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ABSTRACT To provide a new level of reliability, latency, and support a massive number of users and
smart objects, a new 5G multi-services air interface needs to be addressed for the factory of the future
(FoF). However, there are limitations in providing connectivity to a dynamic machine in a factory due to
several strict industrial automation requirements. In particular, the strict wireless communication latency and
reliability requirements are the major challenges to enable the Industry 4.0 vision. In this paper, a PHY-MAC
layer cross-layer model that combines a semi-persistent scheduling at the medium access control layer and
NOMA at the physical layer has been proposed to address the limitations. The work extensively investigates
the performance of the factory of the future with various considerations of 5G spectrums (in this case 3.5 GHz
and 28 GHz), speeds and frequency diversity. In addition, the packet error rate (PER), outage probability and
throughput inMAC are evaluated in terms of network density deployment (sparse, moderate, dense), different
kinds of speed; 0 km/h, 3 km/h, 7 km/h and 10 km/h, under two 5G frequency spectrums. Through extensive
simulations, the considered 5G system parameters produced better results in terms of reliability, where the
results showed that the frequency diversity outperformed non-diversity by 2 dB. In a sparse network, the PER
results showed better results compared to the dense network density by 2 dB (MMSE), 8 dB (LS-Linear)
and 2 dB (LS-Spline). Besides that, robotics in sparse network density and stationary exhibited the best
PER results, which is as low as 10−7. Moreover, the performance of mid-band frequency outperformed the
high-band frequency by 1.8dB (MMSE) in dense condition and 1.5 dB (MMSE) in sparse deployment at
PER = 10−6. Hence, this study could be a useful insight for the factory of the future services that are
utilizing a 5G mid-band spectrum as well as a high-band spectrum.

INDEX TERMS 5G, cross-layer, PHY,MAC, NOMA, semi-persistent, scheduling, smart factory, mmWave.

I. INTRODUCTION
Industrial Revolution 4.0 (IR 4.0) that depends on the
massive machine type communication from the 5G trian-
gle is expected to support a massive number of devices
with less or no human involvement at all. One of the
Fifth Generation (5G) driven use-cases is ultra-reliable and
low-latency communication (URLLC), for which the third
partnership project (3GPP) and the international mobile
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telecommunications 2020 and beyond (IMT-2020) set strict
latency and reliability standards [1]–[3]. Reliability in com-
munication service is defined as the ability of the commu-
nication service to perform as required for a given time
interval, under certain conditions. Intelligent Transportation
Systems (ITS), smart homes and healthcare surgeries are
amongst the prospective applications that can be further
explored. 5G will not only enhance the human-centric com-
munication, but also build a new connectivity network for
devices, objects, and sensors, such as the Internet of Things
(IoT); thanks to these two new communication frameworks,
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named massive machine-type communication (MTC) and
URLLC [4]. In addition, the emergence of the URLLC
paradigm is envisaged to enable real-time and dynamic
automation control for vertical applications such as utilities,
retails etc., as mentioned in [5]. Vertical applications here
mean the connection of various processes done by many
systems in an indoor factory boundary.

However, there are challenges in the deployment of
mMTC and URLLC for wireless factory automation. Fac-
tory automation is defined as an automation application
in industrial automation branches typically with discrete
characteristics of the application to be automated with
specific requirements. The said applications require ultra-
high reliability and low latency [6]–[8]. For ultra-reliability,
the requirement is standardized at 99.99999% or higher,
whereas the latency is as low as 1ms [9]. The concept of relia-
bility is that a certain packet from an end device is likely to be
transmitted within a predefined delay successfully to another
peer device. The most often used performance measurement
for reliability is Packet Error Rate (PER) at the MAC layer.
The PER requirement in industrial automation can be as low
as 10−9 [8], [10]–[12] for the case of robotic arms, conveyor
systems and driverless autonomous transportation systems.
However, the exact requirements on reliability may vary in
accordance with the specific scenarios and environments.

Previously, several wireless communication technologies
have been introduced and developed for industrial applica-
tions. Among the technologies are IndustrialWLAN, ZigBee,
6LoWPAN, ultrawideband (UWB), ISA 100.11a, as well as
WirelessHART [13]. In an automation system for instance,
these communication technologies are used to link sensors,
actuators, and controllers. However, these technologies run
at an unlicensed spectrum and hence, this causes interference
to the shared frequency band. This will then lead to the inabil-
ity to provide deterministic feedback needed for real-time
industrial services. Wireless networking is now mainly used
for specialized systems and scenarios, such as in the process
industry, or for connecting common IT hardware to a dis-
tribution network and other related non-critical applications.
On one side, this is because there was no need for wireless
communication in the past as manufacturing facilities were
relatively stagnant and long-lasting. On the other hand, this
is due to the fact that most current wireless technologies fall
short of the stringent specifications of industrial applications,
especially in terms of end-to-end latency, communication
service availability, jitter, and reliability. However, with the
arrival of Industry 4.0 and 5G, this will change radically since
only wireless networking provides the level of reliability,
mobility, usability, and ergonomics needed by the factories
of the future. As a result, 5G may have a huge impact on how
products are manufactured, delivered, and serviced over their
entire lifecycle.

Nonetheless, the cellular technologies introduced by the
3GPP, such asmmWave provides an advantage to the licensed
spectrum in industrial wireless communication. However,
obstacles faced by the industrial manufacturers such as one

worldwide solution has made it difficult to inter-operate
between devices of different manufacturers. Intuitively, 3GPP
has performed several research studies to fill in the gap
needed globally to develop of one standard for industrial
wireless communication. Among the studies are latency-
critical use-cases, such as real-time VoLTE, TCP based appli-
cations, gaming [14]. IMT-2020 has also stated that industrial
wireless communication is one of the most crucial use-cases
for 5G [15].

Several research studies related to industrial automation
with 5G have been validated and published globally. In [16],
the authors proposed a comprehensive system level simu-
lation that investigates and compares the performance of
LTE and 5G in a factory deployment scenario. On the other
hand, authors in [17] presented and investigated the resource
allocation mechanisms for reliable communication by using
normal cellular as well as device-to-device communication.

Meanwhile, researchers in [18] suggested a pilot-assisted
variable rate for the URLLC scheme by evaluating the likeli-
hood of device outage under the proposed scheme, described
as the failure of at least one of the receiving nodes, and com-
paring its output to other benchmark schemes including two-
hop/cooperative relay and fixed-rate multi-BS transmission.
Over a wide range of payload sizes, the suggested scheme
reliably offers ultra-reliable connectivity. On the contrary,
authors in [19] have proposed a contention-based transmis-
sion scheme with small payload users to achieve targeted reli-
ability and latency performance. Apart from that, the authors
in [20] suggested a resource reservation scheme to decrease
the random-access delay, which showed that the proposed
scheme with separate preamble reservation could achieve
the delay requirements of URLLC. However, the paper only
focuses on the latency performance and neglects the reliabil-
ity analysis.

On the other hand, [21] examined the performance of
the random-access channel in Narrowband-IoT to support
the mMTC. However, the authors did not provide detailed
parameters, such as carrier frequency or the payload sizes
of the packet. In [22], the authors suggested several reliabil-
ity enhancement methods by introducing packet redundancy
over consecutive subframes and using multiple carriers,
which showed a significant 10−7 block error rate (BLER)
performance. However, the study only considered the LTE
Release 14 standard and did not explore the 5G standards.
Apart from this, researchers in [23] proposed a control
channel design using an appropriate assortment of coding,
diversity, modulation, as well as frequency/time resources.
Results in [23] showed that QPSK is considered in UL CCH.
In addition to that, one resource block bandwidth (RB BW)
and 2 OFDM symbols are considered to meet the mMTC
requirements. Consequently in [24], the researchers explored
techniques to mitigate pilot decontaminate in a 5G system.
Meanwhile, the researchers in [25] considered a polar-coded
joint-iterative detection and decoding in an SCMA 5G sys-
tem, where the proposed technique outperformed the conven-
tional separate scheme at the receiver.
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The primary motivation for this paper is driven by the
emerging 5G technologies as stated in [26], where a multicast
control channel along with semi-persistent scheduling that is
in line with the conventional cellular systems is considered
for wireless factory automation in 5G to enhance the MAC
layer performance. One of the critical aspects of mMTC is
conveying the scheduling data signals in a strict timely fash-
ion with high reliability. To design the URLLC system, it is
essential to explore further and examine the performance of
MAC layer transmission of different frequency diversity and
channel coding. Subsequently, network deployment design
for MAC layer is designed accordingly considering three
scenarios: sparse, moderate, and dense number of sensors or
robotics in an indoor factory building.

Hence, the main contributions of this paper are as follows:

1. Analysis of data transmission signals in terms of packet
error rates (PER), outage probability and throughput
at MAC layer based on the inputs from PHY layer of
NOMA OFDM-based Polar-Coded Sparse Code Mul-
tiple Access (PC-SCMA).

2. Characterization and analysis of a suitable control
channel signaling mechanism and the payload demand.

3. A MAC layer system model is designed and developed
by introducing an appropriate selection of parameters
in terms of channel coding, frequency diversity, and
channel estimation techniques.

4. MAC layer performance is based on several network
densities deployment (sparse, moderate, and dense),
representing the number of sensors/robotics in an
indoor industrial wireless communication.

5. Analysis performance comparison in a factory of the
future deployment scenario at different 5G spectrums,
namely mid-band (3.5 GHz) and high band (28 GHz).

6. The results are also investigated at different speeds to
represent various sensors/robotics devices in an indoor
factory, from 0 km/h (static), 3 km/h, 7 km/h, and
10 km/h, respectively.

This paper has the following structure. Section I described
the research motivation as well as the review of previous
related works of the PHY-MAC layer. The basic concept,
parameter assumptions as well as the system model are
discussed in Section II. The PHY-MAC layer simulation
system is analyzed in Section III. Results and discussions
are explained in Section IV. Lastly, Section V presented the
conclusion of the paper.

II. INDUSTRIAL APPLICATION AND ITS REQUIREMENTS
The main elements of scenarios that necessitate very
low latency and high connectivity service availability are
explained as follows [27].

1. Factory automation: The communication system in
factory automation is subjected to high demands in
terms of efficiency and availability. Factory automa-
tion systems (discrete) are often installed in geographi-
cally restricted locations, with restricted connectivity

to authorized users and isolated from other cellular
customers’ networks or network services.

2. Process automation: The management of processing
and handling of substances such as explosives, food,
and beverage, is referred to as process automation.
System automation increases the efficiency of manu-
facturing operations, reduces energy consumption, and
increases facility safety.

3. HMIs and Production IT: Human-machine inter-
faces (HMIs) provide a wide range of technologies for
interacting with machines and production lines, such
as panels connected to machines or production lines,
as well as standard IT devices like notebooks, tablets
PCs and smartphones.

In this article, communication aspects of a factory
automation system are considered. Fig. 1 shows the use-cases
analysis of various industrial services with respect to their
reliability and latency. Each use-case is categorized into three
classes. Class A is stated as less critical services, such as
maintenance and diagnostic applications [10]. Meanwhile,
Class B is the closed loop application and mission critical
industrial application that comes up with a higher demand
on latency and reliability, as compared to Class A. Some
examples of applications in Class B are production line and
machine tools. On the other hand, Class C exhibits similar
requirements in terms of reliability with Class B, but it has
a much higher demand for latency. Examples of applications
in Class C are robots and printing machines. Table 1 below
shows the summary of the requirements needed by the indus-
trial automation services.

FIGURE 1. Overview and classification of wireless industrial automation
services and their requirements.

Based on Table 1, this research paper focuses on class C
factory automation, which represents scenarios in real-time,
closed loop communication between machines to increase
flexibility and efficiency, as mentioned in use-case family
1 in [28]. A highly reliable wireless communication is needed
to integratemultiplemobile robots into closed loop communi-
cations. Use-case family 1 in [28] envisaged to communicate
at low-bitrates but with ultra-high reliability machine-type
communication, where convergence and seamless connectiv-
ity are required across different radio access technologies.
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TABLE 1. Wireless factory automation services
requirements [8], [11], [22].

There are two common patterns in factory automation. One
is open-loop control and the second is closed-loop control.
The lack of output control is the most noticeable feature of
open-loop control. By delivering desirable output responses
to an actuator, it is presumed that the output of the affected
phase is predetermined and within an acceptable range [29].
This type of control loop is effective when the effects of
the atmosphere on the process and actuator are minimal.
This regulation is often used where unwanted output can be
accepted.

Closed-loop management applications in industrial factory
automation require communications. Motion management of
robots, robot arms, packing and printing machines are exam-
ples of such applications as shown in Fig 1. A controller inter-
faces with a significant number of sensors and actuators (up
to 100) incorporated in a production unit in motion control
applications. Thus, the sensor/actuator density is often very
high (up to 1 m−3). Inside a warehouse, these manufacturing
units may need to be assisted in close proximity (e.g., up to
100 in automobile assembly line production). In a closed-loop
control system, the controller sends periodic commands to
a series of sensor/actuator units, which responds within a
cycle time. The messages are normally short (56 bytes).
The cycle time for message forwarding can be as short as
2 milliseconds, imposing strict end-to-end latency restric-
tions (1 ms). Additional jitter (1 µs) limitations apply to
isochronous message transmission and the communication
facility must also be strongly available (99.999999 %) [8].
Multi-robot collaboration is a type of closed-loop control in
which a group of robots work together to perform a task, such
as symmetrical welding of a car body to reduce deformation.
This necessitates all robots operating in perfect agreement.
The jitter is one of the command messages of a control case
to the community robots for multi-robot cooperation.

The following factors could be necessary to satisfy the
rigorous criteria of a closed-loop factory automation:

1. Short-range interactions are limited.
2. For the controller and the actuators, a direct interface

link is used.
3. Closed-loop control activities include the use of per-

mitted spectrum. Licensed spectrum can also be used to
supplement unlicensed spectrum to improve reliability.

4. Multiple diversity methods in frequency, time, and
space can be combined to achieve the high reliability
goal under strict end-to-end latency constraints.

The management and regulation of the flow and handling
of products and products in industrial production are referred
to as logistics and storage. In this regard, intra-logistics is con-
cerned with logistics inside a specific property (e.g., within
a factory), such as maintaining the continuous delivery of
raw materials on the shop floor level using automated driven
vehicles (AGVs), forklifts and etc. This contrasts with logis-
tics between various locations, such as transporting goods
from a retailer to a warehouse or from a factory to the end
customer. Storage refers to handling of products and goods,
which is being more industrialized, for example, with the use
of conveyors, cranes, and automated storage and retrieval sys-
tems. The localization, recording, and surveillance of assets
are critical for all types of logistics applications.

Maintenance and/or diagnosis are the system properties
that are monitored without having an immediate effect on
the processes themselves. This includes, for example, con-
dition tracking and predictive maintenance based on sensor
data, as well as big data analytics for optimizing potential
parameter sets of a specific procedure. The data acquisition
process is normally not latency-critical for these use-cases,
but a large number of sensors will need to be efficiently
interconnected, particularly when many of these sensors may
be battery-powered.

III. MAC LAYER MODEL
In 5G, the network controls the data signals transmission in
uplink and downlink directions. Previously in LTE as stated
in [11], the base stations usually monitor the scheduling
process. This is due to all the higher layers in the network
being removed from the overall network design. There are
many benefits of a scheduling-based approach, such as:

1. The network will respond to each user’s changing radio
situation and maximize the overall throughput.

2. Overload cases can be managed.
3. The network will guarantee each user’s QoS.

According to [29], dynamic scheduling is ideal for band-
width consuming, infrequent and burst signal transmissions.
Amongst the applications are e-mails, web-browsing and
online streaming. Dynamic scheduling is also not suitable
for real-time application voice calls or remote surgeries.
To support high capacity and reasonable control signal-
ing, the author in [30] proposed a semi-persistent schedul-
ing which is a combination of dynamic and persistent
scheduling [31]. There are two elements in the concept
of semi-persistent scheduling: persistent scheduling for ini-
tial transmissions and dynamic scheduling for retransmis-
sions. As shown in Fig. 2, UE should send a UL Resource
Request (RR) to the next generation nodeB (gNB) at the
beginning of each active time. For instance, RR may be
submitted on a dedicated RR channel. Upon receipt of the RR,
the gNB allocates to the UE a set of transmission time interval
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FIGURE 2. PHY-MAC cross layer system model.

resource unit (TTI-RU) chunks placed every 0.1ms, where the
UE will transmit all initial transmissions using a pre-assigned
transport format. When required, the gNB can reallocate var-
ious resources or reassign different transport formats to allow
the adaptation of links. The initial transmission allocation
is sent to either the control channel PHY (Layer 1) / MAC
(Layer 2) or MAC control PDU. The L1 / L2 control channels
are used to schedule all the retransmissions dynamically [31].

Due to their infrequent delivery, SID (Silence Insertion
Descriptor) packets may be distributed either dynamically or
semi-persistently too. The average number of L1 / L2 con-
trol channels (NCCH ) needed per Transmission Time Inter-
val (TTI) (assuming initial transmissions are planned in a
MAC control PDU) if SID packets are dynamically scheduled
is [30]:

NCCH =
(λ− 1) nv

I1
+
(1− v) nλ

I2
(1)

where n is the number of total users, λ is the average trans-
mission numbers, while I1 and I2 denote the inter-arrival time

of voice packets and SID packets, respectively.

NCCH =
(λ− 1) nv

I1
+
n (λ− 1) (1− v)

I2
(2)

To prevent a collision, the transmitting robotic/sensor uses
a distributed scheduling mechanism, which involves sensing
filled and/or collided resources with other transmitting sen-
sors. Every semi-persistent cycle is sensed by the transmitting
sensor, where each transmitting sensor retains its resources
for a certain period.

The sensing procedure done by the sensor being transmit-
ted includes [32]:

1. The SCI (control information) transmitted by other
vehicles within the sensing range can be decoded by the
transmitting sensor and knows which time-frequency
resources are assigned to the other sensors.

2. Monitor all available radio services constantly, except
for its own. Specifically, the power obtained on each
time-frequency resource must be determined to predict
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the degree of interference within the resource pool on
each time-frequency resource.

Two forms of traffic can occur in a factory automation,
which is periodic and sporadic. Semi-Persistent Schedul-
ing (SPS) [30] offers latency advantages for periodic traf-
fic by using previous knowledge of traffic characteristics
such as data size and inter-arrival time (or periodicity).
As seen in Fig. 3, the scheduling request (SR) and scheduling
grant (SG) signaling protocols are conducted once at the
initial transmission attempt and the channel resources are
then regularly distributed to enable early data transmission.
Sporadic traffic, on the other hand, varies greatly from normal
traffic because it is of a somewhat irregular sort. Nonetheless,
channel capacity can also be pre-allocated to users due to
the criticality of those traffic to conduct the necessary data
transfer without an additional signaling delay for medium
access. Apparently, due to over-provisioning of resources,
this occurs at the expense of spectral efficiency.

FIGURE 3. Semi-persistent scheduling for indoor wireless
automation [11].

A. DIVERSITY
Due to the stringent latency specifications for industrial
automation, temporal diversity is insufficient to meet certain
factory use-cases, as mentioned in [33]. In this paper, the
use-case family 1 [33] is referred to and analyzed for time-
critical process optimization for an indoor factory. The use-
case in [33] is in line with the objective of the paper, which
is to tackle the reliability and increase the efficiency of the
production lines. Diversity is one of the most crucial methods
to address the ultra-reliability in the wireless industry for FoF.
There are several types of diversity, namely spatial, temporal
and frequency diversity. In spatial diversity, for example,
by installing several antennas on the BS side, we assume
that the use of high diversity orders through multiple anten-
nas is practical. Likewise, multiple antennas may be placed
on the side of the device, but the number depends heavily
on the characteristics of the device. Spatial diversity can
be manipulated both at the receiver and/or transmitter side,

leading to diversity gains being received and/or transmitted.
In addition to gaining diversity gain, transmitting diversity
often has an extra receiver processing gain due to the coher-
ent combination of the target signals. In comparison, there
would also be an interference rejection gain at the cost of a
diversity advantage reduction if spatial degrees of freedom
are used to combine interference rejection (IRC). On the other
hand, with space-time coding such as Alamouti code, a two-
fold diversity order of rate-1 that increases the transmission
robustness to multipath fading can be accomplished. FEC
coding should be paired with Alamouti code by using more
than two transmission antennas to ensure all transmission
antennas send the coded bits to influence the decision on a
specific information bit [34].

Correspondingly, by assigning the coded bits to several
resource blocks (in frequency) with independent channel
coefficients, frequency diversity is accomplished. A standard
coherence bandwidth of 2-3MHz can be expected in an indoor
factory automation environment, as seen in [19]. However,
a narrow band of 200 kHz is suggested in this paper, which
greatly increases the power usage of user computers, machine
capability and spectrum performance to provide both con-
sumer IoT (C-IoT) and mMTC today [9]. Additionally, this
paper also focuses on frequency diversity in achieving the
reliability of wireless communication in mMTC.

B. RADIO INTERFACE DESIGN AND
PARAMETER SIMULATION
We developed an event-based device simulator as in Fig. 4
below to illustrate the ability of the aforementioned radio
interface architecture characteristics for ultra-reliable and
low-latency communication in a practical factory imple-
mentation. The specifics of the factory scenario modelling
overview and the simulation assumptions are described
below.

1) FACTORY LAYOUT
Simulation experiments were carried out using the deploy-
ment of a large factory hall with a height of 12 m, i.e., 1000 m
× 64 m, as seen in Fig. 5. In the center of the factory hall
is a 5G base station with a transmitting power of 1 Watt (or
30 dBm). The antenna of the gNB was assumed as an omni-
directional antenna and the height of the antenna is placed at
10 m, as considered in [35]. There were six assembly lines
(or conveyor belts) within the factory hall. In the plant hall,
devices such as sensors and robots were known to be present.
The number of devices varies according to certain scenarios.

The three proposed scenarios in the simulation were the
users’ density in the factory at a time which:

1. Sparse: The number of sensors and robotics is set to be
25 per lane per km.

2. Moderate: The number of sensors and robotics is set to
be 50 per lane per km.

3. Dense: The number of sensors and robotics is set to be
100 per lane per km.
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FIGURE 4. Event-based device simulator block diagram scheduling.

2) TRAFFIC MODEL
It is possible to sendmessages in either a periodic or aperiodic
manner. The term ‘‘periodic’’ refers to the repetition of a
propagation interval. Periodic transmissions may be used to
refresh a location regularly or to track a characteristic parame-
ter repeatedly. For example, a temperature transmission every
15 minutes is considered a periodical transmission. However,
most periodic intervals in automation communication require
very short intervals. Until a stop order is sent, the transmission
is initiated once and continues indefinitely.

Meanwhile, an aperiodic transmission is activated instantly
by an incident or an event. Events are defined by the control
system or by the user. The following are several examples of
events:

1. Process events: Process events occur when process lim-
its are crossed or violated, such as temperature, strain,
and level, among others.

2. Diagnostic events: Diagnostic events are those that
occur when an automated system or module malfunc-
tions, such as a faulty power source, a short circuit, or a
temperature that is too extreme.

3. Maintenance events: Maintenance events are triggered
by data that shows maintenance work is required to
keep an automation system from failing.

In factory communication networks, both periodic and
irregular traffic are present. The former is classified as
time-triggered traffic with periodically arriving packets. This
is due to special occasions such as warnings, hence the latter
is activated and occurs sporadically. However, we concen-
trated mainly on the case of periodic traffic in this article.
Since semi-persistent scheduling is introduced in this paper,
it is suitable to consider a periodic traffic to exploit the latency
advantages by manipulating the previous knowledge about
the traffic characteristics. An inter-arrival time of 10ms and
a data packet size of 100-bits were considered in this paper.
Generally, 100-bits is a typical number of transmission bits
in URLLC, as mentioned in [36]. Furthermore, the queue
size was assumed to be infinite and hence, the queue can

be increased without bound. Besides that, the first-come
first-served (FCFS) dispatching discipline was considered in
this approach and no items were discarded from the queue.
In addition, a M/G/1 queueing model was assumed, in which
the arrival rate was Poisson distributed, and the service rate
was a general distribution. In the M/G/1 queueing model,
the queueing delay, Tw can be expressed as in (3) [37].

Tw =
ρTsA
1− ρ

(3)

where Ts is the mean service time for each arrival, ρ = λTs
denotes the server load and A represents the scaling factor.
Note that the ratio of the standard deviation of service time
to the mean (σTs/Ts), known as the variance coefficient, is
the main component in the scaling parameter. This provides a
normalization calculation of the uncertainty. In our scenario,
the value of σTs/Ts was considered as zero because all the
transmitted packets were of the same length.

Additionally, four different mobility speeds traffic were
used for evaluation: stationary (0 km/h), 3 km/h, 7 km/h
and 10 km/h, respectively. These types of speed ranges were
investigated because they were suggested for an indoor envi-
ronment, as mentioned in [38]–[40]. These speeds are used to
analyze the performance behavioral reaction towards differ-
ent mobility considerations.

3) PROPAGATION MODEL
The frequency of the carrier was proposed to be 3.5 GHz
and 28 GHz with a device bandwidth of 200 kHz, which is
essential for a reliability analysis [41]. The mid-band range
(1-6 GHz) will play a crucial role in the overall deployment
of 5G. The 3.5 GHz band for 5G has near-global traction and
has already been approved in many countries with another on
the way. Technological advances also mean that the 3.5 GHz
band will have the same coverage as the existing 2.6 GHz
and 1800 MHz satellite bands and use the same cell sites.
Meanwhile, the 28 GHz band has been listed as the most
likely candidate for 5G ultra-high-speed vision.
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FIGURE 5. Top view design of proposed indoor wireless factory automation (above). Illustration of indoor wireless factory automation
(below).
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The band of 28 GHz has the advantage of being an adjacent
spectrum, enabling economies of scale and promoting the
provision of early instruments for all or portions of both
bands [9]. Due to the existence of a measurement-based
factory propagation model [42], which we regard as the state-
of-the-art channel model, an unlicensed frequency range was
used. However, since the behavior of the frequency in the
adjacent licensed spectrum (e.g., 2 GHz) was not substan-
tially different, the findings presented were still considered
true for those frequencies. In general, since the radio channel
in the factory setting was dramatically different due to the
open floor layout, high ceilings, machinery presence and
highly reflective content such as metals, the model also
considers fading characteristics of obstructed line-of-sight
(OBS). In this case, an OBS loss of 9 dB was proposed.

4) PATH-LOSS MODEL
The sensor/robotics density/m (sd ) and sensor/robotic to sen-
sor/robotic distance (ds−s) were used in the path loss model
to calculate the received power PR(s, t) of each sensor s at a
time t according to (4) and (5), where PT (s, t) is the transmit
power, GT and GR are transmit and receive antenna gains, Lp
is the path loss for indoor industrial[43], whereas Xσ is the
shadow fading and n is the pathloss exponent given in Table 2.

PR (s, t) = PT (s, t)+ Lp (s, t)+ Xσ (4)

Lp(s, t) = 31.84+ 21.50 log10 (ds−s)

+19.00 log10 (fc) (5)

The reference sensitivity power level (RXsen) is the mini-
mum mean power applied to the sensor/robotic antenna con-
nector, in which the throughput shall meet or exceed 95%
of the maximum throughput of the reference measurement
channels [7]. In this work, RXsen given by (7) was used as
the minimum received power threshold to sense and pre-
dict the interfering sensors/robotics using the same resource.
As shown in (6),Npower is the noise power calculated from (6)
below.

NPower = Nthermal + 10log(BW )+ Nfigure (6)

RX sen = NPower + SNR− Gr (7)

A list of sensors/robotics temp transmits the interfering
period messages if their received power PR(s, t) is greater
than (RXsen) as given in (8). Thus, the sum received power
of temp sensors (

∑
PR (temp, t) was modelled as an interfer-

ence in the calculation of SINR(v, t) for each sensor/robotic
s at the t in (9), where ksiε [0,1] is the self-interference
cancellation parameter where, ksi = 0 corresponds to full
cancellation of the self-interference and ksi = 1 corresponds
to no cancellation.

temp = find (PR(s, t) > RX sen) (8)

SINR(s, t) = PR(s, t)− [NPower + ksi× PT (s, t)

+

∑
PR(temp, t)

]
(9)

IV. RESULTS AND DISCUSSIONS
In this section, the results and analysis of the proposed work
performance in terms of PER and throughput for various
speeds, network density and frequency spectrum were eval-
uated. The PER output using the OFDM-based PC-SCMA
Cross-Layer simulator was stochastically evaluated for at
leastNiter = 3000 for each Signal to Noise Ratio (SNR) value
to ensure an acceptable average over the fading phase. All
results were obtained using the parameters stated in Table 2
and Algorithm 1 as shown in the previous section.

In Fig. 6(a), (b) and (c), the results shown are the PER
results at the PHY layer. The results were analyzed at differ-
ent frequency diversities and two types of channel estimations
were introduced; MinimumMean Square Error (MMSE) and
Least Square (LS) at different interpolation methods; linear
and spline. The results showed that PER with frequency
diversity had a better performance as compared to the one
without diversity. This is due to the spreading of codewords
symbols over K resource blocks, which promoted a signifi-
cant frequency-domain diversity gain.

In addition to that, Fig. 7 showed the performance of
PER at the MAC layer of the coded and uncoded OFDM,
OFDM-based coded in frequency diversity versus the perfect
CSI as a comparison. All the results used MMSE chan-
nel estimation as previously, MMSE exhibited better perfor-
mance than LS in reducing the noise due to the frequency
correlation of the LOS Rayleigh fading channel considered.
In addition to that, a second-order statistic involved with
channel auto-covariance was used in MMSE to reduce the
error, as mentioned in [45]. Comparatively, the coded NOMA
performance of PER in the MAC layer showed a better per-

Algorithm 1 Semi-Persistent Scheduling inWireless Factory
Automation
1: for i = 1: (current time/TTI) is integer do
2: for i = 1: (current time/ρ) is integer do
3: retrieve cycle and jitter req. of time-triggered
4: M2M devices di, pi, Iε[1,M ]
5: if (obtain minimum Unit Frequency Band (UFB)
6: schedule, k > kmax) then
7: cut the lowest priority device
8: if k < kmax then
9: dynamic scheduling of event triggered M2M
10: devices on bands [k + 1, kmax]
11: else
12: semi-persistent scheduling of time triggered
13: M2M device on band [1, k]
14: end if
15: end if
16: retrieve cycle and jitter req. of new
17: time triggered M2M device di, piIε[1, S]
18: break
19: run call entrance command algorithm
20: end for
21: end for

VOLUME 9, 2021 68169



A. M. Ramly et al.: Cross-Layer Design and Performance Analysis for Ultra-Reliable FoF

TABLE 2. Simulation parameters at
PHY-MAC [7], [9], [14], [15], [23], [43], [44].

formance than the uncoded ones due to the coded used in
the simulator (polar code) helped to mitigate computational
complexity at the receiver. Meanwhile, OFDM-based coded

FIGURE 6. PER in PHY layer in rayleigh fading perfect CSI, (b) PER in PHY
layer in frequency diversity, (c) PER in PHY layer in rayleigh fading
without diversity.

NOMA performance of PER inMAC showed the best perfor-
mance so far. This is due to cyclic prefix at the coding scheme
SCMA at PHY layer, which has greatly helped in minimizing
the intersymbol interference (ISI). Thus, the combination of
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FIGURE 7. Uncoded vs coded vs coded OFDM-based performance
comparison in PER.

OFDM-based SCMA with the presence of polar coded has
outperformed other results.

On the other hand, Fig. 8 (a), (b) and (c) showed
the results of throughput based on results provided
from Fig.6 (a), (b) and (c). The throughput was calculated
using (9), where R is represented as the error free peak data
rate, PERphy is the PER obtained from PHY-layer simula-
tions. It is shown here that MMSE had better performance
with perfect CSI and frequency diversity, as compared to
non-diversity ones due to the higher root mean square (RMS)
delay spread for the channel model in the perfect CSI and
frequency diversity.

Throughput = R ∗
(
1− PERphy

)
(10)

In Fig. 9(a), the results were compiled altogether in
sparse, moderate, and dense conditions, respectively, by using
MMSE and LS estimations (using Spline and Linear interpo-
lation). Fig. 9 (a) and (b) showed the performance results of
PER in MAC layer at the frequency spectrum of 3.5 GHz
or also known as mid-band 5G in a stationary condition.
It showed that PER of MMSE in the perfect channel had
the best results compared to the diversity and non-diversity.
However, perfect CSI is not realistic since it did not expe-
rience any noise in the channel or receiver. Unlike perfect
CSI, frequency diversity and non-frequency diversity were
simulated in Rayleigh fading with thermal noise. PER with
frequency had the PER of 10−5. As shown in Fig. 9 (a),
PER was evaluated in 3 conditions: sparse, moderate, and
dense network density. It was shown that MMSE with sparse
network density in static had the best PER results. The sen-
sor density/meter (vd ) was calculated depending upon the
assembly lines configuration values as represented in (11)
and (12), where the n is the sensor density/km/lane based
on the three seconds rule safe distance between the moving
robotic sensors in [38],Nl is the number of lanes shown stated
in Table 2.

vd = n ∗
Nl

1000
(11)

FIGURE 8. Throughput at MAC layer under the moderate density scenario.

n =
1000

6× speed
(12)

Next, the acceleration of the moving sensors was updated
to a new location of the moving robotics and was determined
every 0.1 ms using (13), where [Xt , Yt ] were represented
the location of the tagged sensors or moving robotics and
[X ,Y ] represented the location of other sensors or robotics.
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FIGURE 9. PER in MAC layer at the frequency spectrum of 3.5 GHz with
(a) frequency diversity and (b) perfect CSI(c) without frequency diversity.

Then, the received power PR(v, t) was calculated by using
the sensors density and sensor to sensor distance (d(s−s)). The
PR(v, t) is the transmit power GT and GR are the gain of the
transmit and receive antenna and n is the path loss exponent
presented in Table 2. Fig. 10(a), (b) and (c) showed that the
performance of sparse network density at stationary produced

FIGURE 10. PER in MAC layer of different speeds and network densities
in frequency diversity.

the best overall results compared to the rest with PER lower
than 10−6. Meanwhile, a dense network with high mobility
displayed the lowest results with high PER.

ds−s =
√
(Xt − X)2 + (Yt − Y )2 (13)
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FIGURE 11. Outage probability (in MAC) as a function of time budget in
frequency diversity moving at 10km/h.

Fig. 11 illustrated the outage probability versus deadlines.
The concept of reliability should relate to the latency spec-
ification under the limitations of a URLLC service. When
the latency constraint is absent, transmission at a rate lower
than the channel capacity ensures perfect reliability. We may
characterize the reliability of a communication system with
a predefined latency limit as the probability that the latency
does not surpass certain deadlines and as the probability of
an outage that it does. As mentioned in [28], as a function of
the deadlines R = 1/τ we try to find the maximum coding
rate that fits the latency limit Pr = Tth in the interest interval
of (0.99 < Tth < 0.99999). The reliability is 1− Pout where
Pout is the outage probability derived in (14) and (15).

Pout (R) = Pr {R > C (h; SNR)}

C (h; SNR) = log
(
1+ |h|2 SNR

)
Pout (R) = Pr

{
R > log(1+ |h|2 SNR)

}
(14)

= Pr
{
|h|2 < (2R − 1)SNR)

−1
}

= 1− e
−(2R−1)

SNR (15)

Since the coding rate equals the opposite of the time
threshold as R, the efficiency increased by getting a looser
time limit. Thus, the coding rate declined by increasing the
deadline and the efficiency is improved since higher coding
rates contributed to higher probabilities of an outage and thus
lower reliability of communication. This provides the impres-
sion that ultra-reliable communication under time diversity is
feasible, but it needs a substantial time budget to reach the
time limit, which is not a consistent factor with time-critical
systems and strict latency specifications.

The results were then further evaluated in different spec-
trums; 3.5 GHz and 28 GHz, respectively. In Fig. 12 (a), the
constant parameters in this graph are the network density and
in Rayleigh fading with diversity channel. It was proven that
the mid-band 5G outperformed high band 5G in a dense net-
work condition at a speed of 10 km/h in an indoor assembly
line. It is stated in [41] that mid-band radios can offer stable

FIGURE 12. PER in MAC Layer of 3.5GHz and 28 GHz in 3 km/h in
(a) dense deployment, and (b) sparse network density.

wireless connections within several kilometers radius, further
than high-band radios. Unlike mid-band, the high band is able
to deliver high speed over short distances and it is highly
susceptible to environmental interference from things such
as clutter, walls and the number of robotics present in the
factory. That is one of the reasons that the mid-band 3.5 GHz
spectrum outperformed the high-band results at 28 GHz
spectrum, where the mid-band is more robust in a dense
network condition, moving in different speed and able to
cover a longer radius in a particular environment. The results
showed the same impact as mentioned in use-case family 11

[46], where it can increase the efficiency of production lines
with low bitrates but with ultra-high reliability for real-time
closed loop communication such as robot arms and mobile
robots [47], [48].

V. CONCLUSION
In this paper, we have designed and developed an indoor
factory environment as well as analyzed the overall per-
formance in terms of frequency diversity, network density,

1Use-case family 1 refers to time critical process optimization inside
factory as mentioned in [46].
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device speeds and mid-band and mm-wave band 5G carrier
frequency to investigate and address the strict specifications
in meeting the 5G requirements for factory automation in a
factory environment.

A cross-layer performance in terms of PER and through-
put in the MAC layer by using semi-persistent schedul-
ing for indoor Factory of Future (FoF) were evaluated
and analyzed. The results showed that the frequency diver-
sity outperformed non-diversity by 2 dB due to the dif-
ferent diversification of the codework spread over the
resources. In sparse network density, the PER results
showed better results as compared to the dense network
density by 2 dB (MMSE), 8 dB (LS-Linear) and 2 dB
(LS-Spline) due to the extra overheads incurred in the dense
network. The Least Square channel estimate was added and
evaluated with the results as a medium of performance com-
parison.

Subsequently, the performance was further analyzed in
terms of speeds. As the speed increased, the PER results
heightened due to the Doppler shift and increase in total
overheads to the system that occurred during themovement of
the sensors/robotics. Robotics in sparse network density and
in stationary produced the best results of PER; as low as 10−6.
In addition to that, the performance of mid-band frequency
outperformed the high-band frequency by 1.8 dB (MMSE) in
dense conditions and 1.5 dB (MMSE) in sparse deployment
at PER = 10−5. This is because the mid-band spectrum
offers a stable connectivity in a larger area as compared to the
high-band spectrum. Thus, this overall performance analysis
stated above might be a useful insight to contribute signifi-
cant benefits in terms of increased efficiency, and flexibility
in services that require high reliability, essentially for the
massive machine type communication and mission critical
applications.
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