channel access, considering the coexistence of field-
programmable gate array-based license-assisted access, NR-
U, and Wi-Fi prototypes. The OTA experimental results have
demonstrated the bandwidth utilization efficiency and fairness
of resource sharing among proposed prototypes in some cases.
However, fairness is not guaranteed in general, which opens
challenges in designing novel mechanisms that improve re-
source sharing between contention-based and scheduled tech-
nologies. Wang et al. [157] examined NR-U and Wi-Fi co-
existence using the duty cycle strategy, where the bandwidth
and transmission opportunity allocation were jointly optimized
to maximize system throughput under fairness constraints. Nu-
merical results have confirmed throughput improvements com-
pared to certain benchmarks, validating the dynamic solution
stability across various fairness thresholds and channel condi-
tions. Subsequently, the NR-U type B multichannel access pro-
cedure for an NR-U and Wi-Fi coexistence system was intro-

duced in [158]. The proposed framework focused on two unli-
censed channels: a primary channel and a secondary channel.
The system throughput and packet delay on each channel were
analyzed by constructing Markov models. It is observed that in-
creasing the payload size leads to throughput improvements for
the Wi-Fi system on the secondary and for both the NR-U and
Wi-Fi systems on the primary channel. However, it reduces the
throughput of the NR-U system on the secondary channel. Fur-
thermore, Loginov et al. [159, 160] proposed two novel colli-
sion resolution LBT schemes for NR-U and Wi-Fi coexistence.
In the former strategy [159], an NR-U device randomly stopped
sending the reservation signal to listen to the channel and then
detected and resolved collisions. In contrast, in the latter strat-
egy [160], a reservation signal was continuously sent until the
next frame interval to enhance both channel resource efficiency
and resource-sharing fairness. Their simulation results have re-
vealed that both the proposed frameworks offer simultaneous
throughput improvements for both NR-U and Wi-Fi systems.

In FBE, channel sensing occurs at fixed intervals, constrain-
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ing the transmitter’s access attempts when the channel is busy
during a channel clear access event. On the other hand, LBE al-
lows continuous channel sensing whenever data is present. As
a result, low-priority LBE transmitters have a lower average ac-
cess time compared to their FBE counterparts, even if they have
an equal chance of encountering a busy channel. When low-
priority LBE transmitters with packets that can tolerate longer
latency requirements are being used, they can switch to FBE
mode with an extended channel access time. This helps re-
duce the frequency of channel-sensing operations and lessen
the workload on the gNB. This transition is particularly benefi-
cial for energy-saving purposes in devices with limited power,
even when dealing with high-priority URLLC packets with a
lower data rate. The authors in [161] presented effective tran-
sitions between the two LBT mechanisms based on the chan-
nel access time and transmission probability derived from the
Markov chain model. The experimental results in [161] clarify
the extensive benefits of the proposed dynamic switch between
LBE and FBE in reducing channel access time for high-priority
data, such as URLLC, and improving energy efficiency for low-
priority data in eMBB.

3.8. Summary and Discussion
The first step in 5G evolution, 3GPP Rel 16, studies several

significant NR and LTE enhancements for 5G use scenarios.
Those improvements mentioned in Rel 16 can be extensions of
the existing work in Rel 15, whereas others are new features
addressing new deployment scenarios. The novel technologies
in 3GPP Rel 16 are summarized as follows.

As discussed in Section 3.1, the first key technical aspect
is the enhancement of NR NOMA to accommodate numerous
UEs without excessive cross-user interference [61]. In addi-
tion, it allows multiple users to transmit on the same subcarrier
simultaneously but with different power levels to ensure decod-
ing success. NR NOMA can be implemented in various mecha-
nisms, as described in Fig. 8, with distinct key features. Grant-
based NOMA ensures quality of service through pre-assigned
resources but suffers from limited scalability and high com-
plexity. RACH-based grant-free NOMA improves scalability
by eliminating grant signaling but requires careful design for
fairness and dynamic access. RACH-less grant-free NOMA
maximizes efficiency with minimal signaling and complexity
but presents challenges in collision avoidance and ensuring fair
access for weaker UEs. In addition, several companies pre-
sented numerous compelling NOMA schemes, as listed in Ta-
ble 6. Those approaches can be classified into three main cate-
gories: scrambling- interleaving-, and spreading-based NOMA
schemes. Scrambling-based NOMA requires a low complex-
ity; however, they are susceptible to interference. Interleaving-
based methods combat channel variations and reduce latency.
Nevertheless, it has the trade-off of supplementary overhead.
On the other hand, while spreading-based schemes present no-
table advantages in terms of enhanced capacity gains and in-
terference alleviation, they require higher complexity due to
spreading sequences.

One of the most notable innovations addressed in the 3GPP
Rel 16 is the IAB technology, which provides an alternative

to the conventional fiber backhaul by extending NR to support
wireless backhaul, as discussed in Section 3.2. The information
from the central donor can be distributed to the neighbor nodes
via multiple wireless links; thus, the IAB simplifies the deploy-
ment of small cells and resolves an overloading situation. The
high-level procedure of IAB is based on the CU–DU split ar-
chitecture, as described in Fig. 11.

For many years, the GNSS has successfully accomplished
UE positioning. However, this technology is generally limited
to outdoor scenarios with satellite visibility. For 3GPP Rel 16,
several UE positioning techniques for indoor applications are
reviewed in Section 3.3. Specifically, RAT-dependent tech-
niques are introduced to meet the 5G positioning error require-
ments [110]. They can be classified as time-based (i.e., TDoA
and RTT) and angle-based solutions (i.e., DoA). Both timing-
based and angle-based positioning techniques offer distinct ad-
vantages and drawbacks, impacting their suitability for various
scenarios. Timing methods offer wide applicability and infras-
tructure simplicity but suffer from multipath problems and syn-
chronization dependence. Conversely, angle-based techniques
boast superior precision and dense-environment resilience yet
entail higher complexity and line-of-sight limitations. Com-
bining both timing and angle-based techniques leverages their
positioning performance while mitigating their weaknesses, as
shown in existing studies in Table 8. In addition, DL and UL
localizing procedures are supported by two new RSs, including
DL PRS and UL SRS. Hybrid approaches aided by those RSs
can achieve the positioning accuracy requirements, as shown in
Table 7, and robustness in diverse environments [133, 134].

Low latency control has been a KPI for user experience since
the early days of 5G communication. The two-step RACH has
been specified in 3GPP Rel 16 to reduce the time for an ini-
tial UE–BS connection establishment. The mechanism of the
two-step RACH is compared with that of the four-step RACH
in Section 3.4. The two-step RACH can be implemented in a
NOMA-based grant-free transmission to simultaneously reduce
the signaling overhead and synchronize user signals. Moreover,
the two-step procedure requires fewer processing steps than its
counterpart; therefore, it has the advantage of power saving in
a scenario where the UE data are transmitted intermittently.

The energy-efficiency techniques discussed in Section 3.5
have been studied and developed to improve the battery life-
time of terminal devices. The DRX and BWP adaptations are
two conventional techniques proposed in 3GPP Rel 15 to enable
energy-efficient mobile communication. Based on those two in-
ventions, several enhancements and extensions were introduced
in Rel 16, including the dynamic antenna adaptation, WUS in-
dication, PCell signaling-based SCell dormant state transition,
and cross-slot scheduling. These methods can be simultane-
ously implemented based on various use cases. For example,
using DRX combined with the PDCCH optimization schemes
(i.e., WUS or cross-slot scheduling) can reduce power con-
sumption by up to 20% [162]. While those UE-level power-
saving techniques in 3GPP Rel 16 offer significant benefits,
they also involve trade-offs, as indicated in Table 10. The ef-
fectiveness of those methods relies on context-aware selection,
where the choice of technique dynamically adapts to traffic
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load, UE mobility, and channel conditions. For instance, pri-
oritizing DRX and SCell dormancy during low-traffic scenarios
minimizes unnecessary radio activity, while BWP management
and MIMO layer reduction efficiently handle high-traffic de-
mands.

The development of V2X communication is demonstrated
through technical reports in Rel 16, where NR V2X technol-
ogy plays a significant role [60, 147]. Compared to its pre-
decessor, LTE V2X, presented in Rel 15, NR V2X shows sig-
nificant advancements across KPIs. Specifically, as discussed
in Section 3.6, its reduced latency enables real-time data ex-
change and unlocking applications, including collision avoid-
ance and cooperative driving, which were previously unattain-
able with LTE V2X technologies. Furthermore, higher band-
widths in NR V2X communications accommodate the require-
ments of data-intensive transmissions, such as high-definition
maps [163] and real-time video streaming [164]. Reliability
also benefits from diverse modes of resource allocation, miti-
gating the reliance on cellular networks. These advancements
pave the way for numerous novel V2X applications, from pla-
tooning and remote driving to real-time traffic optimization and
immersive in-vehicle experiences.

Finally, Section 3.7 delves into the significance of 5G NR-U
specified in 3GPP Rel 16. Based on the utilization of carri-
ers for the UP and CP, NR-U classifies deployment modes as
CA, dual connectivity, and standalone. The primary unlicensed
bands designated for 5G NR-U operation are situated at 5 GHz
and 6 GHz. The former (5 GHz) is preferable for NR-U CA
and NR-U dual connectivity, whereas the latter (6 GHz) is fa-
vored for NR-U standalone. Due to the distinctive attributes of
NR-U standalone, which operates exclusively on the unlicensed
spectrum for both CP and UP traffic, it emerges as a suitable
choice for private 5G implementations. These implementations
boast secure access, low latency, high reliability, and robust
high-bandwidth connectivity, especially pertinent for densely
populated endpoints. Capitalizing on these advantages, NR-
U standalone has been expanded into the unlicensed mmWave
spectrum in 3GPP Rel 17. Notably, the harmonious coexis-
tence between 5G NR-U and Wi-Fi technologies is a principal
consideration. In the realm of NR-U MAC, a contention-based
LBT mechanism is employed, comprising two categories: FBE
LBT and LBE LBT. Each category employs distinct sensing
strategies and addresses specific challenges. FBE LBT proves
efficient for NR-U in environments where the absence of Wi-
Fi networks is assured. In contrast, LBE LBT, reminiscent of
Wi-Fi technology’s carrier sense multiple access with collision
avoidance, allows contention at any time instant, potentially en-
hancing efficiency in coexistence environments.

Building upon technologies in Rel 15, Rel 16 of the 3GPP
standard emerged as a crucial stepping-stone in the evolution of
5G communications. While Rel 15 introduced core concepts,
such as URLLC and massive MIMO, Rel 16 significantly en-
hanced their performance and flexibility, paving the way for the
advanced features of Rel 17. In addition, IAB, introduced in
Rel 16, allows for consistent merging of cellular and Wi-Fi net-
works, optimizing resource allocation and improving user expe-
rience. This provides cost-effective network deployments and

Table 12: Representative RedCap use cases in 3GPP Rel 17.

Industrial sen-
sors

Surveillance Wearables

Bit rate 2 Mb/s 2–4 Mb/s for
economic video;
7.5–25 Mb/s for
high-end video

UL: 2–5 Mb/s
(up to 50 Mb/s);
DL: 5–50 Mb/s
(up to 150 Mb/s)

Latency 100 ms (5–10 ms
for safety sen-
sors)

500 ms -

Reliability 99.99% 99–99.9% -
Battery
life

At least a few
years

- At least a few
days and up to
1–2 weeks

Traffic
type

UL heavy UL heavy -

Mobility Stationary Stationary Non-stationary

wider 5G coverage, particularly in dense urban environments
and indoor settings. Furthermore, Rel 16 placed significant em-
phasis on latency reduction. Enhanced positioning and latency
reduction features were introduced, enabling near-real-time re-
sponsiveness for applications such as augmented reality, virtual
reality, and industrial automation. These improvements laid the
groundwork for the even more stringent ultra-low latency de-
mands addressed in Rel 17 through reduced capability NR de-
vices. Another key contribution of Rel 16 was the formalization
of NR V2X communications. This technology ensures safer
and more efficient transportation systems by enabling com-
munications between vehicles, infrastructure, and pedestrians.
While further enhancements are expected in Rel 17, Rel 16 laid
the crucial groundwork for V2X integration into 5G Advanced
networks.

4. Release 17

3GPP Rel 17 is the third major iteration of the 5G standard
[5]. Rel 7 significantly enhances the core functionalities of 5G
technology, including coverage, mobility management, power
efficiency, and reliability. Additionally, it expands the applica-
bility of 5G by enabling novel use cases, deployment scenarios,
and network configurations. In this section, we present five cru-
cial aspects of this release: reduced capability (RedCap) NR de-
vices (RedCap), non-terrestrial network (NTN), NR multicast-
broadcast services (MBS), edge computing, and RAN slicing.

4.1. RedCap NR Devices

The ongoing expansion of 5G ecosystems faces challenges
in broadening device connectivity and catering to diverse use
cases. In response, a key development involves the convergence
of eMBB, mMTC, and URLLC with emerging IoT applica-
tions across vertical industries. To address these challenges,
3GPP introduced RedCap NR devices in Rel 17 [165, 166].
This initiative focuses on enabling new device categories, in-
cluding industrial wireless sensors, video surveillance systems,
and wearables. Table 12 summarizes the specific specifications
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Table 13: Comparison of the baseline Rel 15 baseline UE and RedCap NR UE.

FR1 FR2
Baseline
UE

RedCap
UE

Baseline
UE

RedCap
UE

Number of re-
ceiver branches

2 or 4 1 2 2

UE bandwidth 100 MHz 20 MHz 200 MHz 100 MHz
Number of
MIMO layers

2 or 4 1 2 1

Maximum
modulation
order

64 QAM 64 QAM 64 QAM 64 QAM

Duplex opera-
tion

TDD
or full-
duplex
FDD

TDD
or half-
duplex
FDD

TDD TDD

Cost reduction 0% –65% 0% –50%

for these use cases. RedCap recognizes the diversity in re-
quirements across these use cases and is designed to navigate
the trade-off between cost/complexity, battery life, and vary-
ing performance demands. Consequently, it emerges as a well-
suited solution for supporting mid-tier IoT deployments. Be-
yond fulfilling specific use case requirements, RedCap NR UE
aims to significantly reduce cost/complexity and physical size
compared to standard 5G NR UEs (e.g., eMBB and URLLC de-
vices) while extending battery life. RedCap NR UE supports all
FR1 and FR2 bands for both FDD and TDD operations. Red-
Cap incorporates various features to meet diverse requirements,
including complexity reduction and enhanced energy-efficiency
techniques for UEs.

Regarding UE complexity reduction, the Rel 17 RedCap
standard has implemented various features, including a lim-
ited number of receiver/transmitter branches, reduced UE
bandwidth, half-duplex FDD operation, maximum number of
MIMO layers relaxation, and maximum modulation order re-
laxation. To compare the capabilities of a baseline Rel 15 UE
with the RedCap NR UE, Table 13 presents the differences.
It shows that the decreased capabilities can result in approxi-
mately 65% and 50% reduction in the UE bill-of-materials ex-
pense for FR1 and FR2, respectively [166]. This implies sig-
nificant cost savings without compromising performance, spec-
ification, and coexistence effects. Furthermore, the ability to
handle a single antenna branch facilitates smaller device form
factors, which is particularly important for wearables [167].
The study in [168] determined how these complexity reduction
strategies may affect coverage. The findings suggest that Red-
Cap NR channels require a coverage recovery of less than 1 dB
or can be compensated for using reduced data rates.

Regarding UE energy savings, two specified techniques are
extended DRX in RRC idle/inactive states and relaxed radio
resource management (RRM) measurement for adjacent cells.
The extended DRX enables the UE to stay in a low-power state
for an extended period, with DRX cycles of up to 10485.76 s
(approximately 3 h) in the RRC idle state and 10.24 s in the
RRC inactive state. Compared to the legacy DRX sleep peri-
ods of 1.28 s or 2.56 s, this improvement provides significant

Table 14: Types of NTN platforms.

Platform Altitude Range
(km)

Orbit Beam Footprint
Size (km)

GEO 35786 Fixed position 200–3500
MEO 7000–25000 Circular around

Earth
100–1000

LEO 300–1500 Circular around
Earth

100–1000

UAS 8–50 (20 for
HAP)

Fixed position 5–200

battery life benefits for RedCap NR devices, such as industrial
sensors. In the RRC idle/inactive state, the UE regularly con-
ducts RRM measurements to facilitate smooth mobility man-
agement. These measurements are based on RSRP data from
the current and adjacent cells. However, when the RSRP of the
current cell reaches a certain threshold, the UE is not required
to conduct RRM measurements for adjacent cells to save en-
ergy. Additionally, if the UE is stationary or not located at the
cell border, the relaxation of RRM measurement for adjacent
cells can conserve UE power. In the RRC connected state, the
network can further establish a stationary condition based on
RSRP for the UE. This allows the UE to report to the network
when this condition is met, resulting in further power savings.

4.2. Non-Terrestrial Network

NTN has gained significant attention in Rel 17 due to its sup-
port for ubiquitous connectivity and coverage, separating the
technology into two facets: NR NTN and IoT NTN [169, 11].
NR NTN leverages the power of 5G NR technology to pro-
vide broadband services via satellite constellations in FR1.
IoT NTN, on the other hand, focuses on connecting massive
numbers of low-power, low-complexity devices using exist-
ing narrow-band technologies such as narrow-band IoT (NB-
IoT) and enhanced machine-type communication (eMTC) over
satellite links. Depending on the type of NTN platform, various
deployment options are available. These platforms can be clas-
sified into two primary groups: spaceborne and airborne. The
classification is based on altitude, orbit type, and beam footprint
size, as summarized in Table 14.

• Spaceborne vehicles: Recognizing the potential for shared
growth, the satellite industry has been a driving force be-
hind integrating satellite or spaceborne platforms into the
5G ecosystem through the 3GPP initiative. Spaceborne
platforms can be categorized into three types: low Earth
orbit (LEO), medium Earth Orbit (MEO), and geosyn-
chronous Earth orbit (GEO) satellites. GEO satellites re-
main stationary in space relative to terrestrial observers.
LEO and MEO satellites, a.k.a. non-GEO satellites, have
orbital periods ranging from 1.5 to 10 hours, shorter than
the Earth’s rotation time.

• Airborne vehicles: They encompass two categories,
i.e., uncrewed aircraft systems positioned within altitude
ranges of 8 to 50 km and HAPs navigating at heights of
20 km. Comparable to geostationary satellites, uncrewed
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aircraft systems can remain stationary relative to a ground
reference point. The beam footprint size of uncrewed air-
craft systems spans from 5 to 200 km.

In Rel 17, the 5G NR-based NTN study focused on transpar-
ent (non-regenerative) payloads in LEO and GEO network sce-
narios. These scenarios involved Earth-fixed tracking regions,
FDD systems, and GNSS-capable UEs. GNSS-equipped UEs
leverage their positioning capabilities to estimate the relative
speed and RTT to the satellite. This enables them to apply pre-
cise Doppler pre-compensation to guarantee accurate UL signal
transmission on the desired frequency [170]. The NTN archi-
tecture with transparent payload is illustrated in Fig. 21. The
NG interface links the 5GC network with a gNB, which is lo-
cated on the ground behind the NTN gateway. The NTN gate-
way connects to the NTN payload through the feeder link. The
NTN payload communicates with the UE over the service link
through the NR Uu interface.

NTN, coupled with existing terrestrial infrastructure, could
deliver cost-effective solutions for many use cases [171, 172].
NTN can provide continuous and ubiquitous wireless coverage
for NB-IoT/eMTC devices. This enables broadband services
in unserved or underserved areas and facilitates remote mon-
itoring and control of diverse assets and infrastructure, rang-
ing from transportation systems (ships, trains, trucks) to critical
utilities (bridges, pipelines, railways) and environmental moni-
toring sensors. The inherent wide-area broadcast capabilities of
NTN provide a foundation for novel mobile edge applications
within the 5G ecosystem, exemplified by applications such as
mobile gaming, where content needs to be readily available
across geographically distributed edge locations. Offloading
computational tasks to NTN can help terrestrial infrastructure
handle growing demands [173]. Moreover, in a natural dis-
aster or emergency that causes temporary network outages or
destruction, NTN can serve as a reliable fallback to reestab-
lish communication networks with minimal delay. In recent
years, diverse industrial developments, such as SpaceX’s Star-
link [174], Amazon’s Project Kuiper [175], and OneWeb [176],
have unlocked the potential of LEO non-geostationary satellite
constellations for global coverage. In addition, several field tri-
als have assessed the performance of 5G in NTN configurations
[177, 178, 179].
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Figure 22: 5G architecture with MBS enhancements.

4.3. NR Multicast-Broadcast Services

With media streaming and increasing traffic, broadcast and
multicast techniques offer a key solution for optimizing net-
work resource efficiency. Rel 17 has made significant efforts to
integrate MBS into the NR 5G system [180, 181]. MBS lever-
ages the existing 5G NR and 5GC architecture with specific en-
hancements to simultaneously enable efficient content delivery
to large groups of users. This represents a significant shift from
the traditional unicast approach, where individual users receive
independent data streams. The 5G MBS supports key use cases
for public safety, OTA software updates, video delivery, con-
nected vehicles, NTN, and other IoT applications.

As shown in Fig. 22, the 5G network architecture has been
enhanced to support MBS while utilizing the existing 5G sys-
tem [182]. The access and mobility management function is a
CP interface with NG RAN to serve the UE. A session man-
agement function establishes a data channel between the UE
and a UP function to enable the transmission of UE data. Sev-
eral new network functionalities have been introduced to fa-
cilitate MBS. The multicast-broadcast UP function acts as an
entry point to the 5G system and functions as a session an-
chor. The multicast-broadcast session management function
manages MBS sessions and configures the multicast-broadcast
UP function based on policy rules. The MBS function provides
service-level capabilities for MBS session operations by con-
necting with the application function/application server and the
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multicast-broadcast session management function. Lastly, the
MBS transport function acts as a media anchor for MBS data
traffic by offering generic packet transport functions to internet
protocol multicast-enabled applications.

The MBS traffic is distributed to multiple UE from a single
data source using two delivery mechanisms: 5GC shared and
5GC individual MBS traffic delivery, as shown in Fig. 23. The
5GC shared mechanism is used for multicasting and broadcast-
ing, where copies of MBS packets are received and distributed
by 5GC to the NR RAN node. This mechanism allows MBS
packets to be sent via the radio between the NG RAN and UE
through point-to-point (PTP) and point-to-multipoint (PTM). In
the PTP scheme, each piece of UE receives distinct copies of
MBS packets from the NR RAN node over the radio. In the
PTM scheme, a group of UE receives copies of MBS packets
from the NR RAN node over the radio. On the other hand, the
5GC individual MBS traffic delivery mechanism is exclusively
for multicast services. In this mechanism, 5GC obtains copies
of MBS packets and provides each UE with distinct copies of
MBS packets through per-UE PDU sessions.

To ensure the QoS of multicast services, UEs must main-
tain the RRC connected state for proper radio resource con-
figuration, including MBS radio bearer and PHY configura-
tions. When cell edge users experience poor channel quality
and require reliable transmission, the PTM transmission can be
switched to PTP transmission. This change allows for utiliz-
ing an automatic repeat request (ARQ) operation, improving
overall performance. If no multicast data is received, the mul-
ticast session can be disabled. To reactivate the multicast ses-
sion, group paging is used to notify the UE to transition from
the RRC idle/inactive state to the RRC connected state. On the
other hand, broadcast services can serve all UEs within the cov-
erage area irrespective of their RRC states. The radio resource
configuration for broadcast mode is disseminated periodically
via the dedicated MBS control channel. This allows UEs, re-
gardless of their RRC state, to acquire the necessary settings
from the MBS traffic channel and decode broadcast data. In ad-
dition, MBS delivers varying levels of data transmission relia-
bility. HARQ enables swift physical layer retransmissions with
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Figure 24: NR multicast-broadcast service protocol.

fast feedback. At the same time, the network can dynamically
choose between PTP or PTM retransmissions or even the robust
ARQ for 100% delivery guarantees. Broadcast can leverage
data bundling for enhanced reliability. Notably, multicast guar-
antees packet-level service continuity with lossless mobility by
employing packet-level sequence number synchronization and
allowing UEs to request missing packets during handover, en-
suring a seamless experience.

Fig. 24 illustrates the architecture of the NR MBS protocol,
which leverages and enhances the functionalities of unicast to
support MBS. The protocol comprises four sub-layers: SDAP,
PDCP, RLC, and MAC. The incoming QoS flows are mapped
to multicast or broadcast service radio bearers using a service
data adaptation based on the QoS policies. The PDCP exe-
cutes packet reordering and links these packets to RLC entities.
Header compression approaches (e.g., robust header compres-
sion and Ethernet header compression) can be used to reduce
header overhead. The RLC segments the packets into smaller
subpackets and is divided into PTM RLC and PTP RLC. The
PTM RLC can deliver the same packet to multiple pieces of UE
via a group radio network temporary identifier but only sup-
ports the unacknowledged mode of delivery due to the synchro-
nization complexity. The PTP RLC employs a cell radio net-
work temporary identifier and can deliver in the acknowledged
mode. The MAC performs multiplexing/demultiplexing. The
MBS session-specific DRX can be configured to conserve UE
power for the UE that obtains MBS data. The MAC also man-
ages MBS PHY techniques, including the HARQ operation and
MBS semi-persistent scheduling.

4.4. Edge Computing
Edge computing was standardized by 3GPP and the Euro-

pean Telecommunications Standards Institute to facilitate time-
sensitive tasks. This approach involves deploying communica-
tion infrastructure and computing resources closer to the UEs at
the network edge [183]. Edge computing offers numerous ad-
vantages in enhancing 5G networks and enabling a wider range
of innovative use cases. Some notable examples include real-
time gaming, extended reality, connected vehicles, and indus-
trial IoT applications [184].

In Rel 17, 3GPP aims to deliver native support of edge com-
puting in 3GPP networks. Hence, it is necessary to enhance
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the overall application layer architecture. The framework for
enabling edge applications, depicted in Fig. 25, has been de-
veloped with various architectural principles, including flexi-
ble deployment, service differentiation (the ability to activate or
disable edge computing functionalities), UE application porta-
bility, and edge application portability [185]. The application
client can locate the optimal edge application server (EAS) by
introducing the edge enabler client (EEC) and the edge enabler
server (EES). Furthermore, the EEC can connect with the most
suitable EES by utilizing the edge configuration server (ECS),
which provides information regarding edge configurations. The
EES, ECS, and EAS can communicate with the 3GPP core
network. By leveraging the capabilities of the enabling layer,
3GPP networks can support the edge capabilities as follows.

• Service provisioning: The EEC–equipped UE can be as-
sisted in locating and connecting to accessible edge data
networks.

• Rich discovery: The EEC–equipped UE can determine the
edges and EASs through on-demand configuration provi-
sioning through the ECS and query support by the EES.

• Dynamic availability: The fluid nature of the system, in-
cluding flexible deployments and UE movement, leads to
dynamic changes in edge and EAS availability. Accord-
ingly, UEs can subscribe to these dynamic changes, which
allow them to adjust the offered services and maintain an
optimal experience.

• Capability exposure: EES capabilities are made available
to EAS as value-added services through application pro-
gramming interfaces (APIs). Both EAS and EES can also
leverage 3GPP network capabilities through northbound
APIs provided by service capability exposure functions
and network exposure functions.

• Support for service continuity: When UEs move across
the network, the architecture intelligently migrates their
application context to the most suitable server, whether on
the edge or in the cloud. This seamless transfer guarantees
uninterrupted service and preserves the user experience.

In Rel 17, several enhancements are described to assist appli-
cations in edge computing, i.e., EAS discovery, edge relocation,

network exposure to EAS, and application function guidance
to determine UE route-selection policy rules [186]. The EAS
discovery function is defined to support PDU sessions with a
session breakout connectivity model. It operates as a domain
name system resolver for the UE, supplementing domain name
system requests with UE mobility information. This approach
allows the domain name system to resolve to EASs near the UE.
When the EAS relocates due to UE mobility, the 5G system UP
path can be reconfigured with the application function to main-
tain the optimized path and minimize the effect on the user ex-
perience. The application function and network-triggered edge
relocation mechanisms are designed to accommodate various
application requirements (e.g., packet loss and UP latency).

In addition, network exposure with low latency is specified to
expose QoS monitoring results to EAS. With this UP function-
based network exposure, the exposure path is shortened to ac-
celerate fast application response to network changes. Finally,
in the UE, the configuration of the UE route-selection pol-
icy rules can consider specific application server information.
Thus, this enables the UE to establish PDU sessions for spe-
cific application servers flexibly, removing the requirement for
deploying complex session breakout solutions. Some other im-
portant aspects are also discussed, including security [187], me-
dia processing [188], and management [189].

4.5. Radio Access Network Slicing
5G is envisioned as a multi-service network supporting var-

ious verticals with diverse performance and service require-
ments. The slicing concept, facilitating network virtualiza-
tion techniques to create many logically separate networks, has
emerged as an efficient way to serve all services on a common
infrastructure [190]. RAN slicing splits RAN resources to pro-
duce various RAN slices, each designed to satisfy the require-
ments of a specific 5G service, i.e., eMBB, URLLC, or mMTC
[191, 192, 193]. Mobile network operators consist of infrastruc-
ture providers, which own and control the physical resources
(e.g., BSs, core network components, and radio resources), and
mobile virtual network operators, which lease resources from
providers to offer services to users. RAN resources are allo-
cated based on service-level agreements (SLAs) and user needs.
Hence, resource allocation is critical to RAN slicing, ensur-
ing optimal network performance and service differentiation.
Maule et al. [194] demonstrated through a single-tenant testbed
with two slices (eMBB and mMTC) that dynamically adjusting
slice configurations based on both SLAs and real-time traffic
patterns can optimize RAN slicing performance. Albonda et al.
[195] addressed resource allocation in a RAN slicing scenario
with two service demands (V2X and eMBB), proposing a hy-
brid algorithm combining offline reinforcement learning for ini-
tial resource split and a low-complexity heuristic for dynamic
adjustments.

In 3GPP, the identification of a network slice is defined
by a single network-slice selection assistance information (S-
NSSAI), including two parts: a slice/service type and a slice
differentiator. The slice/service types describe unique identi-
fiers for different network slice types, each optimized for spe-
cific use cases. Common standardized slice/service type val-

33



ues include 1 for eMBB, 2 for URLLC, 3 for massive IoT, 4
for V2X, and 5 for high-performance machine-type communi-
cations. The slice differentiator distinguishes several network
slices of the same slice/service type. The UE enrolls in the 5G
network for service delivery and establishes a 5G connection as
a PDU session with a specific S-NSSAI. From the viewpoint of
QoS management, one or multiple QoS forwarding treatments,
a.k.a. 5G QoS flows, can be executed within each PDU session
related to the given S-NSSAI as per the 5G QoS model.

3GPP Rel 17 investigated enhancements of RAN slicing for
NR [196], such as enabling UE quick access to the cell serv-
ing the desired slice (e.g., the slice-aware cell reselection and
slice-specific RACH configuration) and service continuity sup-
port for intra-radio access technology handover service inter-
ruptions. A new network slice as a group method is provided to
avoid exposing S-NSSAI through the NR Uu interface for secu-
rity and overhead concerns. This technique enables slice-aware
cell reselection and slice-specific RACH configuration. Rather
than the S-NSSAI, the data for the new network slice as a group
method are broadcast in the system information. In the case of
a slice resource shortage, the NG RAN assigns resources to the
slice via multi-carrier resource sharing or resource repartition-
ing to ensure service continuity. The NR RAN can create dual
connectivity or CA with different frequencies and overlapping
coverage if the same slice is available for multicarrier resource
sharing. Resource repartitioning enables a slice to employ re-
sources from a shared or prioritized pool when resources are
unavailable.

4.6. Summary and Discussion
3GPP continues 5G evolution in its Rel 17. In this section,

we addressed the major new use cases and deployment scenar-
ios, including RedCap, NTN, NR MBS, edge computing, and
RAN slicing.

First, Section 4.1 introduces RedCap, which was first intro-
duced in Rel 17 and marked a transformative step with its effec-
tive cost, energy efficiency, and compact design for UEs. Red-
Cap fulfills the requirements of mid-range IoT use cases, in-
cluding industrial sensors, video surveillance, and wearables.
Further enhancements for RedCap are expected in the next
3GPP releases. The enhancements could further reduce Red-
Cap NR UE cost/complexity/energy consumption and support
emerging 5G applications such as smart city and eHealth cov-
erage.

We review NTN in Rel 17 in Section 4.2. NTN breaks new
ground in this release by integrating satellites seamlessly into
the 3GPP ecosystem and forging a global standard for future
satellite networks. It tackles coverage gaps and disruptions in
underserved areas, boosts reliability through interconnectivity
with diverse technologies, and strengthens network resilience
against disasters. Rel 17 lays the foundation with NR NTN
and IoT NTN standards, facilitating enhancements planned in
the next 3GPP releases, such as enhanced coverage, improved
mobility, and expanded spectrum support.

Section 4.3 presents NR MBS, which was first introduced
in Rel 17. It has two delivery modes: multicast (for joined
UEs in RRC connected state, targeting high QoS requirements)

and broadcast (to all UEs in a service area, aiming for lower
QoS requirements). MBS enhancements are expected in the
next 3GPP releases, including enabling multicast reception in
RRC inactive state for wider reach and lower UE power con-
sumption, allowing UEs to receive unicast and broadcast trans-
missions simultaneously, and improving service provisioning in
shared-network scenarios with multiple operators.

In Section 4.4, we review edge computing, which stands as
a cornerstone for realizing the full potential of 5G applications,
especially those demanding ultra-low latency. In Rel-17, the
5G system architecture has integrated the EAS discovery func-
tion, leveraging domain name system capabilities, to facilitate
the discovery of edge applications near UEs. Future 3GPP re-
leases aim to further enhance edge computing capabilities by
streamlining the exposure of device-traffic-related information
to EASs and optimizing the allocation and relocation of EASs
among different UEs.

Finally, Section 4.5 outlines enhancements of RAN slicing
for NR, a feature built on the existing 5G RAN that divides
RAN resources into virtual slices tailored to specific 5G ser-
vices. Some focus areas in the next 3GPP releases include UE-
driven roaming partner selection based on supported slices, ser-
vice continuity during SLA breaches, temporary slice support,
and zero-touch network slice management.

It is worth noting that 3GPP Rel 17 was a testament to the
resilience and ingenuity of the mobile industry in the face of a
global pandemic. It marked the first entirely remote develop-
ment process for a major release, and the results are impres-
sive. Rel 17 paves the way for exciting new applications and
use cases, laying the groundwork for the next chapter in mobile
technology: 5G Advanced.

5. Release 18 (as Expected)

Recently, 3GPP officially announced the approval of the
Rel 18 work package [197]. This is a significant milestone as
it is the inaugural standard release of the 5G Advanced. Com-
pared to previous release standards, 3GPP Rel 18 introduces
substantial upgrades in system features [198, 199]. The 3GPP
RAN Rel 18 package can be categorized into three main parts:
eMBB evolution, non-eMBB evolution, and cross-functional
evolution. This section discusses some noteworthy features
of Rel 18, such as RAN intelligence, network energy sav-
ings, small data transmission, NR support for UAVs, low-power
wake-up signal and receiver, and dynamic spectrum sharing
(DSS).

5.1. RAN Intelligence

3GPP Rel 18 delves into normative work on AI/ML for RAN
intelligence [200], focusing on advancing data collection and
signaling capabilities to enable AI/ML-driven network energy
conservation, load balancing, and mobility optimization. These
enhancements seamlessly integrate with existing NG RAN in-
terfaces and architecture, supporting both monolithic and split
gNB configurations. AI/ML model training and inference can
be flexibly deployed, either in the gNB (or gNB-CU for split
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configuration) or in the operations, administration, and mainte-
nance (OAM) function for training and the gNB (or gNB-CU)
for inference. RAN intelligence is driven by predictive AI/ML
abilities, which can be shared between gNBs via the Xn inter-
face.

In addition, 3GPP Rel 18 initiated a study on the application
of AI/ML for NR air interface [201]. The study aims to develop
a standardized AI/ML framework, identify areas where these
technologies can enhance NR air interface functions, define de-
scriptions and characteristics for AI/ML models, and evaluate
the performance, complexity, and potential specification im-
pacts of these methodologies. Three use cases were prioritized
for performance improvements: CSI feedback to optimize effi-
ciency, accuracy, and predictive capabilities; beam management
to enhance temporal/spatial beam prediction for accuracy and
efficiency gains; and positioning accuracy across diverse sce-
narios, including non-line-of-sight situations. While the AI/ML
model can be deployed at one side (either gNB or UE) for most
use cases, the spatial-frequency domain CSI compression re-
quires a two-sided model, which leverages an AI/ML-based en-
coder at the UE to efficiently compress CSI data, followed by its
reconstruction at the gNB by a corresponding AI/ML decoder.
Hence, a tight UE-gNB interaction is required in the two-sided
AI/ML deployment model.

5.2. Network Energy Savings
Energy conservation is crucial for sustaining the environ-

ment, reducing environmental impacts, and minimizing oper-
ating costs for mobile network operators. Notably, 5G NR ex-
hibits significant energy efficiency improvements over past gen-
erations. However, the dense deployment, extensive use of mas-
sive MIMO, wider bandwidths, and additional frequency bands
in 5G networks can increase power consumption if appropriate
energy-saving measures are not implemented. Hence, 3GPP ap-
proved a special study for network energy conservation in 5G
NR in Rel 18 [202]. It focuses on developing and identifying
an evaluation methodology, a BS network energy consumption
model, and KPIs such as spectral efficiency, user throughput,
latency, capacity, and UE power consumption. Additionally,
techniques for energy conservation in gNB and UE regarding
transmission and reception are explored and evaluated in spe-
cific deployment scenarios, including urban micro and macro
settings with massive MIMO.

5.3. Small Data Transmission
Small data packets are commonly used in small IoT de-

vices and wearables applications. When a new packet arrives,
the UE changes from the RRC inactive state to the RRC con-
nected state to transfer the data using four-step and two-step
random-access techniques. The UE stays in the RRC connected
state and performs additional procedures (e.g., measurement
reporting) until it receives an RRC connection release mes-
sage. These RRC state transitions can result in unnecessary
control signaling overhead, especially when dealing with infre-
quent and power-sensitive devices. To address this issue, in
3GPP Rel 17, mobile-originated small data transmission (MO-
SDT) is introduced [203]. In MO-SDT, the UE initiates the UL

transmission while it remains in the RRC inactive state. 3GPP
Rel 18 introduces mobile-terminated small data transmission
(MT-SDT), allowing DL-triggered small data to be sent from
the network to the UE with RRC inactive state [204]. The work
item on MT-SDT for NR in Rel 18 aims to describe support
for paging-triggered SDT. It includes two mechanisms for trig-
gering MT-SDT, i.e., random-access-based SDT and configured
grant-based SDT. It also specifies the MT-SDT process for re-
ceiving initial DL data and follow-up UL/DL data transmissions
in the RRC inactive state.

5.4. Unmanned Aerial Vehicles

UAVs are increasingly gaining popularity in various appli-
cations [205]. For example, UAVs, acting as aerial BSs, can
dynamically adjust their altitude and position, utilizing commu-
nication protocols to deliver Internet access to UEs. 3GPP stan-
dardized enhanced LTE support for UAVs in Rel 15 to Rel 17
[206]. However, compared to LTE, 5G NR offers a wider range
of applications for UAVs with lower communication delays and
higher data rates for services. Rel 18 introduced 5G NR sup-
port for UAVs [207], aligned NR solutions with the existing
LTE UAV solutions as well as specified NR-specific enhance-
ments. Several enhancements include UAV-related measure-
ment reports (e.g., altitude threshold-based UE-triggered mea-
surement reports and reporting of UAV spatial and kinematic
data), UAV identification broadcast, UAV beamforming capa-
bility indication for UEs, and subscription-based UAV identifi-
cation.

5.5. Low-Power Wake-Up Signal and Receiver

The study of the low-power wake-up signal (LP-WUS) and
low-power wake-up receiver (LP-WUR) for NR was approved
in 3GPP Rel 18 [208]. It is recognized as an iconic technology
for UEs in the 5G Advanced. Controlling energy use is crucial
for wearables and IoT devices, e.g., industrial sensors and con-
trollers. The UE can save energy using DRX, which allows it
to deactivate its transceivers for a DRX cycle when traffic data
is not received [139]. However, the UE must wake up after
each DRX cycle, resulting in energy waste. To resolve this is-
sue, the UE can be outfitted with the LP-WUR that monitors
the LP-WUS from the gNB to trigger the UE from idle/inactive
to active. In Rel 18, the LP-WUS is not limited to using exist-
ing signals. Hence, investigations are conducted on LP-WUR
architectures, LP-WUS designs, and procedures of the WUS
to achieve significant advantages regarding energy efficiency,
coverage availability, and latency impact over existing power-
saving strategies.

5.6. Dynamic Spectrum Sharing

Effective management of the scarce spectrum resource is es-
sential to maximize social benefits. To achieve this, 3GPP
Rel 18 has introduced further improvements to NR for more
adaptable and efficient spectrum utilization in 5G deployments,
i.e., DSS [209], a.k.a. LTE-NR coexistence, which allows a
BS to utilize a shared spectrum to give access to both LTE and
NR UEs. This promotes spectrum transfer from LTE to NR,
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enhancing NR spectrum efficiency, especially as fewer LTE de-
vices will use the DSS carrier in the future. However, there
are challenges in implementing DSS, particularly with the PD-
CCH. In DSS, the NR PDCCH and LTE PDCCH must share
the first three OFDM symbols in a slot, with the restriction that
symbols used by the NR PDCCH cannot be the same as those
used by the LTE common reference signal. To address this is-
sue and improve resource consumption and PDCCH capacity
for DSS, Rel 18 provides support for the NR PDCCH reception
in symbols with LTE common reference signal. In addition,
the functionality of setting the UE with different LTE common
reference signal rate-matching patterns in multiple TRPs is pro-
vided in a single TRP situation to reduce intercell interference.

5.7. Summary and Discussion
3GPP Rel 18 marks the start of 5G Advanced. As elaborated

upon in Section 5.1, the inclusion of AI/ML in 5G Advanced
is a critical milestone for the NG RAN and NR air interface.
3GPP Rel 19 anticipates undertaking normative work on inte-
grating AI/ML into the NR air interface, informed by the out-
comes of the Rel 18 study. Furthermore, novel use cases such as
AI/ML-based mobility management will be investigated, while
additional studies will delve into areas requiring further explo-
ration, including testing methodologies for two-sided AI/ML
models. Section 5.2 presents the special study for network en-
ergy savings. While minimizing radio network energy con-
sumption is crucial, a holistic approach is vital to assess the
trade-offs between energy savings and performance, encom-
passing KPIs, i.e., spectral efficiency, UE throughput, delay,
capacity, and energy consumption. The work item in enhance-
ments of the network energy savings is endorsed in Rel 19.
Section 5.3 overviews the SDT feature, allowing data and/or
signaling transmission while the UE remains in the RRC in-
active. Rel 18 specified MT-SDT that allows the network to
trigger the transmission with two mechanisms, i.e., random-
access SDT and configured grant SDT. Section 5.4 shows the
NR support for UAVs feature. Integrating UAVs requires care-
ful study of UL/DL interference and mobility issues, consider-
ing their increased delay, limited MIMO capabilities, and inter-
ference to the network for ground-based UEs. Section 5.5 fo-
cuses on the study of LP-WUS/LP-WUR aiming at optimizing
UE power consumption. 3GPP Rel 19 will standardize the LP-
WUS design to support LP-WUR in both UE idle/inactive and
connected states. Finally, Section 5.6 outlines the DSS feature,
which ensures smooth transitions between LTE and NR tech-
nologies. Rel 18 adds support for handling strong interference
from neighboring LTE cells and increases the downlink control
channel capacity and coverage. Building on the significant ad-
vancements made in Rel 15 through Rel 18, DSS has reached a
stage where further enhancements are not deemed essential for
the 3GPP Rel 19. 3GPP Rel 18 also indicates the enhancements
for other existing features, e.g., edge computing, network slic-
ing, MBS, and NTN integration, and introduces new services,
e.g., digital twins and extended reality.

Although still under development, Rel 18 lays the ground-
work for a smarter, more adaptable, and versatile mobile net-
work. Rel 19 and beyond will refine and expand these advance-

ments, further solidifying the role of 5G Advanced in powering
a connected future.

6. Release 19 (as Planned) and Beyond

3GPP took the Rel 19 plenary workshops in June 2023 and
December 2023, which dealt with the enhancement of 5G Ad-
vanced and the preparation of 6G [210]. It has been announced
that 3GPP will host the 6G workshop at the start of Rel 20 be-
fore delving into the 6G study. Moreover, Rel 21 will mark the
transition from 5G Advanced to the initial stage of 6G. This sec-
tion briefly overviews the heightened expectations for 5G RAN
from the Rel 19 workshop, which is expected to fulfill the com-
mercial deployment needs of 5G Advanced. The key aspects
include AI/ML enhancement for NG RAN, integrated sensing
and communication (ISaC), ambient IoT, and NTN evolution.

6.1. AI/ML Enhancement for NG RAN

In 3GPP Rel 19, a deeper exploration of use cases is an-
ticipated to facilitate AI/ML applications better. For instance,
applications involving fast adaptation and distributed learning
might require direct sharing of data and AI/ML models between
devices without traversing 5G networks [211]. Moreover,
within the context of distributed learning, 5G systems must ef-
ficiently manage scenarios such as device mobility (in and out
of coverage areas) [212], model transition [213, 214], energy
savings [214], power allocation compensation [215], compu-
tational offloading between devices, network slicing availabil-
ity [216], activation and deactivation of secondary cell groups
[215], and the trade-off between AI/ML model accuracy, model
generation latency, power constraints, and computing capabili-
ties.

6.2. Integrated Sensing and Communication

3GPP Rel 19 describes use cases and potential requirements
for enhancing 5G advanced to provide sensing services address-
ing different target verticals [217, 218]. First, use cases for
ISaC can be categorized as indoor environments (home, office,
and factory), highway scenarios (automotive, traffic monitor-
ing, and intrusion detection), high-speed railway applications
(autopilot and intrusion detection), weather forecasting (rain-
fall and flooding), UAV operations (flight trajectory tracing,
UAV collision, and intrusion detection), traffic management
(tourist/sports hotspot detection and car parking), health moni-
toring (heart rate, breathing, and sleeping), and extended real-
ity experiences (gaming and metaverse) [219]. Subsequently,
in Rel 19, KPIs are determined for each use case, relating
to confidence level, the accuracy of positioning/velocity esti-
mates through sensing (horizontal and vertical), sensing reso-
lution (range and velocity resolution), maximum sensing ser-
vice latency, refresh rate, missed detection, and false alarms
[217, 219].

Notably, when delving into ISaC, the conventional 3GPP-
based channel models and methodologies in [220] cannot be
utilized to evaluate ISaC performance. The channel models
and methodologies for ISaC require updating with verification
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[221], serving as the first step for ISaC in Rel 19. This may
include designing clustering models, echo path loss, interfer-
ence models for sensing operations, moving target models, and
monostatic and bistatic sensing.

6.3. Ambient IoT

3GPP Rel 19 anticipates improvements from two sources: (i)
ambient power-enabled IoT using the energy harvesting (EH)
concept and (ii) the commercial relevance of ambient IoT fea-
tures. Regarding ambient power-enabled IoT, the significance
of EH is discussed for future IoT networks, particularly due to
energy-constrained IoT devices. The investigation includes as-
sessing the individual benefit of EH to communications, eval-
uating the effectiveness of simultaneous wireless information
and power transfer, and characterizing EH-based IoT devices
for communication optimization problems [222]. Concerning
commercial aspects, Rel 19 considers extremely low-cost IoT
devices and explores use cases for different types of IoT de-
vices, such as passive, semi-passive, and active devices [223].

6.4. NTN Evolution

3GPP Rel 19 will take into account the NTN evolution from
both NR NTN and IoT NTN [224]. From the perspective of NR
NTN, it is expected to include coverage enhancements (both
UL and DL), mobility enhancement for NTN in connected
mode, alert channels for UE terminating calls, support of Red-
Cap terminals, support for regenerative payloads, multicast and
broadcast services, discontinuous coverage, network-based po-
sitioning enhancements, and asynchronous multi-connectivity.
Meanwhile, IoT NTN expects NTN mobility enhancement, en-
hanced HARQ disabling, support of regenerative payloads, and
5GC support for IoT NTN.

Furthermore, 3GPP Rel 19 will investigate scenarios where
the backhaul connection is intermittent [225]. For example, a
satellite is expected to orbit the globe regularly and receive data
from a location where the direct backhaul link is unavailable.
In this scenario, satellite communication is required to provide
hold-and-forward capability. In another scenario, a device may
use a 3GPP-based satellite communication architecture to de-
termine its locations [226].

6.5. Summary and Discussion

3GPP Rel 19, the next wave of 5G Advanced planned to be
completed by the end of 2025, will primarily focus on fulfilling
commercial deployment needs while serving as a stepping stone
toward the upcoming 6G. The heightened expectations in 3GPP
Rel 19 can be summarized as follows. Section 6.1 indicates the
expectations from the AI/ML air interface to improve intelligent
NG RAN in terms of mobility, model training, network man-
agement, and data collection. Section 6.2 introduces the use
cases and KPIs for each use case within the ISaC scope, where
sensing functionalities simultaneously performed with commu-
nication pose challenges to updating channel models and their
validation. Subsequently, in Section 6.3, the ambient power-
enabled IoT and the commercial relevance of ambient IoT fea-
tures are discussed. Finally, Section 6.4 provides the expected

NTN evolution from both NR NTN and IoT NTN, especially
for having global standards for satellite communications.

The emerging use cases and requirements will present chal-
lenges that surpass the capabilities of 5G Advanced, necessi-
tating the advent of 6G. Notably, a 7-24 GHz spectrum is ac-
tively being prepared for 6G standardization [227]. 3GPP will
validate its existing channel models through measurements as-
sociated with this spectrum. Subsequently, as necessary, modi-
fications to channel models within these bands will be investi-
gated in at least two aspects for applicable scenarios, including
near-field propagation and spatial non-stationarity. Alongside
the channel model modifications required in ISaC, this poses
challenges in which the modifications should be conservatively
studied to fulfill 5G Advanced and realize 6G implementation.
Interestingly, “there is always a next Release” is a common say-
ing in 3GPP [228]. This implies that certain aspects of the ex-
pectations and plans for 3GPP releases may unintentionally fail,
but the opportunity to address them in the next release is appre-
ciated.

7. Concluding Remarks

Recent successes and the rapid growth of 5G networks have
attracted considerable attention from the engineering commu-
nity to investigate its foundational enablers thoroughly to pro-
mote the maturity of 5G technologies. This paper aims to pro-
vide state-of-the-art knowledge and developments of 5G ac-
cess technologies and beyond to support these studies, which
have been officially specified in 3GPP standards from Rel 15 to
Rel 17 and are expected in Rel 18 and Rel 19. Initiated from
Rel 15 with 5G NR, various novel technologies have been in-
volved in enabling potential 5G services and applications ac-
cording to the focus at each release. This survey is expected to
equip interested engineers and scholars with a systematic refer-
ence framework for technology development and future trends.
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