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ABSTRACT New use cases and applications in factory automation scenarios impose demanding require-
ments for traditional industrial communications. In particular, latency and reliability are considered as some
of the most representative Key Performance Indicators (KPI) that limit the technological choices addressing
wireless communications. Indeed, there is a considerable research effort ongoing in the area of wireless
systems, not only from academia, but also from companies, towards novel solutions that fit Industry 4.0 KPIs.
A major limitation for traditional wireless architectures is related to the harsh nature of the industrial propa-
gation channel. Accordingly, this paper addresses these challenges by studying the reliability and latency
performance of the joint use of different retransmission schemes in combination with Non-Orthogonal
Multiple Access (NOMA) techniques. Two general retransmission schemes have been tested: time-based and
spatial diversity-based retransmissions. An adaptive injection level NOMA solution has been combined with
the retransmission schemes to improve the reliability of critical information. In all cases, a particular set of
simulations has been carried out varying the main parameters, such as modulation, code rate and the injection
level.Moreover, the impact of the number of transmitters in relation to the communication reliability has been
analyzed. Results show that spatial diversity-based retransmissions overcome considerably the reliability
obtained with time-domain retransmissions while maintaining assumable latency rates.

INDEX TERMS 802.11, factory automation, industry 4.0, LDM,NOMA, P-NOMA, retransmissions, spatial
diversity, wireless communications.

I. INTRODUCTION
Wireless communications are considered one of the most
challenging and promising research areas of the so-called
Industry 4.0 [1], [2]. In fact, the high costs and the lack of
scalability and mobility that traditional automated processes
composed by wired control systems have to assume make
this solution less efficient than wireless systems. Moreover,
the deployment of wireless systems provides the oppor-
tunity to enhance traditional systems by introducing new
capabilities.

The associate editor coordinating the review of this manuscript and

approving it for publication was Biju Issac .

However, the main challenge is the deployment scenario.
Industrial environments entail strict requirements that are still
hard to meet by wireless technologies, especially in the Fac-
tory Automation (FA) cases. For instance, very low latency
values (0.25-10 ms) and ultra-high reliability (error rates
below to 10−9) are required [3], [4]. Determinism is another
mandatory condition that is difficult to achieve with current
wireless standards. In recent literature, in order to enable a
massive deployment of industrial wireless networks, several
technologies and standards have been proposed: IEEE 802.11
[5], [6], Bluetooth [7], 802.15.4 [8], LTE [9], and 5G [10],
[11]. However, the latest versions of Wi-Fi and 5G stand out
among all of them for a considerable improvement in critical
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applications. On the one hand, the next generation Wi-Fi
standard (i.e., IEEE 802.11be) will offer, among other things,
full-duplex multi-channel communications, which makes it
easier to meet the reliability and latency requirements estab-
lished by the industry [12]. On the other hand, 5G also
presents conditions to meet industrial requirements due to its
PHY/MAC layer with a wide range of possible configuration
parameters. Among them, 5G allows to use small OFDM
symbols (i.e., below 10 µs) with very robust modulation and
code rates [13].

Since current standard wireless technologies do not cope
with the demanding requirements of industrial applications
and future standards such as 5G or IEEE 802.11be are still far
from industrial deployment, some researchers have proposed
proprietary solutions in order to get close to those barriers.
For example, in [14], [15], Luvisotto et al. proposed the joint
optimization of the PHY and MAC layers, improving the
PHY reliability in several orders of magnitude and reducing
the system latency by introducing a reliable MAC layer.
In [5], [16], the authors follow the same joint PHY and
MAC optimization approach in the solution referred to as
SHARP (Synchronous andHybrid Architecture for Real-time
Performance). SHARP is based on the 802.11g standard and
adds determinism to the PHY and MAC layers. In order to
obtain competitive reliability and latency values, on the one
hand, PHY frame aggregation techniques are implemented.
On the other hand, a TDMA-based MAC structure with con-
trolled time-division retransmissions is designed to guarantee
a deterministic behavior.

A different strategy, based on improving the architecture
of the access network is explored in [17], where several
MAC level techniques in combination with the Wi-Fi PHY
layer in challenging wireless channels are tested. Introduc-
ing multiple transmitters provided a reliability gain range
of 8-12 dB. Specifically, the tests evaluated the use of two,
three and four transmitters and they showed a non-linear
behavior of the reliability increase while increasing the
number of transmitters. Recently, in [18], the performance
of spatial diversity with multiple redundant transmitters for
mobile industrial communications is experimentally evalu-
ated in a testbed with mobile robots. Authors implemented
diversity using the Multipath TCP (MPTCP) protocol,
which allows establishing different TCP connections
between a transmitter and a receiver using multi-
ple disjoint paths. The results indicate that redundant
retransmissions improve reliability without compromising
latency.

In [19], the use of Non-Orthogonal Multiple Access
(NOMA) in combination with the IEEE 802.11n standard to
meet the strict industrial requirements is considered. These
results show that NOMA has the potential for enabling highly
robust communications for industrial environments. How-
ever, the combination of NOMA and retransmission tech-
niques has not been evaluated as a potential way to get
closer to the performance requirements of current industry
communications.

Therefore, in this paper, we propose and evaluate the joint
use of NOMA and different diversity schemes to enhance
the latency and reliability in industrial wireless networks.
The diversity schemes are based on temporal and spatial
diversity-based retransmissions using NOMA. Besides, some
guidelines and recommendations are presented for real hard-
ware implementation. In summary, the technical contribu-
tions of this paper include:

1) A comprehensive analysis of the PHY performance of
a combined 802.11n and NOMA transceiver.

2) An analysis of the Injection Level (IL) capability to
enhance the reliability.

3) A detailed analysis and performance evaluation of
time-domain retransmissions.

4) Proposal and evaluation of combined multiple trans-
mitter retransmissions with NOMA techniques.

5) Proposal and evaluation of a MAC layer that includes
time, spatial and layer division.

The rest of the paper is organized as follows. The next
section describes the related work, including the basis of
NOMA techniques and state-of-the-art of retransmission
and diversity schemes. Section III is focused on the pre-
sentation of the industrial use case and the simulation
methodology. In Section IV, the PHY/MAC layers of the
NOMA-based 802.11n transceiver are presented and evalu-
ated. Then, in Section V, time-domain retransmissions are
tested. Section VI is focused on the design and evaluation
of MAC schemes that include multiple synchronized trans-
mitters. Afterward, in Section VII a MAC layer that includes
time, space and power multiplexing is designed and evalu-
ated. Then, the latency and reliability results of the three dif-
ferent solutions are discussed and compared in Section VIII.
Finally, Section IX contains the conclusions of the article.

II. RELATED WORK
This section contains, first, an overview ofNOMA techniques
and, then, a state-of-the-art of retransmission schemes includ-
ing spatial diversity.

A. NOMA: GENERAL CONCEPTS AND INDUSTRIAL
APPLICABILITY USING 802.11
NOMA represents a set of different medium access tech-
niques where the receivers use the resource (either space,
frequency, and time) in a non-orthogonal way. Accord-
ing to [20], NOMA techniques can be divided into two
main families: code-domain NOMA (C-NOMA) [21], [22]
and power-domain NOMA (P-NOMA) [23], [24]. In par-
ticular, although both NOMA families have been repeat-
edly proposed as alternatives to be included in 3GPP
standards [25], P-NOMA techniques have shown a better
complexity/performance tradeoff than C-NOMA [20]. Dur-
ing the rest of the paper, NOMA will refer to P-NOMA.

NOMA consists of different signals organized in several
layers, where each layer takes some part of the transmitted
total power. Each layer of the NOMA ensemble can be inde-
pendently configured in order to address different reception
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targets. Each NOMA configuration depends on the modula-
tion and the coding choices assigned to each layer, and on
the injection level (1, measured in dB), defined as the power
splitting ratio among layers.

The main benefit of NOMA in comparison with classical
TDM/FDM systems is the increase in spectral efficiency [26].

In [19], the first approach of a NOMA-based 802.11n
system was proposed for FA environments. In this work,
the communication architecture (PHY/MAC) of the 802.11n
standard to include NOMA features was redesigned. Then,
the proposed architecture was evaluated and the results
showed a considerable better performance than the 802.11n
standard PHY on several industrial use cases. In [27], a spe-
cific application of the NOMA-based solution was pro-
posed for an industrial multimedia content broadcasting
environment.

However, the reliability obtained in the previous works is
still not enough for the most challenging industrial applica-
tions. Following the approach taken in previous works [14],
advances in PHY reliability can be complemented with dif-
ferent MAC level techniques. Specifically, it is expected
that MAC layer enhancements can improve the 10−4 Packet
Error Rate (PER) provided by the physical layer down
to 10−8. That is why, in this paper, different MAC level
techniques are proposed and implemented in combination
with the NOMA-based 802.11n prototype.

B. RETRANSMISSIONS AND DIVERSITY SCHEMES
In communication systems, especially in industrial environ-
ments, the design of a robust PHY layer goes together with an
efficient MAC layer. Among others, the main functionalities
of the MAC layer are: the management of the transmis-
sion/reception instants based on the traffic requirements and
on the wireless medium conditions, the configuration of the
PHY layer, and the implementation of diversity mechanisms.
One of the most widespread techniques is the use of retrans-
missions [28], with a variety of different configurations.

First, the authors in [17] evaluate time-domain retransmis-
sions over 802.11n jointly with a TDMA scheme for different
time-spacings between the first transmissions and the concur-
rent retransmissions. They determine that the effectiveness
of these methods and the latency associated with them are
closely related, since the more time that passes between
transmission and retransmission, the greater the probability
of success, but the greater the latency. In [29], the authors
point out that wireless interferences can appear with differ-
ent characteristics of intensity and duration. Therefore, they
propose a MAC layer with temporal diversity that adapts the
retransmissions to the characteristics of the interferences. The
results show that their proposal can be applied for different
types of information, meeting the requirements of real-time
communications.

The retransmission of erroneous packets is also consid-
ered in cellular network technologies (i.e., LTE and 5G)
and that is performed through Hybrid Automatic Repeat
reQuest (HARQ) techniques. In particular, HARQs imply

that instead of retransmitting the entire packet, only a portion
of the packet or extra redundant information is retransmitted
to demodulate the original packet. In [30], the authors propose
the use of a new early HARQ scheme based on LDPC sub-
codes (SC E-HARQ). This technique decreases the overall
latency since enables to start with the feedback calculation
before the entire codeword is received. Results indicate that
latency values below one millisecond can be obtained for
Block Error Rate (BLER) values of less than 10−4. Then,
in [31], authors focus their study on delay-constrained sce-
narios and propose a fast HARQ protocol where in order to
decrease the latency some feedback signals and successive
messages are disabled. Different transmission rounds are
tested and the latency results are reduced up to 60% in the case
with five transmissions. Finally, in [32], HARQ techniques
are combinedwith NOMA for the uplink of short packet com-
munications. Simulations include one retransmission per user
and coordinated and uncoordinated transmissions. Results
show that NOMA-HARQ systems outperform orthogonal
multiple access techniques for specific power and latency
constraints.

Other authors have also investigated different retransmis-
sion schemes, such as [33], where a series of reliability tests
using retransmissions are carried out in a laboratory envi-
ronment. A combination of spatial and frequency diversity
over four different RF channels is tested. The results indicate
that under certain channel conditions, PER values close to
10−7 can be obtained. Later, in [34], different retransmission
schemes based on the IEEE 802.15.4 standard are evaluated
and compared. The authors conclude that PER values below
10−7 are possible with a maximum latency of 3 ms over a
one-to-two transmission network with a 30 MHz frequency
hop. Finally, in [35], the use of a backup wireless network
is proposed to deal with errors. In particular, the authors
propose two different models, one based on static redundancy
and the other dynamic. The results show that both solutions
significantly improve the reliability of the system.

Redundant and spatial diversity based transmissions have
led to the development of new communication architectures.
One approach is based on ‘‘Parallel Redundancy Protocol’’
(PRP) [36], which was originally developed to achieve seam-
less redundancy for Ethernet networks requiring high avail-
ability. Different works have proposed wireless PRP-like
approaches such as [37], where PRP is used as diversity
method on the wired Ethernet interfaces of two independent
IEEE 802.11 WLAN channels that operate in parallel links.
In [38] and [39], the same authors extended their study includ-
ing the use of PRP for WLAN networks from different points
of view such as reliability or latency. Specifically, reliability
is measured for different noise levels, different jamming sit-
uations, and different packet lengths. In addition, they offer
latency and jitter measurements in which they show that the
use of PRP considerably improves its performance. Finally,
in [40], the use of PRP for sensor networks in a star network
configuration is proposed. The MAC level simulations show
that when one of the two channels used for redundancy is
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interfered with, the latency and jitter are improved by 121%
and 376%. However, when both channels suffer interference,
the improvement is drastically reduced.

Redundancy over Wi-Fi has been recently investigated
under the name ofWi-Red (Wi-Fi Redundancy) [41]. Wi-Red
aims at providing seamless link-level redundancy in IEEE
802.11 networks for industrial reliable wireless communica-
tions. The authors propose two working mechanisms depend-
ing on the complexity/reliability tradeoff: Reactive Duplicate
Avoidance (RDA) and Proactive Duplicate Avoidance (PDA).
From a latency perspective, the authors carried out several
tests, where they conclude that both, RDA and PDA, reduce
considerably the latency in industrial networks in comparison
with other existing solutions. Then, in [42], the authors imple-
mented aWi-Red prototype using commercial 802.11 devices
and they proved with a set of experiments that Wi-Red was
able to enhance the latency and reliability in real industrial
scenarios.

III. FA USE CASE AND EVALUATION PROCEDURE
This section contains the description of the use case imple-
mented in this work and the evaluation procedure followed to
tested the proposed solutions.

A. USE CASE
In this work, the use case emulates a small manufacturing
cell with FA requirements [43]. Given that it is a reduced
space (i.e., 10 × 10 m), it is assumed that the maximum
number of nodes is 20. The network is made up of two types
of equipment: Access Points (AP) and nodes. The former
is in charge of distributing the information and of the syn-
chronization tasks. On the contrary, the nodes are mainly
receivers of the information or the commands sent by the
APs. APs and nodes are organized in a centralized topology,
where all the nodes receive data from the AP and send back
their feedback in a timely organized manner. The diagram
of the implemented architecture is shown in Fig. 1, where
each node is connected to each AP in the network. Since
industrial applications require deterministic communications,
the wireless devices are preconfigured to transmit at specific
time instants. As depicted in the figure, M indicates the
number of nodes, N the number of APs, and γ the period of
time between the communication of a node with two different
APs. The information transmitted on the network is classified
into two types: Critical Service (CS) and Best Effort (BE)
service. CS is critical information that requires high reliability
rates and low latency. Instead, BE is non-critical information,
where the reliability and latency requirements are more flex-
ible. Therefore, CS is configured with the lowest Modula-
tion and Coding Scheme (MCS) (i.e., BPSK 1/2) and BE is
configured with higher MCS that provide higher data rates
(i.e., QPSK 1/2 - 16QAM 1/2). Regarding the size of the
packets, as in [19], the size of the CS information packet has
been set at 18 bytes, while for the BE the size is flexible.

Industrial scenarios are characterized by harsh wireless
propagation conditions. To perform a realistic evaluation,

FIGURE 1. Network architecture.

two standard industrial wireless channels have been used,
namely, CM7 and CM8 [44], which represents two industrial
scenarios with different propagation properties. Although the
CM7 and CM8 channels were initially generated based on
IEEE 802.15.4a networks, the fact that there are no specific
IEEE 802.11n models for industrial environments makes
them a suitable candidate for our research purposes. For
example, [45] describes several standard channel models
for 802.11, but none of them reflects the characteristics of
industrial environments. Concerning particular features of
CM7 and CM8 channel models, the former represents line-
of-sight (LOS) conditions, while CM8 is oriented to non-LOS
(NLOS) conditions. As described in [44], channel measure-
ments were carried out in larger enclosures (i.e., factory
halls), filled with a large number of metallic reflectors, which
implies a severe multipath effect. Moreover, the model was
obtained following different measurements that cover a range
from 2 to 8 m and frequency band from 2 to 10 GHz. As an
example, Fig. 2 shows the channel gain time variability of
three uncorrelated realizations of the CM7 channel.

FIGURE 2. CM7 channels obtained from different APs.

The rest of the parameters related to the use case are shown
in Table 1.

B. EVALUATION PROCEDURE
The evaluation procedure described in this subsection has
been applied to the technical solutions proposed in the
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TABLE 1. Use case parameters.

following sections. The simulations are based on a soft-
ware tool designed on purpose for this work. It comprises
a mathematical simulator (Matlab) and a network simula-
tor (OMNeT++ [46]). The objective of the first one is the
characterization of the reliability under a certain propagation
channel while the second one emulates the communication
network.

At the beginning of this work, different versions of the
802.11 standard were considered. In the first place, ver-
sions older than 802.11n were discarded due to the lack of
LDPC codes. Afterwards, the 802.11ac standard was also
discarded due to its higher overhead when compared with
802.11n. Finally, the 802.11ax standard presents configura-
tions with similar or even better overhead than 802.11n since
it incorporates several novelties, such as the trigger-frame
based OFDMA medium access [47]. However, the 802.11ax
transceiver presents a much higher complexity than 802.11n
and its combination with NOMA may present several chal-
lenges. That is why it has been opted to use 802.11n and
maintain a tradeoff between complexity and the performance
parameters of industrial environments (i.e., reliability and
latency) [6].

Concerning the implementation part, in a first step,
a transmitter-receiver 802.11n standard chain has been imple-
mented inMatlab [48]. Based on this implementation, several
modifications have been carried out in the PHY level to
introduce NOMA as a multiplexing option [19]. In addition,
the transmitter-receiver chain also implements channel phe-
nomena simulations, including fast-fading, free space loss,
etc. To carry out the simulations, packets are sent assuming
different channel realizations, and then, in reception, it is
evaluated whether the packet has been correctly received or
not. Each packet transmission set is performed for different
Signal-to-Noise Ratio (SNR) values, with steps of 0.25 dB.
The number of simulated packets and the SNR simulation
steps have been adapted to the expected PER values. In partic-
ular, the simulated packet number is always at least one order
of magnitude higher than the required value for obtaining the
desired PER value assuming one single error.

In a second step, the network simulation tool is fed with
the results obtained with Matlab. In particular, the PHY
level performance measurements for different SNR values
are introduced in OMNeT++ in order to use them in the

error calculation block. Then, the network simulation tool
comprises the network level simulation of both PHY and
MAC layers. On the one hand, the PHY module facilitates
parameters closely related to the physical layer, such as the
MCS choice, the length of each transmission slot and the
airtime of each data packet. On the other hand, the MAC
layer implements the diversity schemes and the medium
access control mechanisms. Since OMNeT++ does not sup-
port NOMA communications, NOMA has been modelled in
OMNeT++ through two independent data flows in the same
transmission period. Then, in the reception stage, both data
flows are individually and orderly managed (i.e., first data
in the UL, then, the data in the LL if UL is successfully
recovered).

To decide if a packet is erroneous, this methodology uses
the receiver instantaneous SNR. As shown in [49], it is diffi-
cult to quantify the uncorrelation grade of two channels with
different paths within the same environment, and it is not
possible to completely uncorrelate those channels. Therefore,
in this work, a case of partial uncorrelation is assumed, where
the instantaneous SNR of each node has been modeled as a
combination of two components: the mean SNR, which is a
static value that depends on the reception characteristics, and
the variable attenuation of the channel which varies with time:

SNRi,k = θi + αi,j,k , (1)

where i identifies the node, j the AP, and k is the time
when the transmission takes place. On the other hand, θ is
the mean SNR and the variable attenuation of the channel
is α. To carry out the simulations with this model, for each
path, an independent evolution of the channel variability is
assumed (α), where a new channel is generated by varying the
generation seed. In Fig. 2, three examples of three different
CM7 channels are shown. It should be noted that the three
examples have similar behavior since the channel varies with
similar rate. However, the minimum fading of each channel
(i.e., green circle in the figure) occurs at different moments,
which indicates that despite having a similar long-term
trend, the instantaneous attenuation at each time point is
uncorrelated.

IV. PHY/MAC DESIGN
This section shows, on the one hand, the reliability perfor-
mance that could be obtained solely with the PHY layer, and,
on the other hand, the general architecture of the MAC layer
and the retransmission techniques presented afterwards.

A. PHY LAYER
The development of this section is based on [19], and there-
fore, the transmitter-receiver chain, as well as the NOMA
signal generation and cancellation have not been modified.
However, this subsection extends the previous work by focus-
ing on the effect of the IL and the MCS of the Lower Layer
(LL). The IL ranges from a case where the LL is injected
a few decibels below the Upper Layer (UL) (i.e., 5 dB) to
cases where LL is deeply buried (i.e., 20 dB). The LL signal
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configuration choices are, first, a robust configuration
(i.e., MCS1, QPSK 1/2) and, then, a case with doubled capac-
ity and reduced robustness (i.e., MCS3, 16QAM 1/2). On the
other hand, the MCS0 is always selected for the UL in order
to guarantee high reliability cases. The channel model used
in the simulations is the CM7.

Fig. 3, contains the UL performance curves for different
injection values (from 5 to 20 dB range). The best result
occurs for an IL of 20 dB and provides a SNR requirement
of 2.1 dB for a PER value of 10−4. Additionally, UL curves
show that the SNR difference in the range [10,20] is insignif-
icant (<1 dB). In consequence, following analyses of the UL
behaviour will focus only on the IL range from 5 to 10 dB.

FIGURE 3. PHY layer performance for different injection level values and
MCS configurations under CM7 propagation channel.

The impact of IL is a two-fold problem because the per-
formance of the LL has to be taken into account as well. The
difference among the cases for the LL is more evident. The
gap between LL curves is the IL value. Also, for a given IL,
the difference between MCS1 and MCS3 is close to 5 dB,
which is approximately the performance difference between
both MCS configurations. Looking at the LL SNR thresholds
for a PER value of 10−4, the results obtained with both 15 and
20 dB lead to SNR thresholds well above 20 dB and look
unrealistic for industrial application. IL values of 5 and 10 dB

are the most suitable ones since they provide assumable SNR
values for the LL.

The same simulations for the CM8 channel model have
been carried out and the results are very similar (see Fig. 3).
In general, when the CM8 channel model is used, the relia-
bility performance shows a degradation between 0.1 dB and
0.3 dB. Given the similar performance trend in both channel
model conditions (CM7 and CM8), the rest of the results
presented in the following sections are based only on the
CM7 channel model.

B. MAC LAYER
To meet the strict requirements associated with FA environ-
ments, PHY techniques have to be combined with efficient
MAC level tools. In particular, an adequate MAC layer can
potentially improve the reliability, guarantee bounded latency
and increase the determinism of the overall communication
system. In this section, the description of a MAC layer pro-
posal and the different techniques described in the following
sections are introduced.

Fig. 4 shows a time diagram of the superframe structure,
which is based on TDMA in order to guarantee deterministic
medium access to all the network devices. Three type of
blocks can be identified: Downlink CS + BE transmission,
Uplink Feedback (UF) and On-demand retransmissions. The
first block is the initial transmission of both the critical and
best-effort services. This transmission occurs in the down-
link, from the AP to each of the nodes. Each downlink slot
has a duration of 70µs because is the minimum time required
to transmit the 18 bytes of the CS (see Table 1) by using
the lowest and most robust MCS (i.e., MCS0, BPSK 1/2).
Furthermore, as the network is made up of 10 nodes the total
length of the first block is 700 µs. Then, the uplink feedback
phase begins, in which each node informs individually the
AP (using each node a dedicated time slot) whether or not
the CS and BE services have been correctly received (i.e.,
ACK/NACK). This information is sent in single-layer mode
using the most robust configuration (i.e., MCS0, BPSK 1/2).
The duration of each slot is 54 µs since, in this case, only
one OFDM symbol is required to transmit the ACK/NACK
information. Once the feedback from the nodes is received,
the AP retransmits only the packets reported as incorrect.
That is, in case the node reports that both services, CS and
BE, have been incorrectly received, the AP would retransmit
CS and BE in two-layer mode. However, if the node reports
that only the BE service is erroneous, the AP retransmits
only the BE content in single-layer mode. This block has the
same duration as the initial block. Finally, since the number of
retransmissions is configurable, blocks two and three would
be repeated until the configured number of retransmissions is
reached.

Taking into account the superframe structure, theminimum
and maximum latency values can be calculated. In the case
of the minimum latency, this is obtained when the packet
is delivered in the initial transmission block and, therefore,
the 70 µs correspond to the duration of a transmission slot.
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FIGURE 4. Superframe time representation.

On the contrary, the maximum latency value is obtained when
the packet is received in the last on-demand retransmissions
block. Therefore, the higher number of allowed retransmis-
sions, the higher the maximum latency. That is why, up to
three retransmission attempts are evaluated in order to keep
assumable maximum latency values. Specifically, the maxi-
mum latency values are 1.24 ms, 2.48 ms and 3.72 ms for the
one, two and three retransmissions, respectively.

Besides the flexibility in the number of retransmissions,
the main difference with the superframe shown in [19] relays
on the techniques used to carry out the retransmissions. In this
case, in addition to the time-domain (see Section V), retrans-
missions with spatial diversity will also be implemented
(see Section VI), where each one of the retransmissions is
transmitted by a different AP. Finally, an additional retrans-
mission mode is proposed. This alternative consists of using
a higher injection level in the retransmissions to favor the
correct reception of the CS packet (see Section VII). The
following sections detail the design of each of the retrans-
mission schemes and evaluate them from the point of view of
reliability.

Although the MAC layer configuration presented in this
section is specifically designed for the use case introduced
in Section III-A, it would be possible to scale the MAC
layer configuration to support more complex scenarios. For
example, in a more heterogeneous case, there could be nodes
that require only the CS, only the BE service, or both. In that
case, each node should access the corresponding NOMA
layer. If only the CS is needed, once the desired information
has been decoded, the node would not access the LL layer.
On the contrary, if only the BE service is required, the node
should follow the entire decoding process associated with
NOMA. However, note that the use of more nodes or with
other configurations would not affect the overall reliability
performance. Another variation could involve an industrial
application built on top of the network architecture that
requires a higher uplink traffic. In that case, the superframe
could be modified to introduce more specific blocks for the
uplink traffic. Furthermore, to introduce more uplink traffic,
the medium could be managed through NOMA so that two
nodes transmit the information simultaneously. However, this
alternative would considerably increase the complexity of the
receiver, since the IL between the layers would not be pre-
determined and would vary in each time slot and, therefore,
at the receiver side, a block for estimating the IL would be
necessary and/or transmitters should arrange their timing in
advance [50].

V. TIME DOMAIN RETRANSMISSIONS
This section contains the design and evaluation of the
combination between time-domain retransmissions with the
NOMA-based 802.11n communications system.

A. DESIGN
This scheme follows the time diagram presented in Fig. 4,
where the blocks of on-demand retransmissions are carried
out by the same AP that made the initial attempt (i.e, single
transmitter). Consequently, each node SNR for the retrans-
mitted signal is highly correlated with the SNR received in
the previous transmission. In particular, following Eq. (1),
the only difference between the initial transmission and the
retransmission is the temporal evolution of the channel (k),
while the origin (j) and the destination (i) is the same.

These types of retransmissions offer better results under
channels with high variability and lower time coherence.
However, although they are not offering a meaningful gain
in all cases in terms of reliability, it should be noted that they
entail a very small increase in complexity and implementation
cost.

B. EVALUATION
The reliability results obtained with time-domain retrans-
missions are presented in Fig. 5, which is based on PER
and Packet Loss Rate (PLR) measurements. In this case,
PER represents the performance when no retransmissions are
used, while PLR is for cases with retransmissions. Firstly,
the best reliability performance values for theUL are obtained
in the 10 dB case, which presents a difference close to 2 dB
in comparison with the worst case (i.e., IL 5 dB). When the
number of retransmissions is increased, the gap is reduced.
In this case, gains close to 4 dB, 6 dB and 7 dB are obtained
for one, two and three retransmissions, respectively. Although
the reliability performance is improved, the best case SNRs
are still around 20 dB, which is considered too high for the
critical services. LL shows a different behavior. Although
different ILs have been used, the results obtained are very
similar, since the retransmissions are done in single-layer
mode.

In general, time-domain retransmissions improve relia-
bility but not significantly since the coherence time of the
channel is higher than the time between retransmissions. Fur-
thermore, it is worth noting the gain provided by the case of
one retransmission, since introducing the first retransmission
improves reliability more than when introducing the second
or third retransmission. However, it would be necessary to
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FIGURE 5. Reliability results obtained using a single transmitter with time-domain retransmissions under CM7 channel model
and MCS0 in UL for different configurations.

evaluate depending on the target application which case best
meets the reliability vs latency/complexity relationship.

VI. RETRANSMISSIONS FROM MULTIPLE TRANSMITTERS
This section shows the design and evaluation of combining
retransmissions from multiple transmitters with NOMA.

A. DESIGN
The second technique belongs to the family of spatial diver-
sity and consists of using multiple transmitters. Specifi-
cally, taking into account the structure of the superframe
(see Fig. 4), each block of on-demand retransmissions will
be delivered by a different AP. So if the number of retrans-
missions configured is N , the number of APs that make up
the network has to be N + 1. In addition, in the UF period,
each node will send its feedback information to the AP that
sent it the data in the previous block. It is assumed that
all the APs are connected and synchronized so that they all
receive the information that the UF contains. Additionally,
nodes are suppposed to share a common time reference that
grants interference free access to the medium as described
in [51], [52].

The retransmissions are conveyed from a different AP,
and thus, the initial transmission and the retransmission do

not follow the same propagation path. Specifically, accord-
ing to Eq. (1), since the mean SNR (θ) is affected by the
receiver and the implementation environment, it will remain
constant for the different retransmissions. On the other hand,
when varying the retransmission path using another AP,
the characteristics of the variable attenuation will be quite
uncorrelated (i.e., j).

Time/space retransmissions from multiple transmitters
will improve the reliability offered by time-domain retrans-
missions. However, introducing this scheme in a network
includes higher implementation and synchronization costs.
Therefore, depending on the gain obtained in reliability and
the type of target application, they could be decisive.

B. EVALUATION
The results are gathered in Fig. 6. First, it is observed that the
UL results are considerably better than those obtained using
time-domain retransmissions only. In particular, the best
results obtained using three retransmissions are around 10 dB.
The gain associated to one, two and three retransmission is
close to 11, 15 and 18 dB, respectively and for any IL value.
The case that implements single retransmission is already
better than any of the cases presented in the previous section
(see Section V).
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FIGURE 6. Reliability results obtained using retransmissions with multiple transmitters under CM7 channel model and
MCS0 in UL for different configurations.

On the other hand, the results obtained for LL present
a trend similar to that obtained in the previous section
(see Section V). The case with the lowest reliability
(i.e., MCS1 and 5 dB of IL) has gains of 14, 19 and 22 dB
for one, two and three retransmissions, respectively. The case
with the highest gain is that of the MCS3 with an IL of 10 dB,
where 18, 24 and 28 dB are achieved for one, two and three
retransmissions, respectively.

In general, the reliability obtained using multiple trans-
mitters is greatly improved and the PLR rates obtained
are applicable in mission-critical environments. However,
an increase in complexity associated with the synchronization
and deployment of APs has to be assumed. It is important to
note that introducing a second AP is critical, since it provides
a considerable increase in reliability. On the contrary, the dif-
ferential gain provided by a third and fourth AP decreases
significantly. Therefore, its implementation will depend on
the use case and the reliability that needs to be addressed.

VII. RETRANSMISSIONS WITH VARIABLE IL
This section shows the design and evaluation of the combina-
tion of the retransmission techniques shown in the previous
sections with adaptive injection levels.

A. DESIGN
This section presents a complementary technique to the pre-
vious time/space retransmissions. In this case, an adaptive
injection level is proposed to increase the reliability of theUL.
The adaptive IL provides a tool to make the UL more robust.
If one of the nodes reports in the UF period that both ser-
vices have been erroneously received, the AP retransmits
the packets encoded with a larger IL, so that the LL impact
is lower and the SNR required to decode the CS is lower
also. However, in case the node has correctly received the
CS and only needs the retransmissions of the BE service,
the retransmission is carried out in single-layer mode. On the
other hand, this technique does not present any additional
complexity for the receiver nodes, since as in the UF period
each node has requested the corresponding retransmissions
if required, each node knows which IL is going to use the
AP to encode the information. It should be noted that from
now on the acronyms IL1 and IL2 represent the injection
level used in the initial transmission and the one used for the
retransmissions, respectively.

The adaptive injection level is a complementary technique
to those schemes already evaluated in Section V and VI.
Although the gain that can be obtained with this technique
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is limited, the complexity involved is very low, so the relia-
bility/complexity ratio offers an interesting alternative.

B. EVALUATION
Fig. 7 shows the results obtained using the adaptive ILmethod
for all retransmission cases (i.e., time and space) using a
different number of retransmissions (i.e., one, two and three).
The gain represents the variation of the SNR required to
achieve a PLR value of 10−9 when introducing the adaptive
IL. Given that the gain obtained in all cases is similar and
that it does not show a straightforward behavior, all cases
have been grouped according to layer and MCS. In Fig. 7
the black whiskers represent the maximum and minimum
values of each case, the blue lines represent the 25th and
75th percentiles and the red line themedian value. Concerning
the IL, for this case, IL1 has been set to 5 dB and IL2 to 10 dB.

FIGURE 7. Improvement obtained with adaptive IL.

Fig. 7, proves that the performance of the UL layer is
improved, assuming small losses in the LL layer. Specifi-
cally, the UL shows a median gain of 1.1 dB and taking
into account that time retransmissions only provide around
4 dB of improvement with a single retransmission, it is a
considerable gain. On the contrary, from the point of view
of retransmissions using multiple transmitters, the gain is
small compared to the values shown in Section VI-B. On the
other hand, the LL reliability degrades. However, taking into
account that LL is a BE service, and that degradation is lower
than 1 dB, it is considered an acceptable performance loss.

VIII. COMPARISON OF PROPOSED RETRANSMISSION
SCHEMES
This section compares all the solutions proposed in this paper
in terms of the superframe and network size, reliability, and
latency.

A. SUPERFRAME AND NETWORK SIZE
The number of nodes in the network or the duration of the
superframe are also parameters to identify different indus-
trial environments. FA, for instance, is more restrictive than

Process Automation (PA) in terms of time related parame-
ters such as delay, jitter or update time [43]. Therefore, this
section presents the estimation of superframe lengths and
the number of nodes in the network using the superframe
structure shown in Fig. 4.

First, Table 2 shows the necessary superframe duration for
networks in which the number of nodes is pre-established.
It should be noted that all cases with a single retransmission
have a superframe duration below 10 ms. However, as the
number of retransmissions increases, the length of the super-
frame increases considerably and exceeds FA limits.

TABLE 2. Superframe size for different number of nodes.

Table 3 displays results from a different approach.
We assume that the maximum duration of the superframe is
fixed by the use case and limited by the application cycle
period. In this case, the table shows the maximum number
of nodes that can be included in the superframe. For exam-
ple, the first case, where the superframe cannot exceed one
millisecond, is an FA case where a very small cycle time is
required. In that case, the superframe supports up to five,
three, and two nodes using one, two, and three retransmis-
sions, respectively. On the other hand, if the limit value of FA
environments (i.e., 10 ms) is taken into account, the number
of possible nodes is multiplied by ten. Finally, the last two
cases are oriented to PA environments and the number of
admissible nodes is an order of magnitude higher than in the
case of 10 ms.

TABLE 3. Maximum number of nodes for different superframe sizes.

B. RELIABILITY
In Fig. 8, the gain is calculated as the SNR difference in dB
between the PER and the PLR required to have an error rate
of 10−9. The analysis is divided into three parts: UL, LL with
MCS1 and LLwithMCS3, which are represented in Fig. 8(a),
Fig. 8(b) and Fig. 8(c), respectively.
In Fig. 8(a), the first conclusion is that retransmissions

with multiple transmitters have a greater impact on the UL
case. Regarding the adaptive injection level, it is observed
that the reliability improves when using it but in a moderate
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FIGURE 8. Comparison of the gain obtained by the different MAC techniques and for different configurations.

TABLE 4. Mean E2E latency analysis.

way. Finally, increasing the number of retransmissions is
more effective over retransmissions with spatial diversity,
with overall gain values close to 20 dB in some cases.

On the other hand, in Fig. 8(b) and Fig. 8(c), the LL
shows higher gains than the UL, due to the configuration
of retransmissions in single-layer mode. The performance
behavior depending on the configuration is quite similar,
although in general, the LL configured with MCS3 shows a
slightly higher gain than MCS1. Furthermore, in this case,
although the difference in performance between time-domain
retransmissions and with multiple transmitters is still evident,
it has diminished considerably. On the other hand, it can
be said that the use of the adaptive injection level does not
affect the LL, since the losses are negligible. Finally, it is
worth noting that there are several cases in both MCS1 and
MCS3 that exceed 25 dB of gain.

C. E2E LATENCY
Latency is another critical parameter in FA environments,
which in general is related to reliability since many of
the techniques to improve reliability involve an increase in
latency. Therefore, in this work latency and reliability are
analyzed to give a global vision of performance. In this case,
End-to-End (E2E) latency is used to represent the time that
elapses since the transmission of a packet begins until it is
finally received, including retransmissions if necessary. The
most representative E2E latency values have been gathered

in Table 4. It shows the mean E2E latency values for differ-
ent SNR values and each of the retransmission techniques.
Specifically, the values shown for retransmissions in the time
domain and with multiple transmitters have been obtained
using an IL of 5 dB and those that use the adaptive injection
level vary between 5 dB and 10 dB. Those cases have been
chosen because they present the most balanced reliability
results between UL and LL in the previous subsection. To cal-
culate the mean latencies, three specific SNR values have
been selected (i.e., 5, 10 and 15 dB). On average, the UL
presents low latency values in which 250µs are not exceeded
in any case. In fact, the latency values with 15 dB SNR are
practically the same as the minimum value, which indicates a
high reliability rate. In turn, as expected, the latency values
for LL are higher than for UL. However, despite the low
SNR values used, in no case do they exceed 2 ms and taking
into account that it is a BE service, it is an acceptable rate.
Furthermore, it should be noted that for the 10 dB and 15 dB
SNR cases using MCS1 and the 15 dB case using MCS3,
the maximum mean latency values are around 500 µs.

Finally, if the latency values are analyzed as a function of
the retransmission technique, it can be seen that the higher
the reliability rate, the higher the average latency that must be
assumed. That is why, the highest values appear in the case
of multiple transmitters combined with adaptive IL since it
is the case in which retransmissions are more efficient. The
main reason for this is the success rate of the retransmission
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TABLE 5. Analysis of the jitter results obtained for the UL.

schemes since error packets are not taken into account for the
latency calculation. However, taking into account the gains
in reliability that have been obtained in the previous section,
the increase in latency is acceptable. Similarly, the more
retransmissions that are used, the greater the latency that is
obtained, since the size of the superframe is also lengthened.

To complement the E2E latency measurements, Table 5
shows the jitter values obtained for the UL with the same
configurations as in Table 4. First of all, it should be noted
that with an SNR of 5 dB the jitter values are quite high
and even in some cases very close to the average latency.
However, the jitter is greatly reduced when the SNR is
increased. In particular, with 10 dB of SNR the jitter does not
exceed 30 µs and with 15 dB the values are around one µs,
which indicates that hardly any retransmissions are needed.
Furthermore, in general, retransmissions based on multiple
transmitters have better jitter values, since as they are more
efficient, they require fewer retransmissions to guarantee the
correct reception of the packets.

In summary, depending on the requirements of the final
application, a compromise between latency and reliability has
to be made.

IX. CONCLUSION
This paper presents and evaluates a set of techniques to
increase communication reliability over the 802.11n stan-
dard. These techniques include the integration of NOMA
within the 802.11n PHY layer, the use of a TDMA-based
MAC scheme, and the use of different retransmission tech-
niques in different diversity domains. To our best knowledge,
this paper is the first to consider different retransmission
schemes for a NOMA-based 802.11n communication system.
In particular, time-domain and multiple transmitter based
retransmissions have been combined with adaptive injection
level and evaluated from the reliability and latency point of
view.

The main conclusion is that each one of the evaluated
retransmission techniques has its advantages and disadvan-
tages. In particular, time-domain retransmissions are the sim-
plest to implement, but also the ones that offer lower reliabil-
ity due to channel dependence. However, it has been shown
that by increasing the number of retransmissions, up to 7 dB
of gain can be obtained for the CS. In contrast, retransmission
schemes that includemultiple transmitters have demonstrated
much higher reliability rates. Themain disadvantages of these
techniques are the synchronization that is required and the
deployment costs. The specific NOMA technique aimed at
adapting the injection level to favor the reception of the

UL in retransmissions has shown moderate gain values, but
it can be useful in cases where the highest reliability rate
is needed. Moreover, the latency analysis indicates that the
higher the reliability offered by the retransmission schemes,
the higher the latency that the system has to assume. However,
taking into account the type of services proposed and the
requirements of industrial environments, the latency values
obtained are below the limits. Therefore, depending on the
final application, in order to decide the optimal solution,
a tradeoff has to be evaluated and assumed between reliability
and latency.

This paper is oriented to the combination of NOMA tech-
niques with TDMA-based medium access, therefore, the next
step is to integrate NOMA in OFDMA-based communication
schemes such as 802.11ax/be standards. To do this, on the one
hand, the necessary modifications in the current 802.11ax/be
transceiver architecture will be studied, as well as the poten-
tial gains that could be obtained. In addition, the complexity
implications of the introduction of NOMA should be mea-
sured and low-complexity alternatives should be proposed to
improve the complexity/performance tradeoff.
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