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ABSTRACT In machine-type communication (MTC), massive access attempts are generated and the
massive MIMO is the key technology to support this demand. To support massive MTC (mMTC), the
recent extra-large scale massive multiple-input multiple-output (XL-MIMO) architecture has been seen as a
promising technology for providing very high-data rates in high-user density scenarios. Therefore, the large
dimension is of the same order as the distances to the user equipment (UE) causing spatial non-stationarities
and visibility regions (VRs) to occur across the huge XL array extension. In this work, we investigate the
random access (RA) problem in crowded mMTC XL-MIMO scenarios; the proposed grant-based random
access (GB-RA) protocol combining the advantage of non-orthogonal multiple access (NOMA) and the
strongest user collision resolution in extra-large arrays (SUCRe-XL), namely NOVR-XL scheme can allow
access of multiple colliding users in the same XL subarray (SA) selecting the same pilot sequence. The
proposed NOVR-XL GB-RA protocol is able to provide a reduction in the number of attempts to access the
network, while improving the average sum-rate, as the number of SA increases.

INDEX TERMS NOMA, machine type communication, XL-MIMO, random access protocols, crowded
scenarios, uniform rectangular array (URA).

I. INTRODUCTION
There are a large number of users/devices in massive
machine-type communications (mMTC) intermittently trans-
mittingmodest quantities of data to the base station (BS). This
means that the number of active users at any given moment is
often substantially lower than the overall number of system
users. Simple internet-of-things (IoT) sensors are an example
of mMTC devices. Serving those massive connections while
guaranteeing a quality of service (QoS) requirement is the
prominent challenge in the next generation of multiple access
protocols and systems.

The new use case and service classes in 5G systems
require significant improvements in physical (PHY) and
medium access control (MAC) layers to overcome such chal-
lenges. At the PHY layer, the non-orthogonal multiple access
(NOMA) transmission schemes is a known and promising
candidate for the next generations of multiple access sys-
tems, due to its ability to support multiple devices in the
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same resource element (RE). When compared to the tradi-
tional orthogonal multiple access (OMA), the goal consists in
attaining higher system throughput and reliability, improving
the users’ fairness, and reducing latency, while supporting
massive connections [1], some types of NOMA schemes
with preeminent results are code-domain NOMA, artificial-
intelligence NOMA, and power-domain NOMA.

Code-domain NOMA which multiplexing signals in the
code-domain was recently explored in [2] to provide connec-
tions in overcrowded regime. Artificial-intelligence NOMA
in [3] has applied computational learning techniques, such
as deep learning in typical NOMA wireless communication
systems. Power-domain NOMA is a transmitting structure,
proposed initially to improve the spectral efficiency (SE)
of wireless networks, sharing the same orthogonal resource,
in time and frequency, by combining superposition coding in
the transmitter side, and successive interference cancellation
(SIC) in the receiver side [4]. In this work we deploy the
power-domain NOMA.

A vast number of devices trying to access the network
at the same time is a MAC challenge, traditional random
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access (RA) schemes are not able to handle such a large
number of requests [5], pure RA schemes like ALOHA have
severe performance limitation. The incorporation of NOMA
significantly improves performance, admitting two users or
more per time slot [6].

In massive scenarios, the number of user connections
attempting the access the same resource block (RB) far
outnumbers the number of available pilot sequences. As a
consequence, the implementation of collision resolution pro-
tocols becomes essential to allow coherent communication.
One well-known decentralized grant-based (RA) protocol
for crowded massive multiple-input multiple-output (MIMO)
systems is the strongest user collision resolution (SUCRe),
which takes advantage of MIMO properties [7], giving pref-
erence to the users with good channel conditions, harming
edge users.

Seeking to improve RA schemes, the SUCRe proto-
col [7] has undergone several analyses and improvements. For
instance, in [8] a pilot collision reduction strategy was imple-
mented, when compared to [7], making the failed user re-
select their pilots by means of an access class barring (ACB)
procedure, named idle pilot access (SUCR-IPA) protocol.
Another extension is proposed in [9], where a graph-based
pilot access (SUCR-GBPA) protocol is proposed, enabling
all users who lost contention resolution to choose a new pilot
at random. Furthermore, combining NOMA and SUCRe was
an important evolution; the work in [10] compares the pro-
posed NOMA-RA protocol to the classical SUCRe scheme,
allowing two users trying to access the mediumwith the same
pilot signal to resolve collisions by distinguishing them in
the power-domain NOMA and attaining a superior sum-rate
performance with reduced average latency.

The recent extra-large scale massive MIMO (XL-MIMO)
technology distributes a huge number of antennas elements
in a wide space, like facades of buildings, shopping malls,
or stadiums; the distance between user equipments (UEs)
and the BS antennas might become of the same order of the
dimensions of the array [11]. Such arrangement configured
special channel conditions, especially unusual channel condi-
tions, such as spatial non-stationarities and visibility regions
(VRs) [12].

Recently, XL-MIMO systems have received a lot of
research interest. Recent papers analyse RA improvements
in linear receiver schemes [13], [14], [15], appropriate chan-
nel models [12], channel estimation algorithms [16], non-
linear receiver schemes [17], and efficient RA schemes in
XL-MIMO [18], [19], [20].

In [13], a revamping in SUCRe protocol enabled its imple-
mentation in an XL-MIMO scenarios; the concept of non-
overlapping VR was explored in the XL-MIMO context,
by associating geographic area and the portion of the array
that is visible from that area. Hence, considering that a cer-
tain UE is present in that region, the corresponding VR and
the associated set of clusters become accessible. Hence, the
probability of SA b being visible by UE k can be explored to
improve the RA protocol performance in XL-MIMO.

In this work we propose a NOMAgrant-based RA protocol
formMTCXL-MIMO scenarios by admitting users colliding,
i.e, more than one user equipment (UE) selecting the same
pilot sequence, and transmitting simultaneously to the same
XL subarray, by exploring the advantage of power-domain
NOMA.

This work is an extension of our previous work [21]. The
Contribution of this work is threefold:

i. we propose a grant-based RA protocol for XL-MIMO
systems equipped with power-domain NOMA and by
exploring the overlapping VR of XL-MIMO systems
(NOVR-XL), combining the advantages of XL-MIMO
systems and NOMA, allowing multiple users selecting
the same pilot sequence in at least one SA.

ii. we develop a numerical optimization procedure for the
scale factor δNOVR-XL in order to maximize the sum-
rate of the system; by exploring the NOMA-SIC strategy
allows multiple users selecting the same pilot sequence,
in a case of possible false positives, be resolved convert-
ing them into successful attempts, improving the system
performance metrics. Besides, aiming to expeditiously
maximize the system sum-rate, we propose a look-at-
table reference for different loading users and scenarios.

iii. extensive numerical analyses on the superimposed
received signal processed on the SA basis, considering
the optimal scale factor δ∗NOVR-XL and performing SIC
to identify the signal of each user.

The rest of this paper is organized as follows. Section II
is described the system model, including the array/subarray
integration, while the proposed NOVR-XL is described in
Section III. Numerical results are discussed in Section VI.
The conclusions are presented in Section V.

A. NOTATIONS
Boldface low-case a and boldface capital letter A letters rep-
resent, respectively, vectors andmatrices. Capital calligraphic
lettersA represent finite sets, and |A| denotes the cardinality.
Besides, the operator A ⊂ D denotes the set A is a subset
of D and C = A \ D denotes the set C is composed by the
difference of the set A and the set D.

The transpose, conjugate-transpose, and conjugate of a
matrixA are denoted byAT ,AH , andA∗, respectively. We let
IM denote the M × M identity matrix, whereas ‖ · ‖ stands
for the Euclidean norm of a vector. We use CN (µ, σ 2) to
denote circularly-symmetric complex Gaussian distribution
with mean µ and variance σ 2, B(·, ·) to denote a binomial
distribution, and C to denote spaces of complex-valued. The
Gamma function is denoted by 0(·).

II. SYSTEM MODEL
We consider an XL-MIMO setup where the BS deploys
an extra-large antenna array, operating in a time-division-
duplexing (TDD). Without loss of generality, we assume a
uniform rectangular array (URA) is installed on the y-z plane
with a total of M antenna-elements, i.e., My × Mz, where
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FIGURE 1. Diagram of BS architecture. The antenna array at the BS is
composed by B SA containing a fixed number of antenna elements Mb.
Each SA has an RPU, and all are connected to the EGC in the CPU.

My and Mz denote the number of antenna elements along
the y-axis and z-axis, respectively, with the firth line of the
array starting at the origin O and deployed along the ordinate
axis, as in Fig. 3. Similarly, as [13] and [15], we consider a
simplified bipartite graph model in XL-MIMO, the array is
divided into B subarrays (SAs), each composed by a fixed
number of Mb = M/B antennas, ensuring the minimum
antennas elements (Mb ≥ 50), to achieve the inherent prop-
erties of massive MIMO [22]. Each SA is equipped with a
remote processing unit (RPU) that performs channel estimate,
SIC, and resource allocation in a distributed manner, these
RPUs are connected to a coordinating central processing
unit (CPU), and decoded signals in RPU are sent to CPU
to be combined in an equal gain combiner (EGC), where
each branch has the same weight, integrated to the BS. All
elements are visualized in Fig. 1.
All single-antenna user devices are randomly distributed

and grouped in set U , A ⊂ U be the subset of active UEs,
with temporarily dedicated data pilots, and K = U \ A be
the set of inactives UEs (iUEs). The devices in set K do not
have dedicated pilots and if they want to be active, they must
be assigned to one. Hence, the number of iUEs in the cell
is |K| = K . The BS only allocates pilots to active devices
and reclaims the pilots when needed. The iUEs make a RA
attempt with probability Pa.

LetM denote the set of all BS SAs andVk ⊂M the subset
of SAs visible to the k-th UE. To compose the mathematical
modeling, we assume that the subset Vk is generated at ran-
dom, where each SA is visible with probability Pb by UE k ,
like in [13] and [15]. This probability simulates the influence
of random obstacles and scatterers in the environment that
interact with the signals transmitted by/to the UEs, resulting
in VRs. The existence of VRs is evidenced by measurements
in [11].

We consider a multiple-user communication systems based
on time-frequency coherence blocks and inactive UEs have
RA blocks to realize RA attempts. We define τRA as the
number of RA mutually orthogonal pilot sequences that are
possible s1, . . . , sτRA ∈ CτRA×1, each with length τRA, and∥∥sτRA∥∥2 = √τRA.
Since each SA visibility follows a Bernoulli distribution

with success probability Pb, it is crucial to note that when

FIGURE 2. Massive MTC system with XL-MIMO URA composed by B-SAs
containing Mb antennas, the colored regions in each SA define visible
UEs, the visibility success probability Pb = 0.5 to each SA.

an antenna is visible to a user, it indicates that the user
may transmit/receive signals to/from this antenna with a non-
zero channel gain [15]. We assume an overcrowded scenario
where K iUEs (K � M) are randomly distributed within
a square cell with maximum distance dmax and minimum
distance dmin, respectively, as in Fig. 2.
Due to scatterers and obstacles, whose presence is statis-

tically modeled by the probability of visibility Pb, Fig. 2
illustrates three UEs on the left side having an overlapping
VR formed by SA1–SA2: users UE-1 and UE-2 colliding in
the same pilot sequence s1, and UE-7 selects an exclusive
pilot sequence s2, represented by the cyan color area; on
the right side, five users having the same VR formed by the
SA4–SA5–SA6 identified by the yellow color area; in that
SAs, two collisions occur: in the first collision, the UE-3 and
UE-4 colliding by sharing the pilot sequence s1, andUE-5 and
UE-6 colliding with pilot sequence s2; finally, UE-8 selects
an exclusive pilot sequence s3.

In the next step of the proposed protocol NOVR-XL, the
orthogonal message of UE-7 is decoded directly at each SA in
VR, without interference; besides, the messages of UE-1 and
UE-2 collide by sharing the same s1; hence, such messages
can be decoded in SA1 and SA2 by deploying a NOMA
scheme, with an application of one SIC step at each SA. In the
second SAs group (yellow area), the orthogonal message
of UE-8 is decoded directly at each SA in the VR; also,
the messages of UE-3 and UE-4 colliding by deploying the
same pilot sequence s1, and the message of UE-5 and UE-6
colliding in the pilot sequence s2 can be successfully decoded
in SA4, SA5, and SA6 by using NOMA, by applying one
SIC step. Finally, each decoded signal can be combined in
the CPU via EGC combiner. It is important to notice that
in the scenario of Fig. 2, SA3 is fully blocked, i.e. no UE
has SA3 in its VR; hence, such SA3 can be turned off until
the channel scenario changes, improving the overall system
energy efficiency. Notice that each SA has a dedicated RPU,
and the BS has a CPUwith EGC and can coordinate the signal
processing at each SA.
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FIGURE 3. Diagram of the kth user at the URA XL-MIMO with an
impinging sphere waveform from elevation angle θ and azimuth angle φ.
The M = My × Mz are horizontally and vertically equally spaced with
spacing dm.

A. CHANNEL MODEL
In the next, wemodel theNLOS channel based on the position
of each URA antenna element mz,y, as in Fig 3. The specific
localization of mz,y-th array element is represented by 3D
vector wmz,y = [0, (my − 1)dm, harray + (mz − 1)dm], where
1 ≤ my ≤ My, 1 ≤ mz ≤ Mz, and harray is the height
where the array is installed. The physical dimension of the
URA along the y-axis and z-axis are Ly = (My)dm and
Lz = (Mz)dm, where dm is the distance between elements.
The user-k position is defined by 3D vector qk , the distance of
the k-th UE to the specific antenna elementmz,y is determined
by rk,my,mz =

∥∥wmz,y − qk∥∥ [23].
The distance in a straight line perpendicular to the y-axis

of the k-th UE of the wide space where the array is installed
rk , and the elevation angle θk , formed by rk and the line
between UEk and the height of array line (red dashed line),
and the azimuth angle φk , formed by the line connecting
UE-k to the aperture of mx,y position (green dashed line).
Then the location of UE-k is qk = [rk9k , rk8k , rk�k ]T with
9k , sin θk cosφk , 8k , sin θk sinφk and �k , cos θk ,
1 ≤ k ≤ K . The large-scale fading includes path loss and
shadowing, on the basis of an urban micro scenario model
provided by [24]:

βk,mz,my = 10−κ log(rk,mz,my )+
go+ϕ
10 , (1)

where go = −34.53 dB is the path loss at the reference
distance, the path loss exponent κ = 3.8, and ϕ ∼ N (0, σ 2

sf)
is the shadow fading, a log-normal random variable with
standard deviation σsf = 10 dB.

Similarly as [13] and [15], we adopt the average large scale
fading for the k-th user at the b-th SA, β(b)k =

1
Mb

∑Mb
m=1 βk,m.

Let h(b)k ∈ CMb×1 be the Rayleigh fading channel vector
between UE k ∈ K and SA b, following h(b)k ∼ CN(
0, β(b)k IMb

)
.

III. NOVR-XL – RANDOM ACCESS FOR NOMA XL-MIMO
Initially, we explain the four Steps of the SUCRe-XL protocol
as depicted in Fig. 4. The operations of the proposed protocol
NOVR-XL are detailed in the sequel. Its operations can be

seen in Fig. 5. The main difference lies in obtaining and
applying at each UE the optimal scale factor δ∗ which is
adjusted aiming to improve the system performance metrics.

A. SUCRe-XL PROTOCOL
The SUCRe-XL protocol [13] is a distributed method for
resolving pilot contentions on the user side in XL-MIMO
systems. The protocol functionality is illustrated in Fig. 4.
Four steps define the SUCRe-XL protocol of [13]:

Step 1: KPa users randomly choose an uplink (UL) RA
pilot and transmit it;

Step 2: the BS receives such UE signals and responds with
precoded downlink (DL) pilots;

Step 3: Using the received signal, UEs can estimate the sum
of the channel gains of contending UEs for the same RA pilot,
comparing the estimate with its own long-term channel gain
(estimated in step 0) and retransmitting the chosen RA pilot
if it judges it to be the strongest UE among the contenders;

Step 4: the BS allocates dedicated data pilots to the UEs
transmitting in Step before. Users accepted to transmit must
fit non-overlapping VRs condition.

After the SUCRe-XL steps, user k in the transmission stage
with a dedicated data pilot attains the following SNR in each
visible SA-b:

SNR(b)
k =

pkβ
(b)
k

σ 2 , (2)

in which pk is the user’ transmit power.

B. EXPLORING VRs, SubArrays, AND NOMA IN NOVR-XL
PROTOCOL
The proposed NOVR-XL protocol deploys the non-
overlapping VRs of specific UEs along the SAs aiming to
improve the SUCRe-XL protocol [13] operation. Our pro-
posed protocol modifies the activation decision rule proposed
in the SUCRe-XL protocol [13]. As proposed in [10] we
numerically optimize the scale factor, namely δ

(K ,B)∗

NOVR-XL
within the bias parameter εk , aiming tomaximize the system’s
sum-rate, making more than one user consider themselves
able to retransmit the selected pilot (in Step 1); hence, increas-
ing the number of possible false positives, i.e., multiple UEs
appoint themselves as the contention winner. This is made
in a distributed manner, without cooperation with other UEs.
Such possible false positives can be solved by deploying a
NOMA-based scheme, being able to process at the receiver
side multiple users sharing the pilot in overlapping VRs,
processing on a SA-basis.

Fig. 5 depicts the four steps of the proposed grant-based
NOMA XL-MIMO random access protocol and highlights
the differences regarding the SUCRe-XL. Also, there is a
preliminary Step 0, typically assumed by RA protocols,
in which the BS broadcasts a beacon signal; this signal con-
tains enough information to generate time synchronization
and send the optimized scale factor δ(K ,B)

∗

NOVR-XL values, which
is crucial to the well functioning of the proposed NOVR-XL
protocol. Indeed, each scenario combining different K -iUEs
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FIGURE 4. Diagram of the steps of the SUCRe-XL random access protocol.

and B values requires an optimized scale factor, this factor
is sent to users in Step 0, and the BS maintains a look-at-
table reference with these optimized factors; such a process
is explained in Step III. The four steps of the proposed
NOVR-XL protocol are described in the following procedure.
Step I: Random Pilot Sequence Transmission: Users in set

K make an RA attempt with a probability Pa, synchronized
and δ∗ updated by beacon signal in previous Step 0, each UE
that wants to be active select uniformly at random one RA
pilot sequence st , t = 1, . . . , τRA and transmits with the user’
transmit power pk . Therefore, let Nt ∈ K be the set of UEs
indices that selected pilot t . As in [25], it follows a binomial
distribution.

|Nt | ∼ B
(
K ,

Pa
τRA

)
. (3)

All inactive UEs that decide to connect transmit RA UL
pilot sequences, making SA b receive the signal:

Y (b)
=

∑
k∈K

√
pkh

(b)
k sTt + N

(b), (4)

where Y(b)
∈ CMb×τRA and N(b)

∈ CMb×τRA , with entries
drawn from CN (0, σ 2), is the receiver noise. So each SA
correlates (4) using an arbitrary normalized pilot st , and can
estimate the channel of UEs in the same set Nt yielding:

y(b)t = Y (b) s
∗
t

‖st‖
=

∑
i∈Nt

√
piτRAh

(b)
i + nt , b = 1, . . . ,B,

(5)

where nt = N s∗t
‖st‖
∼ CN (0, σ 2IMb ) is the effective receiver

noise. Due the properties of massive MIMO, channel hard-
ening and asymptotic favorable propagation, we have in each
SA: ∥∥∥∑b∈M y(b)t

∥∥∥2
Mb

Mb→∞
−−−−→ αt + Bσ 2, (6)

FIGURE 5. Diagram of proposed random access NOVR-XL protocol, the
dashed Steps are the same as SUCRe-XL, ‘‘STEP 0’’ and ‘‘Data
Transmission’’ phases were included.

where αt is the sum of the signal gains associated with pilot
t in each b-SA:

αt =
∑
b∈M

∑
i∈Nt

piβ
(b)
i τRA. (7)

Step II: Precoded Random Access Response: In SA coor-
dinated mode; SAs transmit a precoded DL pilots to UEs that
selected pilot t in Step I.

VXL =

√
q
B

τRA∑
t=1

∑
b∈M y(b)∗t∥∥∥∑b∈M y(b)t

∥∥∥ sHt , (8)

where VXL ∈ CMb×τRA and q is the BS transmit power.
In this case UEs selecting pilot sequence t receive signal
zTk ∈ CτRA in the reciprocal channel with receiver noise
ηk ∼ CN (0, σ 2IτRA ):

zTk =
∑
m∈Vk

h(m)Tk VXL + ηTk . (9)

From (9), each UE correlates the signal with its RA pilot st ,

zk = zTk
st
‖st‖
=

√
qτRA
B

∑
m∈Vk

h(m)Tk

∑
b∈M y(b)∗t∥∥∥∑b∈M y(b)t

∥∥∥ + ηk

(10)

where ηk = ηk
st
‖st‖
∼ CN (0, σ 2) is the effective receiver

noise. To obtain (6) at the UE side, dividing the eq. (10) by
√
Mb and considering that asymptotic favorable propagation

and channel hardening, it follows that:

zk
√
Mb
=

√
qτp
B

( ∑
m∈Vk

h(m)Tk
∑
b∈M

y(b)t

)∗

Mb

√√√√ 1
Mb

∥∥∥∥∥ ∑b∈M y(b)t

∥∥∥∥∥
2
+

ηk
√
Mb

Mb→∞
−−−−→

√
qpk
B

∑
m∈Vk

β
(m)
k√

αt + Bσ 2
. (11)
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Thus, using the function < (·) gives the real part of your
input and discards the imaginary part, where in this case
mitigates noise and estimation errors from eq. (11), resulting:

< (zk)
√
Mb
≈ τRA

√
qpk
B

∑
m∈Vk

β
(m)
k√

αt + Bσ 2
(12)

this way each UE-k in Nt can estimate αt , so that

α̂t,k =max

pk ∑
m∈Vk

β
(m)
k τRA,

(
0(Mb + 1/2)
0(Mb)

)2 qpkτ 2RA
(∑

m∈Vk β
(m)
k

)2
B[< (zk)]2

−Bσ 2

.
(13)

Step III: Contention Resolution with NOMA and Pilot
Repetition:By exploring theNOMA, users colliding the same
pilot sequence can be served at the same resource, i.e., spatial
(SA), frequency, and time.

The collision resolution follows the decentralized decision
rule, i.e., each user decides whether to continue in the access
attempt, by following the decision rule [10]:

pk
∑
m∈Vk

β
(m)
k τRA >

α̂t,k

2
+ εk (14)

If inequality in Eq. (14) holds, the user repeats its pilot
transmission and forms the new set St ; otherwise, it remains
silent and tries to communicate in the next RA attempt with
probability Pna. The cardinality of St defines the contention
level; indeed, if |St | = 1 the collision was solved by the deci-
sion rule; otherwise, for |St | > 1 (multiple UEs) representing
the possible false positive case, it will be solved by power-
domain NOMA.

St =

k : pk ∑
m∈Vk

β
(m)
k τRA >

α̂t,k

2
+ εk

 (15)

The decision rule in Eq. (14), presents a bias term εk , given
by:

εk =
δ

√
Mb ·

∑
b∈Vk β

(b)
k

, (16)

where δ is a scale factor that may be adjusted in order to
improve the system metrics such as the average number of
access attempts (ANAA), fraction of failed access attempts
(FFAA), normalized number of accepted UEs (NNAU), aver-
age sum-rate (aSR), and probability of collision resolution.

Herein, we suggest optimizing the scale factor δ numer-
ically, allowing multiple users in the NOVR-XL RA proto-
col could consider themselves the winners in the contention
resolution process, generating false positive in SUCRe-XL,
which can be resolved in the next step by SIC into the NOMA
structure. Indeed, the signal is processed in each SA via RPU
by deploying NOMA scheme; hence, resolving overlapping

signals via SIC strategy, aiming to decode, reconstruct and
cancel the user’ signals sharing the same pilot sequence and
VR. Finally, the RPU output signals are equally combined in
a centralized EGC at the CPU. The purpose of adjustment in
the scale factor is to attain the system sum-rate maximiza-
tion. Numerical results section explores the scale factor δ
optimization.

1) SCALE FACTOR OPTIMIZATION
the optimal value δ(K ,B)

∗

NOVR-XL is based on [10], by deploying
exhaustive search approach. The procedure is numerically
optimal in the sense of sum-rate maximization; hence, each
K inactive UEs and B-SA configuration implies an optimal
parameter value. To obtain the optimal δ for practical NOMA
XL-MIMO system and channel scenarios, the following pro-
cedure was adopted:

1) The BS knows the number of SAs B, and an estimation
of the number of users intending to become activeKPa1

present in the cell.
2) Starting with the SUCRe value, δ∗SUCRe-XL = −1,

as in [7], the scale factor is tuned iteratively to improve
the system sum-rate. Sporadically, motivated by the
changes in the physical scenario, BS could re-optimize
and broadcast the scale factor value in a look-at-table
procedure.2

3) Select the optimal δ(K ,B)
∗

NOVR-XL in the sense that maxi-
mizes the system sum-rate, such as:

δ
(K ,B)∗

NOVR-XL = argmax
δ

RNOVR-XL∑
(K ,B) (17)

and record the optimal scale factor in the reference
table. Notice that the scale factor δ in eq. (16) affects
the decision rule defined in Eq. (14), as well as the
system sum-rate RNOVR-XL∑

(K ,B) as defined in the sequel,
Eq. (22).

4) In a preamble step of the protocol, namely Step 0,
taking into account the current system and channel
scenario, the BS look-at-table and broadcast the cor-
respondent optimized δ(K ,B)

∗

NOVR-XL value.

Without loss of generality, in the contention resolution step
the protocol accepts multiple users in NOMA cluster; hence,
the BS proceeds with the SIC according to the descending
order of channel gains (‖h1‖ > ‖hk‖ >

∥∥h|St |∥∥), i.e., the
strongest UE-1 signal is decoded first without SIC applica-
tion, followed by UE-2 signal with one step of SIC to remove
UE-1 signal and remaining the interference of UE-3; in the
sequel decodes the signal of UE-3 after the two steps SIC of
the signal of UE-1 and UE-2, and so on until the last user in
set |St |.

1This estimation process can be obtained by a slight modification of
Step 0, by including a tone or pilot sequence transmitted by each user trying
to become active.

2Look-at-table is a reference table where the BS keeps the optimized
values of the scale factor, allowing that each UE could find and use them
expeditiously.
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The signal-to-interference-plus-noise ratio (SINR) in a SA
basis of user k selecting the same pilot sequence t is defined
as:

γ
(b)
t,k =

pkβ
(b)
k

$
∑k−1

j=1 pjβ
(b)
j +

∑|St |
i=k+1 piβ

(b)
i + σ

2
, (18)

where $ is the residual interference factor after step
SIC assuming imperfect interference cancellation. The rate
achieved by each user per SA can be defined as:

R(b)t,k = log2(1+ γ
(b)
t,k ). [bpcu] (19)

In our proposed RA protocol, when the distributed decision
rule results in possible false positives i.e., multiple users
repeating the selected pilot after the decision rule Eq. (14),
these users are grouped in the set St and are treated applying
NOMA-SIC strategy, regardless of the cardinality of this
set. However, to guarantee that SIC could operate suitably,
minimal power differences from colliding UEs’ signals must
be guaranteed; this can be seen as a minimum SINR among
the colliding signals in the same SA. To make a realistic
comparison, we adopt a threshold data rate R(b)th ; hence, users
in the set St not satisfying the threshold rate in an SA basis
are still deemed false positives. Therefore, one can define a
new subset of users with successful RA attempt S tht , formed
by collided users achieving the threshold rate as:

S tht =
{
k : R(b)t,k > R(b)th

}
, (20)

which represents those colliding UE’ signals resolved by the
SIC-NOMA. As a consequence, the subset of false positive
users S fpt hold as:

S fpt = St \ S tht . (21)

Remark: we named possible false positive users in the set
St , after SIC operation, those users fulfilling the rule Eq. (20),
forming the set of users S tht that attain successful RA attempt,
and a subset S fpt named false positive users as the subset
difference of St and S tht .
Step IV:TheBS estimates the channel3 to the user, or users,

considering the pilot signal sent in Step III, it reconstructs the
signal and recurrently applies SIC procedure. After that, the
corresponding message is decoded, and users are identified.
After decoding is successful a subsequent allocation of the
dedicated payload pilots coherence blocks. Unsuccessful UEs
are instructed to try again after a random interval, limited to a
maximum of 10 attempts, then it stops sending pilot sequence
and the packet is considered lost.

In the data transmission step of the SUCRe-XL proto-
col, only one user is accepted per pilot sequence in non-
overlapping VR, on the other hand, in NOVR-XL protocol
there will also be multiple users who consider themselves

3For simplicity, and without loss of generality, we consider perfect CSI
estimates.

winners in the contention step. The sum-rate of NOVR-XL
protocol in an SA basis can be defined using (18) as:

RNOVR-XL∑
(K ,B) =

∑
b∈Vk

τRA∑
t=1

∣∣S th
t
∣∣∑

k=1

log2
(
1+γ (b)

t,k

)
, [bpcu] (22)

While in the SUCRe-XL the sum-rate can be defined as:

RSUCRe-XL∑
(K ,B) =

∑
b∈Vk

τRA∑
t=1

log2

(
1+

pkβ
(b)
k

σ 2

)
, [bpcu] (23)

by assuming that just one user per pilot sequence is accepted,
and δ(K ,B)

∗

SUCRe-XL = −1, as in [13].

IV. NUMERICAL RESULTS
It is assumed an URA with M = 500 antennas in a
200× 100m2 cell areawithK inactive users (iUEs) randomly
distributed as illustrated in Fig. 3, the access probability Pa,
the number of available pilots τRA, and q = pk = 1W . The
main simulation parameters are listed in Table 1. The URA
has divided in B SA and the visibility success probability
Pb = 0.5 to each SA. For simulation purposes, |Vk | > 0, ∀k ,
i.e., all users have at least one SA in its VR.

In the numerical simulations, two settings are proposed to
evaluate the performance of the NOVR-XL protocol numer-
ically: in setting 1 we assume the SIC running perfectly i.e.,
$ = 0.00, and a threshold rate R(b)th1 = 1.585 [bpcu] is
adopted, which represents the signal of interest has a power
difference w.r.t. the interference enough to be decoded cor-
rectly i.e., 1P ≥ 2. While in setting 2, due fail in any
previous crucial process, the SIC is admitted imperfect with
residual interference factor $ = 0.10; this is a typical value
of residual factor adopted in NOMA literature [10], [26],

and a threshold rate R(b)th2 = 0.585 [bpcu], hence, the signal
of interest can lack enough power difference to be decoded
perfectly, in this case, we have adopted 0.5 ≤ 1P < 2.

A. SYSTEM SUM-RATE
The optimal value of scale factor δ(K ,B)

∗

NOVR-XL is obtained
numerically based on [10], by exhaustive search approach;
it is optimal in the sense of sum-rate maximization; hence,
each K -iUE and B-SA configuration requires a search to find
the optimal parameter value.

Fig. 6 reveals results for the optimal scale factor parameter
obtained numerically, following the procedure described in
Step III, while it correspondent maximized NOVR-XL sum-
rate is shown in Fig. 7, we proposed to consider two differ-
ent configurations 1 and 2. As evinced, the optimal scale
factor decreases when the interference increases; whether by
the number of UEs contending the pilot grows or when the
number of SA decreases.

Notice that the baseline (SUCRe-XL) requires the non-
overlapping VR to accept the device; hence, presents a mod-
est gain in terms of sum-rate even increasing the number of
SA. The highest sum-rate values occur before the saturation
of usage of available pilots. On the other hand, the proposed
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TABLE 1. Simulation parameters.

FIGURE 6. δ∗NOVR-XL optimum in terms of sum-rate maximization,
obtained numerically for each user loading, both setting 1 and 2, as well
for different number of SAs, B ∈ {2; 5; 10}.

NOVR-XL protocol processes the signal superimposed on
each SA, canceling the more robust user signal, in some situa-
tions, with an assumed residual SIC interference on the order
of $ , obtaining better sum-rates results when B increases.
Also, a higher sum-rate limit is reached when adjusting scale
factor δ, establishing the maximum number of users selecting
the same pilot in the data transmission step; besides, when
the number of iUEs grows the scale factor value decreases.
Notice that the scale factor δ value is relatively sensitive to
the interference.

In Setting 1, the maximum system sum rate was reached
at a loading of 10 (K × Pa)/τRA. In Setting 2 the maximum
sum-rate was reached at loading 5 (K × Pa)/τRA, increasing

FIGURE 7. Average sum-rate as a function of a number of iUEs. Obtained
after adjusting δ∗NOVR-XL.

FIGURE 8. Average sum-rate as function of number of iUEs, B = 10 in
Setting 1 of NOVR-XL, and sum-rate achieved with δ values.

the load of users from these points observe reduces the sum
rate of the system.

In order to verify the sensitivity of the scale factor δ∗, Fig. 8
shows the system sum-rate with B = 10 SAs. When the
interference increases by increasing the number of iUEs K ,
the sensitivity of the scale factor δ on the sum-rate increases
substantially, revealing the importance in accurately estimat-
ing the scale factor parameter in the NOVR-XL protocol
context.

B. AVERAGE NUMBER AND FRACTION OF FAILED ACCESS
ATTEMPTS
Fig. 9 shows that the proposed protocol NOVR-XL in
crowded scenarios (1 < K×Pa < 20) achieves improved RA
performance. The modification in decentralized collision res-
olution is that NOVR-XL accepts multiple users colliding on
the overlapping VR, thanks to the power diversity; therefore,
the superposition signal can be processed after SIC process
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FIGURE 9. RA systems performance. The baseline SUCRe-XL and NOVR-XL.
(a) Avg. number of RA attempts. (b) Prob. of failed access attempts.

in each SA. With the increase in the number of subarrays
B, but constrained by the channel hardening and favorable
propagation properties, the probability of collision in each
subarray by sharing overlapping VRs in each SA increases.
Such collision resolution configuration is impossible to treat
with SUCRe-XL due to the absence of the interference can-
cellation step. As a result, the NOVR-XL allows decreasing
the number of access attempts even under solid interference
in the same SA.

C. NORMALIZED NUMBER OF ACCEPTED USERS
The normalized number of accepted UEs, calculated by the
number of users accepted by the number of users trying to
access, given in Fig. 10 corroborate with the improved results
in NOVR-XL proposed protocol to accept UEs to transmit
due to the superposition signal can be processed by SIC in
each SA. In the configuration where the threshold rate is
lower setting 2, the residual SIC reduces the users’ rate. As the
scale factor was optimized to increase the sum rate, high
interference reduce the average number of accepted users.

D. COLLISION RESOLUTION
Our approach involves numerically adjusting the scale factor
to maximize the system’s average sum rate, but the two pro-
posed settings have different responses.We consider accepted
users who won the contention (|St |) = 1 and users who are
treated by NOMA-SIC (S tht ). In setting 1 the fact that the SIC
is perfect the average number of accepted users decreases
more slowly and is higher in arrays with more subarrays
as shown in Fig. 11 a), the higher threshold rate increase
the probability of false positives, in consequence, a higher
average sum rate as Fig. 7. On the other hand, in setting
2 there is a residue of interference due to the imperfect SIC
which deteriorates the sum rate of NOMA. To maintain the
higher level of the sum rate more collisions are resolved
without applying NOMA, deteriorating the average number
of Accepted UEs, as shown in Fig. 11 b), the lower threshold

FIGURE 10. Normalized number of accepted UEs, obtained with δ∗NOVR-XL.

FIGURE 11. Percentage collision resolution by SIC and the average
number of Accepted users in NOVR-XL.

rate decrease the probability of false positives in a lower
bound in average sum rate as Fig. 7.

1952 VOLUME 11, 2023



T. A. B. Alves, T. Abrão: NOMA-Based Random Access in mMTC XL-MIMO

FIGURE 12. Fraction of false positive cases solved by SIC in NOVR-XL.
a) Setting 1 and b) Setting 2.

Elaborating further, Fig. 12 analyses the fraction of the
number of users in the set St of false positives cases resolved
by the SIC-NOMA. The figure depicts that the highest num-
ber of false positives happens between 2 users, and cases
greater than 3 users are rare. The proposed settings substan-
tially change the size of the set St when when changing the
number of subarrays B.

E. OVERHEAD, ACCESS TIME DELAY AND COMPLEXITY
The grant-based protocol has a higher overhead because it
needs four steps to connect devices to the network. Our
proposed protocol NOVR-XL is based on a modification of
SUCRe [7], to operate in XL-MIMO [13]. Such a procedure
does not cause any overhead or additional time delay com-
pared to the original SUCRe protocol [13]. The numerical
optimization and the update of the reference table occur
online in system operation and add no overhead to the core
of protocol (steps I–IV).

In this application scenario, the proposed protocol
improves the access time delay in all studied scenarios, when
compared to SUCRe-XL [13], as can be seen in Figure 9.

NOVR-XL complexity that is comparable to SUCRe-XL,
the way it is calculated the precoded Random Access
Response (8) is the same. The optimized scale factor

δ
(K ,B)∗

NOVR-XL eventually shared in Step 0, does not add complex-
ity to the proposed protocol.

V. CONCLUSION
By exploiting power-domain NOMA and signal processing
in each SA the grant-based RA protocol performance can
be improved. Indeed, the XL-MIMO adds a new degree of
freedom with the received signal being processed by differ-
ent SAs with the support of RPU, together with the degree
of freedom introduced by power-domain NOMA, allowing
to improve the collision resolution of multiple users using
the same pilot sequence in the same VR subarrays, and by
applying the SIC stage in each SA at the BS side. Supported

by numerical results, we found a substantial performance
improvement of the proposed RA protocol regarding the
recent literature SUCRe-XLmethod, with the numerical opti-
mization of scale factor δ, in order to maximize the system
sum-rate, making multiple users collide deploying the same
pilot sequence.

The primary distinction regarding the SUCRe-XL and the
NOVR-XL schemes consists of the independent processing
per RPU and the collision resolution process. In addition,
we unveil the sensitivity of the scale factor δ in theNOVR-XL
scheme, mainly in scenarios with high interference; hence,
the suitable δ value selection is paramount to improve the
collision resolution and the system sum-rate. Indeed, in the
proposed NOVR-XL protocol, the received superimposed
signal data can be properly decoded with SIC steps in a
SA basis, even with a rate threshold restriction, and able to
achieve both a reduction in the number of access attempts and
simultaneously a significant increase in the sum-rate, increas-
ing the average number of accepted users under crowded
mMTC scenarios analyzed (1 < K × Pa < 20).
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