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Grant-free random access (RA) utilizing massive multiple-input multiple-output (MIMO) technology has attracted considerable
attention in recent years due to its potential to enhance spectral efciency. Tis paper introduces an innovative and advanced
approach for the joint detection of users and estimation of channels in grant-free RA. Te approach incorporates two distinct
preamble structures: the single orthogonal preamble (SOP) and the concatenated orthogonal preamble (COP). Te proposed
algorithms make full use of the inherent quasiorthogonal characteristic of massive MIMO, thereby enabling the accurate es-
timation of user channels while efectively avoiding collisions in the preambles. As a result, these algorithms generate highly
precise estimations of user channels. To substantiate the efectiveness of the proposed algorithms, this paper provides an extensive
theoretical analysis and presents a comprehensive set of experimental results. Tese fndings ofer robust evidence for the efcacy
of the algorithms in substantially bolstering the performance of grant-free RA. Additionally, we have conducted further research
and analysis, which has led to additional insights and refnements in our proposed approach. Moreover, the experimental results
validate the statistical signifcance and reliability of the performance enhancements achieved by these algorithms. Moreover, the
proposed approach exhibits robustness in scenarios with diferent levels of user density and varying channel conditions. Trough
a thorough analysis of these scenarios, we showcase the versatility and applicability of our algorithms in real-world environments.

1. Introduction

With the continuous advancement of the Internet of Tings
(IoT), the utilization of machine-to-machine (M2M) com-
munications has become increasingly prevalent in various
industrial and academic domains [1–3]. Tis technological
paradigm facilitates intermittent transmission of small-sized
data packets from a vast array of machine-type devices. In
light of the limited availability of spectral resources,
achieving high spectral efciency is of paramount impor-
tance for M2M communications [4–7].

In this context, massive multiple-input multiple-output
(MIMO) technology emerges as a promising solution to
address this challenge [8–10]. Te authors in this study [8]
propose a grant-free random access scheme for machine-to-
machine (M2M) communication inmassiveMIMO systems.
Te authors address the challenges of resource allocation

and access scheduling forM2M devices in large-scale MIMO
networks. Te proposed scheme leverages the advantages of
massive MIMO, such as increased connectivity and im-
proved quality of service, to enable efcient and reliable
grant-free random access for M2M communication. Te
paper presents a comprehensive analysis and simulation
results to demonstrate the feasibility and benefts of the
proposed scheme. Another study [9] provides an overview of
massive access techniques for 5G and beyond. It discusses
the challenges and opportunities in handling massive con-
nectivity and diverse trafc types. Te authors analyze the
role of MIMO technology in supporting massive access,
highlighting the use of joint detection algorithms and other
advanced signal processing techniques to improve spectral
efciency and accommodate a large number of users. Te
paper presents a comprehensive survey of state-of-the-art
techniques and highlights future research directions in
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massive access for advanced wireless communication sys-
tems. Te authors in [10] provide an overview of the
principles and enhancements of enabling grant-free ultra-
reliable low-latency communication (URLLC) using massive
MIMO.Te authors discuss the challenges and requirements
of URLLC that necessitate grant-free transmission tech-
niques. Tey explore how massive MIMO can be leveraged
to meet the stringent requirements of URLLC, such as low
latency and high reliability. Te paper reviews various en-
hancements and strategies, including joint detection algo-
rithms, designed to improve the overall performance of
grant-free URLLC systems. By leveraging the potential of
massive MIMO, signifcant improvements in spectral ef-
ciency can be achieved. Tis technology ofers numerous
advantages. Firstly, the adoption of grant-free random access
(RA) schemes minimizes the overhead associated with
signaling, as it eliminates the need for a request-grant
procedure. Consequently, this streamlined approach en-
hances the overall efciency of the communication system.
Te implementation of grant-free random access (RA) en-
ables a large number of users to access a single channel
simultaneously, thereby utilizing the advantages of spatial
multiplexing gain. As a result, the spectral efciency of the
communication system is further enhanced, making grant-
free RA a highly desirable option for future wireless com-
munication systems. Tus, within the realm of machine-to-
machine (M2M) communications, applying grant-free RA
within a massive multiple-input multiple-output (MIMO)
framework ofers a compelling approach to achieving high
spectral efciency and fulflling the increasing demands of
next-generation wireless communication systems. Tis in-
tegration not only allows for the efcient utilization of radio
resources but also reduces the signaling overhead associated
with traditional random access methods. By optimizing
resource allocation and increasing the overall system ca-
pacity, grant-free RA signifcantly enhances the spectral
efciency of the communication system, positioning it as
a preferred choice for future wireless communication
systems.

In the context of M2M communications, where the
demand for ad hoc and sporadic connectivity of numerous
devices is prevalent, grant-free RA’s capability to handle
a massive number of connections in a unifed channel fa-
cilitates efcient and reliable communication among diverse
M2M devices. Tis aspect holds particular signifcance for
the smooth operation of emerging applications such as
smart city infrastructure, industrial automation, and
healthcare monitoring. To further elevate spectral efciency,
the incorporation of grant-free RA with a massive MIMO
framework harnesses the capabilities ofered by large an-
tenna arrays and spatial processing. In doing so, it maxi-
mizes the benefts derived from spatial multiplexing gain
and enhances resilience against fading and interference. In
summary, the adoption of grant-free RA within a massive
MIMO framework presents a compelling approach to sat-
isfying the requirements of next-generation wireless com-
munication systems, especially in the domain of M2M
communications. By facilitating simultaneous access of
multiple users to a single channel and leveraging spatial

multiplexing gain, grant-free RA enhances overall spectral
efciency, optimizes resource utilization, and supports
seamless connectivity among a plethora of M2M devices.
Tis integration with massive MIMO technology brings
forth the advantages of spatial processing and further im-
proves spectral efciency, providing a promising path to-
ward efcient and reliable wireless communication systems
in the future.

Te previous research [11] introduces an approach based
on a single orthogonal preamble (SOP) structure to facilitate
user detection and channel estimation in grant-free RA. Te
paper addresses the challenges of designing efcient random
access schemes for massive MIMO systems. It analyzes the
impact of various factors, such as the number of antennas,
user density, and interference, on the success probability of
grant-free random access. Te research provides useful
insights into the performance and feasibility of grant-free
random access in massive MIMO systems. However, due to
the constrained length of the preamble, the occurrence of
preamble collision becomes a concern, leading to inaccurate
user detection and channel estimation. As a solution to
mitigate this issue, subsequent studies [12] propose the
utilization of predefned preamble-hopping patterns to
support massive random access (RA) schemes. Te authors
investigate the challenges and opportunities of using ran-
dom access as a mechanism for MTC in massive MIMO
systems. Te paper discusses the benefts of random pilot
and data access in terms of reduced overhead and improved
spectral efciency. It provides practical insights and ad-
vanced signal processing techniques for designing efcient
MTC systems based on random access in massive MIMO.
Nevertheless, this approach presupposes that the base sta-
tion (BS) possesses advanced knowledge of the preamble-
hopping patterns allocated to all RA users, resulting in the
introduction of supplementary signaling overhead. Tis
places a burden on the communication system, necessitating
a more efcient strategy for the retrieval and management of
preamble-hopping patterns. To address this limitation,
further investigations are required to develop alternative
methods capable of reducing signaling overhead while ef-
fectively mitigating preamble collision in grant-free RA
scenarios. By leveraging advanced signal processing tech-
niques and optimizing resource allocation strategies, it may
be possible to enhance the accuracy of user detection and
channel estimation while also minimizing preamble colli-
sion occurrences. Terefore, future research should focus on
identifying novel approaches that strike a balance between
optimizing system performance and reducing signaling
overhead in grant-free RA situations.

Drawing inspiration from the research conducted in
[11, 12], a recent study [13] introduces a concatenated or-
thogonal preamble (COP) structure as an innovative solu-
tion.Tis approach involves the division of a single preamble
into multiple subpreambles, thereby expanding the available
preamble space. Te consequence of this augmentation is
a signifcant reduction in the likelihood of preamble colli-
sion. In the comprehensive investigation presented in [13],
a straightforward methodology for user detection and
channel estimation was also outlined. While the
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aforementioned studies demonstrate the capability to fa-
cilitate grant-free random access (RA), they fail to address
the vital issue of detecting users in cases where preamble
collision occurs. Consequently, this limitation calls for
further research and development to overcome the chal-
lenges associated with preamble collision and devise efcient
methods for user detection.

Furthermore, it should be noted that the user detection
and channel estimation techniques proposed in these studies
are designed as separate entities. To foster a more seamless
and integrated communication system, it is imperative to
explore approaches that Harmon combines with user de-
tection and channel estimation methodologies. Tis in-
tegration will enable enhanced performance and reliability
in grant-free RA scenarios. Given the current state of re-
search, there exists a valuable opportunity to investigate
novel strategies that ofer a comprehensive solution for
detecting users in the presence of preamble collision. Ad-
ditionally, the development of an integrated framework for
user detection and channel estimation will promote more
efcient and reliable communication systems in grant-free
RA applications. Tus, research should focus on bridging
these gaps and devising innovative approaches that conquer
the aforementioned limitations.

In this paper, two highly efcient algorithms are pre-
sented for the simultaneous implementation of joint user
detection and channel estimation in both SOP and COP
scenarios. Te specifc challenge of our research is how to
deal with the impact of pilot collision on joint user detection
and channel estimation in the SOP and COP, respectively.
To address these challenges, the proposed algorithms are
devised to leverage the quasiorthogonal characteristic of
massive MIMO [14–16], enabling accurate estimation of
user channels while efectively avoiding preamble collisions.
By excluding users that encounter preamble collisions, the
proposed algorithms achieve enhanced performance com-
pared to previous approaches in terms of user detection and
channel estimation. Te key in our design is that we derive
a criterion to judge whether the estimated value is a user
channel or not. Another key is that we derive a criterion to
judge whether two estimated channels belong to the same
user or not. If yes, we propose to compute an average of
multiple estimates to output the fnal estimated channel in
the COP, which can further lower the channel estimation
error in comparison to the SOP.

To substantiate the efcacy of the proposed algorithms,
a thorough theoretical analysis is undertaken, followed by
comprehensive experimental evaluations. Trough this
analysis, the efectiveness of the algorithms is further
demonstrated by examining the success rates of user de-
tection and evaluating the errors associated with channel
estimation. Te results of the investigation provide com-
pelling evidence supporting the efectiveness and superiority
of the algorithms in improving user detection and channel
estimation in both SOP and COP scenarios.

Te algorithms’ exploitation of the quasiorthogonality of
massive MIMO technology enables precise estimation of
user channels, thereby enhancing the overall performance of
grant-free random access. By capitalizing on this

characteristic, the algorithms achieve more accurate esti-
mates, leading to improved user detection and channel
estimation. In conclusion, this research contributes novel
algorithms for joint user detection and channel estimation in
SOP and COP scenarios within the context of massive
MIMO systems. Te combination of theoretical analysis and
experimental results verifes the remarkable efectiveness of
these algorithms, thereby expanding the knowledge and
understanding of grant-free random access techniques in the
domain of wireless communications.

Considering the ever-evolving demands of the modern
digital era, our fndings suggest that users in the practical
networks may experience access failures due to preamble
collision, especially in the case of a large number of RA users
accessing at the same time. Comparatively, our research not
only improves the success rate of user detection but also
reduces the channel estimation error, which can be helpful
for high-performance wireless networks in front of a large
number of RA users accessing at the same time. Te three
contributions of this research can be summarized as follows:

(1) Highly efcient algorithms:Te proposed algorithms
for joint user detection and channel estimation in
SOP and COP scenarios ofer high efciency. By
leveraging the quasiorthogonal characteristic of
massive MIMO technology, these algorithms achieve
accurate user channel estimation and efectively
mitigate preamble collisions.

(2) Torough theoretical analysis and comprehensive
experimental evaluations: A thorough theoretical
analysis is conducted, providing a deep un-
derstanding of the algorithms and their underlying
principles. Additionally, comprehensive experi-
mental evaluations are performed to evaluate the
practical performance of the algorithms. Tis com-
bination of analysis and experimentation verifes the
efectiveness and superiority of the algorithms.

(3) Enhanced user detection and channel estimation:
Te proposed algorithms demonstrate improved
performance compared to previous approaches in
terms of user detection and channel estimation. By
excluding users who encounter preamble collisions,
these algorithms enhance the accuracy and efciency
of user detection and channel estimation in both
SOP and COP scenarios.

Te remainder of this paper is organized as follows.
Section 2 describes the related work. Section 3 describes the
system model. Section 4 illustrates how to achieve joint user
detection and channel estimation with the help of grant-free
RA. Section 5 provides the simulation results of the proposed
algorithms. Section 6 gives the conclusion.

2. Related Work

Te subject of joint user detection and channel estimation
for grant-free random access (RA) in massive multiple-input
multiple-output (MIMO) systems has garnered signifcant
attention within academic circles. Extensive research has
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been conducted on this topic, yielding invaluable insights
into this multifaceted area. Terefore, this section aims to
furnish a meticulous and thorough synthesis of the crucial
discoveries gleaned from the current body of literature, with
a specifc focus on the seminal work presented in [17–25].
Te existing literature has demonstrated a concerted efort to
investigate and tackle the challenges associated with joint
user detection and channel estimation in grant-free RA
within massive MIMO systems. Numerous studies have
grappled with these complexities and have ofered diverse
methodologies and frameworks to address this intricate
problem.

Pioneering research conducted in [17–22] has laid a solid
foundation for subsequent works and established key
principles for joint user detection and channel estimation.
Tis work [17] provides a comprehensive foundation for
understanding the mathematical concepts underlying ma-
trix computations. Although not directly related to MIMO
and joint detection, this book serves as a valuable resource
for understanding the mathematical principles and algo-
rithms used in signal processing and related felds, which are
essential for the development of MIMO systems and joint
detection algorithms. In [18], the authors propose an ex-
pectation propagation-based algorithm for joint active user
detection and channel estimation in massive machine-type
communication (MTC) scenarios. Te authors in [19]
propose a joint user identifcation and channel estimation
scheme for massive machine-type communication (mMTC)
scenarios. Te authors in [20] propose a transmission
control-based approach for joint user identifcation and
channel estimation in massive connectivity scenarios. Te
authors leverage the transmission control parameters to
enhance the joint detection performance. Te proposed
scheme improves the efciency and reliability of user
identifcation and channel estimation in massive MIMO
systems. Te authors in [21] introduce a compressive
sensing-based algorithm for adaptive active user detection
and channel estimation in massive MIMO systems with
massive access. Te authors utilize the sparsity property of
active users in the MIMO system and adaptively estimate
both the active user signals and channels.Te authors in [22]
propose a joint active user detection and channel estimation
scheme for massive machine-type communications (MTC).
Te authors consider the problem of detecting a large
number of users in MTC scenarios and jointly estimating
their channels. Te proposed scheme exploits the inherent
sparsity of the active users and leverages the signal statistics
to improve the accuracy of detection and estimation. In [23],
the authors proposed a joint active user detection and
channel estimation approach in massive access systems by
exploiting Reed-Muller sequences. In [24], the authors
conducted a performance analysis of joint active user de-
tection and channel estimation for massive connectivity.
Tis study focused on investigating the performance limits
and trade-ofs associated with joint detection and channel
estimation in the context of massive connectivity. Te au-
thors provided valuable insights into the fundamental limits
and achievable performance gains in such systems. Another
notable contribution in the feld of joint detection and

channel estimation with massive MIMO was made in [25].
Teir work introduced a grouping-based approach for joint
active user detection and channel estimation. By grouping
users with similar channel characteristics, the authors im-
proved the performance and computational efciency of the
detection process in massive MIMO systems.

A notable research direction focuses on enhancing user
detection performance in grant-free RA. For instance, the
authors in [26] proposed an efective multiuser detection
scheme based on the maximization algorithm. Tis scheme
successfully mates interference caused by overlapping
transmissions, resulting in signifcant improvements in user
detection rates compared to conventional methods. Simi-
larly, the authors in [27–30] introduced a low-complexity
user detection algorithm based on sparse Bayesian learning.
By exploiting the sparsity user activity, their algorithm
achieves enhanced detection accuracy. Another research
area addresses the challenge of channel estimation in free
RA. One notable work in the feld of joint activity detection
and channel estimation in cell-free massive MIMO networks
is presented in [27]. Teir work proposed an approach to
simultaneously detect activities and estimate channels in
a cell-free massive MIMO network with massive connec-
tivity. Teir study addresses the challenges associated with
massive connectivity, providing insights into improving the
system’s performance. Another interesting contribution in
this feld is presented in [28]. Tis work proposed a deep
expectation-maximization algorithm for joint MIMO
channel estimation and signal detection.Teir work explores
the integration of deep learning and expectation-
maximization algorithms to improve the performance of
joint detection and channel estimation. Te researchers
provided insights into joint iterative time-variant channel
estimation and multiuser detection for MIMO-OFDM
systems in [29]. Tey proposed an iterative approach to
jointly estimate time-variant channels and detect users in
MIMO-OFDM systems. Teir study highlights the impor-
tance of considering the temporal variation of channels in
joint detection and channel estimation algorithms. A double
sparsity-based joint active user detection and channel esti-
mation approach is introduced in [30]. Tis work focuses on
massive machine-type communication- (mMTC-) enabled
massive MIMO systems and proposes a double sparsity-
based algorithm for joint detection and channel estimation.
By exploiting the sparsity of the mMTC system, their ap-
proach enhances the system’s performance. Te authors in
[31] propose a channel estimation method based on com-
pressed sensing, which takes advantage of the sparsity of user
channel responses. Tis approach demonstrates promising
results in terms of channel estimation accuracy, even when
limited pilot signaling is available. Expanding on this work,
similarly, the authors in [32–35] proposed a noncoherent
channel estimation method that leverages the structure of
the massive MIMO channel matrix. Teir method achieves
accurate channel estimates even with a reduced pilot
overhead. Furthermore, several studies have explored the
joint optimization of user detection and channel estimation
grant-free RA [36–42]. For instance, the authors in [42]
presented a joint optimization framework based on passing

4 Journal of Electrical and Computer Engineering



algorithms. By simultaneously estimating the channel state
information and detecting the user, their framework ef-
fectively considers both channel correlation and interuser
interference. Experimental results validate that their ap-
proach outperforms conventional methods in terms of
detection accuracy and channel estimation quality. In ad-
dition to algorithm advancements, researchers have also
examined the infuence of system parameters on the per-
formance of joint user detection and channel estimation
[1, 2, 4, 5, 43]. For instance, the authors in [5] analyzed
diferent pilot designs and their impact on accuracy and user
detection performance. Teir fndings emphasize the sig-
nifcance of optimizing pilot patterns to achieve improved
system performance. Notably, in this area, the majority of
existing work assumes ideal conditions, such as perfect
synchronization and accurate state information at the re-
ceiver. However, real-world deployments often present
numerous challenges, including imperfect synchronization
and inaccurate channel state information. Consequently,
there is a pressing need for further research to develop
robust algorithms capable of efectively handling such re-
alistic scenarios.

Notably, the study emphasizes the utilization of ad-
vanced signal processing techniques to improve the accuracy
of user detection and channel estimation. Furthermore,
other researchers proposed novel algorithms and schemes
that efectively manage the formidable task of joint esti-
mation under the constraints of grant-free scenarios. Te
works of literature [44–47] demonstrate a prevalent trend
toward adopting deep learning approaches to enhance joint
user detection and channel estimation in massive MIMO
systems. Incorporating powerful deep learning algorithms
and neural network architectures has proven to be
a promising avenue for surpassing traditional techniques’
limitations. Tese novel approaches can efectively exploit
the inherent sparsity and structure in massive MIMO sys-
tems, resulting in improved performance in terms of user
detection and channel estimation accuracy. It is noteworthy
to mention that the literature highlights the signifcance of
considering practical aspects such as low-complexity
implementation and computational efciency when de-
vising joint user detection and channel estimation algo-
rithms. Tis necessitates striking a balance between
achieving performance gains and ensuring practical feasi-
bility for real-world implementations. In [44], the authors
introduced a model-driven deep learning algorithm for joint
activity detection and channel estimation. Teir approach
combines deep learning techniques with a model-driven
framework to enhance the accuracy and efciency of joint
detection and channel estimation. In this study [45], the
authors propose a deep learning-based pilot design method
for multiuser distributed massive MIMO systems. Te deep
learning approach is utilized to optimize the allocation of
pilots to user equipment (UE) in a distributed massive
MIMO setup. By considering the channel characteristics and
pilot assignment constraints, the proposed method achieves
improved performance compared to conventional pilot
design methods. Te study highlights the potential of deep
learning in optimizing pilot design for multiuser distributed

massive MIMO systems. However, a potential limitation of
this research is the lack of extensive evaluation and com-
parison with traditional pilot design methods. Tis paper
[46] provides an extensive review of deep learning-enhanced
nonorthogonal multiple access (NOMA) transceiver designs
for massive machine-type communication (MTC). It ad-
dresses the challenges and presents the state-of-the-art
techniques in NOMA transceiver design for massive MTC.
Te review discusses the potential of deep learning to op-
timize NOMA transceiver design, including joint detection
algorithms, to deal with the unique requirements and
characteristics of massive MTC scenarios. Te paper ofers
insights into future directions for deep learning-assisted
NOMA transceiver design for MTC. While the study pro-
vides valuable insights into the application of deep learning
in NOMA systems, it primarily focuses on the challenges
and future directions without providing a comprehensive
overview of the state-of-the-art techniques and their per-
formance evaluation. Tis research [47] proposes an AI-
driven blind signature classifcation approach for IoT con-
nectivity using deep learning. Blind signatures provide
privacy and security for IoTapplications, but blind signature
classifcation poses challenges due to the heterogeneity of
IoT devices and protocols. Te deep learning approach
presented in this study allows accurate classifcation of blind
signatures by automatically learning discriminative features.
Te results demonstrate the efectiveness of deep learning in
enhancing the security and connectivity of IoTdevices in the
context of blind signature classifcation. However, the paper
lacks a thorough evaluation of the proposed method’s
performance, particularly with respect to classifcation ac-
curacy, computational efciency, and scalability.

To summarize, the existing research on joint user de-
tection and channel estimation for grant-free random access
(RA) in multiple-input multiple-output (MIMO) systems has
demonstrated remarkable progress in enhancing the per-
formance of these critical tasks. Numerous algorithms and
optimization frameworks have been proposed, aiming to
improve user detection rates and enhance channel estimation
accuracy. Furthermore, extensive investigations have been
conducted to understand the impact of system parameters on
these processes. Nonetheless, it is to acknowledge that
addressing the practical challenges associated with real-world
deployments and developing robust algorithms capable of
handling imperfect synchronization and inaccurate channel
state information remain primary for future research. Tese
challenges demand innovative approaches and the develop-
ment of advanced algorithms to efectively tackle the com-
plexities of real-world scenarios. By addressing these
limitations, researchers can signifcantly contribute to the
advancement of joint user detection and channel estimation
techniques, ultimately facilitating the seamless operation of
grant-free RA in MIMO systems.

3. System Model

Figure 1 presents an illustration of a single-cell massive
multiple-input multiple-output (MIMO) system, showcas-
ing its key components and their interaction. Te system
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revolves around the base station (BS), which serves as the
communication provider, catering to a multitude of users
uniformly distributed within the cell. Tis arrangement
forms the foundation of our investigation, focusing on the
scenario where N single-antenna users concurrently attempt
to access the BS while the BS itself is equipped with M

antennas. By adopting this confguration, the system is able
to facilitate improved transmission and reception processes,
thereby enhancing overall performance.

By visualizing a single-cell massive MIMO system in
Figure 1, we emphasize the pivotal role played by the BS as
the central communication provider, ensuring seamless
connectivity for a diverse range of users uniformly dispersed
within the cell. It is important to note that the notion of
a single-cell system encompasses the dynamics and in-
teractions within a confned spatial region, where the BS
operates as the primary hub for communication processes,
and users are evenly distributed. With N single-antenna
users simultaneously accessing the BS and the BS equipped
with M antennas, we harness the potential for heightened
performance and efciency within this system.

To facilitate comprehension and provide a comprehen-
sive overview of the notations employed in this study, we
summarize them in Table 1.

We consider a single-cell massive MIMO system, in
which a BS is equipped withM antennas, and a large number
of users are uniformly distributed in this cell. Without loss of
generality, we assume N single-antenna users are attempting
to access the BS simultaneously. In the diagram of grant-free
RA, users directly transmit their RA preambles along with
data blocks. Up to now, two preamble structures of grant-
free RA were proposed, which are SOP and COP as depicted
in Figure 2. In SOP, the length of an RA preamble is sup-
posed to be U. Each preamble is selected from a public set P,
which satisfes PPH � IU. In COP, an RA preamble is
composed of L(L≥ 2) subpreambles with the length of
V � U/L. Each subpreamble is chosen from a public set Q,
satisfying QQH � IV. It can be observed that the number of
available preambles in COP increases with L and can up to

VL.Tese two preamble structures have their advantages and
disadvantages, respectively [48].

Te principal advantage of COP over SOP lies in its
substantial ability to reduce the probability of preamble
collision, primarily achieved through the augmentation of
the preamble space. By expanding the available range of
preambles, COP minimizes the likelihood of multiple nodes
transmitting identical preambles simultaneously. Tis en-
hancement in collision avoidance signifcantly improves the
efciency and reliability of data transmission in wireless
communication systems.

However, it is important to note that the adoption of
nonorthogonal preambles in COP comes at the expense of
its channel estimation performance. Te nonorthogonality
introduces interference and correlation among preambles,
leading to a degradation in the accuracy of channel esti-
mation. Consequently, this may adversely impact the overall
quality of signal reception, potentially afecting the system’s
ability to efectively decode transmitted information.

It is crucial to acknowledge this trade-of between col-
lision avoidance capability and channel estimation perfor-
mance when considering the implementation of COP in
practical scenarios. While the expanded preamble space of
COP contributes to a substantial reduction in the occur-
rences of preamble collision, the compromised channel
estimation accuracy may introduce potential challenges in
maintaining adequate communication reliability. Tus,
careful consideration must be given to system requirements
and constraints, ensuring that the benefts and drawbacks of
COP integration are thoroughly evaluated and aligned with
the desired objectives of the wireless communication system.

Te channel response from N users to the BS is modeled
by H � [h1, h2, . . ., hN] ∈ CM×N, where hi ∈ CM×1 is the
channel response from the i-th user to the BS. In addition,
the propagation channel H is assumed to be constant in an
RA slot. We also assume that the perfect power control is
adopted to keep the transmit power of all RA users equal to 1
[49]. Ten, the received preambles at the BS can be repre-
sented as follows:

Figure 1: Te system of a single-cell massive MIMO.
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Y � HX + Z, (1)

where X � [pT
1 , pT

2 , . . ., pT
N]T ∈ CN×U is the transmit pre-

ambles of N users and Z ∈ CM×U is the noise matrix, whose
elements are distributed as CN(0, σ2).

Upon reception of the preambles by the base station
(BS), the subsequent steps involve the intricate processes of
user detection and channel estimation. Within the scope of
this research, we introduce two distinct algorithms, each
tailored to facilitate the joint implementation of user de-
tection and channel estimation in both SOP and COP
frameworks.

Acknowledging the constraints imposed by the fnite
preamble length, our design methodology takes into account
the recurring issue of preamble collision. Tis consideration
becomes particularly relevant as it pertains to the in-
terrogation of preambles that may overlap and coincide with
the received signals. Inherent to our proposed algorithms is
their ability to examine and analyze these preambles, gen-
erating outputs that solely comprise the estimated channels
of users devoid of any preamble collision.

By efectively addressing the challenges posed by pre-
amble collision and the limited length of preambles, our
algorithms provide a comprehensive solution encompassing
the joint detection and estimation of user channels. Tese

algorithms hold the potential to signifcantly enhance the
overall performance and reliability of wireless communi-
cation systems, showcasing their efcacy across both SOP
and COP frameworks. As demonstrated in subsequent
sections of this paper, our algorithms exhibit superior
performance in terms of accurate user detection and precise
estimation of channel characteristics, thereby allowing for
improved signal reception and data decoding in practical
scenarios.

4. Joint User Detection and Channel
Estimation of Grant-Free RA

In this section, we propose to implement joint user detection
and channel estimation of grant-free RA with SOP and COP,
respectively.Ten, we analyze the computational complexity
of the proposed algorithms.

4.1. Joint User Detection and Channel Estimation in SOP.
We start from the simple case that all RA users select the
diferent preambles, i.e., no preamble collision occurs in the
grant-free RA. For ease of description, let Ps and Pn denote
the sets of the selected and nonselected preambles. Due to
the orthogonality of the preambles in the P, we can have

Table 1: Notations.

Notation Description
a An arbitrary vector a
A An arbitrary matrix A
IM An M × M identity matrix
AT Te transpose of a matrix A
AH Te conjugate transpose of a matrix A
‖a‖ Te Euclidean norm of a vector a
CM×N Te space of all M × N complex matrices
CN(0,Σ) A normal complex Gaussian distribution with zero mean and Σ variance

Data Payload

U Symbols

Preamble

(a)

L Orthogonal Sub-preambles

1 2 L… Data Payload

U Symbols

(b)

Figure 2: Two preamble structures of grant-free RA: (a) SOP; (b) COP.
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YpH
i �

hk + ZpH
i , pi ∈ Ps,

ZpH
i , pi ∈ Pn,

⎧⎨

⎩ (2)

where k is the index of the user selecting the i-th preamble,
and 1≤ k≤N. Since Z is independent from pi, the elements
in ZpH

i are distributed as CN(0, σ2). Tanks to the power
control, the background noise ZpH

i in (2) is relatively small.
Hence, YpH

i is approximately equal to hk in the case of
pi ∈ Ps, which means that we can utilize (2) to estimate user
channels. In addition, due to the quasiorthogonality of
massive MIMO [50], we can have

YpH
i ‖

2 ≈
����

����hk‖
2

� hH
k hk ≈M, (3)

where pi ∈ Ps. Tus, the BS can detect whether a user is
trying to access by comparing the square of Euclidean norm
on its estimated channel with a predefned threshold αM,
where 0< α< 1. Note that α is an adjustable coefcient
balancing the miss-detection and false-detection. After
traversing all preambles in the P, the BS can utilize (2) to
estimate the channels of all RA users.

Next, we consider joint user detection and channel es-
timation in the case of preamble collision. Let Uc denote the
indices of users selecting the same preamble pc, and Nc

denote the length of Uc, where 1≤ c≤U. Similar to (2), we
can have

YpH
c � 

Nc

j�1
hij

+ ZpH
c ≈ 

Nc

j�1
hij

, (4)

where ij ∈ Uc. It is hard for the BS to reconstruct the user
channels hi1

, hi2
, . . ., and hiNc

from the mixed value 
Nc

j�1hij
.

As a result, the BS can hardly utilize (4) to estimate the
channels of users with preamble collision. Te unsolvability
of user channels would lead to an incorrect beamforming
pattern [51]. Tus, the BS should have the ability to identify
all the users with preamble collision. To this end, we propose
a simple algorithm as follows. Considering the propagation
channel H is quasiorthogonal in massive MIMO systems
[15], i.e., HHH ≈MIN, we can have



Nc

j�1
hij

����������

����������

2

� 

Nc

j�1
hij

⎛⎝ ⎞⎠

H



Nc

j�1
hij

,

� 

Nc

j�1
hH

ij
hij

+ 

Nc

j�1


Nc

k�1,k≠j
hH

ij
hik

⎛⎝ ⎞⎠,

≈ NcM.

(5)

Combining (4) with (5), we can directly have

YpH
c

����
����
2
≈ NcM. (6)

Comparing (3) with (6), it can be observed that there is
a clear gap between M and NcM, where Nc ≥ 2. Tereafter,
the BS can detect whether the estimated channel is the
mixture of multiple user channels by comparing the square
of its Euclidean norm with a predefned threshold βM,
where β is in the range from 1 to 2 due to Nc ≥ 2.

Based on the above discussion, the BS can fnd out the
estimated channels of all RA users without preamble col-
lision, which is summarized in Algorithm 1.

4.2. Joint User Detection and Channel Estimation in COP.
Diferent from SOP, multiple subpreambles in each pre-
amble need to be taken into consideration in COP. For the
j-th subpreamble phase, the received signal at the BS can be
represented as

Yj � HXj + Zj, (7)

where Xj � [qT
j1

, qT
j2

, . . ., qT
jN

]T ∈ CN×V is the set of the j-th
subpreamble of all RA users, Zj ∈ CM×V is the noise matrix,
and 1≤ j≤ L. With the input of Yj, Q, and V, the BS can
utilize Algorithm 1 to generate the estimated channels of the
users without preamble collision in the j-th subpreamble
phase, denoted as Hj. After traversing all L subpreambles in
the COP, the BS can obtain the estimated channels of all RA
users without preamble collision through computing
H � H1 ∪ H2 ∪ · · · ∪ HL, where ∪ denotes the union op-
erator. However, the estimated values of the same channel
are likely to be unequal in the diferent subpreamble phases,
which is caused by the randomness of background noise in
(7). Ten, H might contain the repeatedly estimated
channels of the same user, which would result in the in-
correctness of beamforming pattern [51]. Tereafter, the BS
has to eliminate the repeatedly estimated channels in H,
which can be implemented as follows.

Let hi and hj denote the i-th and j-th estimated channels
in H. If these two channels are of the same user, the dif-
ference between them is only the background noise, and thus
‖hi − hj‖

2 is relatively small. Otherwise, the diference be-
tween them contains both the actual channels and the
background noise and then ‖hi − hj‖

2 becomes

hi − hj

�����

�����
2

� hi − hj 
H hi − hj ,

≈ hH
i hi − hH

i hj − hH
j hi + hH

j hj,

≈ 2M.

(8)

As a result of the prior processes, the base station (BS) is
equipped with the capability to discern the similarity or
dissimilarity between two estimated channels, efectively
determining whether they originate from the same user or
not. Tis determination is accomplished by comparing the
square of the Euclidean norm with the diference between
the estimated channels with a predefned threshold, denoted
as cM, where 0< c< 2. Trough this comparative analysis,
the BS can efectively discern whether the estimated channels
belong to distinct users or a single user.

Subsequently, with the identifcation of repeatedly es-
timated channels, the BS proceeds to calculate their ag-
gregate value, represented as the average. Tis average value
serves as the fnal estimation for the channel characteristics
associated with a specifc user. Tus, by integrating multiple
estimations, the BS accomplishes the task of joint user de-
tection and channel estimation within the COP framework.
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It is worth noting that users in the COP have lower channel
estimation compared to users in the SOP because COP’s
fnal estimated channel is an average of multiple estimates.
Te reason is that background noise might be mistakenly
judged as user pilot signals during user detection, which will
further result in incorrect channel estimation in the SOP.
But in the COP, even though some falsely detected sub-
preamble signals of a user are actually background noise, the
channel of this user can still be estimated using other
correctly detected subpreamble signals of this user. In such
a way, the average of multiple channel estimates in the COP
can efectively mitigate the impact of mistaking background
noise for user preamble signals.

To summarize the aforementioned procedures, all steps
involved in achieving the joint detection and estimation of
users in the COP framework are consolidated and concisely
outlined in Algorithm 2. Tis algorithmic representation
further reinforces the systematic and reproducible nature of
the proposed methodology. By following this algorithmic
framework, the BS can efciently and reliably accomplish the
dual objectives of user detection and channel estimation,
thereby enhancing the overall efcacy and performance of
wireless communication systems within the COP
framework.

4.3. Performance Analysis. We conduct the performance
analysis from the perspectives of the success rate of user
detection and channel estimation error, respectively. Sup-
pose that there are K instances of multiple users selecting the
same subpreamble, and Nc,i users selecting the same sub-
preamble for each instance i(1≤ i≤K). For ease of de-
scription, we introduce Pi denoting the probability of
diferentiating the i-th multiuser mixed subpreamble from
a single-user subpreamble, and Pz denoting the probability
of diferentiating a single-user subpreamble from the
background noise. Te detailed analysis is as follows.

4.3.1. Success Rate of User Detection. Te probability of
successful user detection can be computed as

Pd ≥ 1 − 1 − 
K

i�1
PiP

N−
K

i�1
Nc,i

z
⎞⎟⎟⎟⎟⎟⎟⎟⎠

L

,
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝ (9)

where L is the number of subpreambles in a pilot and N is
the number of users. According to (9), it can be observed
that (1) Pd is proportional to Pz, which means that Pd can
be increased by using the power control to reduce the
disturbance of background noise; (2) Pd increases as L

increases, which is because that even though a user cannot
be identifed using some subpreamble signals are falsely
detected, this user can still be identifed using other
correctly detected subpreamble signals; (3) Pd increases
with the growth of Nc,i(1≤ i≤K), which is mainly caused
by the fact that the more users choose the same preamble,
the less likely the mixed signal of multiple users retrieved
through this preamble is to be misinterpreted as a single-
user signal.

4.3.2. Channel Estimation Error. Te probability of falsely
estimating the channel for a specifc user can be computed as

Pc ≤ 
K

i�1
1 − Pi(  1 − Pz( 

N− 
K

i�1
Nc,i ⎞⎟⎟⎟⎠

L

,
⎛⎜⎜⎜⎜⎜⎜⎝ (10)

where L is the number of subpreambles in a pilot and N is
the number of users. According to (10), it can be observed
that (1) Pc is inversely proportional to Pz, which implies
that Pc can be decreased by using the power control to
lower the infuence of background noise; (2) Pc decreases as
L increases, which is because that more subpreambles in
a slot will bring the BS more chances to obtain the
correctly-estimated user channels; (3) Pc decreases with the
growth of Nc,i(1≤ i≤K), which is due to the fact that the
more users select the same preamble, the smaller the
likelihood that the mixed signal of multiple users recovered
through this preamble is to be used for estimating user
channel.

4.3.3. Further Discussion. According to the quasiorthogonal
characteristic of massive MIMO, one can see that as the
number of base station antennas increases, interuser in-
terference becomes less and less. After that, the detection of
diferent users from the received pilot signal will become
increasingly accurate, and likewise, the estimation of the
data channels will also become increasingly precise.

Require: Te received signal Y, the preamble set P and its length U.
Ensure: H.

(1) for i� 1: U do
(2) Te BS calculates the estimated channel as YpH

i .
(3) if αM< ‖YpH

i ‖2 < βM then
(4) Te BS accepts YpH

i as the estimated channel of a certain RA user, and appends it into H.
(5) end if
(6) end for

ALGORITHM 1: Joint detection and estimation in SOP.
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4.4. Complexity Analysis. According to [17], the complexity
of the proposed algorithms in SOP and COP is illustrated as
follows.

In Algorithm 1, the computation on YpH
i and ‖YpH

i ‖2

has to be repeated U times. Since the complexity of com-
puting YpH

i and its Euclidean norm is O(MU) and O(M),
the total complexity of the proposed algorithm in SOP
is O(MU2).

In Algorithm 2, the complexity of generating Hi is
O(MV2). Since both μ and ] are no more than the total
number of RA users N, the complexity of aggregating H and
Hi is O(MN2). Considering that N≤V and U � VL, the
total complexity of the proposed algorithm in COP can be
represented as O(MUV). Based on the above discussion, we
can observe that both of these two algorithms are highly
efcient. In addition, the execution of these two algorithms is
a burden only on the powerful BS not on the resource-
limited RA users.

5. Simulation Results

In this section, we provide extensive experimental results to
validate the efectiveness of the proposed algorithms. In our
experiments, the signal-to-noise ratio (SNR) is 10 dB, and
the propagation channels are independent Rayleigh fading,
whose entries are distributed as CN(0, 1). Te total
number of RA users is N � 40. Te number of preambles
selected by multiple users is set to 5. Te detecting pa-
rameters α, β, and c are set as 0.5, 1.5, and 1, respectively.
Two representative indicators are adopted to evaluate the
performance of the proposed algorithms, i.e., the success
rate of user detection and the channel estimation error. Te
former indicates the probability that all users without
preamble collision are successfully detected, which is
denoted as Ps. Te latter is defned as Ce � mean

i
(‖hi − hi‖

2/‖hi‖
2), where hi is the i-th estimated channel in

H and hi is the actual channel corresponding to hi. In
addition, each experimental result is the average of 105
Monte Carlos trials.

In Figure 3, we present the success rates of user detection
as functions of the number of BS antennas, denoted as M.
Several key observations can be made from the results:

(i) Te success rate, denoted asPs, gradually converges
to 1 as the number of BS antennas increases. Tis
can be attributed to the fact that as the number of
antennas at the BS grows, the user channels tend to
approach quasiorthogonality. As a result, the level of
interuser interference is signifcantly reduced.

(ii) Users in the COP scenario exhibit higher success
rates (Ps) compared to users in the SOP scenario.
Te disparity arises from the difering number of
access subpreambles available in each scenario.
COP facilitates multiple access subpreambles,
whereas SOP only provides a single access preamble.
Tanks to the augmented preamble space, the
probability of preamble collision in the COP is
lower than that in the SOP. Recalling that preamble
collisionmakes it impossible to distinguish channels
from diferent users, which thus leads to user de-
tection failure, COP has a superiority over SOP in
terms of Ps. Note that there are some potential
methods to improve Ps in the SOP considering its
limitation of having only a single access preamble,
such as enlarging the size of the candidate pilot set
and reducing the number of users accessing
simultaneously, etc.

(iii) Ps in COP exhibit an increasing trend with the
number of subpreambles, denoted as L. Tis can be
attributed to the fact that a larger number of sub-
preambles in COP enables users to have more access
opportunities, thereby enhancing the overall success
rate of user detection.

(iv) Ps displays an increasing trend with the number of
users selecting the same preamble, denoted as Nc.
For users experiencing preamble collision, the
square of the Euclidean norm on their estimated
channel can be approximated to NcM, as indicated

Require: Te received signal Y, the number of subpreambles L, the preamble set Q and its length V.
Ensure: H.

(1) Te BS initializes H to an empty set.
(2) for i� 1: L do
(3) Te BS runs Algorithm 1 to generate Hi with the input of Yi, Q and V.
(4) Te BS counts the numbers of elements in H and Hi, denoted as μ and ].
(5) Te BS computes H � H∪ Hi.
(6) for i� 1: μ do
(7) for j� +1: μ + ] do
(8) if ‖hi − hj‖

2 ≤ cM then
(9) Te BS appends the average of hi and hj to H.
(10) Te BS eliminates the original hi and hj from H.
(11) end if
(12) end for
(13) end for
(14) end for

ALGORITHM 2: Joint detection and estimation in COP.
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by (6). Taking into consideration the upper de-
tection threshold, βM, a higher value of Nc reduces
the probability of the BS accepting the mixed
channel of multiple users as the estimated channel
of a specifc user.

In summary, the fndings in Figure 3 reveal valuable
insights into the success rates of user detection in grant-free
RA with massive MIMO systems. Increasing the number of
BS antennas leads to improved success rates due to the
quasiorthogonality achieved in the user channels. Moreover,
the choice between COP and SOP, the number of sub-
preambles, and the number of users selecting the same
preamble signifcantly impact the overall success rates of
user detection. Tese observations contribute to a deeper
understanding of the performance characteristics of massive
MIMO systems in the context of grant-free RA.

In Figure 4, we also present the channel estimation errors
as functions of the number of BS antennas, denoted as M.
Several key observations can be made from the results:

(i) Te channel estimation error, represented by Ce,
maintains a consistently small value throughout.
Tis can be attributed to the fact that the diference
between the estimated and actual channels is pri-
marily determined by the background noise when
the interuser interference has been efectively sup-
pressed through accurate user detection.

(ii) Users in the COP scenario exhibit lower channel
estimation errors (Ce) compared to users in the
SOP scenario. Te reduced error in COP is a result
of the fnal estimated channel being an average of
multiple estimated values. Tis averaging process
efectively reduces the power of the channel noise.

(iii) Ce in COP demonstrates a decreasing trend with the
number of subpreambles, denoted as L. Tis can be
explained by the inverse relationship between the
number of subpreambles and the efect of back-
ground noise and interuser interference on channel
estimation. As L increases, the impact of back-
ground noise and interuser interference on channel
estimation diminishes accordingly.

(iv) Ce exhibits a decreasing trend with both Nc andM.
Tis can be attributed to the fact that when the
values of Nc and M are small, channels with lower
noise levels become more challenging to detect
compared to those with higher noise levels. Tis
difculty arises due to the lower detection threshold
αM.

To summarize, the observations presented in Figure 4
shed light on the characteristics of channel estimation errors
in grant-free RA with massive MIMO systems. Te con-
sistently small values of Ce indicate the efcacy of the es-
timation process, which primarily relies on minimizing the
impact of background noise and interuser interference.
Furthermore, the choice between COP and SOP, the number
of subpreambles, and the number of users selecting the same
preamble all infuence channel estimation errors. Tese
fndings contribute to a comprehensive understanding of the
channel estimation performance in the context of grant-free
RA with massive MIMO systems.

6. Conclusion

Tis paper provides a comprehensive investigation into joint
user detection and channel estimation techniques for grant-
free random access (RA) in the context of massive multiple-
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input multiple-output (MIMO) systems. To exploit the in-
herent quasiorthogonal characteristic of massive MIMO, we
have derived both lower and upper user detection thresh-
olds. Tese thresholds serve as important reference points to
assess the reliability of user detection. By considering the
statistical properties of the received signals, we can de-
termine the optimal detection thresholds that strike a bal-
ance between false alarm and miss-detection probabilities.

In addition, we propose two efcient algorithms to fa-
cilitate joint user detection and channel estimation in both
SOP and COP scenarios. Tese algorithms take advantage of
the overlapping nature of RA transmissions to improve the
accuracy and efciency of detection and estimation pro-
cesses. To evaluate the performance of our proposed algo-
rithms, we adopted a meticulous approach that combines
rigorous theoretical analysis with comprehensive experi-
mental evaluations. Trough extensive simulations and
measurements, we demonstrate the efcacy of our algo-
rithms in achieving high success rates of user detection and
minimizing channel estimation errors within massive
MIMO systems. One noteworthy aspect of our algorithms is
their robustness in scenarios where a substantial number of
RA users experience preamble collision. Preamble collision,
which arises when multiple users select the same preamble
index during the RA process, can signifcantly degrade the
system’s performance. However, our algorithms efectively
mitigate this issue by leveraging the characteristics of the
received signals, achieving remarkable performance even
under challenging conditions. Overall, our research con-
tributes to the advancement of joint user detection and
channel estimation techniques in grant-free RA with mas-
sive MIMO systems. Te proposed algorithms ofer en-
hanced performance, especially in scenarios with preamble
collision, and pave the way for improved reliability and
efciency in future wireless communication systems.

Our research aims to make signifcant strides in the feld
of joint user detection and channel estimation in grant-free
RA with massive MIMO systems.Tese systems pose unique
challenges, and our study addresses these challenges head-
on. By harnessing the distinctive characteristics of MIMO
technology, we have developed algorithms that efectively
enable efcient and reliable user detection while simulta-
neously mitigating the negative impact of channel estima-
tion errors. Te outcomes of our research hold great
importance in ensuring the seamless operation of massive
MIMO systems, which in turn supports their potential
deployment in high-capacity wireless networks. Tese net-
works are becoming increasingly vital in meeting the es-
calating demands for enhanced data rates, improved spectral
efciency, and enhanced wireless connectivity.

Moving forward, there are several promising avenues for
future research in this area. One potential direction is to
further optimize the performance of our algorithms by
considering additional factors. For instance, incorporating
interference mitigation techniques could enhance the ro-
bustness of our algorithms under various interference sce-
narios. Additionally, exploring resource allocation strategies
that are tailored to grant-free RA in massive MIMO systems
could potentially yield further performance improvements.

Scalability is another aspect that warrants attention. In-
vestigating how our techniques scale with the number of
users and antennas in a massive MIMO system would be
valuable, as it would shed light on the feasibility of deploying
these techniques in practical scenarios. Moreover, exam-
ining the applicability of our techniques in real-world set-
tings is a crucial stepping stone toward their adoption.
Validating the performance of our algorithms in feld trials
or experimental setups that mirror practical conditions
would provide valuable insights into their efectiveness and
potential limitations. Furthermore, it is essential to keep
a pulse on the evolving landscape of communication stan-
dards and protocols. Exploring the compatibility of our
techniques with emerging standards and protocols, such as
those for 5G and beyond, would contribute to the continual
development of grant-free RA techniques in massive MIMO
systems.

In conclusion, our research not only enhances the un-
derstanding of joint user detection and channel estimation
in grant-free RA with massive MIMO systems but also paves
the way for practical implementation. By addressing the
challenges in this domain, we bring closer the realization of
high-performance wireless networks that can support the
growing demands of the modern digital era.

Data Availability
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Our experiment is conducted in a simulation mode, and the
settings of the data used to support the fndings of this study
are available from the corresponding author upon request.
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the signal-to-noise ratio (SNR) is 10 dB, and the propagation
channels are independent Rayleigh fading, whose entries are
distributed as CN (0, 1). Te total number of RA users is
N� 40. Te number of preambles selected by multiple users
is set to 5. Te detecting parameters α, β, and c are set as 0.5,
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