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Abstract—This paper presents a comprehensive review of existing 5G NR synchronization techniques,
analyzing their computational complexity, detection accuracy, and hardware feasibility. Special emphasis
is given to methods optimized for FPGA and ASIC implementations using VHDL. The survey further
identifies key research gaps, including the need for low-complexity, high-throughput SSB detection
architectures suitable for real-time 5G applications. There are different algorithms have been presented for
SSB detection, ranging from correlation-based techniques. However, practical hardware realization of
these algorithms, particularly using Very High-Speed Integrated Circuit Hardware Description Language
(VHDL), imposes stringent constraints on area, power, and latency.
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channel estimation, and data recovery [3]. However, due to

I. INTRODUCTION

The rapid evolution of wireless communication
technologies has transformed modern digital connectivity,
enabling high-speed data transmission, ultra-reliable
communication, and massive device interconnection [1]
[3]. Among these advancements, Fifth Generation Wireless
Communication, commonly known as 5G New Radio,
represents a significant milestone in mobile communication
systems [5][7]. Designed to support enhanced mobile
broadband, ultra-reliable low-latency communication, and
massive machine-type communication, 5G NR aims to
fulfill the growing demands of emerging applications such
as autonomous vehicles, smart healthcare, industrial
automation, Internet of Things (loT), and augmented
reality [8]. Compared with previous generations, 5G NR
introduces  flexible numerology, wider bandwidth
allocation, millimeter-wave spectrum utilization, beam-
forming, and massive MIMO technologies to achieve
higher spectral efficiency and lower latency [10].

Synchronization plays a fundamental role in the
performance and reliability of 5G NR systems [1].
Accurate synchronization ensures proper alignment
between the transmitter and receiver in terms of time and
frequency, thereby enabling efficient demodulation,

the complex architecture of 5G NR, synchronization has
become increasingly challenging. Factors such as high
carrier frequencies, mobility-induced Doppler shifts,
multipath fading, carrier frequency offset, timing offset
[11], and phase noise significantly affect synchronization
accuracy and overall communication quality [7][10].
Consequently, robust synchronization techniques are
essential for maintaining reliable connectivity and
minimizing  transmission errors in practical 5G
deployments [5].

In 5G NR, synchronization procedures are primarily
achieved through synchronization signal blocks [12],
which include the primary synchronization signal,
secondary synchronization signal, and physical broadcast
channel (PBCH) [11]. These signals assist user equipment
(UE) in cell search, initial access, frame timing acquisition,
frequency synchronization, and cell identity detection. The
synchronization framework defined by 3rd Generation
Partnership Project introduces enhanced synchronization
mechanisms suitable for diverse deployment scenarios [5],
including sub-6 GHz and millimeter-wave frequency bands
[8].Various synchronization algorithms such as correlation-
based methods, maximum likelihood estimation, cyclic
prefix-based synchronization, and machine learning-
assisted synchronization have been proposed to improve
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synchronization accuracy and robustness under different
channel conditions [13].

The implementation of synchronization algorithms in
hardware platforms has gained considerable attention due
to the increasing demand for real-time and energy-efficient
wireless systems [13] [14]. Among hardware description
languages, VHDL is widely used for designing and
verifying digital communication architectures because of
its portability, modularity, and suitability for FPGA and
ASIC implementations [15]. VHDL-based synchronization
modules enable high-speed parallel processing and
efficient resource utilization, making them appropriate for
practical 5G NR transceivers. Hardware implementation
also allows researchers to evaluate synchronization
algorithms in terms of latency, power consumption,
throughput, and hardware complexity, which are critical
parameters in next-generation wireless communication
systems.

Several studies have investigated synchronization

techniques for 5G NR using simulation environments such
as MATLAB and hardware platforms including FPGA-
based systems. However, many existing reviews focus
mainly on theoretical synchronization algorithms without
providing sufficient insights into hardware realization and
VHDL implementation perspectives. Furthermore, the
rapid development of 5G standards and synchronization
methodologies necessitates a comprehensive review that
integrates  both algorithmic and hardware-oriented
approaches [16].
Therefore, this survey paper presents a comprehensive
review of synchronization techniques in 5G NR with
special emphasis on VHDL implementation perspectives.
The paper discusses the principles of synchronization in 5G
NR, challenges associated with timing and frequency
synchronization, and various state-of-the-art synchroni-
zation algorithms [1]. In addition, it highlights FPGA and
VHDL-based implementation methodologies, design
considerations, resource optimization techniques, and
performance evaluation metrics. The survey also identifies
current research gap, implementation challenges, and
future directions for synchronization systems in beyond-5G
and 6G communication networks.
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Fig. 1: Wireless channel of mobile networking [1]

Il. LITERATURE REVIEW
Keyvan Ramezanpour etal (2023): investigated the
security challenges associated with coexistence network

environments in modern wireless communication systems.
The authors emphasized that traditional intranet-based
security mechanisms are insufficient for coexistence
scenarios because authentication and authorization
assumptions no longer remain valid. Their study identified
several major security threats, including rogue base-station
attacks, replay attacks, man-in-the-middle attacks, and
spectrum misuse. The researchers also discussed the hidden
node problem caused by independent Medium Access
Control (MAC) operations in separate networks, which
enables attackers to occupy large portions of the spectrum
and increase interference without detection. Their findings
highlighted the need for advanced security-aware
synchronization and network management techniques in
future 5G systems [1].

Jobish John et al. (2023) presented a comparative analysis
of 5G, WiFi-7, and Time Sensitive Networking (TSN)
technologies for smart manufacturing applications in
Industry 4.0 environments. The study discussed the
advantages and limitations of these communication
technologies with respect to industrial automation,
reliability, compatibility, and standardization. The authors
demonstrated that 5G technology offers significant
opportunities for industrial communication due to its low
latency and high-speed connectivity. However, several
challenges related to synchronization reliability and
interoperability still require further investigation. The work
provides useful insights for researchers and industrial
practitioners focusing on next-generation manufacturing
systems [2].

Melissa Elkadi et al. (2023) developed and evaluated a
Release-16 compliant 5G side link prototype based on the
Open Air Interface (OAI) framework. The study presented
detailed implementation procedures and source code for
the Physical Side link Broadcast Channel (PSBCH) and
Physical Side link Shared Channel (PSSCH). Performance
evaluation was conducted in both simulation and over-the-
air (OTA) environments using Block Error Rate (BLER)
analysis. The results demonstrated robust synchronization
and communication performance under practical
conditions. The researchers observed a noticeable
reduction in BLER between 0 dB and 2 dB SNR levels,
validating the effectiveness of the implemented
synchronization mechanisms for 5G side link communi-
cation systems [3].

Xu Yang et al. (2023) focused on synchronization and
signal acquisition techniques for integrated Bei-Dou and
5G communication systems. The researchers analyzed the
impact of 5G out-of-band signals on Bei-Dou Bl
navigation signals and proposed a hybrid receiver
architecture compatible with both technologies. A strong
correlation-based rapid acquisition algorithm  was
introduced to improve synchronization efficiency and
signal capture performance. Experimental results showed
that the proposed method achieved a capture sensitivity of
-154 dBm for BeiDou B1 signals and completed
constellation capture within 40 ms under controlled
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interference conditions. Their work demonstrated the
importance of robust synchronization algorithms in multi-
system wireless communication environments [4].

Aytha Ramesh Kumar et al. (2022) proposed an efficient
FPGA-based implementation of Primary Synchronization
Signal (PSS) and Secondary Synchronization Signal (SSS)
synchronizers for a 5G NR baseband receiver using the
Zyng-7000 FPGA platform. The implementation
successfully validated cell identity detection using
synchronization signal blocks. The proposed architecture
significantly reduced hardware utilization and power
consumption  while improving operational  speed.
Experimental analysis indicated a reduction of 63.7% in
hardware resource utilization and 31.2% in power
consumption, with operating frequencies ranging from 200
MHz to GHz-level clock rates. The study highlighted the
effectiveness of VHDL-based synchronization architec-
tures for practical 5G NR systems [5].

Kuan-Ying Huang et al. (2021) introduced a robust
FPGA-based synchronization scheme for multi-carrier
Global Navigation Satellite System (GNSS) receivers. The
proposed design established a direct synchronization link
between primary and secondary tracking loops using a
robust estimation approach. This architecture improved
synchronization reliability under severe noise and inter-
band errors while reducing computational complexity and
hardware resource utilization. The study demonstrated that
direct loop linkage enhances robustness and improves
synchronization efficiency in FPGA implementations [6].
Aytha Ramesh Kumar et al. (2021) presented another
FPGA implementation of Primary and Secondary
Synchronization Signal modules for 5G NR baseband
receivers using a Kintex development board. The proposed
synchronizer modules required relatively low hardware
resources and achieved high operational frequencies with
minimal processing delays. The Primary SS Synchronizer
operated at a maximum clock frequency of 75.97 MHz
with a delay of 156.148 ps, while the Secondary SS
Synchronizer achieved 75.09 MHz with a delay of 142.831
ps. The authors concluded that the proposed design could
be adapted for different 5G NR bandwidth configurations
with minor modifications [7].

Mojtaba Vaezi et al. (2021) provided a comprehensive
survey on the integration of Internet of Things (loT)
technologies with 5G and beyond-5G communication
networks. The study discussed key performance indicators
such as energy efficiency, reliability, latency, and channel
coding techniques relevant to loT-enabled wireless
systems. The researchers also reviewed the application of
deep learning, distributed learning, and federated learning
models in next-generation communication networks. Their
survey emphasized the growing importance of synchroni-
zation, reliability, and intelligent resource management in
future loT-driven 5G/6G systems [8].

Yue Zhang et al. (2020) proposed a novel 5G radio and
edge architecture for indoor communication environments
based on the Internet of Radio Light (IoRL) system
architecture. The work introduced enhancements to remote
radio head architectures using  Visible  Light
Communication (VLC), millimeter-wave modules, and
Radio-over-Light technologies. The multi-component
carrier approach enabled data transmission across different
electromagnetic spectrum bands to improve throughput
performance. Experimental results demonstrated a data rate
of approximately 45.25 Mbit/s with a positioning error of
0.18 m, indicating the potential of advanced synchroni-
zation and communication architectures for indoor 5G
applications [9].

Kleber Vieira et al. (2020) presented a detailed overview
of software-based 5G system architectures focusing on
Radio Access Network (RAN) and core network
components based on 3rd Generation Partnership Project
Release-15 standards. The study discussed virtualization,
network disaggregation, and Service-Based Architecture
(SBA) concepts used in modern 5G systems. The authors
highlighted the role of software-defined approaches in
improving network flexibility, scalability, and synchroni-
zation management within next-generation communication
systems. Their work serves as a foundational reference for
understanding software-oriented 5G architectures and
implementation methodologies [10].

TABLE. 1: Comparison Analysis of Previous Research Work

Ref. Authors & I Technique / I S
No. Year Objective Technology Used Key Findings Limitations
Identified hidden node I
. . . Limited focus on
To analyze security . issues, rogue base-station
Keyvan . MAC coexistence hardware
challenges in . . attacks, replay attacks, . .
[1] Ramezanpour . . analysis, security . implementation and
coexistence wireless . and bandwidth o
etal. (2023) attack evaluation . . synchronization
networks degradation problems in Lo
. optimization
coexistence networks
Reliability,
. To compare 5G, 5G, WiFi-7, TSN Dem_onstrated the interoperability, and
Jobish John et L S potential of advanced .
[2] WiFi-7, and TSN for communication : - standardization
al. (2023) . wireless technologies for .
smart manufacturing frameworks Industry 4.0 aoplications challenges remain
ya.Lapp unresolved
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To implement and PS;SS%Iélind Achieved robust BLER OTA experiments
[3] Melissa Elkadi evaluate a Rel.-16 implementation performance in used limited trials
et al. (2023) compliant 5G Esin OAI simulation and OTA and larger SNR step
sidelink prototype f g environments sizes
ramework
To improve Hyb_rld receiver Achieved —154 dBm Performance depends
Xu Yang et al. synchronization architecture with o . on controlled
[4] . i C sensitivity and fast signal .
(2023) between BeiDou and rapid acquisition L L interference
. acquisition within 40 ms o
5G systems algorithm conditions
. Reduced hardware
Aytha Ramesh To design FPGA- . FPGA . utilization by 63.7% and Limited evaluation
based PSS and SSS implementation - .
[5] Kumar et al. synchronizers for using Zyng-7000 power consumption by under varying
O e b .
(2022) 5G NR and VHDL 31.2% with h.|gh speed channel conditions
operation
Kuan-Ying To improve FPGA_-based robust Improved robustness and Applicable mainly to
synchronization in estimator and GNSS
[6] Huang et al. : . . reduced hardware L
multi-carrier GNSS tracking loop N synchronization
(2021) . . resource utilization
receivers linkage systems
Aytha Ramesh To implement PSS FPGA Kintex board | Achieved low delay and Scalability _for
and SSS . : - . complex multi-user
[7] Kumar et al. - implementation high clock frequency with .
(2021) synchronizegefor using VHDL reduced logic utilization scenarios not
5G NR receivers 9 g discussed
10T, deep learning, Highlighted importance Nl .
Mojtaba Vaezi .TO Sy IO.T distributed and of energy efficiency, FUES; th_eoretlcal
[8] integration with . ) . " survey without
etal. (2021) federated learning | reliability, and intelligent .
5G/6G networks . . hardware validation
techniques networking
Yue Zhand et To develop a hew IoRL architecture, Achieved 45.25 Mbit/s leg\elglﬁzzizwnental
[9] g indoor 5G radio and VLC, mmWave data rate and 0.18 m
al. (280 edge architecture communication ositioning accurac EIYBITEITDITS
g P 9 y environment
To explain software- Virtualization Presented comprehensive Did not focus on
[10] Kleber Vieira based 5G RAN and SBA. software- understandl_ng of 5G synchronization
et al. (2020) - . . software architecture and hardware
core architectures defined networking . . . .
network disaggregation implementation

PROBLEM FORMULATION

Modern wireless systems demand reliable, high-
speed, and low-error signal transmission.

The needs for wireless communication are growing
exponentially, and 4G and 5G technologies are made to
provide ultra-low latency, large data speeds, and huge

device connection. However, flaws in radio frequency (RF)

technology often impair the physical layer performance in
these systems. The transmitted signal is severely distorted
by important RF impairments as 1Q imbalance, phase noise,
and nonlinearities, which lowers the signal's quality and
dependability. Error Vector Magnitude (EVM), which
calculates the difference between the ideal and received
signal points, is one of the best methods for measuring this
distortion. Poor modulation precision and declining link
performance are indicated by a high EVM. lIsolating,
simulating, and reducing the cumulative effect of these
impairments under practical network settings continue to
be difficult tasks despite improvements in RF system
design. Therefore, the challenge is to provide a precise and
cohesive framework that can assess the impact of these RF
non-idealities on EVM in 4G/5G systems. This entails
determining the main causes of impairment, modeling how
they affect system performance, and investigating potential
compensatory strategies to improve communication quality.
Need for High-Quality RF Interfaces in 4G/5G:

Presence of RF Hardware Imperfections:

e IQ Imbalance (caused by mismatched 1/Q
components)

e Phase Noise (from oscillator instability)

e Nonlinearities (due to amplifier distortion)

Impact on EVM:

e These imperfections increase Error Vector
Magnitude (EVM), leading to reduced modulation
accuracy and degraded system performance.

Lack of Integrated Assessment:

e Most research evaluates these effects in isolation.

e A comprehensive framework for joint analysis is
still missing.

V.CONCLUSION

This survey article thoroughly examines the issues
and achievements related to the quality of the radio
frequency (RF) interface in 4G and 5G wireless
communication systems. The RF interface is essential
for contemporary communication, enabling data-
intensive applications like driverless cars, remote
surgery, and real-time streaming.  Notwithstanding
substantial advancements in RF technology, challenges
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such as 1Q imbalance, phase noise, and nonlinearities
persist, detrimentally affecting system performance,
elevating Error Vector Magnitude (EVM), and
compromising modulation precision. The examined
literature  emphasizes new  solutions, including
beamforming, mmWave deployment, tiny cells, and
intelligent RF optimization via Al, SON, and dynamic
spectrum sharing. Furthermore, the amalgamation of
SDN/NFV, sophisticated interference control, and
heterogeneous network architectures has proven
beneficial in improving RF reliability and coverage. The
results underscore the pressing need for a cohesive
analytical framework to evaluate RF impairments
collectively and to develop compensatory solutions that
guarantee resilient, high-quality communication. This
foundation is crucial for enhancing existing 4G and 5G
implementations and for developing flexible RF systems
that can accommodate forthcoming 6G technologies.
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