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Abstract—To enable concurrent transmissions for Internet of
things (IoT) traffic in multi-antenna beyond fifth generation
networks, non-orthogonal multiple access (NOMA) mechanisms
appear as a promising approach. For NOMA-enabled trans-
missions, IoT devices are grouped into clusters in order to
exploit the benefit of concurrent transmissions. However, how
to facilitate transmissions from both intra- and inter-cluster
is not an easy task and the performance of such concurrent
transmissions is so far not well understood from a mathematical
point of view, especially when error-prone channel conditions are
considered. In this paper, we propose two random access schemes
which enable intra- and inter-cluster concurrent transmissions
for uplink IoT traffic with and without access control. To assess
the performance of such systems, we develop two analytical
models based on discrete-time Markov chains (DTMCs) that
mimic the behavior of such transmissions. Our models deal with
cluster-level performance considering dynamic packet arrivals
and the transmissions from devices belonging to the same or
different clusters. Through extensive simulations, we validate the
accuracy of the analytical models and evaluate the system- and
cluster-level performance in terms of throughput and delay under
various traffic load conditions and network configurations.

Index Terms—Massive Internet of things, uplink traffic,
intra- and inter-cluster concurrent transmission, two-dimensional
discrete-time Markov chain, performance evaluation.

I. INTRODUCTION

HILE the fifth generation communication systems are
being deployed worldwide intensively, there is a surge
of research efforts towards the six generation communication
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systems. It is expected that these systems will support ultra-
high connectivity, and that massive Internet of things (mlIoT)
or massive machine-type communications (mMTC) will play
a greater role than in the fifth generation era. According to
[2]] [3]], the estimated device density for mMTC/mloT appli-
cations will increase from 106 devices/km? to 107 devices/km?
in years to come. As such, it is imperative to design effective
medium access control mechanisms for effective and fair radio
resource allocation.

For mobile systems from the first to the fifth generation,
orthogonal multiple access (OMA) based medium access
mechanisms — where a dedicated amount of radio (time
and frequency) resources is allocated to each device — have
been a dominant solution. For future systems, non-orthogonal
multiple access (NOMA) mechanisms which allow concurrent
transmissions of multiple users based on the same radio
resource represent a popular trend, deserving further explo-
ration. NOMA mechanisms deploy successive interference
cancellation (SIC) so that it might be able to retrieve one
or more of the received signals successfully when multiple
concurrent transmissions arrive to a receiver. In contrast, when
an OMA mechanism is employed, all concurrent transmissions
using the same radio resource will be lost at the receiver.

Empowered with a more advanced resource sharing capa-
bility, NOMA outperforms OMA in many cases, achieving
higher accumulative system capacity [2]. However, to ob-
tain any benefit for a NOMA scheme, the received signal
strength difference has to be sufficiently large [4]. As the
number of users in a system increases, the complexity of
user pairing algorithms becomes prohibitively high and the
advantage of NOMA mechanisms diminishes. As pointed out
in [3]], it is unlikely that downlink NOMA will be adopted in
mloT/mMTC applications. On the other hand, uplink NOMA
mechanisms exhibit great potential to be considered in the
near future mloT/mMTC applications. For example, the 3rd
generation partnership project (3GPP) intends to develop a
grant-free uplink transmission scheme which may support
resource sharing for mIoT/mMTC traffic [5]].

To accommodate massive transmissions for mloT traffic,
beamforming through multiple antennas deployed at base sta-
tion (BS) appears as a powerful technique. By beamforming, a
beam of signals is directed to a group of devices with the same
or a similar angle towards the BS [6]. In this way, the number
of devices covered by each beam will be greatly reduced since
distinct beams are assigned to different groups of devices.
However, to enable NOMA transmissions for devices covered
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by the same beam is not an easy task as both intra-cluster
and inter-cluster interference{ﬂ exists. Furthermore, how to
mathematically model the behavior of such transmissions is
largely an un-chartered topic.

A. Related Work

1) NOMA transmission schemes for uplink traffic: Uplink
IoT traffic is characterized by small data in terms of packet
size and traffic intensity as well as by uncoordinated transmis-
sions [7]. As such, access mechanisms following the grant-
free principle appear as a better fit [8]. In the literature,
grant-free NOMA schemes have been proposed considering
various use cases and network conditions for both downlink
and uplink traffic (see [9] and the references therein). In
addition, more schemes have been emerging recently. For
instance, packet combining including chase and incremental
redundancy combining was proposed in [10]] for uplink grant-
free NOMA transmissions. In [[I1], a NOMA-based priority
access scheme which considers emergency over regular de-
vices was proposed. Moreover, NOMA coded slotted ALOHA-
based transmission for sixth generation enabled IoT that does
not rely on power control was proposed in [12]. In another
study which focused on the analysis of data error rate, device
grouping for data transmissions was determined based on the
transmission status of uplink traffic from active devices [13]].
In our earlier work [14]], a grant-free scheme with dynamic
slot allocation was explored, by considering the co-existence
of two types of traffic with different service requirements.
Another recent study considered IoT devices with and without
energy harvesting and proposed two slotted ALOHA protocols
for uplink traffic supported by an optimal decoding order and
joint decoding [|15]]. Furthermore, an uncoordinated multiple
access scheme which performs inter- and intra-slot SIC-based
packet decoding through iterative collision resolution was
proposed in [[16] and an optimization problem was formulated
therein for efficiency maximization.

2) Clustering and NOMA uplink transmissions: Clustering
deals with how to associate devices to suitable clusters, in or-
der to exploit the benefits of NOMA. In [17]], an access scheme
which optimizes user clustering, power and resource allocation
in a hybrid NOMA-OMA system was proposed, however, for
downlink traffic. To share available radio resources, signature-
based access schemes performed in a non-orthogonal manner
may apply [19]. Targeting at massive connectivity for nar-
rowband IoT traffic, [18]] investigated power domain NOMA-
based user clustering and formulated an optimization problem
for throughput maximization. For uplink transmissions in a
multiple-input multiple-output (MIMO) network, a strong-
weak user pairing scheme which depends on channel path
loss was proposed in [20]. In [21]], expressions of rate coverage
were derived for uplink transmission in NOMA-enabled large-
scale cellular networks considering both intra- and inter-cluster
interference. Furthermore, optimal user pairing for uplink
traffic considering both single- and multi-antennas with fixed

'While intra-cluster interference means the interference generated by con-
current transmissions from other devices in the same cluster, inter-cluster
interference is caused by the transmissions from any other cluster(s).
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transmit power for devices has been investigated in [22]. More
recently, user clustering and power control for uplink traffic
were jointly studied in [23]] as an optimization problem when
intra- and inter-cluster interference was taken into account.

3) Modeling of NOMA uplink transmissions: To assess
the performance of NOMA access schemes, various tools,
mostly theoretical from an information theory or optimization
perspective, have been applied. However, Markov modeling
based mathematical approaches are comparatively less inves-
tigated. In [24], the authors proposed a NOMA and hybrid
automatic repeat request (HARQ) transmission scheme for
both coordinated and uncoordinated transmissions, and then
developed a Markov model to evaluate the performance of the
NOMA-HARQ scheme. The scheme was further extended in
[25] to allow a low-power user to postpone its transmission
when a negative acknowledgment is received and a Markov
model was developed therein. In [26]], a random NOMA
scheme with cross-slot SIC was proposed where the packet
recovery process was modeled as a Markov process. However,
so far no Markov model that reveals the behavior of both intra-
and inter-cluster concurrent transmissions for uplink traffic in
MIMO-NOMA networks exists.

In Table [ we present a comprehensive comparison of our
work versus a representative subset of state-of-the-art studies
closely related to this topic. The comparison covers various
aspects of uplink concurrent transmissions for IoT traffic in
MIMO-NOMA networks, spreading from network scenario,
traffic pattern, access control, SIC decoding threshold, to tools
for mathematical analysis.

B. Contributions

Despite a huge amount of efforts on NOMA transmissions,
user clustering under a single beam for uplink transmissions
in MIMO-NOMA systems has not been studied in depth [[1]].
From the traffic perspective, little attention has been paid for
concurrent transmissions when both inter- and intra-cluster
interference exists, especially when error-prone channel con-
ditions are considered.

In this paper, we investigate multi-antenna based power-
domain NOMA systems for uplink IoT traffic, focusing on
concurrent transmissions from devices distributed in different
clusters which are served by a single beam. In the envisaged
network scenario, dynamic packet arrivals and transmissions
from devices belonging to the same or different clusters
occur. We propose two random access schemes, referred to
as Scheme I and Scheme II respectively, for uplink data
transmissions that consider both inter- and intra-cluster inter-
ference as well as error-prone channel conditions. Following
Scheme I, devices transmit their packets as long as they have a
packet to transmit. Following Scheme II, device transmission
is constrained by access control that the BS imposes to all the
devices.

To evaluate the performance of such a system, we develop
analytical models that track the evolution of the number of
active devices at each cluster over time. Through extensive
simulations, we validate the accuracy of the developed ana-
Iytical models and demonstrate the performance advantage of
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TABLE 1. Concurrent transmission schemes for IoT traffic in MIMO-NOMA networks: A qualitative comparison of our work versus a
representative subset of the state-of-the-art studies

Solution versus Fea- || Our schemes [115] 23] [124] [113]] (18]
tures
Network scenario Multiple Multiple de- Multiple Multiple devices Multiple de- Multiple
clusters under vices under clusters under single vices under clusters under
single beam single beam  under single beam single beam  multiple
beam beams

Transmission direc- || Uplink only Uplink only  Uplink only  Uplink only Uplink and Uplink only
tion downlink

Traffic pattern Dynamic Static Static Dynamic Static Static
Access control || No (Scheme I); No No No No No
mechanism Yes (Scheme II)

Power control No No Yes Yes No Yes
Error-prone channel || Yes No No Yes No No
combined with

DTMC

SINR difference || 10 dB (default); Gradient Gradient Gradient Gradient Gradient
threshold for SIC || 2 and 6 dB for

decoding comparison

Sources of interfer- || Inter- and intra- Inter-device Inter- and Inter-device Inter-device  Inter-cluster
ence cluster intra-cluster

Mathematical analy- || DTMC Probability Probability Probability, alge- Probability Probability

sis

and algebra

and algebra

bra, and Markov

and algebra

and algebra

modeling

*Further explanations of this table: Power control indicates whether devices transmit at a fixed power level or not; Gradient means that SIC decoding is regarded as successful even

though the SINR difference is just slightly higher than 1 (0 dB) and less than 2 (3 dB). We argue, however, that these marginal thresholds are impractical for service provisioning
in real-world systems; Sources of interference identify the transmissions of other devices that are considered as interference to the ongoing transmission of a given device. These
concurrent transmissions are originated by devices located inside the same cluster and also from devices associated with other clusters.

the proposed access schemes in terms of cluster and system
throughput, and access delay.

In brief, the novelty and main contributions of this paper
are summarized as follows:

e Two random access schemes for uplink IoT traffic in
error-prone MIMO-NOMA networks have been devel-
oped where the success of a transmission depends on both
inter- and intra-cluster interference as well as channel
conditions. In the studied network, data transmissions are
time slotted and time slots are grouped into frames. The
proposed schemes enable concurrent packet transmissions
from different clusters in the same frame.Moreover, the
designed access schemes can be configured to achieve ei-
ther maximal system throughput or inter-cluster through-
put fairness.

e Two novel DTMCs that model the operation of two
random access schemes have been developed. As it will
be shown for Scheme I, at each system state, the transition
probabilities for one cluster are independent from the
access behavior of the devices in other clusters. Then,
the system transition probabilities adopt a product-form.
For Scheme II, the state transition probabilities for one
cluster depend on the access behavior of the devices of
other clusters.

o The preciseness of the developed models has been vali-
dated through extensive discrete-event based simulations.
The performance of the schemes at both cluster and sys-
tem levels has been assessed under various network con-

figurations and traffic conditions in terms of throughput
and access delay. Our results also shed light on the effects
of multiple factors on NOMA performance, including
inter- and intra-interference, number of antennas, and SIC
threshold.

In a nutshell, the uniqueness of this paper is represented
by a combination of two random access scheme design that
considers channel condition, inter-/intra-cluster interference,
dynamic traffic conditions, and Markov modeling. With this
approach, we achieve insightful understanding of cluster level
behavior for uplink NOMA-enabled transmissions. To the best
of our knowledge, the models developed in this paper are the
first DTMC-based analytical models that mirror the behavior
of NOMA uplink transmissions considering both inter- and
intra-cluster interference in error-prone environments as well
as transmission dependence from different clusters.

The remainder of the paper is organized as follows. The
envisaged network scenario and the assumptions for this study
are presented in Section [II} Then the proposed random access
schemes are explained in Section To evaluate the perfor-
mance of the access schemes, two DTMC-based analytical
models are developed in Section based on which the
performance metrics are defined in Section [V] In Section [VI]
extensive simulations are performed to validate the accuracy of
the models and to assess the performance of the schemes with
various network configurations and traffic load conditions.
Finally, the paper is concluded in Section
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Fig. 1. Tllustration of cluster-based concurrent uplink transmissions
in a NOMA-MIMO network where D7 stands for the i‘"-device in
cluster j with C' clusters and N devices per cluster in total.

II. NETWORK SCENARIO AND ASSUMPTIONS

In this section, we present the network scenario and the
assumptions made for scheme design and model development.

A. Network Topology

Consider that a BS equipped with multiple antennas pro-
vides services to a number of IoT devices. All the devices in
this network are battery-powered, each equipped with a single
antenna. The network topology remains static and devices are
deployed across the region of interest, grouped into clusters,
and positioned at specific geographic locations. Although
multiple beams may be formed by the BS, we concentrate on
uplink transmissions for devices covered by the same antenna
beam. Furthermore, the number of antennas in this network
is comparatively small and it does not satisfy the condition
that characterizes a massive MIMO (mMIMO) setup where
each device has a separate mMIMO beamforming vector [27].
However, developing algorithms for device clustering or beam-
forming is beyond the scope of this paper.

Although multiple devices may be deployed in a network,
not all of them are always active. A device is regarded as active
when it has one packet to transmit. For each transmission, the
same amount of transmit power is allocated to all the devices
in our network. Given the simplicity of the IoT devices, no
automatic power control is introduced in our network [28]].

Whether a transmission is successful or not depends on
the co-existence of other concurrent transmission(s) as well
as channel condition. Following the power-domain NOMA
principle, when two or more concurrent transmissions occur,
one or more of them may survive when their received signal-
to-interference-plus-noise ratio (SINR) differences are greater
than a given threshold.

B. Signal Transmission

As illustrated in Fig. [1} there are M antennas mounted at
the BS, covering multiple devices grouped into clusters. The
antennas are installed at a height of g meters above the ground.
Consider that the number of clusters in the network is C.
Cluster j contains N; = N devices, the center of cluster j
is located d; meters away from the BS, and a cluster with a
lower index number is closer to the BS. Devices belonging
to the same cluster are distributed randomly within a certain
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radius from the cluster center. The cluster location and device
identities are known to the BS.

By allowing concurrent transmissions from multiple de-
vices, the total received signal ¢ at the BS including the
transmissions from the IV devices in each of the C' clusters is
obtained by

HI ] + ng, (1)
1

N
=3
j=1 i=
where xz s H{ , and n, stand for the transmitted signal by
the *"-device in cluster j, the complex channel gain vector
between the BS and that device, and the additive noise,

respectively. Furthermore, z] is expressed as follows:

x] =/ Psl, )
where P; refers to the transmit power for each device which
is identical for all the devices and s is the signal to be trans-
mitted from the i*"-device in cluster j. Assuming a Gaussian
distribution with zero mean and variance o2 for noise, we
have n, ~ CN (0,02). Furthermore, we assume that the
complex channel gain vector, denoted by H ~ CA (057, 1n/),

follows Rayleigh fading with zero-mean complex Gaussian
distribution.

C. Packet Reception

Whether the transmission of a device is successful or not
depends on the channel condition as well as the interference
level generated by the other concurrent transmission(s).

1) Channel condition: The wireless channel considered in
this study is error-prone. By error-prone, it is meant that there
is no guarantee that a packet will be successfully received even
if it is the only ongoing transmission over the channel.

More specifically, the channel gain between a device and
the BS is decided by the sum of path loss and channel fading.
In this study, the path loss is calculated as PL = 128 +
37.6log,, d, where d is the distance between a device and the
BS (in kilometers). To quantify fading, we deploy the Rayleigh
model with a standard deviation of 8 dB. Furthermore, the
noise power spectral density is -174 dBm/Hz. Whether a single
transmission is successful or not depends on the received
signal strength at the BS. If it is stronger than -104 dBm,
the transmission is regarded as successful, otherwise failed.

2) Concurrent transmissions: When two or more concur-
rent transmissions occur, the BS may be able to recover one
or more of the original signals by deploying SIC.

Here it is worth mentioning that, different from many
reference studies which calculate the sum rate for NOMA
transmissions based on a marginal gradient threshold between
signal and interference, the threshold for a successful trans-
mission considered in this study is significantly large, based
on experiments obtained from real-life [29].

More specifically, for each radio resource, the BS deter-
mines the SINR of each received signal, considering the
signals from all other concurrent transmissions as interference.
The signal with the strongest SINR will be decoded first,



KUMAR ET AL.: INTER- AND INTRA-CLUSTER CONCURRENT IOT UPLINK TRANSMISSIONS IN MIMO-NOMA NETWORKS: A DTMC ANALYSIS 5

provided that its SINR is above a pre-configured thresholcﬂ
Then, the decoded signal is subtracted from the received
signals, and the decoding process repeats with one less signal.
The decoding process terminates when the highest SINR of
the remaining signals is below the threshold [[1].

III. ENABLING CONCURRENT TRANSMISSIONS VIA TWO
RANDOM ACCESS SCHEMES

Data transmission in the envisaged network scenario is time
slotted and time slots are grouped into frames with identical
frame length. At the beginning of a frame, active devices from
the same or different clusters independently select a time slot
with equal probability to transmit their packets.

A. Introduction to Access Control

When the amount of radio resources dedicated to the access
of ToT services is small and the number of devices is large,
access congestion may occur, resulting in network failure
and service degradation. To resolve this issue, various control
methods based on the principle of access class barring have
been proposed [32] [33]]. These methods aim at increasing
the successful probability of an access attempt by randomly
delaying access requests of devices based on a barring rate
and a barring time. These access control parameters are
periodically broadcasted by a BS.

In this study, we design and implement two grant-free based
random access schemes that follow the same principle of
access class barring. The schemes aim at orchestrating the
operation of devices for uplink radio resource access such that
collisions are minimized.

The proposed access schemes follow the immediate first
transmission principle [14], and an active device decides
whether to transmit or not at the begining of a frame based
on the broadcasted barring rate, that we refer to as the access
probability.

B. Random Access Schemes

Let r be the most recent access probability broadcasted by
the BS. Two random access schemes are defined as follows:

o Scheme I: An active device will always transmit a packet
at the beginning of the current frame, regardless of
channel status or potential collision with other possible
concurrent transmission(s). In Scheme I the access control
is disabled, or » = 1.

e Scheme II: At the beginning of each frame, an active
device will access with probability r, or it will defer its
access attempt with probability 1 —r until the next frame.
The procedure is repeated at every frame in a memoryless
fashion, but using the most recent value of r. In Scheme
II the access control is enabled, or 0 < r < 1.

It is assumed that at each frame active devices are capable
of generating a random variate that is uniformly distributed
within the range of [0,1]. Within each frame, only one
packet will be transmitted per active device. Before a packet
transmission, devices do not perform carrier sensing, nor do

2 According to real-life experiments performed in [[29], this SINR difference
threshold, denoted by (8 should be 5 > 10 dB.

they check or care about the status of other devices in the
same network.

For each device, a packet that arrives during the current
frame will be stored in its buffer, if sufficient free memory
is available. After a successful packet transmission, if the
device remains active, it will contend in the next frame to
transmit its next packet in the queue. Otherwise, it will contend
to retransmit the same packet in the next frame. For both
schemes, the newly activated and backlogged devices have the
same access behavior at the beginning of each new frame [30]].

For Scheme II, we further develop two implementations for
random access control:

— Scheme II-A: The BS broadcasts one unique value of r
that applies to all clusters;

— Scheme II-B: The BS broadcasts a specific value of r for
each cluster.

Scheme II-B is designed considering that devices located
closer to the BS experience less path loss. Accordingly, the
BS may assign a higher access probability to devices that
are farther away, with the purpose of achieving fairer access
among devices belonging to different clusters. On the other
hand, the BS may also give higher access probability (priority)
to a given cluster due to quality-of-service (QoS) requirements,
for instance.

IV. ANALYTICAL MODELS FOR RANDOM ACCESS

In this section, we develop two DTMCs that model the
evolution of the system state over time for the two random
access schemes, respectively.

The system state is defined by a vector that describes
the number of active devices in each cluster. For the sake
of simplicity, we initially consider two clusters, with two
devices per cluster, both clusters covered by the same beam
in a network where devices share a single radio resource for
medium access. In what follows, we first elaborate the state
transition probabilities of the DTMCs for this simple case,
and later we generalize the models to any number of devices
per cluster, any number of clusters, and any number of radio
resources.

A. Model Assumptions

In addition to the assumptions mentioned in Section |lI} the
following assumptions are made for our model development:

e The queue size is finite. Similar to the model we devel-
oped in [31f], the proposed model deals with the packet
at the head of the queue.

o During each frame, packets independently arrive to de-
vices, following a Bernoulli distribution with parameter
a. where 0 < a. < 1 for cluster c.

o If one arrival and one departure events occur at the same
frame, we consider that the packet at the head of the
queue is transmitted first, and then the newly arrived
packet is buffered in the queue.

o A failed packet is retransmitted until it is successfully
received. The number of retransmissions allowed is un-
limited.



B. Scheme I: State and Transition Probabilities

For the simple scenario with two clusters, two devices
per cluster and one resource unit to contend per frame, let
n = (n1,n2) represent the system state, where n. is the
number of active devices in cluster ¢. Denote by S¢(n)
the probability that s = 0,1,...,n. packets are successfully
transmitted from cluster c in state n. For simplicity and when
it does not lead to ambiguity, we use the compact notation
Ss to represent S¢(n), and a to represent a.. Note that
the successful transmission probabilities S¢ (n) only depend
on the physical layer conditions (to be further elaborated in
Subsection [VI-C).

1) State transitions in a single cluster: The state transition
probabilities are defined in the transition matrix P,

P(0,:) = [(1—@)2,2(1—a)a, a?,

P(1,:) = [51(1—@2,50 (1—a)+2Sa(l-a),
Soa+51a2},

P(2,:) = [Sg(l—a)Q,Sl(lfa)JrQSga(l—a),
So+ 81 a+ Saa?] 3)

where P (n,:) = [Ppno, Pn1, Pa2,] is Tow n of matrix P, and
P,.,, is the probability that the cluster transits from n active
devices to m, m = 0, 1, 2, active ones. It can be easily shown
that this transition matrix is stochastic, i.e., the sum of row
elements is equal to 1.

As an example, Table[[T|shows how the transition probability
Py; from frame ¢ to frame ¢ + 1 is determined. Let k (i, j)
denote the cluster state, where k is the total number of active
devices in the cluster, ¢,j = {0, 1} is the state of each of the
2 devices, where ‘0’ represents an inactive device and ‘1’ an
active one, and k =i + j.

TABLE II. Computation of Py

t t+1 Transition probability
1(0,1) 1(0,1) So(1—a)+S12a(1l—a)
1 (1,0)
1(1,0) 1(0,1)
1 (1,0)

A transition is possible when one the following two events
occur: i) the packet transmitted by the active device fails (with
probability Sp), and the inactive device does not become active
(with probability 1—a); ii) the packet transmitted by the active
device is successful (with probability S;), and one of the two
devices receives a packet (with probability a) while the other
device does not receive a packet (with probability 1 — a).

2) State transitions in the entire system: For a given state n,
the operation of each cluster is independent from the operation
of the other. Then, the system transition probability from state
n = (n1,ng2) to m = (my,me) can be expressed by a
product-form as,

Pom =P, . (n)-P3  (n), )

where Py, (n) is the transition probability of cluster ¢ from

state n. to state m, when the system is in state n.
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As an example, the system transition probability from state
n = (1,0) (i.e., 1 active device in cluster 1 and 0 in cluster
2 in frame ¢, respectively) to m = (2,1) (2 active devices in
cluster 1 and 1 in cluster 2 in frame ¢ + 1, respectively) is
obtained as,

Pl, =St (1,0)a; + 57 (1,0)a?,
P021 :2(17(12)[12,
Pioo1 = Py - P 5

3) General expressions: We further extend the model for
Scheme I to any number of devices per cluster, any number
of clusters, and any number of radio resources. Recall that
we refer to n = (n1,...,n¢) and m = (mq,...,mg) as
the system state at frames ¢ and ¢ + 1, respectively, where

C' is the number of clusters. Let v (n.) = (Ve1,---,VeR)
be an allocation of transmitting devices from cluster ¢ to
each of the R radio resources, such that Zle Ve = Ne.

Denote by V¢ (n.) = {v.(n.)} the set of all allocations of
transmitting devices from cluster c to the R radio resources and
by V (n) = {Vl (ny),...,v¢ (nc)} the set of all possible
allocations of the n transmitters to the R radio resources.

We define wy, = (vig,...,vck) as the number of trans-
mitting devices from each cluster using radio resource k,
k=1,..., R, where v are the devices transmitting in radio
resource k from cluster c. Let S ; (wy,) represent the proba-
bility distribution of successful transmissions from cluster c in
radio resource k when w;, devices transmit.

Denote by W = [wy, ..., wg] one of the possible alloca-
tions Cof the n transmitters to each of the R radio resources and
by S (W) the probability distribution of the total number of
successful transmissions from cluster ¢, when the allocation
of transmitters to radio resources is W. Element S¢ (W)
of §° (W) is the probability that cluster ¢ has s successful
transmissions, s = 0,...,n.. Note that S° (W) can be
obtained by the convolution of all g’; (wy) distributjon
Then, S* (W) = 8 (w1) ® ... ® 85, (wg). Also, §° (W)
might need to be truncated to the first n. + 1 elements and
re-normalized.

Let us define,

Oégc (ncy mc) = <

where af_(n.,m.) is the probability that cluster ¢ transits
from state n. to m, conditioned on having s, successful packet
transmissions, s. > max (0, n, — m.).

Ne—me

amc—nc+sc (1 _ ac) ,

C

N, —n.+ s
Me — Ne + Se

Then, the transition probability for cluster ¢ from state n to

3Consider two independent discrete random variables, Y7 and Ya, with
distributions y; and y, respectively, where yn, (k) = P (Yo, = k), n=1,2,
k > 0 . Define Z = Y71 + Ya. The distribution z of Z can be obtained by
the convolution of the distributions of Y7 and Y2, 2z = y; ® y,, where
® 1is the convolution operator. Element z () can be obtained as, z (i) =

Shmo vt (k) -y2 (i — k).
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state m can be expressed as,

> P((n)
vin)

C —
anc_

> S (W) af, (ne,me)

Se=0,

C
P (v(n) = [[ P (ve (o)) ,

e

P(ve(ne)) = Do - Vo) -

(1/R)"™

*VUeR:
where 0. = max (0,n. —m,) is the minimum number of
active devices that must transmit from cluster c in the current
frame to make the transition possible, and P (v. (u.)) is the
probability that the allocation of transmitters from cluster
¢ to the R radio resources is v.(n.). As observed from
P (v, (u.)), each device selects a radio resource with equal
probability. Note that for each element of the set V' (n) the
allocation W can be determined. Then,

nm - I | NeMe *

As an example, for the case C' = 2 and R = 2, we obtain

e Z ! (1/2)" Z na! (1/2)™
NeMe — | _ | | — |
o110 V11- (nl 'Ull)- o1 =0 V21- (’ng ’021).
Z gfc (W 0420 (N, me)
Se=0c

wlclere wy = £U11,U21)A1002 (vi2,v22), W =
S° (W) =5, (w1) ® S, (w2).

['wl, ’UJQL and

C. Scheme II: State and Transition Probabilities

When Scheme II is employed, an active device in cluster
¢ might postpone its transmission to the next frame based
the outcome of the access probability check. This check is
computed using the latest access probability r. broadcasted
by the BS. When an active device postpones its transmission,
this event increases the success probability of the packets being
concurrently transmitted by other active devices in the same
and in other clusters. Clearly, the transition probabilities for
one cluster depend on the access behavior of devices in other
clusters.

1) State transitions in a single cluster: As an example,
consider the system state n = (1,2), with 1 active device
in cluster 1 and 2 active ones in cluster 2, for the simple
scenario with two clusters, two devices per cluster and one
radio resource. For clarity, let us focus only on cluster 2.
Table [III] illustrates the transition probability Ps;.

TABLE III. Cluster 2. Computation of P>

t t+1 Transition probability
2 (1,1) 1(0,1) 7r352(1,2)2a2 (1 — a2)
1(1,0) 4387 (1,2) (1 - a2)

+2r2 (1 —12) S2(1,1) (1 — a2)

As shown in this table, a transition is possible when one of
the following three events occur: i) both devices access, both
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transmissions are successful and a packet arrives to one of the
two devices; ii) both devices access, only one transmission is
successful and no packet arrival occurs; iii) only one of two the
devices accesses, its transmission is successful and no packet
arrival occurs in the transmitting device.

Note that now S¢ (i, j) does not refer to the probability that
cluster ¢ has s successful transmissions in state n = (4, j), but
to the probability that cluster ¢ has s successful transmissions
when the numbers of transmitting devices from each cluster
are (4, j), respectively.

2) General expressions: For Scheme II, we also extend the
model to any number of devices per cluster, any number of
clusters, and any number of radio resources. The same as
in Scheme I, n = (n1,...,n¢) and m = (my,...,mc)
denote the system state at frames ¢ and ¢ + 1, respectively,
and C the number of clusters. Let uw(n) = (u1,...,uc)
be a possible selection of the number devices from each
cluster that transmit at frame ¢, when the system is in state
n. Note that the transmitters are selected after passing the
access probability check. Define v. (u.) = (Ve1,---,Ucr)
as an allocation of transmitting devices from cluster ¢ to
each of the R radio resources, such that Zk 1Vck = Uec.
Let V¢ (u.) = {v.(uc.)} be the set of all allocations of
transmitting devices from cluster c to the R radio resources and
V() ={viw),...,v° (uc)} be the set of all possible
allocations of the w (n) transmitters to the R radio resources.

We define,

0. (ne, ue)

) B (1= )™ 0,(0,0)=1, (6)

c
H (ne,ue) (7)
where 0. (n., u.) is the probability that . active devices, out
of n. ones, transmit from cluster ¢ in the current frame.

Consider the set of all possible transmitter selections in
state n that meet u. > ., and u. < n., Vc, where 6, =
max (0,n. —m,) is the minimum number of active devices
that must transmit from cluster c in the current frame to make
the transition possible, and denote it by U (§,n) = {u (n)}.
S (U (8,mn)) is the set of all possible successful transmissions
s =(s1,...,5¢) for each element of U (4, n).

For each element of U (§,n), the set V (u) can be de-
termined. For each element of V (u), each of the possible
allocations of transmitters to each of the R radio resources
W = [wy,..., wg] can be determined. Furthermore, for each
allocation W the dlstrlbutlon of /s\uccessful packet t transmls-
sions from cluster ¢, S (W) = S1 (w)®...® SR (wg),
can be computed. Given an allocation W, we can compute
the probability of each element of S (U (8,n)) as, SV =
SL(W)-. SC (W), where S (W) is element s, of the

dlstrlbutlon S (W).

Then, the transition probability from state n to state m is



given by,
Pom = 0 (n,u) @®)
U(d,n)
P(w() Y SV as(nm),
Vi(n) SU(8,m))
as(n,m) = H ag, (ne,me) . 9
c=1

As an example, for the case C' = 2 and R = 2, we obtain

ni nz
Pom = Z Z 01 (n1,u1) 02 (n2, uz)

(10)
U1_61 UQ_CSQ

> e e

— ’011! ul —U11 ' 021 Uz—vzl)'
’U11—0

Ul u

al a2 ~

Yo > S, (W)S2L, (W)ds (n,m)

81:51 52:62
where vig = u1 — V11, Vo2 = U2 — V21, Wy = (UllaUQI

)s
UJQ = (1}127’022) W,\: [wl,ng],z gl (W) = gl( )@
52 (w3), S (W) =S, (w1) ® Sy (ws), and a5 (n,m) =

ar (n1,my) a2 (ng, ma).

S1

V. PERFORMANCE METRICS

In this section, we first define two performance metrics and
then derive their expressions based on the developed analytical
models presented in the previous section.

A. Performance Metric Definition

For performance evaluation, the following two performance

metrics are defined in this study:

o Cluster throughput and system throughput: While cluster
throughput is defined as the average number of packets
successfully transmitted by a cluster per frame, system
throughput specifies the total number of packets success-
fully transmitted per frame in the entire network, i.e.,
including all clusters.

o Access delay is defined as the average number of frames it
takes for a device to transmit a packet successfully. Note
that access delay includes the frames in which a device
defers the packet transmission (for Scheme II only) as
well as the frames used for retransmissions caused by
collision or poor channel condition.

B. Performance Analysis

For the sake of expression simplicity, we derive performance
metric expressions for a system with two clusters (C = 2)
and two radio resources (R = 2). Let w = {m,,»,} be the
stationary distribution of the system, and ,, ,, the stationary
probability of finding n; active devices in cluster 1 and ne
devices in cluster 2, i.e., the fraction of frames the system is
found in state n = (n1,n2). The stationary distribution can be
obtained by solving the system of linear equations w = 7P,
and w1 = 1, where P = [Py,,,] is the transition probability
matrix and P, is the transition probability from system state
n = (n1,ng) to state m = (mq, ms).
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For generality, we derive expressions for a system operating
with Scheme II. Note that the same expressions apply to
a system with access control disabled (i.e., Scheme I) by
configuring r. = 1.

1) Cluster and system throughput: Let us define,

ul
? (u1,uz) Z Z (u1,v11, U2, v21) Z S1 5;1 (W)

V11— ()’021 0 81:0
(11)
us
5” (ur,uz) Z Z (ur,v11,u2,v21) Y _ 82 52, (W)
V11— 0’021 0 52:0
(12)
et (1/2 13
@(Ucavcl) - 'Ucll . (u — U('l) / ) ( )
where @ (u1,vi1,u2,v21) = @ (u1,v11) - ¢ (u2,v21), and

5 (u1,us) can be interpreted as the average number of suc-
cesses for cluster ¢, for all possible allocations W, conditioned
on the number of transmitting devices being (u1,uz).

Let 7. be the throughput of cluster ¢ expressed as the
average number of packets successfully transmitted per frame,
and v = 1 + 72 the system throughput.

N1 N> ny  ng )
= Z Z Tning z : § :0(n17u17n2vu2)5 (Ul,UQ) R
n1=0n2=0 u1=0uy=0
(14)
Ny No ,
2= Z Z Tnang § : § 0 (ny,ur,no,u2) S (ug,uz)

n1=0n2=0 u1=0uz=0

15)

where N is the number of devices in cluster ¢, and
0 (nl, Ui, N2, UQ) = 01 (nl, ul) . 92 (’I’LQ, UQ).

The system throughput, v, for a system with two cluster is
determined as,

Vs =7+ 72 (16)

2) Access delay: Let D, be the average delay for packets
in cluster ¢ expressed in frames, i.e., the average number of
frames since a packet arrives to a device buffer until it is
successfully transmitted. Let (). be the average number of
active devices in cluster c,

N1 Ny N1 N»
Ql = Z Z N1 Tping QQ = Z Z N2 Tping - 17

n1=0mn2=0 n1=0n2=0

Then, by Little’s Law,

D.=Qc/7e- (18)

VI. NUMERICAL RESULTS AND DISCUSSIONS

In this section, we first summarize the experimental setup
and then validate the accuracy of the developed DTMC-based
analytical models by comparing the values of the performance
parameters obtained from the analytical models and the ones
obtained by simulations. Afterwards, the performance of the
proposed access schemes is assessed through various network
configurations with different number of devices per cluster and
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TABLE IV. Network parameter configurations [1] [29]

TABLE V. Successful probability distributions (error-prone channel)

tate Cluster 1 Cluster 2
Parameter Value ri1,n2)| So 51 52 53 S0 S1 S2 S3
(0,0) 1 0 0 0 1 0 0 0
0,1) 1 0 0 0 0.567| 0.433| 0 0

System type Single cell 0.2) 1 0 0 0 0.477| 0.490] 0.033] 0
Number of clusters (C) 2 (0,3) I 0 0 0 0.521] 0.424] 0.055] 0
Number of radio resources (R) 1~3 (1,0 0.163| 0.837| 0 0 1 0 0 0
Number of antennas at the BS (M) 1or2 (L,1) 0.401] 0.599| 0 0 0.804] 0.196] 0 0
Distance between cluster 1 and the BS (d;)  150~450 m (1.2) | 0.564) 0.436] 0 0 0.766] 0.227] 0.007] 0
Distance between cluster 2 and the BS (d2) 900 m (1,3) 0.675] 0.325] 0 0 0.783| 0.200] 0.012] 0
Cluster radius 75 m 2,0) 0.606| 0.274| 0.120| O 1 0 0 0
Ant heiaht 30 2,1) 0.677| 0.249| 0.074| O 0.941| 0.059| 0O 0

ntenna height (g) m 2.2) 0.734] 0.220] 0.046] 0 0.929] 0.070] 0.001] 0
E“Eﬂfef of dzvices per cluster (N) i;g 337 T (2.3) [ 0.780] 0.191] 0.029] 0 0.935] 0.062] 0.003| 0

ath loss mode +37.6log,, 3,0 0.741] 0.167| 0.079| 0.013]| 1 0 0 0
Standard deviation for shadow fading 8 dB (3,1; 0.779] 0.164| 0.049] 0.008(] 0.984| 0.016| 0 0
Transmit power (P;) (for each device) 23 dBm (3,2) 0.810| 0.155] 0.031] 0.004[] 0.980| 0.020| 0 0
Receiver sensitivity -104 dBm (3,3) 0.836| 0.143| 0.019| 0.002|| 0.981| 0.019| 0O 0
SINR difference threshold for SIC (/3) 10 dB
Noise power spectral density (%) -174 dBm/Hz

different number of radio resources. Also, a performance com-
parison between NOMA and OMA is also presented. Finally,
we study other aspects that may affect network performance.

A. Experimental Setup

To mimic the behavior of devices according to the principles
of the proposed access schemes, we have developed a custom-
built discrete-event simulator in MATLAB. Based on this
simulator, we perform experiments considering a single-cell
multi-antenna network where one BS serves two clusters, both
covered by a single beam. As shown in Fig. [I] each cluster
is composed of multiple devices. In the basic experiment, all
devices of both clusters share a single radio resource (R = 1).
Unless otherwise stated, Table specifies the physical layer
parameters used in our simulations. The transmission success
probabilities considering channel state as well as SIC are
shown in Table[V]and these values are obtained by simulations.

All the devices in the studied network dynamically generate
packets following a Bernoulli distribution with parameter a. In
this network, the access of devices to the radio resources is
governed by the proposed access schemes, i.e., Scheme I and
Scheme II that are presented in Subsection For Scheme
II, we investigate two implementation alternatives of the access
probability: i) a unique one, that is stored by all devices in the
network; and ii) a cluster specific one, that is stored by all the
devices of the same cluster.

The BS dynamically configures the to-be-broadcasted ac-
cess probabilities for the purpose of achieving a given QoS
objective, e.g., throughput maximization. In systems where
devices have multiple radio resources for possible access, a
transmitting device selects one of the resources with equal
probability at each new frame. The packets received by the
BS on each radio resource are processed according to the SIC
principle explained above. In our experiments, we consider
the signals received by the BS over each radio resource as
independent. As explained earlier, a packet success probability
depends on the number of transmitters from each cluster
using the same radio resource, i.e., the inter- and intra-cluster
interference, as well as the channel state.

To obtain the numerical results presented later on in this sec-
tion, we have considered different network configurations and
various factors that may affect network performance. For each
experiment, we configure network parameters, including i) the
physical layer parameters defined in Table [V} ii) the number
devices per cluster; iii) the load; and iv) the access scheme
parameters (access probabilities), and assess the performance
when one of them varies.

B. Network Configuration and Model Validation

In the studied network, cluster 1 is located closer to the BS
than cluster 2. For both clusters, the radius of each cluster
is 25 meters, and devices belonging to the same cluster are
uniformly distributed across the cluster. For the sake of clarity,
we configure the same arrival probability and an identical
number of devices per cluster for all clusters. Therefore,
a1 = ag = a and Ny = Ny = N when C' = 2. Except the
results shown in Subsection each cluster in our network
contains two or three devices sharing one radio resource. In
Subsection we further demonstrate the performance for
a larger network with N =8 and R = 3.

The obtained analytical and simulation results are compared
in Figs. (for R = 1) and Figs. [I2HI3] (for R = 2).
From the curves shown in these figures, it is evident that the
analytical and simulation results match precisely with each
other. As such, the accuracy of the developed analytical models
is verified. For the sake of illustration clarity, not all figures
shown in the rest of this section include both analytical and
simulation results.

C. Successful Probabilities over an Error-Prone Channel

As explained in Subsection when multiple packet
transmissions share the same radio resource in the same frame,
the number of successful packet receptions depends on the
received signal strength versus interference and noise. A signal
is successfully decoded when it is stronger than the sensitivity
level and the SIC decoding criterion (SINR > 3 dB) is met.

For a system with two clusters, three devices per cluster,
and one radio resource, there are 16 system states in total.
Table [V] specifies the successful probabilities for each system
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Fig. 3. Access delay for Scheme I as traffic load a varies.

state. These values are obtained through extensive simulations
when the network is configured as d; = 450 m, dy = 900 m,
M=1,r.=1, and c = 1,2, respectively.

To clarify the distribution of the number of successful
transmissions, S¢(n), we take a look at two examples: i)
in state (0,1), although there is only one packet transmission
from cluster 2, only 43.3% of the transmissions succeeded
whereas 56.7% failed. This is because the received signal at
the BS is generally weak due to the long distance attenuation
from cluster 2; ii) in state (2,1), the probabilities that cluster 1
achieves 0, 1, or 2 successful transmissions are 0.677, 0.249,
and 0.074, respectively. On the other hand, the probabilities
that cluster 2 achieves 0 or 1 successful transmission are 0.941
and 0.059, respectively.

D. Performance of Scheme I: Throughput and Delay

In this subsection, we present the performance of Scheme I
with NV = 2 or 3 devices per cluster. The other parameters are
configured as d; =450 m, do =900 m, M =1, =ry =1,
a € [0.05, 1], respectively.

1) System and cluster throughput: Let us first examine the
throughput performance of Scheme I as the packet arrival
probability, a, increases. As shown in Fig. [2] both cluster and
system throughput increases quickly with a when traffic load
is light. At @ = 0.25 and a = 0.10, the system throughput
reaches its peak value of v, = 0.55 (for N = 2 in black) and
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Fig. 5. Access delay for Scheme II-B: Fair access.

vs = 0.42 (for N = 3 in red) respectively. Then, 4 decreases
monotonically as traffic load further increases. This is because
more irresolvable collisionsﬂ happen when the traffic load
becomes heavier.

With respect to the cluster throughput, it is expected that
cluster 1 achieves higher throughput than cluster 2. This is
because the signals sent from cluster 1 are much stronger
than that from cluster 2. When two or more inter-cluster
transmissions occur concurrently, the transmission(s) from
cluster 1 has/have much better chance to survive than the ones
from cluster 2. When comparing the throughput of N = 2
versus that of N = 3 (shown in Fig. [2), it is generally true
that the set of N = 2 achieves higher throughput. This is
because less interference is generated when there are fewer
devices in a cluster.

2) Access delay: In Fig. 3] we illustrate the access delay
performance for both clusters as a increases. As expected,
a longer delay is experienced with a higher traffic load. In
accordance with the cluster throughput performance, a shorter
access delay is achieved by cluster 1. This is because packet
success probabilities for transmissions from cluster 1 are
higher than those from cluster 2, leading to shorter delay.
When comparing the access delay performance of N = 2

4An irresolvable collision means that two or more devices transmit concur-
rently, but the received signal strength difference is not large enough for SIC
decoding. Therefore, both/all transmissions are regarded as failed.
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versus of N = 3, it is evident that much shorter delay is
achieved with fewer number of devices in each cluster. This
is due to the fact that more retransmissions are needed for a
successful transmission, as many collisions are irresolvable in
the N = 3 case.

E. Performance of Scheme II: Throughput and Delay

As mentioned earlier, there are two implementations of
Scheme II, identical access probability for all clusters (II-
A) and individual probability for each cluster (II-B). Unless
otherwise stated, the network configuration is the same as
presented in Subsection [VI-D}

1) System and cluster throughput (with higher priority to
cluster 2): By configuring 71 = 0.4 and r» = 1, more access
restrictions are imposed to cluster 1. As shown in Fig. [
better fairness has been achieved as the difference between the
throughput achieved by these two clusters is much smaller in
comparison with what is achieved in Scheme I. The reason for
this behavior is that cluster 2 devices obtain more opportunities
for transmission with this configuration, coupled with the fact
that cluster 1 devices get less opportunities. When comparing
the performance of N = 2 versus of N = 3, higher throughput
is achieved with NV = 2 as less interference is experienced with
fewer number of devices per cluster. In the meantime, the gap
between cluster throughput is even narrower with N = 3.
Observe that with N = 3 the throughput reduction is larger
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Fig. 9. Scheme II-B: The effect of access control on delay.

for cluster 2 than for cluster 1. Clearly, with N = 3, cluster 2
transmissions suffer more acutely from irresolvable collisions
than cluster 1 transmissions.

2) System and cluster throughput (with higher priority to
cluster 1): As mentioned in Subsection [[II-B] higher priority
may also be given to cluster 1 for example due to QoS consid-
erations. Fig. [freveals the system and cluster throughput when
access control is configured as 71 = 1 and 75 = 0.4. As shown
in this figure, it is clear that much higher cluster throughput
has been achieved for cluster 1. With a higher traffic load,
the difference between them becomes larger. When the traffic
load is very heavy (approaching a = 1), cluster 2 throughput
is paltry, transmitting successfully merely 4 and 1.5 packets
per 100 frames for N = 2 and N = 3, respectively.

3) Access delay: The obtained access delays for Scheme
II-B with preference to cluster 2 (with 71 = 0.4 and ro = 1)
is illustrated in Fig. [5] With a constrain on cluster 1 devices,
the access delays from both clusters are quite close to each
other, revealing that fair access is also achieved with respect to
access delay. With a more precise configuration of 71, identical
access delay could be achieved.

When higher priority is given to cluster 1 devices (with
r1 = 1 and ro = 0.4), much shorter access delay is obtained
for cluster 1 devices (as shown in Fig. [7). The reason for this
behavior is that with ro = 0.4, cluster 2 devices will access the
radio resource less frequently than cluster 1 devices, leading to
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longer delay. In the meantime, less interference is generated to
cluster 1 meaning that cluster 1 transmission will more likely
be successful, resulting in short access delay.

4) The effect of access control probability: To investigate
the impact of access control, we configure ry = ro = r and
let  vary under a light traffic load (¢ = 0.4) while keeping
the other parameters the same as the other results in this
subsection. The obtained throughput and delay performance
is illustrated in Figs. [8 and 0] respectively.

Let us observe the set of curves in Fig. [§] with N = 2 (in
black) first. With a low r value, devices intend to postpone
their transmission attempts, leading to a light traffic load in
the network. Although collisions occur seldom, the obtained
cluster and system throughput is low as the injected traffic is
low. When more transmission attempts pursue with a larger r,
higher throughput is obtained until a certain point (r = 0.7
for system throughput) at which the highest throughput is
achieved. After this saturation point, throughput goes down
as devices are more likely to transmit immediately (i.e., r be-
comes larger). Without access control (r = 1), heavy collisions
happen, resulting in lowest throughput. When comparing the
results of N = 3 (in red) versus of N = 2 (in black), we
observe that the saturation point is shifted towards a lower
value of r. This is because collisions may occur more often
when the device population becomes larger.

With respect to the delay performance which is shown in
Fig. O the same trend can be observed. That is, inferring
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access control too early with a light traffic load (devices intend
to postpone their transmission attempts) or too late with a
heavy traffic load (many retransmissions due to irresolvable
collisions) could lead to longer delay. In general, we prefer
not to introduce access control when the traffic load is light
and recommend more stringent access control when traffic load
becomes heavier.

F. Comparison of NOMA and OMA

In this subsection, we first compare the throughput achieved
by NOMA (Scheme II) versus by OMA. Then, we show that
by properly configuring the access probability for a given
traffic load and network configuration, optimal performance
can be achieved. Configure the system as R = 1, N = 2,
dy = 450 m, and d2 = 900 m. We fine-tune (r1,72) for each
traffic load to maximize the system throughput. The maximum
throughput shown in Figs. [I0]and [[T]is obtained by exhaustive
search of the appropriate access probabilities.

Fig. [10] illustrates the obtained cluster and system through-
put as a varies, for both Scheme II and OMA. In both cases,
an error-prone channel which is elaborated in Subsection
[VI-C] has been adopted. For packet transmissions based on
OMA, concurrent transmissions from two or more devices are
regarded as collision(s) and the packets being transmitted are
lost. In this case, a packet transmission may be successful if
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Fig. 14. System and cluster throughput: N = 8, R = 3, where wac
and woac stand for with and without access control respectively.
and only if it is the sole ongoing transmission in a time slot and
the received signal strength satisfies the threshold for receiver
sensitivity.

As evident in Fig.[T0] the system throughput of our proposed
scheme is always higher than that of the conventional OMA,
regardless of the traffic condition. With light traffic, the distinc-
tion between NOMA and OMA throughput is not significant
as collisions rarely occur. As traffic load increases, NOMA
with optimal access control exhibits a significant performance
advantage over its OMA counterpart. With heavy traffic load,
Scheme II still obtains very high throughput thanks to its
capability of access control and interference tolerance by SIC.

G. Fairness-based Access Control

As mentioned previously, access probabilities in Scheme
II-B can be configured to achieve throughput fairness among
clusters. Fig. [T1] depicts the throughput achieved by each
cluster for different loads, when the access probabilities of
each cluster have been chosen to maximize fairness. Fig. [IT]
also shows the system throughput v, (black), i.e., the sum of
the cluster throughput, and the system throughput ~,, (blue)
that would be achieved if the access probabilities of each
cluster have been tuned to maximize throughput. Observe
that for the studied evaluation scenario, throughput fairness
among clusters has been achieved at the expense of a tolerable
sacrifice on the system throughput.

H. Performance with Multiple Resources

In this subsection, we further explore the performance of
Scheme II-B when multiple radio resources are available for
packet transmissions to the BS.

1) Model validation with multiple resources: To demon-
strate the versatility of our models, we define another eval-
uation scenario with the following network configuration:
di =450m, do =900 m, N =2,a=04,rp =1, M =1,
C =2, R =2, and variable r;.

Figs. [12) and [[3] reveal that the throughput and access delay
obtained by the analytical model match the ones obtained
by simulations, validating in this way the precision of the
proposed analytical model for a large number of radio re-
sources. Observe in Fig. [I2] that in the evaluated scenario,
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the maximum throughput is achieved when access control is
disabled (r; = ro = 1). Recall that for R = 1 the maximum
throughput was achieved with the access control enabled as
shown in Fig. 8] Clearly, adding more radio resource reduces
the intra- and inter-cluster interference.

2) Performance with a larger device population: Further-
more, Fig. [[4]illustrates the evolution of the cluster and system
throughput in a larger network with R =3 and N} = N» =8
with identical traffic load to both clusters. As evident from
this figure, at a maximum load (a = 1), when the access
probabilities have been configured to maximize throughput,
the system throughput (s wac) is higher than the throughput
obtained with access control disabled (ys; woac) by a factor
of 2.3, and it is higher than the throughput obtained by OMA
by two orders of magnitude, approximately.

Observe also that to maximize the system throughput it is
more effective to increase the access probability of cluster
1 devices and decrease the access probability of cluster 2
devices up to a certain load (a = 0.4). However, as load
keeps on increasing, it is more beneficial to allocate similar
access probabilities to both clusters. That is, while inter-cluster
interference is low or moderate, it is more reasonable to
maximize throughput to allocate a larger access share to the
closest cluster. On the other hand, as inter-cluster interference
becomes more significant, it is more preferable to allocate
similar access probabilities to both clusters.
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1. Other Factors that Have an Impact on the Performance

Finally, we investigate the effects of a few other factors that
may play a role in the performance of the schemes.

1) The effect of variable inter-cluster interference: To
investigate the effect of inter-cluster interference, we re-
configure d; with different values as d; = 150 and d; =
300 m respectively, while keeping the BS-cluster 2 distance
as do = 900 m. The throughput and delay performance under
light (¢ = 0.4) and heavy (a = 0.8) traffic load is illustrated
in Figs. [T3] and respectively, as a histogram. For Scheme
IT shown in these figures, it is meant for the fair access
implementation of Scheme II-B, as r; = 0.4 and r = 1.

With a shorter distance dp, the inter-cluster interference
becomes weaker as the distance between these two clus-
ters becomes greater. Consequently, higher system throughput
is obtained for both schemes. With light traffic, Scheme I
achieves higher system throughput since very few collisions
happen in this case, and imposing restrictions on transmission
attempts may not be necessary. On the other hand when traffic
load is heavy, postponing a certain amount of transmission at-
tempts would help reduce collisions, leading to higher system
throughput. The same trend is observed when d; = 300 m.

For cluster throughput, we notice that +; is higher than
~2 under both traffic load conditions. However, higher cluster
2 throughput is obtained when a restriction is introduced to
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cluster 1. In this way, cluster 2 contributes more to system
throughput in Scheme II as compared in Scheme I. Fur-
thermore, the delay performance (shown in Fig. [I6) exhibits
similar trends as we observe for system and cluster throughput.

2) The effect of MIMO: Let us investigate the effect of mul-
tiple antennas by configuring M = 2 at the BS and compare
its performance versus that of M = 1. The throughput and
delay results are illustrated in Figs. [I7] and [T8] respectively.

With light traffic (a = 0.4), lower system throughput is
achieved when Scheme I is employed. This is due to the
fact that deploying more antennas leads to deteriorated SINR
compared with the single antenna case. When Scheme II is in-
troduced, however, less transmissions are initiated from cluster
1 and more antennas would lead to stronger signals received
from cluster 2, yielding higher cluster throughput from cluster
2. Consequently, the system throughput is somehow increased.
With heavy traffic (a = 0.8), the performance trend of Scheme
I is similar to light traffic as no access control is imposed. For
Scheme II with heavy traffic, lower throughput is observed
with M = 2. This is due to stronger interference caused by
more antennas, showing that MIMO may not bring throughput
benefit when traffic load is heavy.

The same observation becomes more evident when we
consider access delay, which is shown in Fig. @ When traffic
load is heavy, collisions occur more often with M = 2. This is
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again due to the fact that stronger interference from cluster 2
is introduced when more antennas are employed. With access
control (i.e., for Scheme II), much shorter delay is achieved
thanks to less interference. With this network configuration,
the benefit of deploying multiple antennas is very limited.

3) The effect of SIC threshold values: When demonstrating
the benefits of NOMA, most existing studies illustrate typically
the sum rate accumulated from multiple transmissions, where
a certain amount of data rate can still be obtained through SIC
even though the difference between strong and weak signals
is very small [15]. We argue, however, that null data rate
could be achieved if the required threshold (8 is lower than
a certain value. The threshold value in the other figures in
this paper is adopted from real-life experiments performed
in [29], as 8 = 10 dB. In Figs. [19)and 20} we re-configure this
threshold to 8 = 2 and S = 6 dB respectively, and compare
the performance with that of 3 = 10 dB.

As illustrated in Fig. [T9] a general trend of the throughput
performance coincides with our intuition. That is, the smaller
the 5 value, the higher the system throughput. The cluster
throughput performance appears also more or less the same as
what is observed with 8 = 10 dB. Similar performance applies
to access delay as well (shown in Fig. 20). This is because
small 8 values facilitate successful decoding of concurrent
transmissions by SIC when the interference is still strong
(SINR= 1.58 or 3.98 respectively, when 5 = 2 and § = 6
dB). In reality, a much larger SINR value, with a threshold as
B = 10 dB for instance, has to be imposed before conducting
successful SIC decoding.

VII. CONCLUSIONS

To understand the behavior of uplink transmissions in an
error-prone MIMO-NOMA network where a single beam
covers 10T devices grouped into clusters, we have proposed
two random access schemes with and without access control
and evaluated their performance using dedicated DTMC-based
analytical models. The developed models represent precisely
the behavior of intra- and inter-cluster transmissions as both
dependent and independent inter-cluster transmissions are inte-
grated in our models. The accuracy of the models is validated
through extensive simulations and the performance of the
schemes is evaluated with various network configurations and
under different traffic load conditions. The main takeaways
of this work are: 1) To improve network performance for
NOMA-enabled uplink concurrent transmissions in massive
IoT networks, device clustering and parameter configuration
with respect to inter- and intra-interference are scenario-
oriented and must be carefully tuned; 2) Access control is a
powerful mechanism that can be fine-tuned to achieve maximal
aggregated throughput or throughput fairness among clusters.
3) Deploying more antennas does not necessarily bring ben-
efit for throughput improvement when multiple devices and
clusters exist; and 4) Power-domain NOMA with marginal
SINR threshold does not achieve system throughput as many
early studies claim. To demonstrate the benefit of NOMA,
realistic threshold values for SIC decoding, for instance the
one adopted in this study, should apply.
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