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Abstract—Massive machine-type communications are trans-
forming the Industrial Internet of Things (IIoT) by enabling
seamless connectivity among a vast number of devices. To
efficiently manage the resulting sporadic and large-scale traffic,
grant-free random-access protocols, particularly coded random
access (CRA), have emerged as scalable and reliable solu-
tions. Meanwhile, advancements in extremely large-scale MIMO
and high-frequency communications (e.g., mmWave, THz) are
pushing networks into the near-field regime, enhancing spatial
multiplexing and connectivity. In this article, we propose a novel
coded spatial random access (CSRA) scheme that leverages an
extremely large aperture array (ELAA) at the access point (AP)
to exploit near-field spatial multiplexing for grant-free massive
access in IIoT systems. Unlike conventional approaches, CSRA
eliminates the need for complex channel estimation by integrating
CRA with successive interference cancelation and the spatial
multiplexing capabilities of the near-field regime. This enables
improved reliability and scalability, making CSRA a promising
solution for next-generation wireless networks.

Index Terms—Coded Random Access (CRA), extremely large
aperture array (ELAA), extremely large-scale multiple-input–
multiple-output (XL-MIMO), machine-type communications,
near-field communications.

I. INTRODUCTION

THE ADVENT of the industrial Internet of Things (IIoT)
is reshaping industrial operations by fostering seamless

interconnection among machines, devices, and sensors. This
ecosystem, often referred to as machine-type communication
(MTC), is the cornerstone of Industry 4.0, empowering real-
time monitoring, automation, and decision-making across
manufacturing, supply chains, and other industrial scenar-
ios [1], [2]. In the era of 6th Generation (6G) wireless
networks, MTC systems will require unprecedented scala-
bility, enhanced battery efficiency, and varied reliability and
latency performance [3], [4], [5]. Achieving these objectives
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will necessitate advancements in both medium access control
(MAC) and physical (PHY) layers, alongside the design of
novel network architectures.

The rapid expansion of IIoT networks presents challenges
for conventional access techniques in handling massive, spo-
radic data traffic. Grant-free random access offers a compelling
solution by eliminating the overhead and latency of traditional
grant-based systems, where devices request and wait for trans-
mission permissions. By enabling direct data transmission, this
approach is well-suited for the time-sensitive, small-packet
communications typical of MTC in IIoT environments. In
grant-free random access, however, simultaneous transmis-
sions over shared resources can lead to collisions, which
pose a critical challenge in IIoT systems with thousands of
devices. These collisions result in increased retransmissions,
reduced throughput, and delays issues that are unacceptable for
time-sensitive IIoT applications [3], [6]. Therefore, effective
collision detection and resolution mechanisms are crucial for
ensuring reliable grant-free communications.

Innovative grant-free massive multiple access protocols,
particularly those based on coded random access (CRA), have
garnered attention for their high reliability in handling large
numbers of uncoordinated active devices [7]. By combining
packet diversity with successive interference cancelation (SIC)
at the receiver, these protocols achieve significant improve-
ments in scalability [8], [9], [10], [11], [12]. Specifically,
packet diversity is typically realized by having a network user
(NU) transmit multiple replicas of its payload across different
time slots. Once a replica is decoded, its interference across
related slots is eliminated, allowing further message decoding.
These protocols, which integrate massive access with modern
graph-based codes, are often studied in centralized scenarios
where all active NUs transmit to the same access point
(AP) [13].

From a hardware deployment perspective, the use of high
carrier frequencies (e.g., mmWave and Terahertz [14], [15])
and large aperture arrays commonly referred to as
extremely large-scale multiple-input–multiple-output
(XL-MIMO) [16], [17]) is pushing network operations into
the near-field propagation regime [18]. Operating in the near
field offers significant advantages, such as serving a higher
density of devices with reduced interference through precise
beam focusing [19], [20]. Additionally, the use of high carrier
frequencies enables the integration of multiple antennas within
compact form factors, supporting multi-antenna capabilities at
IIoT devices. Furthermore, when multi-antenna NUs operate
within the near-field of the AP, they can take advantage of
multiple communication modes, unlocking spatial multiplexing
even in line-of-sight (LOS) scenarios [21], [22], [23], [24].
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Communication modes, which represent parallel physical-
level channels, can be realized through various mechanisms
depending on the specific multiple-input multiple-output
(MIMO) technology employed.

However, effectively utilizing them in MTC remains chal-
lenging due to the need for highly accurate channel estimation.
This process requires significant overhead to determine the
optimal precoding vectors at the NUs and the combining
vectors at the AP [25]. To address this challenge, this article
proposes leveraging the spatial multiplexing capability of near-
field communication in combination with grant-free massive
multiple access (MMA). Specifically, we consider deploying
an extremely large aperture array (ELAA) at the AP, with
multiantenna NUs (i.e., IIoT devices) placed within its near-
field region. In this setup, our system operates in a cell-free
massive MIMO manner, transitioning from a “base station-
centric” operation model to a “user-centric” one, where each
user is surrounded by numerous AP antenna elements [26].

A. State of the Art

Recent studies have investigated the potential of leveraging
the near-field region to enhance communication performance.
Sun et al. [27] presented a transmission scheme for massive
multiuser MIMO systems, proposing a beam division multiple
access method that groups users into non-overlapping beams.
This technique reduces the overhead associated with channel
estimation and simplifies processing at both the transmit-
ter and receiver. Similarly, [28] introduces location division
multiple access (LDMA) for near-field MIMO communica-
tions, aimed at improving spectral efficiency through beam
focusing. However, this method depends on accurate channel
state information (CSI), which can be challenging to acquire
in rapidly changing environments. Zhang et al. [29] analyzed
the interference between near-field and far-field users adopting
extremely large-scale arrays, deriving analytical expressions
for interuser interference. They further propose advanced
digital beamforming techniques to effectively mitigate this
interference. Cui et al. [30] addressed beam training in
near-field communications, proposing the “near-field rain-
bow” concept to enhance beam training and CSI acquisition.
Iimori et al. [31] proposed a complex bilinear inference
algorithm for joint user activity detection and channel estima-
tion, designed to address spatial nonstationarity in XL-MIMO
systems. Similarly, [32] presents a QoS-aware technique for
joint user scheduling and power allocation in XL-MIMO
systems. Additionally, [33] introduces a beamspace modu-
lation strategy for XL-MIMO communications, leveraging
spatial degrees of freedom to enhance spectral efficiency while
utilizing a limited number of radio frequency chains. Despite
their contributions, all these approaches rely heavily on com-
plex channel estimation processes, which are impractical for
the sporadic traffic typical of MTC in IIoT networks. In con-
trast, our work introduces a grant-free random-access method
specifically designed for IIoT applications. By leveraging near-
field propagation and CRA, our approach prioritizes simplicity
and efficiency, eliminating the need for precise channel esti-
mation and intricate resource allocation mechanisms.

In parallel, grant-free massive access has also garnered
significant attention in modern network architectures, such
as cell-free massive MIMO (mMIMO) networks, where dis-
tributed antennas across the network area improve scalability
and flexibility. For instance, [34], [35] tackle activity detec-
tion as a maximum likelihood (ML) estimation problem,
while [36] explores joint activity detection, channel estimation,
and data recovery using belief propagation. Non-orthogonal
random pilot sequences are employed in [37] to facilitate
joint activity detection and channel estimation with both
centralized and distributed processing frameworks. Building
on these principles, a CRA scheme specifically designed for
cell-free mMIMO networks is proposed in [38] and [39].
This approach combines CRA on the device side with
signal combining at strategically selected APs and coop-
erative successive interference cancelation at the network
side. In all the aforementioned works single-antenna NUs
are assumed, thus MIMO gain cannot be exploited. This
is likely because the use of multiple antennas introduces
significant processing challenges, as signal combining across
multiple antennas necessitates complex channel estimation
procedures or additional signaling between the AP and NUs.
Recently, grant-free protocols leveraging the exploitation of
metasurfaces with retrodirective properties have been proposed
for IIoT applications based on high carrier frequencies, with
the purpose of avoiding complex channel estimation and beam
alignment between each NU and the AP [40]. However,
these studies largely neglect the opportunities offered by
near-field propagation. In the last years, ultradense cell-free
mMIMO networks composed of smart radio stripes have
been envisioned [41], highlighting their potential as a cost-
effective and flexible solutions for next-generation wireless
systems.

Building on this vision, we propose an innovative frame-
work that integrates the spatial multiplexing capabilities of the
near-field regime with the interference mitigation advantages
of CRA. By employing an ELAA at the AP and equip-
ping NUs with multi-antenna configurations, our approach
enhances reliability, reduces access latency, and establishes a
robust foundation for IIoT connectivity in next-generation 6G
networks. The approach leverages beam steering at each multi-
antenna NU to enable transmissions along different orthogonal
directions. Unlike traditional grant-free CRA, where replicas
span only the time or frequency domains, our method intro-
duces spatial-domain diversity by transmitting data packets
alongside pilot symbols, with replicas directed toward distinct
spatial angles. At the AP, replicas are received by different
antenna elements, requiring an ad-hoc processing scheme to
decode data packets without relying on high-overhead channel
estimation. The core of our proposed solution involves an
energy-detection mechanism to identify which antennas have
received specific replicas based on orthogonal pilot signals.
Subsequently, antennas are grouped into clusters, and their
received signals are coherently combined to improve the
signal-to-noise ratio (SNR) for data demodulation. To further
enhance performance, we integrate SIC into the process-
ing pipeline. SIC mitigates the adverse impact of collisions
resulting from multiple nonorthogonal signals arriving at the
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same antenna elements. By iteratively decoding and sub-
tracting resolved signals, our method progressively separates
overlapping transmissions, substantially improving decoding
reliability.

B. Main Contributions

The main contributions of the article can be summarized as
follows.

1) We present a novel grant-free random-access approach
that combines the spatial multiplexing capabilities of
the near-field regime with the interference mitigation
advantages given by CRA. Specifically, we propose a
processing scheme named coded spatial random access
(CSRA) tailored for APs equipped with an ELAA,
designed to handle signals from multiantennas NUs.
This approach eliminates the need for complex channel
estimation to determine precoding vectors at the NUs
and combining vectors at the AP, thus allowing for the
exploitation of MIMO in conjunction with a grant-free
protocol.

2) The proposed CSRA method is compared against
multiple alternatives, including its single-element
processing variant named single-element CSRA
(SE-CSRA) and a genie-aided benchmark genie-aided
CSRA (GA-CSRA), which leverages full knowledge of
active user pilots and channel coefficients to provide a
performance benchmark.

3) Extensive simulations are conducted to assess the
performance of the proposed processing schemes. The
schemes are evaluated in terms of packet loss rate (PLR)
and spectral efficiency (SE) under various system param-
eters, including the number of active NUs, transmit
power, the number and length of available orthogo-
nal pilots, and fading environment characteristics. The
results demonstrate that CSRA is a robust and scalable
solution suitable for next-generation IIoT applications.

C. Paper Organization

The remainder of this article is organized as follows.
Section II presents the system model, detailing the signaling
scheme and the geometrical deployment that enables near-
field conditions for multimodal communications. Section III
introduces our novel CRA scheme, which leverages these
near-field conditions, along with the ad-hoc signal processing
technique designed to decode data from NUs at the AP.
In Section IV, numerical results are provided to evaluate
the impact of various system parameters and operational
choices on the performance of the proposed transmission and
processing scheme. Finally, Section V concludes this article.

Notation and Definitions: Throughout this article, we use
the following notation. Lowercase bold variables, e.g., x,
denote vectors in the 3-D space. Boldface capital letters denote
matrices, e.g., X. The identity and zero matrices with size
N × M are written as IN×M and 0N×M . The transpose operator
is indicated by (·)T , the Hermitian operator is (·)H , while the
L2-norm of a vector r is ‖r‖, and j is the imaginary unit.
Calligraphic fonts are used to denote sets, i.e., X , while x ∼

CN (μ,�) is a complex random vector distributed according
to a complex normal distribution with mean vector μ and
covariance matrix �. Finally, the Kronecker product is denoted
by the symbol ⊗, while �·� identifies the floor operator.

II. SYSTEM MODEL

Let us consider an industrial setting, such as a manufactur-
ing line in a factory, as illustrated in Fig. 1. In this scenario,
N machine-type NUs randomly transmit signals toward the
ceiling, where an ELAA is installed and acts as receiving AP.
The ELAA could be implemented as a linear large intelligent
surface (LIS) or as a radio stripe [42], which we assume is
deployed along the y-axis. Each transmitting NU is equipped
with a uniform linear array (ULA) having NT antenna elements
located at p(k)T,i = [x(k)T,i, y(k)T,i, z(k)T,i]

T , with i = {1, 2, . . . ,NT} and
k = {1, 2, . . . ,N}. Let us denote by LT = δNT the length of
the NU‘s array, where δ is the interelement distance, which we
assume to be identical for all users. All NUs are assumed to
be positioned in the xy-plane, aligned parallel to the receiving
AP. This condition can be achieved by properly deploying
the NU antennas along the industrial machines. Regardless
of the implementation strategy for the ELAA at the AP, we
model it as a long ULA consisting of NR antenna elements,
of total length LR = δNR, each of them located at pR,r =
[xR,r, yR,r, zR,r]T , r = {1, 2, . . . ,NR}. Thus, we have NT �
NR and all antenna elements, both at the AP and at the NUs,
are uniformly spaced with an interelement distance δ = λ/2,
where λ is the wavelength.

Let us assume that the generic (say the kth one) NU,
when active, transmits a sequence of NS complex symbols
x(k) = [x(k)1 , x(k)2 , . . . , x(k)NS

] ∈ C
1×NS , with ‖x(k)‖2 = NS, where

PT is the available transmit power.1 At the AP side, when all N
users are active, the received signal Y = [y1, y2, . . . , yNR ]T ∈
C

NR×NS is expressed as

Y = √
PT

N∑

k=1

H(k) b(k) ⊗ x(k) +W (1)

where yr represents the signal received at the rth AP array
element, H(k) = {h(k)r,t } ∈ C

NR×NT denotes the complex channel
matrix associated to the kth NU, b(k) = [b(k)1 , b(k)2 , . . . , b(k)NT

] ∈
C

NT×1 is the beamforming vector of the kth NU, and
W = [w1,w2, . . . ,wNR ]T ∈ C

NR×NS is a matrix of addi-
tive white Gaussian noise (AWGN) samples, with wr ∼
CN (0, σ 2INR×NS). The noise variance is σ 2 = BkBT0NF,
where B is the bandwidth, kB is the Boltzmann constant, T0
is the equivalent noise temperature, and NF denotes the noise
figure of the receiver. In realistic radio environments, scattered
paths coexist with the direct LOS component. In such a case
we can model the channel matrix H(k) ∈ C

NR×NT according
to Rician fading conditions, as [43]

H(k) =
√

κ

κ + 1
H
(k) +

√
1

κ + 1
F(k) (2)

with H
(k) = {h(k)r,t } ∈ C

NR×NT indicating the LOS free-space

channel, and F(k) = {f (k)r,t } ∈ C
NR×NT , f (k)r,t ∼ CN (0, |h(k)r,t |2),

1We assume that the transmit power PT is the same for all NUs.



TESTI et al.: CODED SPATIAL RANDOM ACCESS IN THE NEAR FIELD 29475

Fig. 1. Illustration of an IIoT scenario featuring numerous multiantenna NUs mounted on industrial machines, transmitting signals to an overhead AP
equipped with an ELAA, employing the proposed CSRA scheme.

being κ ≥ 0 the Rician factor. The elements of H
(k)

are
given by

h
(k)
r,t =

λ

4π d(k)t,r

e−j
2π
λ

d(k)t,r (3)

where t and r indicate the tth element of the kth NU‘s
array and the rth element of the AP array, respectively, while
d(k)t,r represents the distance between the (p(k)T,t,pR,r) antenna
pairs. We assume that the channel coefficients remain constant
throughout the entire transmission of a packet.

Given: 1) the extremely large aperture of the AP antenna
array; 2) the high operating frequency we assume to employ
(e.g., mmWaves or THz); and 3) the short communication
distances (e.g., in the same order of the AP array aperture),
the system operates in the near-field propagation regime [16].
Accordingly, we assume that all NUs are situated within
the radiative near-field region of the receiving AP. In this
configuration, the distance d(k) between the center of the ULA
of the kth NU and the center of the AP array section is lower
than the Fraunhofer distance [44], that is

d(k) ≤ 2L2
R

λ
. (4)

This definition identifies the so-called Fresnel region, where
the electromagnetic (EM) wavefront can no longer be approx-
imated as planar, and instead, its spherical curvature must be
considered. Under these near-field conditions, and given the
presence of multiple antennas at the NU side, it is possible to
exploit several communication modes for the communication
between each NU and the AP [18]. This implies that the
channel matrix H(k) has rank greater than one, even under LOS
conditions (i.e., without multipath), enabling data transmission
between the NU and the AP through multiple parallel chan-
nels. Specifically, it can be shown that, for a given geometry
and operating wavelength, under the condition LT � LR (i.e.,
NT � NR), the number of strongly coupled communication
modes R(k)max (i.e., with significant values of the corresponding
coupling coefficients) is given by [45]

R(k)max =
⎢⎢⎢
⎣1+ 2LTLR

λ

√
4
(
d(k)

)2 + L2
R

⎥⎥⎥
⎦. (5)

These R(k)max modes can be exploited to establish orthogonal
communication channels between the kth NU and the AP. Let
us emphasize that the maximum number of strongly coupled
communication modes depends on both the near-field charac-
teristics of the wireless channel and the effects of multipath
propagation. In this article, we leverage the communication
modes that arise solely from near-field characteristics, as
quantified by (5).

III. CODED RANDOM ACCESS

In this section, we outline the novel grant-free random-
access scheme proposed for the NUs and the associated
processing scheme employed at the AP.

A. Uplink Users’ Transmission

Optimal communication between the kth NU and the AP
within the near-field region should be realized by exploit-
ing simultaneously the R(k)max communications modes. In this
setup, capacity maximization can be achieved by employing
dedicated beamforming vectors at the NUs and correspond-
ing combining vectors at the AP. However, this approach
presents several challenges, including the need for complex
channel estimation, singular value decomposition (SVD) of the
channel matrix, exchange of additional data (i.e., overhead),
and precise synchronization between the NUs and the AP.
These requirements are impractical in MTC environments,
particularly when dealing with a large number of sporadically
active devices, as commonly observed in IIoT applications.
Therefore, in the following, we propose a grant-free MMA
scheme that leverages the multiple communication modes
available in the near-field scenario under consideration.

Specifically, it has been shown in [45] that the R(k)max com-
munication modes can be easily realized considering simple
beam steering vectors at the transmitting NU. This happens
since NUs are equipped with much less antennas than the
AP; thus, despite NUs are within the near-field region of
the AP antenna array, it is likely that the AP is located
outside the near-field region of the transmitting NUs. In such a
condition, the number of well-coupled communication modes
R(k)max corresponds to the number of orthogonal beam steering
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vectors of the kth NU intercepting the AP ELAA. Thus, it can
be asserted that communication modes correspond to distinct
beam steering directions from the NU toward the AP. These
directions must be properly chosen to ensure orthogonality in
the angular domain among the different beams [45]. Therefore,
multiple transmission directions will be adopted within the
grant-free MMA scheme proposed hereby.

We assume that time is slotted and, in each time slot, a
subset K out of N NUs sporadically and unpredictably wakes
up to transmit short information messages in a grant-free
manner, competing to deliver one message each to the AP.
The uplink transmission operates in a slot-synchronous mode,
meaning that there is a common time reference between the
NUs and the AP. This synchronization is maintained by a
beacon signal transmitted by the AP at the beginning of each
slot.2 After waking up, the kth active NU waits for the beacon
sent by the AP, and competes to transmit one m-bit message
W(k) ∈ 2m within the subsequent slot. We denote by K the
subset of NUs that are active during a generic time slot, and
assume that the AP is unaware of which NUs are active during
any given slot.

The access protocol operates as follows. Let us assume that
all K active NUs encode their messages using the same channel
encoder and map the coded bits onto the same complex
constellation. Consequently, each NU obtains a data payload
s(k) ∈ C

1×ND consisting of ND complex symbols. Then, each
active NU selects a number R(k) ≤ R(k)max of transmission
directions, and transmits a packet x(k,j) = [p(k,j), s(k)] ∈
C

1×NS , j = {1, 2, . . . ,R(k)}, in such directions, where p(k,j) ∈
C

1×NP is a pilot sequence drawn from a set P , with |P| = P
and P� K, of mutually orthogonal pilots. Therefore, it holds
NS = NP+ND. We refer to the transmission of the kth NU in
each of its R(k) selected directions as a “replica.” Each replica
arriving at the AP is assumed to be perfectly synchronized
with one of the designated time slots. Thus, during uplink
transmission, each NU in K first transmits the selected pilot
sequences across its R(k) transmission directions, followed by
the payload data. The corresponding vector of signal samples
received at the rth AP antenna element is denoted by yr =
[yP

r , yD
r ] ∈ C

1×NS , where yP
r ∈ C

1×NP is the vector of samples
corresponding to the pilot and is given by

yP
r =

√
PT

∑

k∈K
h(k)r

R(k)∑

j=1

b(k,j) ⊗ p(k,j) + ωr (6)

where r = {1, 2, . . . ,NR}, h(k)r ∈ C
1×NT is the vec-

tor of complex channel gains between antenna element r
and NU k, i.e., the rth row of the channel matrix H(k),
ωr ∼ CN (0NP , σ

2INP) is the vector of AWGN noise sam-
ples, and b(k,j) = [b(k,j)1 , b(k,j)2 , . . . , b(k,j)NT

]T ∈ C
NT×1 is

the beamforming vector of NU k employed to transmit in
the jth direction, among the R(k) available ones. Similarly,

2Such synchronization signals are standard in cellular networks, such as
the primary and secondary synchronization signals in 5th Generation (5G)
systems [38], [46].

the received signal samples corresponding to the payload
transmission, i.e., yD

r ∈ C
1×ND, are

yD
r =

√
PT

∑

k∈K
h(k)r

R(k)∑

j=1

b(k,j) ⊗ s
(
W(k)

)
+ νr (7)

where r = {1, 2, . . . ,NR}, s(W(k)) is the data pay-
load of message W(k) transmitted by NU k, and νr ∼
CN (0ND , σ

2IND) is the vector of noise samples. Specifically,
it holds wr = [ωr, νr] ∈ C

1×NS , where wr ∼ CN (0NS , σ
2INS)

identifies the rth row of the noise matrix W.

B. Selection of the Transmission Directions

The complete set of orthogonal transmission directions that
can be spanned by the NU antenna array can be realized by
considering the classical Discrete Fourier transform (DFT)-
based codebook of beamforming vectors, frequently adopted
for initial access through beam sweeping [47]. In fact, the NT
antennas can span NT different orthogonal beams (i.e., 2LT/λ)

by considering as beamforming vectors

1√
NT

⎡

⎢⎢⎢⎢⎢⎢⎢
⎣

1

e
−jπn 2

NT

e
−jπ2n 2

NT

...

e
−jπ(NT−1)n 2

NT

⎤

⎥⎥⎥⎥⎥⎥⎥
⎦

(8)

for n = ±1,±2, . . . , �(NT/2)�. The different vectors corre-
spond to the transmission directions toward angles

θn = arcsin
2n

NT
. (9)

The characteristic of these beams is that each one points
toward the null directions of all the other beams. As antic-
ipated, the R(k)max communication modes correspond to the
subset of these beams intercepting the receiving ELAA at the
AP. For what concerns the choice of the beams to utilize at
the NU side, a subset of the DFT matrix (8) can be selected
to ensure that less overlapping among the different directions
is realized. For instance, starting from the first beamforming
vector pointing in the array broadside direction, one beam
out of two could be skipped to prevent overlapping. This
operation is referred to as beam puncturing, with 	 denoting
the number of beams skipped between two beams selected
by a NU. E.g., if 	 = 1 one beam out of two is skipped,
whereas if 	 = 0, all beams are used without any skipping.
Under this strategy, all beams could be utilized if the AP
is equipped with a theoretically infinite ELAA. For practical
ELAA dimensions, however, each NU should select only the
beams that intersect with the ELAA, based on its own position,
thereby obtaining R(k)max < 2LT/λ communication modes. This
can be easily realized provided that the position of the NUs
is fixed. Details on the selected beams and on the beam
puncturing operation will be provided in the numerical results
of Section IV. Let us remark that (8) defines the set of available
transmission directions. In the proposed CSRA protocol, each
NU randomly selects transmission directions for its message
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replicas from this set, ensuring spatial diversity and enhancing
access performance in the near-field regime. Other approaches
for selecting a suitable subset of transmission directions, such
as the one proposed in [48], can be further explored.

C. CSRA Processing at the AP

This section illustrates the proposed CSRA processing
scheme employed at the AP. The CSRA scheme is logically
divided into three phases.

1) An initial processing step that forms clusters of antenna
elements based on the detected received signals.

2) An initial decoding attempt for all identified clusters.
3) An SIC process.

The CSRA approach is as follows.
1) Phase 1 (Energy Detection and Clustering): First, the

AP performs energy detection (ED) on the channel estimates
obtained from the pilot signal samples received at each antenna
element. The pilot signal in (6) received at antenna element r
is projected along pilot pj ∈ P , j = 1, . . . ,P, and ML channel
estimation is obtained as

ĥr
(
pj

) = yP
r pH

j√
PT‖pj‖2 (10)

with r = 1, . . . ,NR. Subsequently, ED is performed to detect
if an NU is transmitting pilot pj toward the rth antenna element
as

|ĥr
(
pj

)|2 D1
≷
D0

η (11)

where D0 represents the event that no signal is detected,
D1 is the event that a signal corresponding to pilot pj is
detected at the rth antenna element, and η is the detection
threshold. The operation in (11) is performed for all pilots
pj ∈ P at each antenna element r, with r = 1, 2, . . . ,NR. Once
the activity status of each pilot is detected at each antenna
element, a clustering operation is conducted to identify the
subset of antenna elements where the signal from the same
NU is impinging. Let Ci(pj) = {t1, . . . , tCi} denote the ith
cluster, which is composed of a set of contiguous antenna
elements that have received pilot pj with significant power—
i.e., where the corresponding estimated channel coefficient
exceeds the threshold in (11). We also denote by |Ci(pj)| = Ci,j

the cardinality of such set. For example, C1(p1) represents the
first group of contiguous antenna elements that received pilot
p1 with significant power. Continuing in ascending order of
the antenna indices, the next group of contiguous elements
that also receive significant power from pilot p1 forms cluster
C2(p1). This process is illustrated in Fig. 2. The outcome of
this operation is a set NC(pj) of clusters for each available
pilot pj ∈ P , where each set comprises multiple clusters of
contiguous antenna elements.

2) Phase 2 (Cluster-by-Cluster Decoding): For each iden-
tified cluster, the AP performs signal detection and decoding
based on the linear combination of the received payload signals
from all the antenna elements within the cluster. Considering
conventional maximal ratio combining (MRC), the decoding

of a user’s message is attempted for cluster Ci(pj) starting from
vector zi(pj) obtained as

zi
(
pj

) = ĥ
H
i

(
pj

)
YD

i

‖ĥi
(
pj

)‖2 (12)

where ĥi(pj) = [ĥt1(pj), . . . , ĥtCi
(pj)]T is the vector of channel

gains estimated over the jth pilot at all the Ci,j antenna
elements in cluster Ci(pj), and YD

i = [(yD
t1)

T , . . . , (yD
tCi
)T ]T

is the matrix of aggregated received payload symbols at all
the antenna elements i ∈ Ci(pj) composing the ith cluster.
If the message, sent by an NU toward the processed cluster
of antenna elements using the jth pilot, is retrieved upon
successful demapping and decoding performed on zi(pj), the
message is pushed to a list L initially empty. This operation
is first performed for all pilots pj ∈ P within a fixed cluster.
Afterward, the same process is repeated for each cluster
i ∈ NC.

3) Phase 3 (SIC): The AP processes the messages in the
list L sequentially. Let us denote a message in the list as Wk,
where k is the index of the transmitting NU. The AP seeks to
determine U (k), i.e., the subset of antenna elements that have
received replicas of message Wk with significant power. This
information enables the AP to perform interference cancelation
for the transmitted replicas of the decoded message, followed
by a subsequent decoding attempt at all antenna elements
where these replicas were received. The AP can extract all this
information directly from the received message. By knowing
the position of the NU, the AP can identify the antenna
elements toward which the message replicas were directed
by reconstructing the received signal from user k, i.e., by
evaluating the respective LOS free-space channel coefficients.
The reconstructed received signal at antenna element r from
user k is given by

rr =
√

PT h
(k)
r

R(k)∑

j=1

b(k,j) ⊗
[
p(k,j), s(W)

]
(13)

where h
(k)
r = [h

(k)
r,1, h

(k)
r,2, . . . , h

(k)
r,NT

] and b(k,j) can be recon-
structed by the AP using the information embedded in the
received message and the known position of the kth NU.
Subsequently, the AP performs ED on rr with threshold ψ to
determine whether the rth antenna element received the signal
from user k with significant intensity. After performing ED,
for each detected antenna element r, the AP re-estimates the
channel using the known payload, s(Wk), as [49]

h̃(k)r =
yD

r s(Wk)
H

‖s(Wk)‖2 (14)

and then subtracts h̃(k)r [p(Wk), s(Wk)] from all the received
pilot and payload samples [yP

r , yD
r ]. After canceling the

interference of all the replicas of the messages in L, the AP
performs again energy detection in each of the previously
processed antenna elements, constructs new clusters of antenna
elements as in Phase 1, and attempts decoding of new mes-
sages by performing the operations in (10) and (12) for each
of the clusters identified. When a new message is decoded, it
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Algorithm 1: Pseudo-Code for the CSRA Scheme
Energy detection and clustering:

1 NC ← {∅}
2 for j← 1 to P do
3 c← 1
4 for r← 1 to NR do
5 ĥr(pj)← yP

r pH
j /(
√

PT‖pj‖2)
6 if |ĥr(pj)|2 ≥ η then
7 vc ← r
8 c← c+ 1
9 end

10 end
11 i← 1
12 Ci(pj)← {v1}
13 for k← 2 to c− 1 do
14 if vk − 1 = vk−1 then
15 Ci(pj)← {Ci(pj), vk}
16 else
17 NC ← {NC, Ci(pj)}
18 i← i+ 1
19 Ci(pj)← {vk}
20 end
21 end
22 end

Cluster-by-cluster decoding:

23 for j← 1 to P do
24 forall the Ci(pj) ∈ NC do
25 ĥi(pj)← [ĥt1(pj), . . . , ĥtCi

(pj)]T

26 YD
i ← [(yD

t1)
T , . . . , (yD

tCi
)T ]T

27 zi(pj)← ĥ
H
i (pj)YD

i /‖ĥi(pj)‖2
28 Attempt decoding zi(pj)
29 if decoding successful then
30 L← {L,W}
31 end
32 end
33 end

SIC:
34 forall the W ∈ L do
35 Find the index k of the corresponding NU
36 for r← 1 to NR do

37 rr ←√PT h
(k)
r

∑R(k)
j=1 b(k,j) ⊗ [p(k,j), s(Wk)]

38 if ‖rr‖2 ≥ ψ then
39 h̃(k)r ← yD

r s(Wk)
H/‖s(Wk)‖2

40 [yP
r , yD

r ]← [yP
r , yD

r ]− h̃(k)r [p(Wk), s(Wk)]
41 end
42 end
43 end
44 Repeat from Energy detection and clustering until no more

messages can be decoded.

is pushed to L, and then SIC is executed again. This process
is repeated for every entry of L until no further messages can
be decoded.

The complete pseudo-code for CSRA is provided in
Algorithm 1, while Fig. 2 visually illustrates the CSRA pro-
cessing scheme through a toy example described below,
highlighting the key steps of the algorithm.

Example: Consider the simplified scenario shown in
Fig. 2(a), where K = 3 NUs each transmit R = 2 replicas
to the AP. In this example, packet replicas from different

Fig. 2. A visual illustration of the CSRA processing scheme executed in
a toy scenario with K = 3 NUs transmitting R = 2 replicas. (a), (b), and
(c) highlight the key steps of the algorithm.

users arriving at the same antenna elements cannot be decoded
if they share the same pilot sequence. To address this, the
AP follows the CSRA procedure. It begins by perform-
ing energy detection and constructing clusters based on the
received signals for all available pilot sequences. Decoding
is then attempted for each constructed cluster. For instance,
in Fig. 2(a), the signals in cluster C1(p1) are combined,
enabling successful decoding of the message transmitted by
NU 3. Once the message from NU 3 is decoded, SIC is
applied to remove its interference, resulting in the updated
scenario depicted in Fig. 2(b). The process is then repeated: in
Fig. 2(b), combining signals in cluster C1(p2) allows decoding
of the message from NU 1. Suppose that the signals in cluster
C2(p2) do not enable successful decoding of the message from
NU 2 due to unfavorable channel conditions. After another
round of SIC, the interference from NU 1 is removed, allowing
the replicas transmitted by NU 2 to be successfully decoded
by exploiting cluster C1(p3), as shown in Fig. 2(c).

D. SE-CSRA Processing Scheme

Since the grant-free nature of this communication setup pre-
vents the AP from performing a priori channel estimation or
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Algorithm 2: Pseudo-Code for the SE-CSRA Scheme
Energy detection and element-by-element decoding:

1 for j← 1 to P do
2 for r← 1 to NR do
3 ĥr(pj)← yP

r pH
j /(
√

PT‖pj‖2)
4 if |ĥr(pj)|2 ≥ η then
5 zr(pj)← ĥH

r (pj)yD
r /|ĥr(pj)|2

6 Attempt decoding zr(pj)
7 if decoding successful then
8 L← {L,W}
9 end

10 end
11 end
12 end
13 Execute SIC from Algorithm 1.
14 Repeat from Energy detection and element-by-element

decoding until no more messages can be decoded.

identifying active nodes, comparisons with grant-based meth-
ods are not applicable. Instead, we benchmark the performance
of our proposed approach against a single-element variant
of the CSRA scheme, called SE-CSRA. In the SE-CSRA,
detection and decoding are carried out independently on each
individual antenna element, without clustering, which would
otherwise allow for linear combining of the received signals.
SIC is then applied as in the CSRA protocol. Thus, SE-CSRA
cannot benefit from the combining gain of the signals from
multiple antennas, as in the CSRA scheme. The pseudo-
code for the SE-CSRA processing scheme is provided in
Algorithm 2.

E. GA-CSRA Processing Scheme

As further benchmark, we consider an idealized scenario
where the AP is assisted by a genie, providing full knowledge
of the pilots used by the active users and their channel
coefficients. We call this case as GA-CSRA scheme. With
this information, the AP can perform per-user processing,
as opposed to theuninformed per-pilot processing used in
CSRA and SE-CSRA. Specifically, the AP can form optimal
clusters of antenna elements, each dedicated to decoding a
replica of a packet transmitted by a specific active device.
This setting allows us to analyze the potentially attainable
gain of CSRA using a genie-aided approach, where clusters
are selected based on the full knowledge of the scenario and
propagation conditions. This provides a benchmark to evaluate
the effectiveness of the practical CSRA scheme.

In the proposed GA-CSRA scheme, for a replica j transmit-
ted by user k, the AP performs ED at the rth antenna element
using the known channel coefficient hG(k,j)

r = h(k)r b(k,j) as
metric in (11) instead of hr(pj). After ED is applied to
each antenna element at the AP for each replica of every
active user, the AP uses the same clustering procedure as in
CSRA to identify the subset of antenna elements receiving
signals from the same NU. Finally, SIC is performed according
to the CSRA protocol. The pseudo-code for the GA-CSRA
processing scheme is provided in Algorithm 3.

Algorithm 3: Pseudo-Code for the GA-CSRA Scheme
Energy detection and clustering:

1 i← 1
2 for k← 1 to K do
3 for j← 1 to R(k) do
4 c← 1
5 for r← 1 to NR do

6 hG(k,j)
r ← h(k)r b(k,j)

7 if |hG(k,j)
r |2 ≥ η then

8 vc ← r
9 c← c+ 1

10 end
11 end
12 Find pilot pj transmitted in replica j of NU k
13 Ci(pj)← {v1}
14 for k← 2 to c− 1 do
15 if vk − 1 = vk−1 then
16 Ci(pj)← {Ci(pj), vk}
17 else
18 i← i+ 1
19 Ci(pj)← {vk}
20 end
21 end
22 end
23 end
24 Execute Cluster-by-cluster decoding from Algorithm 1.
25 Execute SIC from Algorithm 1.
26 Repeat from Energy detection and clustering until no more

messages can be decoded.

IV. NUMERICAL RESULTS

In this section, we evaluate the performance of the proposed
CSRA scheme in an IIoT scenario resembling a factory setting,
where multiple sensors mounted on machinery transmit data
to an ELAA placed on the rooftop, as depicted in Fig. 1.
The evaluation is carried out through extensive simulations,
comparing the proposed CSRA scheme with three alternative
approaches: 1) a CSRA variant without SIC; 2) SE-CSRA;
and 3) GA-CSRA.

A. Simulation Parameters

The system operates at a carrier frequency of 60 GHz. The
AP features an ELAA positioned on the rooftop along the
y-axis, centered at [0, 0, hAP], where hAP = 8 m represents
the height of the factory. To minimize edge effects during the
evaluation of processing schemes, the ELAA is configured as
a 20 m long radio stripe. The NUs are each equipped with a
linear antenna array of NT = 20 elements and are positioned
randomly along a segment spanning from [0,−3, 0] m to
[0, 3, 0] m on the y-axis. Each NUs transmits with power
PT = 0.1 mW, while B = 100 kHz, T0 = 290 K, and
NF = 10 dB. Antennas with 0 dBi gain are considered, and
an overall implementation loss of 10 dB. The message length
of each active NU is 421 bits. The message is encoded by
a (511, 421, 10) BCH code, a null bit is appended to the
codeword, and finally, the encoded bits are mapped onto a
QPSK constellation, yielding a data payload of ND = 256
symbols. The payload is appended to a pilot sequence of
NP = 8 symbols to form the packet. Each NU is configured
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Fig. 3. PLR as a function of the number of active NUs K varying the number
of replicas R, with 	 = 0, and P = 8 orthogonal pilots. Continuous lines
(–) represent the CSRA scheme, while dashed lines (- -) represent its variant
without SIC.

to send exactly R replicas of its packet toward the AP
ELAA. In this configuration, each NU has up to NT =
20 orthogonal transmission directions, leveraging near-field
spatial diversity. However, directions resulting in transmission
beyond the ELAA boundaries are excluded, leaving each
NU with Rmax ≈ 13 usable orthogonal directions for packet
replication. The clustering threshold parameter introduced in
Section III is set equal to η = 2σ/NP, ensuring robust initial
signal detection and reliable performance in the proposed
processing scheme. The SIC ED parameter is set to ψ =
6σ/NP. Monte Carlo simulations were conducted to evaluate
the performance of the CSRA scheme in terms of packet
loss rate (PLR), i.e., PL, as a function of the number of
simultaneously active devices, K, the number of transmitted
packet replicas, R, the NUs transmit power, PT, and the beam
puncturing parameter, 	. To assess the impact of employing
longer pilot sequences—thereby increasing the number of
available orthogonal pilots—we analyzed the tradeoff between
system performance and channel resource utilization. This was
achieved by defining spectral efficiency as

SE = (1− PL)ND

NS
(15)

which relates the PLR with the ratio of payload symbols
to the total transmitted symbols. All tests, except for those
presented in Section IV-H, are conducted under LOS free-
space propagation conditions, where H(k) = H

(k)
for all k ∈ K.

Conversely, Section IV-H examines the performance of CSRA
under varying fading conditions.

B. Impact of the Number of Transmitted Replicas

Fig. 3 shows the PLR of the proposed CSRA scheme,
both with and without SIC, as a function of the number
of active NUs for various numbers of transmitted packet
replicas, R. The results demonstrate the essential role of SIC
in ensuring the reliability of the scheme. Without employing
SIC, the system faces challenges in reaching even a PLR

Fig. 4. PLR as a function of the number of replicas R, with 	 = 0, and
P = 8 orthogonal pilots, for K = 25 and K = 45 active NUs. Continuous
lines (–) represent the CSRA scheme, while dashed lines (- -) represent its
variant without SIC.

Fig. 5. PLR of the CSRA and the SE-CSRA schemes as a function of the
number of active NUs K, with 	 = 0 and P = 8 orthogonal pilots, for R = 3
and R = 4. Continuous lines (–) consider the adoption of SIC, while dashed
lines (- -) represent the respective variants without SIC.

PL = 10−2 in the given scenario. The results also highlight
that an optimal choice of the number of transmitted packet
replicas, R, depends on the system load. This is also evident
in Fig. 4, which shows the PLR of CSRA scheme varying R
for K = 25 and K = 45 active devices. When the number
of active users is relatively low, e.g., around K = 25, it is
preferable to set R = 4, which enables the system to achieve
a PL close to 10−4. However, as the traffic load increases,
transmitting fewer replicas reduces interference and improves
overall performance. For instance, with K = 45 active users
setting R = 4 yields a PL around 3 · 10−3, while R = 3
further reduces PL to approximately 2 · 10−3. These results
suggest a dynamic configuration of R based on traffic load,
balancing the benefit of additional replicas with the resulting
interference. Transmitting more replicas impacts negatively the
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Fig. 6. PLR of the CSRA and the GA-CSRA schemes as a function of the
number of active NUs K, with 	 = 0 and P = 8 orthogonal pilots, for R = 3
and R = 4. Continuous lines (–) consider the adoption of SIC, while dashed
lines (- -) represent the respective variants without SIC.

PLR in high-load conditions owing to the excessive introduced
interference; in this latter regime, therefore, a smaller number
of replicas is preferable.

C. Comparison With SE-CSRA

Fig. 5 compares the CSRA and the SE-CSRA schemes
in terms of PLR varying the number of active NUs K, for
different numbers of transmitted replicas R, both with and
without SIC. The results indicate that processing signals inde-
pendently at each AP antenna element, as in SE-CSRA, leads
to significantly lower performance. The SE-CSRA scheme is
unable to reach PL = 10−2 even with K = 5 active users. This
performance drop is primarily due to the low signal-to-noise
ratio regime in which the system operates, where sufficient
performance cannot be attained without utilizing the array gain
made possible through clustering and combining techniques at
the receiver.

D. Comparison With GA-CSRA

We now examine the performance gain attained by the
GA-CSRA approach, where cluster selection is guided by a
genie with perfect knowledge of the scenario and propagation
conditions. This serves as a benchmark for evaluating the
effectiveness of the proposed actual CSRA processing scheme.
Fig. 6 illustrates the PLR, PL, for both CSRA and GA-CSRA
schemes as a function of K, for R = 3 and R = 4. As expected,
the performance of CSRA is worse than that of GA-CSRA
because the practical scheme operates blindly, i.e., without
prior knowledge of active devices. Specifically, GA-CSRA can
support up to K = 45 active users at PL = 3 · 10−4, compared
to K = 35 users for CSRA. Notably, however, the PLR of the
practical CSRA scheme approaches that of GA-CSRA under
low traffic load conditions, such as K = 25 with R = 4 when
adopting SIC.

Fig. 7. PLR as a function of the transmit power PT, varying the numbers
of active NUs K and the number of packet replicas R, with P = 8 orthogonal
pilots.

Fig. 8. PLR as a function of the beam puncturing parameter 	, varying the
numbers of active NUs K and the number of packet replicas R, with P = 8
orthogonal pilots.

E. Impact of Transmit Power

Fig. 7 depicts the PLR as a function of the NUs transmit
power PT, for K = 30 and K = 50 active users, with R = 3
and R = 4. The figure highlights the ability of the CSRA
scheme to achieve satisfactory performance even in a low-
power regime, thanks to the combining gain offered by the
processing at multiple antennas. This enables a significant
reduction in the device transmit power without compromising
system efficiency. Thus, the adoption of the CSRA scheme
offers significant energy savings for devices, enabling longer
battery life and aligning with the needs of future massive
machine-type communication systems designed for low-power
applications. For instance, achieving PL = 2 · 10−4 with R =
4 and K = 30 requires a transmit power as low as PT =
−20 dBm. Furthermore, the results reveal the existence of an
optimal transmit power for each analyzed configuration, where
interference is effectively controlled, and the AP successfully
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decodes the received signals. In fact, for low-transmit power,
the performance worsens due to the lower received power.
Differently, high transmit power leads to an increase of the
interference, especially in the presence of a large number of
active NUs. However, the number of replicas plays a role itself
since the power is splitted among a variable number of spatial
directions; thus, tradeoffs involving the number of replicas and
the transmit power arise, and are a function of the actual traffic
load K.

F. Impact of Beam Puncturing

Fig. 8 illustrates the PLR, PL, of the CSRA scheme as a
function of the beam puncturing parameter 	, for K = 25
and K = 40, with R = 2 and R = 3. Recall that beam
puncturing reduces the overlap among the beams available
for a NU to select for replica transmission. Consequently,
increasing 	 results in less overlapping beams, which should
reduce self-interference for a NU. However, setting 	 = 1
or 	 = 2 corresponds to selecting a beam every 2 or 3
positions, respectively, thereby decreasing the total number
of beams available for replica transmission. As shown in
Fig. 8, this reduction in beam availability has a dominant
negative impact, as the performance of CSRA consistently
degrades with increasing 	, across all analyzed parameter
configurations.

G. Impact of the Length and Number of Pilots

To effectively determine the optimal number of pilot
symbols for enhancing CSRA balancing spectral efficiency
and decoding performance, we evaluated the performance of
CSRA under varying numbers and lengths of orthogonal pilot
sequences. Specifically, Fig. 9 presents the spectral efficiency
SE as a function of the number of orthogonal pilots P for
K = 40, with R = 3 and R = 4. The curve is generated by
adjusting the length of pilot sequences based on their count,
ensuring NP = P throughout. The figure indicates that the
highest spectral efficiency with CSRA is achieved at P =
NP = 8 for R = 4 and P = NP = 4 for R = 3. In contrast,
when using the variant of CSRA without SIC, optimal spectral
efficiency requires setting P = NP = 16 for R = 4 and P =
NP = 12 for R = 3. Nevertheless, the CSRA scheme without
SIC fails to achieve the same SE as the full CSRA scheme.
With SIC, the SE tends to decrease when increasing P = NP,
likely due to the rising overhead associated with a greater
number of pilot symbols. Conversely, without SIC, SE drops
steeply at lower P values, driven by a substantial degradation
in the PLR. These distinct trends emphasize the different roles
that overhead and reliability play in shaping the performance
of the two schemes.

H. Impact of Rician Fading

We then evaluate the performance of CSRA under varying
Rician fading conditions. Specifically, Fig. 10 depicts PL as
a function of K, for CSRA with κ = 100, κ = 30, κ = 20,
and κ = 10, obtained with R = 3. The figure demonstrates
that the increased randomness introduced by multipath in
rich scattering environments enhances the ability of CSRA

Fig. 9. Spectral efficiency as a function of the number of orthogonal pilots
P for K = 40, with R = 3 and R = 4. Continuous lines (–) represent the
CSRA scheme, while dashed lines (- -) represent its variant without SIC.

Fig. 10. PLR as a function of the number of active NUs K in the presence
of Rician fading with κ = 100, κ = 30, κ = 20, and κ = 10, obtained setting
K = 40 and R = 3. Continuous lines (–) represent the CSRA scheme, while
dashed lines (- -) represent its variant without SIC.

to separate signals transmitted by different users, thereby
improving its message decoding capability. Specifically, CSRA
can support 40 users at PL = 10−3 in fading environments
with a Rician fading coefficient κ = 10 (i.e., rich scattering
environments), while it serves 35 users at the same PL when
κ = 100, i.e., in pure LOS free-space conditions.

I. Impact of Partial Blockage

Considering that the dimensions of the AP antenna array
may significantly exceed those of typical obstacles, we con-
ducted additional simulations to evaluate the impact of partial
obstructions near the AP on CSRA performance. Fig. 11
presents simulation results for obstacles of different lengths—
specifically, l = 0.1 m, 0.5 m, and 1 m placed in proximity
to the AP. To model blockage conditions, we set the received
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Fig. 11. PLR as a function of the number of active NUs K in the presence
of an obstacle with length l = 0.1 m, l = 0.5 m, and l = 1 m, obtained with
R = 3.

signals at contiguous antenna elements of the AP to zero,
hence simulating a physical obstacle obstructing the reception
of signals from the NUs. In each Monte Carlo iteration, the
set of contiguous antenna elements experiencing blockage are
randomly selected, effectively emulating obstacles positioned
at different locations along the y-axis. Our analysis shows that
under low network load conditions, the presence of obstacles
slightly degrade system performance due to the reduced
number of active antenna elements contributing in the cluster
formation process. However, at higher network loads, these
obstructions act as spatial filters, reducing interference at the
AP and ultimately improving system performance. Notably,
our clustering algorithm takes advantage of this interference
reduction, thereby enhancing performance in high-traffic load
conditions.

V. CONCLUSION

This work introduced a novel grant-free coded random-
access scheme, CSRA, designed to address the demands of
massive MTC in IIoT networks. By leveraging an ELAA
at the AP and exploiting spatial multiplexing in the near-
field region, the proposed approach mitigates interference
and enhances reliability, even in dense, uncoordinated IIoT
environments. The CSRA scheme employs SIC combined with
the clustering of signals received at multiple AP antennas,
eliminating the need for extensive CSI estimation while
leveraging beamforming gains. A genie-aided variant of the
scheme, GA-CSRA, was also introduced to benchmark the
maximum attainable performance of CSRA, utilizing addi-
tional information about network users and their transmitted
packets. Extensive simulations demonstrated the performance
of CSRA and its variants in terms of PLR and SE under
varying system parameters, including the number of active
NUs, transmit power, number of orthogonal pilots, and fading
conditions. The results also revealed that transmitting multiple
replicas improves performance in low-traffic scenarios, while

reducing the number of replicas is optimal under high-traffic
conditions, striking a balance between interference and reli-
ability. Additionally, CSRA offers significant energy savings
for devices, extending battery life and aligning with the
requirements of future massive machine-type communication
systems designed for low-power applications. This versatility
positions CSRA as a robust and scalable solution for next-
generation IIoT applications.

Future research could explore several key directions to
enhance the efficiency and scalability of CSRA in wire-
less systems. First, investigating the impact of AP antenna
blockage by obstacles having different sizes and shapes ran-
domly distributed throughout the environment, and developing
advanced clustering strategies to mitigate the effects of non-
contiguous antenna clusters at the AP. Second, establishing
a rigorous analytical framework for CSRA to provide deeper
insights into its performance, including analytical approxi-
mations of the PLR and upper/lower bounds to assess the
influence of system parameters. Lastly, examining the integra-
tion of interference mitigation techniques, such as minimum
mean-square error (MMSE) combining, to further enhance
CSRA performance. These research directions hold significant
potential for advancing the robustness and applicability of
CSRA in future wireless networks.
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