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Abstract

With the deployment and application of the fifth-generation communication technology as well as
the research on the sixth-generation communication technology, the space-air-ground-sea integrated
network has emerged as a key vision for future communications. Unmanned aerial vehicles (UAVs),
serving as aerial nodes, can be utilized in emergency rescue and disaster relief, mapping, environ-
mental monitoring, and enhancement of communication coverage, among other areas. In terms of
enhancing communication coverage, the integrated space-ground network, with UAVs as an important
component, can provide seamless communication coverage to remote areas, deserts, oceans, and other
all-domain three-dimensional spaces. UAVs have become important research objects due to their
low cost and high flexibility, and the enhancement of communication coverage in the form of base
station-relay UAV-slave UAV based on one-hop relaying has become a significant direction. However,
the high mobility and extensive coverage of UAVs also give rise to synchronization challenges. In
this work, to tackle the challenges of round-trip delay (RTD) from long-distance transmission and
Doppler frequency offset in uplink synchronization between ground base stations and relay UAVs, a
long-range random access preamble design is proposed. An enhanced two-step detection framework
is introduced, where two distinct root sequence preambles are utilized for RTD estimation and random
access respectively, and Doppler frequency offset is mitigated via pre-compensation. For the uplink
synchronization in the sidelink between slave UAVs and relay UAVs, to address Doppler frequency
offset, improve access efficiency, reduce resource consumption, and simultaneously account for the
asynchrony among different users, an asynchronous non-orthogonal multiple access (A-NOMA)-based
two-step random access scheme is developed. The scheme leverages existing physical random access
channel (PRACH) preamble sequences with paired indexing for Doppler frequency offset estimation;
on this basis, a successive interference cancellation algorithm based on Doppler frequency offset and
phase compensation is designed to demodulate user data. For downlink synchronization between slave
UAVs and relay UAVs, improvements to frequency offset estimation are achieved through redesigned
sidelink synchronization signal block (S-SSB) resource allocation. Alongside this, a down-sampling-
based detection scheme is designed to reduce UAV power consumption given energy constraints, with
a comprehensive link algorithm developed to support implementation.

Keywords: UAV relaying; Synchronization; 2-step RACH; sidelink; doppler shift; A-NOMA

1. Introduction
With the large-scale commercialization of fifth-generation wireless communication technology,

high-speed, high-capacity, low-latency terrestrial networks have provided comprehensive and di-
versified services for production and daily life [1,2]. To meet the continuous increase in application
types and the exponential growth of users and data volume, research into sixth-generation wireless
communication technology has been initiated by the industry [3,4]. Sixth-generation (6G) networks are
envisioned to build ubiquitous, intelligently connected, secure, and flexible integrated space-air-ground
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networks [5]. Non-terrestrial networks (NTNs), recognized by the International Telecommunication
Union (ITU) as a key enhancement technology for wireless communication networks due to their
significantly wider coverage capabilities surpassing terrestrial networks, are driving the core vision
and momentum of 6G development [6,7]. Their integrated development with terrestrial networks aims
to achieve seamless three-dimensional coverage across land, sea, and air, forming a space-air-ground
integrated network (SAGIN) where terrestrial networks serve as the foundation and NTNs provide
the extension [8,9].

The space-air-ground integrated network is categorized into three segments: space, air, and
ground networks [10,11]. Terrestrial networks, typically composed of ground base stations and IoT
devices with cells as the basic unit [12], face challenges in providing effective communication cov-
erage to remote areas such as deserts, rainforests, and oceans due to deployment difficulties and
cost constraints [13,14]. The space network is formed by multiple satellites of different types and
orbits, creating a multi-layer, multi-connectivity communication system to provide high-speed, reliable,
and continuous communication services for aerial and terrestrial users [15,16]. The aerial network
is constituted by UAVs and high-altitude platforms (HAPs), deployed in the air to collaborate with
ground stations or satellites, providing broader communication coverage and higher quality communi-
cation performance [17,18]. UAVs, in particular, are considered highly valuable for applications like
emergency communications and remote sensing [19], as they can offer real-time ground coverage or act
as relay nodes to enhance the coverage and performance of terrestrial networks [20]. This characteristic
exactly forms a complement to the shortcomings of current fifth-generation (5G) networks; therefore,
the application research of UAV communication in 5G scenarios has become an important exploration
direction for the industry to break through the limitations of terrestrial networks.

5G communication technology is characterized by high transmission rates, high reliability, and
low latency [21]. However, due to severe attenuation at high operating frequencies, the coverage
radius of a 5G base station is typically limited to only a few hundred meters [20]. Consequently, a
dense deployment of 5G base stations is required to achieve comprehensive coverage. UAVs, featuring
high mobility, low cost, and great flexibility, offer a solution [22]. Their integration with terrestrial
5G communication networks can overcome the limited coverage of 5G base stations, enabling the
construction of aerial base stations with 5G communication capabilities to provide high-speed, low-
latency, and wide-coverage communication services [23,24].

In the future, unmanned aerial vehicle (UAV) swarm communication will become a new devel-
opment trend. A UAV swarm usually consists of one relay UAV and several slave UAVs. Swarm
communication refers to the communication between the relay UAV and the slave UAVs. In addition,
there is also a communication link between the relay UAV and the ground station. In base station-to-
relay UAV-to-slave UAV communication, uplink and downlink synchronization is recognized as the
initial step for users to establish connections with the base station. The high mobility of UAVs and
the requirements for long-distance communication pose significant challenges to the synchronization
process [25]. Furthermore, the limited on-board energy of UAVs imposes stringent requirements on
the computational complexity in the synchronization process. Regarding synchronization between the
relay UAV and the slave UAV, the following contributions are made in this paper:

• In terms of uplink synchronization between the relay UAV and the slave UAV, to improve
spectrum efficiency and random access efficiency, this paper proposes an asynchronous non-
orthogonal multiple access (A-NOMA)-enhanced two-step random access framework tailored
for UAV networks. A preamble structure based on superimposed paired index sequences is
designed to realize joint estimation of carrier frequency offset and transmission delay. During the
data demodulation phase, joint frequency offset estimation and compensation can be completed
without relying on prior frequency offset information, and this scheme is suitable for highly
dynamic UAV application scenarios. A complete scheme design process and simulation analysis
results are presented in this paper.
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• In response to the downlink synchronization problem between the relay UAV and the slave
UAV, this paper proposes a lightweight synchronization signal detection scheme based on down-
sampling to reduce the computational complexity of synchronization detection. In addition,
to enhance the universality of the synchronization signal block, the structure of the sidelink
synchronization signal block (S-SSB) is redesigned to support flexible configuration, enabling it to
adapt to a wider range of scenarios. Furthermore, this paper elaborates on the principle of the
demodulation algorithm under the aforementioned scenario, constructs a full-link simulation
verification platform, and performs corresponding simulation performance analysis.

The thesis is divided into five chapters in total. Section 2 is dedicated to reviewing the research on
uplink synchronization and downlink synchronization carried out by various scholars in recent years.
The system model and design details are introduced in Section 3. In Section 4, the design described in
Section 3 is subjected to simulation evaluation. Finally, the conclusions are summarized in Section 5.

2. Related Work
Current wireless communication networks primarily serve user equipment through terrestrial in-

frastructure but face limitations in remote areas such as oceans, deserts, and rainforests. Non-terrestrial
networks (NTNs) composed of satellites and UAVs are recognized as an effective solution [26]. How-
ever, NTN communications introduce new challenges: long transmission distances and high relative
velocities between aerial platforms and ground devices severely impact preamble detection and timing
during random access, while massive device connectivity escalates collision probability and latency.

Preamble structure redesign is regarded as a promising approach to overcome frequency offsets
and achieve precise timing. A novel random access preamble design for high Doppler shifts in non-
terrestrial networks was proposed by [27]. Signals were generated by superimposing LFM waveforms
with distinct phase offsets in the frequency domain, enabling preamble detection and timing estimation
to be achieved under severe Doppler conditions. A multi-segment concatenated preamble utilizing
tagged sequences was developed by [28], simultaneously enhancing frequency offset resilience and
large-delay estimation capability. Additionally, dedicated timing offset detection and collision detection
algorithms were designed. Based on two LoRa structures, a preamble structure was designed by [29],
for which a time offset estimation method was developed to achieve improvements in timing accuracy
and expansion of the frequency offset estimation range. [30] similarly incorporated LoRa into the
preamble design, with the detection performance of the preamble being analyzed under conditions
where timing offsets and frequency offsets were present. A multi-length ZC sequence preamble format
was designed by [31], with its symmetrically transmitted properties analyzed and a detection algorithm
developed, demonstrating robust performance in the presence of frequency offsets and timing advance
(TA). A novel long-preamble sequence structure was architected by [32] through concatenating
multiple ZC sequences with differentiated root indices under large-subcarrier-spacing configurations,
for which a new timing detection algorithm was devised to estimate Timing Advance (TA), while
frequency offset robustness was concurrently demonstrated for the newly designed sequence. A
preamble sequence was conceived by [33] through concatenating multiple short-length sequences
to extend the Timing Advance (TA) estimation range, with a method devised to achieve accurate
TA estimation under adverse conditions of noise and frequency offset presence, while a frequency
offset estimation technique was concurrently introduced leveraging the correlation properties of ZC
sequences. A paired-root Zadoff-Chu (ZC) sequence approach was employed by [34] for preamble
design, wherein the causes of significant estimation errors in frequency offset and Timing Advance
(TA) were investigated for conventional paired-root sequences. Based on these findings, a novel
root-pairing scheme was proposed, enhancing estimation accuracy.

Reduction of access latency is typically pursued through two principal approaches: collision prob-
ability among users is first minimized via optimized allocation and utilization of preamble resources,
while random access procedural steps are secondly reduced, with a two-step random access procedure
being recognized as a pivotal technology for enabling low-latency communication. Performance
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studies conducted by [35] indicate that a RACH procedure founded on a two-message handshake
via a specially designed preamble set can achieve latency reduction compared to standard RACH
processes, while mathematical analysis of two-step random access performance has been rigorously
investigated by [36]. NOMA technology was incorporated by [37] to enhance the two-step random
access procedure, with access probability simultaneously optimized through the Access Class Barring
(ACB) mechanism, achieving additional access latency reduction via this dual-approach optimization.
Building upon latency performance analysis of the two-step random access procedure, a preamble
allocation algorithm was proposed by [38] to control latency, thus achieving dual optimization of
preamble resource utilization efficiency and latency reduction. Building upon the two-step random
access foundation, an enhanced two-step random access scheme for MsgA transmission was further
proposed in Literature [39], utilizing many-to-one mapping to elevate resource efficiency, supple-
mented by a successive interference cancellation (SIC) receiver deployed to decode payloads from
distinct users.

Prior to physical random access channel (PRACH) initiation, downlink synchronization is per-
formed primarily to achieve timing and frequency synchronization. When a UAV serves as an
aerial node functionally equivalent to a base station, uplink/downlink synchronization between user
equipment (UE) and the UAV is directly established, wherein downlink synchronization constitutes
device-to-device sidelink communication, specifically classified as sidelink downlink synchroniza-
tion, whereas current research on sidelink technology remains predominantly focused on terrestrial
networks. A joint time-frequency domain synchronization algorithm was developed by [40] incor-
porating compensation mechanisms for transmission-induced timing offsets and frequency offsets.
A link-level simulator was architected by [41] to assess detection performance of C-V2X sidelink
SSB (Synchronization Signal Block), incorporating Doppler shift compensation for velocity-induced
frequency offsets. A novel Physical Sidelink Broadcast Channel (PSBCH) design was proposed by [42]
for millimeter wave (mmWave) systems targeting higher transmission rates, leveraging common-mode
signaling to achieve downlink synchronization over mmWave channels.

Research gaps are identified as follows: Uplink synchronization studies predominantly address
doppler resilience and coverage extension but assume timing offsets shorter than the symbol duration,
leaving multi-symbol offsets underexplored. Compatibility with 5G preamble designs requires res-
olution. For sidelink downlink synchronization, timing/frequency offsets are critical, but mmWave
integration demands further investigation.

3. System Model and Detail Design
The research scenario of this paper is the enhancement of millimeter-wave communication

coverage using unmanned aerial vehicles (UAVs), as illustrated in Figure 1. The blue dashed circles
represent the communication coverage area of the base station. Outside this area, devices cannot be
directly connected to the base station. The black UAVs represent relay UAVs, which communicate
directly with the base station. The gray UAVs represent slave UAVs; these UAVs are outside the
communication coverage area of the base station and need to first be connected to relay UAVs and
then to the base station. In this way, the base station, relay UAVs, and slave UAVs jointly achieve the
enhancement of millimeter-wave coverage. Among them, relay UAVs and slave UAVs form a UAV
cluster. Different UAV clusters can be dispatched to required locations to provide communication
services as needed. As shown in Figure 1, UAV clusters under a same base station can be used for
remote sensing, emergency communications and so on. The gray dashed circles represent the extended
communication coverage area that the base station can cover through relay UAVs after expansion.

In this scenario, communication is divided into two parts: one part is the communication between
the base station and relay UAVs, and the other part is the communication between relay UAVs and slave
UAVs. Traditional cellular communication is adopted between the base station and relay UAVs, while
sidelink communication is adopted between relay UAVs and slave UAVs. The research content of this
paper focuses on the uplink and downlink synchronization issues of the above two communication
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parts. The high mobility of UAVs and their wide communication coverage area pose significant
challenges to synchronization, which can be summarized into three key issues:

Disaster

Remote areas

BS

Base station to master nodes

Master nodes to slave nodes

Enhanced base station coverage

Base station coverage

Cluster 1

Cluster 2

Figure 1. Scenario illustration of highly dynamic UAV swarms for communication coverage extension.

• Problem 1 (P1): UAV Cluster-Relay UAV Uplink Synchronization
Uplink access for slave UAV faces persistent Doppler interference. Concurrent access attempts
from numerous UAVs cause congestion, reducing efficiency and increasing latency. The inher-
ent complexity of four-step RACH procedures further exacerbates delays. Bandwidth alloca-
tion requirements per UAV strain spectral resources, demanding resource-efficient, low-latency,
Doppler-resilient solutions.

• Problem 2 (P2): Relay UAV-UAV Cluster Downlink Synchronization
Downlink synchronization via sidelink broadcast channels—originally designed for V2X—exhibits
limited Doppler resilience. Current S-SSB designs fail to satisfy UAV frequency offset require-
ments, necessitating structural and resource reallocation. Resource-efficient utilization must be
prioritized given UAV energy constraints, requiring energy-optimized synchronization algorithms
and rigorous performance validation.

3.1. Asynchronous NOMA-Based Two-Step Random Access (P1)
3.1.1. Data Structure of 2-Step RACH Based on A-NOMA

5G random access procedure is categorized into two-step and four-step random access based on
signaling interactions. The two-step random access reduces interaction rounds between UEs and base
stations during connection establishment and resumption, significantly decreasing delay, signaling
overhead, and power consumption during random access, thereby improving access efficiency and
reducing latency. In the scenario considered herein, the slave UAV is equivalent to UEs, while the relay
UAV functions as a base station. Given the constrained onboard energy of UAVs, minimizing power
consumption across all communication phases is essential. Consequently, two-step random access is
selected for uplink synchronization between relay UAVs and slave UAV.

In two-step random access, the transmission signal combines the preamble and data payload as is
illustrated in Figure 2. The preamble is transmitted via PRACH, while the data payload is carried by
the PUSCH. These are transmitted sequentially in the time domain, with a guard interval separating
the two channels.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2026 doi:10.20944/preprints202602.1239.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1239.v1
http://creativecommons.org/licenses/by/4.0/


6 of 26

PRACH Transmission Gap PUSCH

Figure 2. Transmission signal structure of two-step rach.

Considering that the frequency resources available to any communication system are limited,
maximizing their utilization is imperative, particularly in UAV communications. When a large number
of slave UAVs require access, allocating dedicated bandwidth segments to individual UAVs for random
access may be infeasible. Furthermore, even two-step random access in traditional OMA systems
inevitably encounters congestion and prolonged access delays, resulting in low resource utilization.
Therefore, NOMA is introduced into the two-step random access between slave UAVs and relay UAVs.
Simultaneously, maintaining perfect synchronization among UAVs during flight is impractical. Thus,
a two-step random access procedure integrated with A-NOMA is considered in this work.

Assume the system contains a total of K users. Each user operates at a distinct power level, with
power gain magnitudes ordered in descending sequence as P1 > P2 > · · · > PK. Their transmission
delays progressively increase τ1 < τ2 < · · · < τK. These users occupy either fully or partially
overlapping bandwidth of Bk. The time-frequency structure of the data is depicted in Figure 3.

Time

Frequency

1B2B

2

User1

User2 

1

UserkUserk

KUser KUser 

k

kB

KB

K

Figure 3. Time-frequency structure of transmission signal.

In UAV communications, two major challenges are posed by high mobility and long transmission
distances for A-NOMA:

• Doppler frequency offset: The high velocity of UAVs induces doppler frequency offsets. Ex-
isting A-NOMA demodulation schemes are assumed to have known frequency offsets, while
mechanisms for frequency offset estimation and compensation are lacking.

• Time delay: Propagation delays cannot be ignored in long-distance transmissions for users.
Estimation methods for delays are not studied in existing schemes, which rely on synchronization
assumptions.

To address these issues, a preamble structure based on superimposed paired index sequences is
proposed during the PRACH transmission phase to achieve joint estimation of frequency offsets and
propagation delays. During the PUSCH phase, joint estimation and compensation of frequency offsets
are implemented. A detailed description follows.

Assuming the frequency-domain data of the k-th user after constellation mapping is denoted as
Sk[n], conversion to the time domain is performed through OFDM modulation as expressed in the
formula:

sk[i] =
1√
N

N−1

∑
n=0

√
PkSk[n]ej 2πin

N , (1)
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where n represents the n-th subcarrier in the frequency domain, and N denotes the FFT size. A CP is
added to this, and symbols are sequentially concatenated to form the complete transmitted signal of
the k-th user. The signal received at the receiver after passing through the channel can be expressed as:

r[i] =
K

∑
k=1

hksk[i] + w[i], (2)

where hk represents the channel transfer characteristic experienced by the k-th user, and w[i] denotes
additive white Gaussian noise with zero mean and variance δ2. After removing its CP and compensat-
ing for time offset, the signal is converted to the frequency domain, with its frequency-domain form
given by:

R[n] =
1√
N

N−1

∑
i=0

r[i + τj + Ncp]e−j 2πin
N

=
1√
N

K

∑
k=j+1

N−1

∑
i=0

hksk[i − ∆τk]
−j 2πin

N +
√

Pj HjSj[n] + W[n],
(3)

where ∆τk = τk − τj, the first part represents interference from users other than user j to user j; the
second part denotes the received signal of user j in a noise-free environment; the third part is noise,
corresponding to the IFFT of w[i]. The interference term can be further expressed as:

η[n] =
1
N

K

∑
k=j+1

N−1

∑
i=0

N−1

∑
m=0

√
Pk HkSk[m]ej 2π(im−in−∆τkm)

N , (4)

in case of m = n, the interference is mathematically formulated as:

η[n] =
K

∑
k=j+1

√
Pk HkSk[n]e−j 2π∆τkn

N , (5)

when users are perfectly synchronized, the interference term is given by:

η[n] =
K

∑
k=j+1

√
Pk HkSk[n] (6)

Taking K = 2 as an example, the constellation diagrams for NOMA and A-NOMA are shown in
Figure 4. As analyzed in (11) and (12), in the case of 16QAM modulation:

• For synchronous NOMA, the constellation points of two users, each with 16 points, are superim-
posed, generating a total of 16×16 constellation points.

• For A-NOMA, compared to synchronous NOMA constellations, superimposed constellation
points acquire additional phase rotation. This is manifested in the constellation diagram as
circular clusters corresponding to the original constellation points of User 1.
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Figure 4. The impact of timing offset.

3.1.2. Impact of Frequency Offsets on A-NOMA

The impact of time asynchrony on NOMA has been introduced, demonstrating that time offset
cannot be neglected. The influence of frequency offset on A-NOMA is described below.

With the time of User j serving as the reference, the signal after timing offset (TO) compensation
and frequency offset (FO) compensation for User j can be expressed as:

R[n] =
1
N

N−1

∑
m=0

√
PjhjSj[m]

N−1

∑
i=0

e−j
2π(m−n+∆ε j)i

N + ξ[n], (7)

where ξ[n] = η[n] + W[n], The first part of the formula represents the signal of user j. ∆ε j indicating
frequency offset estimation error. η[n] denotes interference from other users to user j, with detailed
derivation provided in Formula (8). Where εk represents the frequency offset of the k-th user and ε̂ j

denotes the frequency offset estimate of the j-th user.

η[n] =
1√
N

K

∑
k=j+1

N−1

∑
i=0

hksk[i − ∆τk]e−j 2πin
N ej

2π(εk(i−∆τk)−ε̂ j i)
N

=
1
N

K

∑
k=j+1

e−j 2πεk∆τk
N

N−1

∑
m=0

[√
Pk HkSk[m]e−j 2π∆τkm

N

N−1

∑
i=0

ej
2πi(εk−ε̂ j+m−n)

N

] (8)

If the frequency deviation between other users and user j is an integer multiple of the carrier
frequency, the interference can be written as:

η[n] =
K

∑
k=j+1

√
Pk HkSk[n − (εk − ε̂ j)]e−j 2π∆τk(n+εk)

N (9)

If the difference is a fractional multiple of the carrier FO, the interference can be expressed by (10).
For example, with K = 2, the above equations (9)-(10) and Figure 5 show that:
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η[n] =
1
N

K

∑
k=j+1

e−j 2πεk∆τk
N

N−1

∑
m=0

[√
Pk HkSk[m]e−j 2π∆τkm

N

N−1

∑
i=0

ej
2πi(εk−ε̂ j+m−n)

N

]

=
K

∑
k=j+1

[√
Pk HkSk[n]e−j 2π∆τk(n+εk)

N
sin π(εk − ε̂ j)

N sin(π(εk − ε̂ j)/N)
ej

π(εk−ε̂ j)(N−1)
N

+
N−1

∑
m=0,m ̸=n

√
Pk HkSk[m]e−j 2π∆τk(m+εk)

N ej π(m−n)(N−1)
N

sin π(εk − ε̂ j + m − n)
N sin(π(εk − ε̂ j + m − n)/N)

ej
π(εk−ε̂ j)(N−1)

N

]
(10)
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Figure 5. The impact of frequency offset.

• When the FO of User 2 and the estimated FO of User 1 differ by an integer multiple of the FO,
interference from User 2 induces both a frequency discrepancy and phase misalignment in User 1,
causing phase rotation in the constellation diagram.

• When the FO difference is fractional: The first term shows amplitude and phase distortion in
the in the interfering subcarrier components. The second term indicates that the m-th subcarrier
suffers interference from other subcarriers, breaking orthogonality.

3.2. Offset Estimation and Reception Procedure
3.2.1. Design of PRACH Paired Sequence

The preamble utilizes ZC sequences, known for their correlation properties, with the mathematical
expression:

xu[n] = e−jπ un(n+1)
NZC , 0 ≤ n ≤ NZC − 1, (11)

where u is the root index and NZC the sequence length, with normalized frequency offset ∆ f (relative
to subcarrier spacing), a time delay τ and ∆ f during transmission yield the received preamble:

y[n] = hxu[n − τ]e
j2πn∆ f

NZC + w[n], 0 ≤ n ≤ NZC − 1 (12)
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At the receiver, correlation computation of the ZC sequence is performed to determine both the
root index and cyclic shift amount, and can be expressed as:

Ru[m] =
NZC−1

∑
n=0

y[n]x∗u[n + m]

= hejφ[m]
NZC−1

∑
n=0

e
j2πn
NZC

(uτ+um+∆ f )
+W [n],

(13)

where φ[m] = π(m + τ)(m − τ + 1)/NZC, the correlation result can be further expressed as:

|Ru[m]| = |h|
∣∣∣∣ sin π(∆ f + u(m + τ))

sin π(∆ f + u(m + τ))/NZC

∣∣∣∣ (14)

The preceding equation confirms that frequency FO and TO jointly determine the correlation
modulus magnitude. Deviation beyond tolerance thresholds displaces the correlation peak, causing
direct degradation of access performance. Current PRACH preambles address simultaneous FO/TO
estimation through superimposed sequences with differing root indices u1 and u2.

Let eu1 and eu2 denote the preamble sequences generated from root indices u1 and u2, with
applied cyclic shifts of v1 · Ncs and v2 · Ncs, respectively, eu1 = xu1 [(n + v1NCS) mod NZC], eu2 =

xu2 [(n + v2NCS) mod NZC]. The received signal at the receiver can be expressed as:

y[n] =
2

∑
k=1

xuk [(n + vk NCS − τ) mod NZC]e
j2πn∆ f

NZC , (15)

here NCS specifies the cyclic shift interval. The receiver performs correlation, and for u1, the expression
is:

R[m] =
NZC−1

∑
n=0

y[n]x∗u1
[n + m]

= h(Ru1,u1 [m] + Ru2,u1 [m]) +W [n],

(16)

Ru1,u1 [m] is mathematically defined as follows:

Ru1,u1 [m] = ejξ[m]

(
NZC−1

∑
n=0

e
j2πn
NZC

(∆ f−u1(v1 NCS−m−τ))

)
(17)

Given ξ[m] = m2 + m − v2
1N2

CS + 2τv1NCS − τ2 − v1NCS + τ and distinct root indices between
sequences, cross-correlation is negligible relative to auto-correlation. Consequently, the correlation
output is dominated by the auto-correlation term, yielding the peak position:

m1 = (v1NCS − τ − ∆ f
u1
) mod NZC

m2 = (v2NCS − τ − ∆ f
u2
) mod NZC

(18)

Under conditions v1 = v2 and u1 + u2 = NZC, the preambles for u1 and u2 exhibit complex
conjugation. Therefore, FO and TO estimates follow:

τ̂ = 1
2 [−(m1 + m2)] mod NZC

∆ f̂ = u1
2 [−(m1 − m2)] mod NZC

(19)
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3.2.2. Complexity Analysis

For the frequency offset and time offset estimation algorithm mentioned earlier, its specific
implementation process can be divided into three key steps: First, the receiver captures the preamble
signal. Due to the inevitable time offset and frequency offset interference during the transmission
process, the finally obtained signal is a preamble time-domain sequence with deviations; Second,
since the generation rule of the preamble is preset and known, the receiver can pre-construct the
preamble reference signal, which belongs to the category of frequency-domain signals and has not
been processed by IFFT; Finally, the receiver performs an IFFT transformation on the pre-constructed
reference sequence to convert it from the frequency domain to the time domain, and then uses the
detection algorithm described earlier to complete the accurate estimation of time offset and frequency
offset. When adopting this implementation method, the computational complexity of the algorithm is
mainly composed of two parts: one is the computational complexity caused by the IFFT transformation,
whose order of magnitude is O(N log N); the other is the complexity brought by the time-domain
correlation operation, corresponding to the order of magnitude of O(N2). Overall, the total complexity
of the algorithm is O(N2). The total complexity of the algorithm is derived as follows:

O(N log N) +O(N2) ≈ O(N2) (20)

From the perspective of the inherent mathematical relationship between cross-correlation and con-
volution, the cross-correlation operation between two sequences can be converted into the convolution
operation of one sequence and the other sequence after time-domain inversion processing. Combined
with the convolution theorem in Fourier transform, the convolution operation at the time-domain
level can be further converted into the multiplication operation at the frequency-domain level, and its
corresponding mathematical expression is shown as follows:

Rxy[m] → X( f ) ∗ Y( f ) (21)

In the above formula, Rxy represents the cross-correlation operation result of the two sequences,
and ∗ denotes the convolution operation symbol. Through the above operation conversion, the
complexity of the correlation operation is significantly optimized, reducing from O(N2) of the original
time-domain operation to O(N) of the frequency-domain multiplication operation. In the algorithm
designed in this paper, the detection process of FO and TO needs to be completed in the time domain
relying on paired preamble sequences. Based on this, it is necessary to convert the result of the
frequency-domain correlation operation back to the time domain through IFFT operation, and the
computational complexity generated by this inverse conversion process is O(N log N). It should be
specially noted that in the detection process of the preamble sequence, converting the received signal to
the frequency domain is an indispensable basic preprocessing step, and the computational load of this
step is not included in the statistical scope of the algorithm complexity. Based on the above analysis, the
overall complexity of the algorithm is equal to the sum of the frequency-domain correlation operation
complexity and the IFFT inverse conversion operation complexity, and the specific calculation formula
is as follows:

O(N log N) +O(N) ≈ O(N log N) (22)

3.2.3. Procedure for A-NOMA Based Two-Step Random Access

This section establishes the receiving process of two-step random access based on a-NOMA, as
shown in Figure 6. The received signal undergoes preamble detection to determine which users are
included. During this process, the power of each detected preamble sequence can be obtained to
distinguish them. Then, the above estimation method is used to estimate the frequency offset and
time offset. After the frequency offset and time offset of one user are detected, that user is subtracted
from the received preamble, and the detection of the frequency offset and time offset of the next user
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continues until the time offsets and frequency offsets of all users are detected. Next, starting from the
first user, the frequency offset and time offset of its PUSCH are compensated, and then the decoding
process of PUSCH is completed. Similarly, the PUSCH data of that user is subtracted before decoding
the next user, with the processing order following the descending order of power.

User 2
Decoding and Rebuilding 

-
Preamble 
Detection 

User 1
Decoding and Rebuilding 

Offset Compensation

Offset Compensation

User 
Decoding and Rebuilding 

Offset Compensation

-

-
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-

…… …

… …… …

k

K

Figure 6. Reception procedure.

3.3. Downlink Synchronization for Millimeter-wave Based Sidelink (P2)

Four dedicated physical channels are utilized by sidelink for synchronization, data transmission,
and control functions. Among these channels, downlink synchronization is facilitated by the physical
sidelink broadcast channel (PSBCH). S-SSB is periodically broadcast by the base station, and they are
received and demodulated by User Equipments (UEs) to complete downlink synchronization. Each
S-SSB is loaded with synchronization signals, demodulation reference signals (DM-RS), and payload
data.

In the frequency domain, 11 resource blocks (RBs) are occupied by the S-SSB. In the time domain,
two CP formats are employed for different coverage scenarios, namely normal CP and extended
CP; these two formats correspond to 12 and 14 orthogonal frequency-division multiplexing (OFDM)
symbols, respectively. The synchronization signals consist of a S-PSS and a S-SSS. Unlike the SSB in
cellular communication, two OFDM symbols are allocated to each of these two signals—a design by
which synchronization detection performance is significantly enhanced. Symbols 2 and 3 are fixed for
the S-PSS, while symbols 4 and 5 are occupied by the S-SSS. DM-RS is embedded in all symbols except
those in which synchronization signals are carried; one DM-RS resource element (RE) is allocated for
every four REs, so that a frequency-domain density of one-quarter is achieved. All remaining resources
are dedicated to payload transmission.

The S-PSS and S-SSS are generated from an m-sequence and a Gold sequence, respectively. Both
sequences have a length of 127, and 127 subcarriers in the frequency domain are occupied by each of
them. The generation of synchronization signals is linked to two SideLink Identifiers (SLIDs), which
jointly form the user identifier (ID). Through this design, the differentiation of up to 672 distinct users
is enabled.
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The redesigned S-SSB for downlink synchronization between slave UAVs and relay UAVs is
presented in this paper, accompanied by a complete simulation framework where computational
complexity, doppler shifts, and timing offsets are comprehensively incorporated.

As illustrated in Figure 7, in this design, only the extended CP is retained. This modification is
implemented to simultaneously enhance coverage and increase payload capacity, with the acknowl-
edgment that latency sensitivity is reduced in wide-coverage aerial scenarios.

In the frequency domain, the standard allocation of 11 RBs is expanded to 24 RBs. This expansion
is driven by the dual objectives of augmenting payload capacity and enhancing communication
coverage. Crucially, the primary impact on performance is attributed to the redesign of signals within
the resource blocks rather than the scaling of bandwidth itself.

The signal components—S-PSS, S-SSS, DM-RS, and payload—are retained but with structural
adjustments. The S-PSS and S-SSS preserve their standard S-SSB configuration: S-PSS occupies symbols
#1 – #2 and S-SSS occupies symbols #3 – #4, with no alterations to sequence generation or resource
mapping.

For DM-RS, three key modifications are introduced:

• The conventional approach of scattered distribution across all non-synchronization symbols is
replaced with three concentrated double-symbol DM-RS groups, which occupy a total of 6 sym-
bols. The purpose of this modification is to minimize DM-RS resource occupation and improve
capacity, while preventing the failure of channel estimation and frequency offset estimation in
rapidly varying channels affected by Doppler frequency shifts.

• The frequency-domain density of DM-RS is increased from 25% (1 DM-RS RE corresponding
to every 4 REs) to 50% (1 DM-RS RE corresponding to every 2 REs). This adjustment aims to
track rapid channel variations, optimize the relationship between demodulation performance and
resource occupation through symbol-level sparse insertion, and improve the accuracy of channel
estimation and frequency offset estimation.

• The first DM-RS group is multiplexed with the S-PSS in symbols #1–#2: the two share the symbol
duration while occupying different frequency resources, which serves to improve the accuracy of
channel estimation.

24 
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1 slot
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PSBCHS-SSS S-PSS DM-RS
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Figure 7. New structure of S-SSB.
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3.3.1. Implementation of Signal Generation and Reception Algorithms

The generation of the S-SSB refers to the creation of transmitted signals carried within the S-SSB.
The generation procedures for S-PSS, S-SSS, and DM-RS remain identical to those in the original S-SSB,
with the sole distinction being the quantity of DM-RS.

The data transmission process is executed through the following steps:

• CRC Attachment: A 24-bit Cyclic Redundancy Check (CRC) is attached to the payload.
• Channel Coding: Low-density parity-check (LDPC) coding is selected due to its suitability for

large data blocks and high-throughput transmission in system synchronization channels.
• Rate Matching: Rate matching is applied to the encoded blocks.
• Concatenation: The rate-matched blocks are concatenated.
• Scrambling: The concatenated blocks are scrambled.
• Modulation: The scrambled blocks are modulated using quadrature phase-shift keying (QPSK).
• Resource Mapping & Transmission: The synchronization signals (S-PSS/S-SSS), DM-RS, and pay-

load are mapped to their designated positions within the synchronization block and subsequently
transmitted.

A signal demodulation algorithm for the redesigned S-SSB is proposed, as illustrated in Figure 8.
To reduce computational load, down-sampling-based S-PSS detection is employed during the S-PSS
detection stage, where time offset estimation is divided into coarse estimation and fine estimation.
Subsequent procedures include S-SSS detection, channel estimation, TA estimation and compensation,
FO estimation and compensation, channel equalization, and decoding.

S-SSS

detection

S-PSS

detection

Channel

equalization

Channel 

estimation

LS channel 

estimation

TO estimation &

compensation

FO estimation &

compensation

Linear frequency 

interpolation

DemodulationDescramblingDecodingCRC Check

Coarse estimation 

& fine estimation

Figure 8. S-SSB reception procedure.

The primary objective of S-PSS detection is defined as identifying SL-ID2 and the timing offset
incurred during transmission. S-PSS signal detection is performed in the time domain. Since S-
PSS signal generation is solely dependent on SL-ID2 and the generation method is known to both
communication parties, the receiver traverses all possible values of SL-ID2 to generate corresponding
S-PSS sequences. Following the identical processing flow as the transmitter, an S-SSB resource block
containing only the S-PSS signal is generated, modulated via OFDM, and converted to the time domain.
This signal is then correlated with the received signal to obtain correlation results for each SL-ID2.
Among results exceeding a predefined threshold, the SL-ID corresponding to the S-PSS with the highest
correlation peak is identified as the transmitted value, while the peak position offset is interpreted as
the timing offset.

Conventional S-PSS detection relies on direct time-domain correlation of two signals. Given
the typically long sequence lengths, this approach incurs substantial computational load. In UAV
applications, where on-board energy is constrained, computational efficiency must be prioritized
for energy conservation. Consequently, the timing offset estimation is partitioned into coarse and
fine estimation stages. The receiver similarly generates the S-SSB and converts it to the time domain
but applies an a fold downsampling to both signals before correlation. The resulting downsampled
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correlation represents an a fold decimated version of the original correlation output. While this reduces
computation, the downsampled correlation peak may not align with the original peak. Thus, fine
estimation is required to determine the precise timing offset.

Within ±1 sample of the downsampled correlation peak, the original correlation peak must lie
within ±a samples of the coarse estimate position. By extracting ±a samples around the coarse estimate
from the original signals and performing correlation, the exact timing offset is obtained.

S-SSS detection serves to determine SL-ID1. After timing offset compensation via S-PSS detection,
the received signal is transformed to the frequency domain via FFT, from which the received S-SSS
is extracted. S-SSS detection employs frequency-domain correlation to minimize computation. The
S-SSS is determined jointly by SL-ID1 and SL-ID2. With SL-ID2 identified through S-PSS detection, all
possible SL-ID1 values are traversed to generate corresponding S-SSS sequences. These sequences are
correlated with the received signal, and the S-SSS yielding the highest correlation peak is selected as
the correct sequence.

Channel estimation utilizes DM-RS within PSBCH, proceeding through:

• Least-squares (LS) channel estimation
• Timing offset estimation and compensation
• Frequency offset estimation and compensation
• Linear frequency interpolation

The channel response is derived after these steps. Finally, equalization is performed based on the
Minimum Mean Square Error (MMSE) criterion. Payload demapping and decoding follow the inverse
procedure of the transmission chain.

4. Simulation Results
4.1. Simulation and Performance Discussion for P1

For asynchronous NOMA random access, this section presents the simulation results of PRACH
and PUSCH under the scenarios of two users and three users, as well as the impact of frequency offset
and time offset on the demodulation of both. It also studies the influence of different frequency-domain
overlaps among different users on the demodulation of PUSCH. The simulation configurations are
shown in Table 1.

Table 1. Simulation parameters (K = 2).

Parameters Value

Channel AWGN
Power ratio 15 : 1

System subcarrier spacing (KHz) 60
Timing offset (sample) 0 / 650
Frequency offset (KHz) 0 / 13

Bandwidth (MHz) 100

The power ratio of the two users is 15 : 1, with millimeter-wave transmission adopted and a
subcarrier spacing of 60 KHz. The TO of arrival between the two users is 650 samples, corresponding
to an actual distance of approximately 800 meters, and the Doppler frequency offset is 13 KHz. The
core reason for selecting a 13 KHz Doppler frequency offset is to fit the characteristics of millimeter-
wave transmission. At a typical millimeter-wave carrier frequency (e.g., 28 GHz), according to the
Doppler frequency offset calculation formula fd = v· fc

c (where v is the moving speed, fc is the carrier
frequency, and c is the speed of light), a 13 KHz frequency offset corresponds to a conventional
moving speed of about 46 km/h for users in short-to-medium distance communication (such as
UAV and vehicle-mounted scenarios). This moving speed is consistent with the actual application of
such scenarios, making the value reasonable; at the same time, this frequency offset has a clear and
reasonable matching relationship with the 60 KHz subcarrier spacing. After calculation, the proportion
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of 13 KHz to the 60 KHz subcarrier spacing is about 21.7%. This proportion can not only reflect the
impact of frequency offset on the system, but also effectively verify the accuracy and performance of
the designed frequency offset estimation algorithm.

Figure 9 illustrates the effects of different frequency offsets and timing offsets on PRACH detection
in the two-user scenario. Specifically, TO1 and TO2 denote the timing offsets of the first and second
users relative to the slot boundary at the receiver respectively. the arrival time of User 2 is 650 samples
later than that of User 1. It is shown by the simulations that the impact of frequency offset on the
performance of User 1 is far smaller than that on User 2. This is consistent with the derivation in (14),
which states that frequency offset affects PRACH detection performance by influencing the magnitude
of the correlation operation’s modulus. In this case, since the power of User 1 is amplified by 15 times,
the frequency offset is insufficient to affect the correlation result; thus, the performance of User 1 is
not impacted by frequency offset. This indicates that frequency offset in PRACH can be mitigated
through power amplification. Furthermore, by comparing the PRACH detection performance under
synchronous (no TO difference) and asynchronous (with TO difference) conditions between User 2
and User 1, it is found that appropriate asynchrony exerts a positive effect on PRACH detection and
helps improve detection performance.
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Figure 9. Detection performance of PRACH (K = 2).

Figure 10 and 11 respectively demonstrate the PUSCH demodulation performance of different
users employing QPSK and 16QAM modulation schemes, under the aforementioned frequency offset
and TO conditions. As can be observed from the figure, both TO and FO significantly degrade the
PUSCH demodulation performance. When considering the impact of TO alone, there is a noticeable
difference in PUSCH demodulation performance between TO = 120 samples and TO = 650 samples:
PUSCH demodulation performance is improved when TO = 120 samples, while it is significantly
degraded when TO = 650 samples. This confirms the aforementioned conclusion that moderate
asynchrony can enhance demodulation performance. Moreover, PRACH exhibits greater resilience
to asynchrony than PUSCH, which may be attributed to the fact that PRACH detection involves
simpler operations compared to PUSCH demodulation, and asynchrony reduces the probability of
false correlation between the two sequences.
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Figure 10. Detection performance of PRACH (QPSK, K = 2).
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Figure 11. Demodulation performance of PUSCH (16QAM, K = 2).

NOMA requires different users to share the same frequency resources, so the bandwidths of
different users are completely overlapping. It is worth studying whether partial overlap will affect the
demodulation performance. To address this issue, a frequency overlap factor is proposed, defined as
in the formula:

β =

{
Bo/B1(B1 = B2)

Bo/ min(B1, B2)(B1 ̸= B2)
(23)

where, B1 and B2 represent the bandwidths of User 1 and User 2, respectively. If two users occupy
exactly the same bandwidth, β is the ratio of the overlapping part to the bandwidth; if the two users
have different bandwidths, β is the ratio of the overlapping part to the bandwidth of the user with the
narrower bandwidth.

Figure 12 shows the demodulation performance of PUSCH under the conditions of 0%, 50%, 75%,
and 100% overlap ratios. It can be observed that the less the frequency-domain overlap, the better the
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demodulation performance. This is expected to provide guidance for resource allocation, such as the
joint optimization of time and frequency.
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Figure 12. The impact of β on the performance of PUSCH demodulation (K = 2).

To verify the universality of the algorithm with respect to the number of users, simulations were
conducted for the three-user scenario. The specific configurations are shown in Table 2. Through
simulation experiments, it is found that the FO tolerance in the three-user case decreases; therefore, the
FO here is no longer set to 13 KHz but adjusted to 5 KHz, which accounts for approximately 8.33% of
the 60 KHz subcarrier spacing. For the same reason, the power ratio among users was also modified,
and the power ratio of the three users was set to 200 : 20 : 5, while the remaining configurations remain
unchanged.

Table 2. Simulation parameters (K = 3).

Parameters Value

Channel AWGN
Power ratio 200 : 20 : 5

System subcarrier spacing (KHz) 60
Timing offset (sample) 0 / 144 / 180
Frequency offset (KHz) 0 / 5

Bandwidth (MHz) 100

The PRACH detection performance of the three users under different FO and TO conditions is
presented in Figure 13. It can be observed that relatively small performance variations are exhibited by
User 1 under certain TO and FO conditions; similarly, the influence of 5 KHz FO and a certain time
delay has little impact on User 2. In contrast, significant performance differences are shown by User
3 under the aforementioned conditions. Additionally, the performance differences among the three
users are consistent with the general understanding of NOMA.
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Figure 13. Detection performance of PRACH (K = 3).

The PUSCH demodulation performance of the three users under different frequency offset (FO)
and timing offset (TO) conditions is presented in Figure 14 and 15, where Figure 14 corresponds to
the QPSK modulation scheme and Figure 15 corresponds to the 16QAM modulation scheme. Very
limited impact on User 1 is exerted by the applied FO and TO, while relatively significant effects on
the data demodulation of Users 2 and 3 are exerted by the same FO and TO. It can be observed that a
significant decrease in the performance of Users 2 and 3 is caused after TO and FO are applied—for
User 3 in particular, extreme difficulty in data demodulation is encountered. This is the reason why
the FO was set to 5 KHz in the three-user simulation, as this FO is already close to the tolerance limit.
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Figure 14. Demodulation performance of PUSCH (QPSK, K = 3).
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Figure 15. Demodulation performance of PUSCH (16QAM, K = 3).

The impact of different frequency-domain overlaps on data demodulation is presented in Figure 16.
To control variables, FO and TO were not applied in this case. Among the parameters, β12 is defined
as the overlap ratio between User 1 and User 2, and β23 is defined as the overlap ratio between User 2
and User 3. As shown in the figure, for User 1, better demodulation performance is achieved when
the overlap ratio is lower and the number of users overlapping with it is smaller. This conclusion is
also applicable to User 2. Notably, this conclusion is not followed by User 3; this is possibly because a
greater impact on its performance is caused by its lower power than by frequency-domain overlap.
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Figure 16. The impact of β on the performance of PUSCH demodulation (K = 3).

The conclusions obtained in the three-user scenario are basically consistent with those obtained in
the two-user scenario, which demonstrates the feasibility of the scheme. However, it can be observed
that the tolerance to frequency offset and asynchrony is found to decrease as the number of users
increases.
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4.2. Simulation and Performance Discussion for P2

Simulation analysis of the sidelink downlink synchronization channel design is performed with
parameters specified in Table 3.

Table 3. Simulation parameters.

Parameters Value

Channel AWGN
System subcarrier spacing (KHz) 60
Down-sampling 4× / 8× / 16×
Bandwidth (MHz) 200
Frequency offset (KHz) 0 / 11

The AWGN channel is employed, and the system subcarrier spacing is set to 60 KHz. To minimize
link complexity as much as possible, a downsampling method is adopted during S-PSS detection.
Simulation evaluations are conducted for downsampling factors of 4×, 8×, and 16× respectively,
with frequency offsets of 0 KHz and 11 KHz, which accounts for approximately 18.33% of the 60
KHz subcarrier spacing. The rationale for adopting 11 KHz instead of 13 KHz in this simulation
scenario is that experimental tests have demonstrated that under the condition of 8× downsampling,
the frequency offset of 13 KHz fails to achieve complete data demodulation. Consequently, 11 KHz is
selected as the frequency offset to effectively exhibit the practical performance of the downsampling
method employed in S-PSS detection.

The detection performance of S-PSS under different downsampling factors and frequency offsets
is presented in Figure 17. It can be observed from the figure that the degradation of S-PSS detection
performance caused by downsampling is far more significant than that caused by frequency offsets;
as the downsampling factor increases, the detection performance degrades accordingly. Although
downsampling is only applied during the S-PSS detection phase, the detection performance of S-SSS
and SLID also degrades because their detection is dependent on results of S-PSS, exhibiting a variation
trend similar to that of S-PSS detection, as presented in Figure 18 and Figure 19.
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Figure 17. Detection performance of S-PSS.
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Figure 18. Detection performance of S-SSS.

Frequency offsets also exert an impact on detection performance: in the case where no downsam-
pling is applied, the degree of performance degradation caused by an 11 KHz frequency offset is lower
than that caused by application of 4× downsampling. When the downsampling factor is less than 4×,
reduction in sampling quantity is the main cause of performance loss; when the downsampling factor
reaches 4× or higher (e.g., 4× downsampling), the performance degradation caused by additional
application of an 11 KHz frequency offset is equivalent to that caused by an additional 2× downsam-
pling (i.e., the total downsampling factor reaches 8×). Thus, after 4× downsampling, the impact on
performance from an 11 KHz frequency offset is identical to that from 2× downsampling.
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Figure 19. Detection performance of SLID.

The demodulation performance of the payload is presented in Figure 20. For payload demodu-
lation, 4× downsampling during the S-PSS detection phase does not cause significant performance
degradation, which is because the original synchronization detection performance is far higher than
the performance level required for payload demodulation. However, synchronization performance
after 4× downsampling is severely weakened by frequency offsets, thereby reducing the payload
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demodulation quality. In payload detection, it is also confirmed that an 11 KHz frequency offset and
an additional 2× downsampling have an equivalent impact.
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Figure 20. Demodulation performance of S-SSB.

5. Conclusions
In this paper, for the uplink synchronization between the ground base station and the relay node,

the problem that the current 5G preamble design cannot meet the ultra-long-distance synchronization
requirement is addressed. Based on the 5G preamble structure, a modified preamble structure and an
improved two-step detection framework are introduced. Through the transmission strategy of sending
preambles with two different root sequences, RTD estimation and preamble detection are achieved
under the condition that the transmission delay is much longer than the length of traditional 5G
preambles. This breakthrough overcomes the limitation of the preamble structure on communication
distance in long-distance access. Meanwhile, it is compatible with the existing 5G preamble sequences
to realize a smooth transition, providing a reliable technical guarantee for communication coverage
enhancement.

Regarding the uplink synchronization problem between the relay node and slave nodes, this
paper focuses on the two core contradictions of efficiency and interference in high-dynamic scenarios,
and constructs a two-step random access scheme based on A-NOMA. On one hand, the existing 5G
preamble sequences are utilized to construct a paired-index preamble design, through which the
Doppler frequency offset and time offset caused by high-speed movement are estimated, facilitating
the subsequent demodulation of the PUSCH. On the other hand, for the demodulation of asynchronous
NOMA, a demodulation algorithm based on phase and frequency offset compensation is proposed,
which effectively suppresses the interference of asynchrony and frequency offset on demodulation.
Without occupying additional resources, this design improves the access efficiency under the conditions
of frequency offset and asynchrony.

In terms of downlink synchronization between the relay node and slave nodes, the practical
constraint of limited on-board energy of UAVs is taken into account. This paper addresses the issue
from two aspects: reducing power consumption and adapting to scenarios. A downlink synchroniza-
tion detection scheme based on downsampling is proposed, which reduces the energy consumption
of downlink synchronization while ensuring synchronization accuracy. In addition, the resource
allocation of the S-SSB in sidelink communication is redesigned, and a complete link-level algorithm
is constructed. This enables the system to be better adapted to the high-dynamic and wide-coverage
UAV communication scenarios.
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