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Abstract— Industrial Internet of Things (IIoT) applications
require reliable and efficient wireless communication. Assuming
dense Wireless Sensor Networks (WSNs) operating in a harsh
environment, a concept of a Time Division Multiple Access
(TDMA) based WSN enriched with Electronically Steerable
Parasitic Array Radiator (ESPAR) antennas is proposed and
examined in this work. The utilized antenna provides one
omnidirectional and 12 directional radiation patterns that can be
electronically switched by the sensor node. We introduce a relay
discovery algorithm which selects those sensor nodes with an
ESPAR antenna capable to act as relay. The selection of the relay
nodes is based on a certain link quality threshold that algorithm
uses as input. The outcome is a reduction in number of layers or
hops with a guaranteed Quality of Service (QoS). To emphasize
the physical aspect of the wireless propagation, we introduce the
measured antenna radiation patterns and consider two different
path loss propagation models representing blockage-free and
blockage-prone industrial environments. A number of network
simulations were performed and Signal-to-Noise Ratio (SNR) as a
link quality measure was examined with respect to the network
density and different measured radiation pattern settings. The
main outcomes show a trade-off between SNR per link and the
percentage of nodes that can serve as relays. As a result, we
propose network design guidelines that take under consideration
the QoS range with respect to SNR together with an optimal
number of antenna radiation patterns that should be selected as
a trade-off between latency, energy consumption and reliability
in a network.

Index Terms—Wireless sensor networks, IIoT, QoS, switched-
beam antenna, ESPAR, routing, relay, multi-hop communication

I. INTRODUCTION

The Industry 4.0 paradigm relies on ubiquitous connec-
tivity between devices to maximize the information about
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automation processes in order to optimize them [1], [2].
One of the key concepts developed nowadays to enable
this is IIoT, where machinery equipped with a number of
interconnected sensors and actuators control their efficient
operation or in some cases can even support safety critical
systems [3], [4], [5]. For this reason reliable, secure and
dependable wireless communication has to be provided [6],
[7], [8]. The network structure in IIoT is centralized, where
sensor nodes have fixed locations and are centrally managed by
a controlling unit. Nevertheless, the industrial sites are usually
very demanding with respect to wireless communication due
to the multipath propagation and reflections caused by the
presence of metal objects or other obstacles and dynamically
changing environmental conditions caused by moving objects.
Dense wireless networks operating in such spaces can also
result in co-existence problems where different nodes can
interfere with each other. For this reason, providing stable
and reliable communication parameters in such environment is
very challenging and has already been broadly addressed in the
literature by proposing non-standard systems with dedicated
protocols and using various routing algorithms [9], [10], [11],
[12], [13]. Authors in [14] provide a detailed survey on routing
algorithms for IIoT, emphasizing graph routing approaches
that address network lifetime, latency and energy consumption.
Other researches have proven that there are some limitations
that cannot be mitigated only with the changes on higher
protocol layers and need considering improvements on the
physical layer as well [15], [16], [17]. This is usually achieved
by adjusting the properties of physical Radio-Frequency (RF)
signals to the propagation environments and distribution of
wireless sensors. The simplest yet effective approach is to
equip IIoT nodes with additional spatial diversity capabili-
ties usually realized by dedicated antennas that can change
their parameters to better fit into a given environment or
network operation scenario. The directional antennas having
controllable radiation patterns and gain values can improve
the link quality [18], [19], [20]. Different approaches that use
directional antennas to improve the network parameters has
been proposed in the literature [21], [22], [23], [24], [25].
The narrow directional beam and high gain of the antenna
allows increasing the communication range and limiting the
signal coverage area, which can reduce the risk of potential
interference. However, the proposed protocols that are based
on the directional antennas report a number of negative aspects
that have to be considered, like hidden terminal problem,
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deafness, neighbour discovery, etc. and potential ways to
mitigate them by proper mechanisms on Medium Access
Control (MAC) layer [26]. It has to be noted, however, that
solutions proposed so far were mostly evaluated with network
simulators that do not take into account physical phenomena
related to propagation. Although the presented results give an
outstanding view of the whole network operation, a simplified
physical layer emulation used therein may be insufficient with
respect to the real network behavior in harsh and dynamically
changing propagation environments. This arises the need for
a deeper examination of the network operation with respect to
the propagation phenomena within indoor spaces, especially
those of industrial sites. The directional antennas that provide
one fixed radiation pattern may not allow for optimal operation
in case of dynamically changing environment conditions and
non-static network topology. For this reason, different concepts
of reconfigurable antennas have been proposed [27], [28].
Such antennas give ability to electrically control their radiation
pattern using different approaches from simple switching to
advanced beamforming techniques. In case of dense WSNs,
the cost and energy efficiency are the key parameters, so most
of the proposed ideas focus on the first approach which is
based on switching. Applications of switched-beam antenna
concept for MAC layer algorithms improvement are known
from the literature [29], [30], [31], [32], but apart from present-
ing limited insight into the physical layer, those approaches
rely on simplified ideal antenna radiation patterns and do not
consider realistic parameters like beamwidth, sidelobe level,
backward radiation or angular switching resolution. These as-
pects are critical for reliable assessment and appropriate design
of both, the network topology and the future protocols. The
other aspect that is broadly discussed in the literature is traffic
optimization by proper network topology adaptation [33],
[34], [21], [35]. This is mainly related to network slicing
or clustering where certain geographical rules are provided
with respect to find the optimal packet routes that improve the
overall network performance. Most of the mentioned research
are focused on the concepts based on IEEE 802.11 standard
where not all aspects related to dense WSNs operation, espe-
cially in harsh environments, are considered. An important
aspect in industrial WSNs is the QoS of the routed links.
The QoS aspect is imperative in providing a guaranteed end-
to-end performance and it is especially demanded for real-
time applications. While most of the routing algorithms focus
on energy consumption and reliability, they ignore the real-
time aspect [36] and assume that the traffic speed is sufficient
to meet the required QoS. More detailed examination of
modern heterogeneous WSNs based usually on IEEE 802.15
standard that are used for IIoT solutions is required due to the
limited hardware capabilities (simple low-cost end devices),
much higher network density and demanding propagation
environment. To address all the problems mentioned above, a
novel approach that combines the concept of network layering
presented in our work [37] and sensor nodes equipped with
the ESPAR antenna [38], [39], [40] has been proposed in
this paper. In [37], a routing algorithm was presented that
optimizes the energy consumption and minimizes the latency
by searching an optimal routing scheme. In this work, we

leave out the routing aspects and focus on finding an optimal
layered network structure by introducing relay nodes equipped
with ESPAR antennas and are capable to change the radiation
pattern based on the network requirements [40]. Differently
from [37], we consider the link QoS to discover the network
structure. By the boost of directional beams and the relaying,
a stringent link QoS can be achieved. The discovered network
structure can then be used in combination with various routing
algorithms as the one in [37].
A. Contribution and organization

Our contribution is summarized as in the following. First,
we propose an algorithm that is capable to discover a hierar-
chical structure of the network sorted in layers of relays. This
algorithm defines the relay nodes that comprise each layer and
is centralized starting from the Wireless Network Processor
(WNP). Each layer of relay nodes is responsible to receive
and forward the signal to the next layer. This approach creates
room for further investigations into routing schemes, however
such schemes are out of the scope of this work. Second, we
propose a switched-beam ESPAR antenna that is capable to
reconfigure the direction of radiation for directive beams or use
the omnidirectional pattern. Key idea is to utilize both distance
and spatial domains and reduce the number of layers or hops in
the communication by still guaranteeing the link quality with
a given threshold. For a relay node, it is possible to receive the
signal while utilizing an omnidirectional radiation pattern and
forward the signal with either a directional or omnidirectional
pattern. We conducted measurements and incorporated the
measured antenna radiation patterns for various configurations
of ESPAR in our analysis. The main goal of this paper is to
analyze and evaluate the proposed hierarchical relay layering
concept with the utilization of beam-switched antennas in
scenarios relevant for WSN. For this we consider a broad
number of parameters, starting with various densities of the
nodes, various propagation conditions, various requirements
on the link quality and various configurations of the ESPAR
antenna, i.e., utilizing two, four or more directional beams.
We select two propagation models, the Free-Space Path Loss
(FSPL) model representing a best-case scenario in terms of
propagation losses, and the Two-Slope Path Loss (TSPL)
model representing a more realistic scenario blockages on
the propagation paths. The two models serve as boundary
between blockage-free and blockage-prone scenarios. Our
analysis give simple rule of thumbs on the advantages and
optimal configuration modes of the switched beam ESPAR
antennas in industrial WSNs.

The rest of the article is organized as in the following: in
Section II the antenna concept and design is presented. In
Section III, we provide the system model including the relay
discovery algorithm as well as the model for link quality. Next,
we analyze and discuss simulation results in Section IV, and
at the end, in Section V we discuss and draw our conclusions.

II. ANTENNA

A. Antenna concept and design

The antenna proposed for the experiment is an ESPAR
antenna based on the design presented in [39]. It is a circular
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TABLE I: Measurements

n V n ϕn
max

1 V 1
max = [111110000000] 0◦

2 V 2
max = [011111000000] 30◦

3 V 3
max = [001111100000] 60◦

4 V 4
max = [000111110000] 90◦

5 V 5
max = [000011111000] 120◦

6 V 6
max = [000001111100] 150◦

7 V 7
max = [000000111110] 180◦

8 V 8
max = [000000011111] 210◦

9 V 9
max = [100000001111] 240◦

10 V 10
max = [110000000111] 270◦

11 V 11
max = [111000000011] 300◦

12 V 12
max = [111100000001] 330◦

13 V 13
omni = [000000000000] n/a

array where a centrally located active monopole is surrounded
by 12 passive elements mounted on a PCB with this metal-
lic groundplane on the top layer. The passive elements are
connected to the ground via digitally controlled integrated
SPDT switches located at the bottom layer of the antenna.
Depending on the switch state, each passive element can be
shorted- or open-circuited to the antenna groundplane and act
as a reflector or a director, respectively that stops or passes the
electromagnetic wave. By proper combination of the switches
states one can generate a directional radiation pattern that
can be rotated by 0◦ to 360◦ with discreet step of 30◦. A
steering vector V n = [v1, v2, . . . , v13] has been introduced
to describe the antenna radiation pattern configuration where
v1, v2, . . . , v13 are binary values representing the states of the
passive elements of the array. A state of 1 indicates when
the corresponding element is a director, whereas a state of
zero indicates a reflector. The antenna is able to operate in
two radiation modes, with the mentioned directional beam
Vmax and the omnidirectional pattern Vomni that is obtained
when all passive elements are directors, which in total gives
n = 13 available radiation patterns (12 directional and 1
omnidirectional), as presented in Table I.

B. Realized antenna

The fabricated antenna with dimensions is presented in
Fig. 1. It has been realized on 1.55 mm thick FR4 sub-
strate. The SMA connector has been used to feed the active
monopole. The NJG1681MD7 FET SPDT switches have been
used to realize the switching circuits (Fig. 1). They exhibit
high isolation and low insertion loses and can be controlled
with a typical microcontroller’s or transceiver’s GPIO with
2.5-5V power supply. The switching circuits together with
simple LED indicators have been located on the bottom layer
of the fabricated PCB while the top layer forms the antenna
ground. Antenna active and passive elements have been made
of brass to keep the construction stable and less fragile and
susceptable to mechanical damages.

C. Measurements

The measured and simulated results are presented in Fig. 2.
The measured Half-Power Beamwidth (HPBW) of the direc-
tional configuration is equal to 75◦ which is comparable with

Fig. 1: Realized ESPAR antenna

(a) (b)

Fig. 2: Antenna radiation patterns for horizontal plane at θ =
90◦.

the simulated results. The main differences between simulation
and measurement are for backward radiation and gain at
θ = 90◦. Backward radiation level is 4dB higher comparing
to simulation while the measured gain is 1.7dB lower than the
simulated value. Similar discrepancies can be observed for the
configuration with omnidirectional radiation pattern at some
angles. The differences are caused mainly by the imperfect
realization and non-ideally mounted passive elements as well
as the fact that only approximate value of the conductivity that
was incorporated into the antenna model. These observations
indicate the importance of realistic radiation patterns of the
antenna to which one should resort in system simulation if
more accurate results are expected.

III. SYSTEM MODEL

We consider a static WSN consisting of a single WNP
denoted by N0 and set of M sensor nodes {N1, . . . , NM} that
are synchronized and communicate using the TDMA based
MAC protocol. All network elements are considered part of
the set S = {N0, N1, . . . NM}. The sensor nodes are centrally
managed by the WNP. We suppose that not all nodes can
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establish a direct communication link with the WNP, with a
guaranteed QoS. This assumption is especially relevant for
industrial communications, where the wireless channel expe-
riences fading and link quality varies over time. Furthermore,
the limitation in transmit power contributes in not having a
stable direct communication between WNP and the nodes. In
order to overcome such problems, we introduce a relaying
concept based on a guaranteed QoS. In this way, a relay node
is capable to receive the signal under a guaranteed QoS and
forward it to the rest of the network. To determine whether a
sensor node Nm, is able to perform as a relay between WNP
N0 and other nodes in the network, the following condition is
applied

Nm =

{
∈ R, if ζ0m ≥ T

S\R, otherwise.
(1)

The parameter ζ0m denotes the link quality between nodes
N0 and Nm, and it can be any parameter that measures the
link quality such as Received Signal Strength Indicator (RSSI),
SNR, received power, packet error rate, etc. A certain threshold
indicated by T is considered in order to control the link quality
and thus determine whether a node can act as a relay in the
network. The subset R indicates relay nodes, whereas the
nodes that can not meet the criteria to become a relay, are
part of S\R. We will refer to these nodes simply as non-relay
nodes.

The WNP and sensor nodes are equipped with an ESPAR
antenna as introduced in Section II. We let the ESPAR
antenna to have different configurations, an omnidirectional
radiation pattern, or a directional radiation pattern that can
be rotated between 0◦ and 360◦ with a step of 30◦. In our
system model we follow the assumption that after the nodes
are synchronized, when in the listening mode, each sensor
node utilizes the omnidirectional mode. While when transmit-
ting/forwarding, one can choose between omnidirectional and
directional modes. One additional packet has to be sent each
time there is a change in the configuration pattern. Figure 3
illustrates an example of a single WNP N0 and three sensor
nodes, where Nm is a relay node whereas Np and Nq are
non-relays. The WNP transmits a signal utilizing a directional
mode of antenna, while all other nodes that are in the listening
mode employ an omnidirectional antenna pattern. The gray
area denotes the omnidirectional mode applied when node Nm

is in the listening mode and receives the signal from N0. In
the next step, node Nm acts as a relay and forwards the signal
from N0 to the rest of network nodes utilizing a directional
mode of the ESPAR antenna. Two angular directions are
depicted in the figure for illustration, ϕ3

maxm and ϕ12
maxm . The

light red area denotes the directional mode when node Nm

is forwarding the signal received from N0 to node Np. Note
that the directions of the ESPAR at node Nm are chosen for
illustration purposes. In practice, node Nm would transmit in
random directions depending on the configuration capabilities,
i.e., switching between all 13 radiation pattern combinations,
or switching between a few directions. In addition, we consider
that node Nm is not aware of the location of other nodes in
its surrounding. To determine which nodes are capable to act

N0 Nm

Nq

Np

d0m

dmq

dmp

Omnidirectional
mode

Directional
mode

φ
3
maxm

φ12
maxm

x
φ1

maxm

y

φ13
maxm

Fig. 3: The concept of relaying in a network with four nodes.
Node N0 is the WNP, Node Nm is a relay, while Np and Nq

are non-relay nodes.

as relay, we introduce a recursive algorithm that classifies the
network into layers or relaying.

A. Recursive relay discovery

In order to allow for a distributed network structure, based
on the relaying concept from Eq. (1), we introduce a structured
network connection concept that is organized in layers. The
basic principle here is to apply a hierarchical algorithm that
determines the sensor nodes that are capable to act as relays in
the network. We refer to this as the recursive relay discovery.
It starts from the central WNP, and in the first stage of the
algorithm the WNP broadcasts a signal. Based on the link
quality criteria from Eq. (1), the nodes from the set Sf =
S\N0 that meet this criteria are marked as relay nodes and
compose the first layer of relay nodes, denoted by the set R1.
Algorithm 1 describes in more detail the first stage of the relay
discovery performed at the WNP. When the algorithm starts,
the parameter n denoting the actual layer is set to n = 0. For
each discovered relay at this stage, the WNP is added in the
list B, denoting the list of all possible backward nodes for a
discovered relay node. After the link quality criteria is applied
for each of the nodes in the set Sf , the algorithm stops. In
this step, the first layer of relays is known and parameter n is
incremented to 1.

In the second stage, a recursive relay discovery starts,
performed at the set of already discovered relays, i.e., R1 -
layer one. Algorithm 2 shows the procedure of selecting relays
for each layer recursively. The algorithm starts with relay
nodes discovered previously, and for each of these relay nodes
Nk ∈ Rn, the link quality between Nk and each of the free
nodes from set Sf is compared with a given threshold T in
order to determine the next layer relays. For each new listed
relay node, the routing tables are updated denoting the possible
backward nodes (B), forward nodes (F), new layer relays
(Rn+1) and the remaining set of free nodes (Sf ). After each
iteration the index denoting the number of already discovered
layers is incremented by one. The algorithm stops when the
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Algorithm 1 Network discovery at WNP - Stage 1

1: S = {N0, N1, . . . NM}
2: Sf = S\N0

3: n = 0
4: R = ∅
5: F = ∅
6: B = ∅
7: for all Nm ∈ Sf do
8: if Nm.relay← true then
9: Rn+1.append(Nm)

10: B
(Nm)
n+1 ← N0

11: BC
n+1.append(B(Nm)

n+1 )
12: Sf ← Sf\Rn+1

13: n← 1
14: return n,Rn+1,Sf ,B

C
n+1

Algorithm 2 Network discovery at node N - Stage 2

1: while Rn 6= ∅ do
2: for all Nk ∈ Rn do
3: for all Nf ∈ Sf do
4: if ζkf ≥ T← true then
5: Rn+1.append(Nf )

6: B
(Nf )

n+1 ← Nk

7: F
(Nk)
n .append(Nf )

8: BC
n+1.append(B

(Nf )

n+1 )

9: FC
n .append(F(Nk)

n+1 )
10: Sf ← Sf\Rn+1

11: n← n+ 1
12: return n,Rn,F,B,S

set of the possible discovered relay nodes in the new layer is
empty Rn = ∅. There are two possible cases, first that all free
nodes from the set Sf meet the link quality threshold criteria
and are listed as relays, and second, the free nodes form the
set Sf do not meet the link quality criteria therefore they are
marked as non-relay nodes. This network structure is flexible
to be applied in various routing algorithms, such as the one
in [37]. It allows to optimize routes based on various criteria
such as energy efficiency, load balancing, delay etc. In the
reminder of the paper, we only focus on determining the relay
nodes based on the link quality and focus on the benefits of
directional antennas for various network conditions.

B. Link quality

By combining the path loss L(d), antenna gain G(θ, ϕ)
and transmit power P, a position dependent large-scale fading
can be obtained characterizing the propagation losses from a
transmitter to a receiver location. We assume the noise power
density σ2

n and consider unit transmit power P. The expression
for the SNR for the link between nodes Nk and Nl can be
written as

ζkl =
PkLkl(d)Gk (θ, ϕ)

σ2
n

. (2)

To capture the path loss L(d) we distinguish between two
scenarios:

1) The FSPL: the ideal scenario with no obstructions in the
propagation path between nodes where the loss between
two locations/radiators is the free space and for this we

consider the FSPL. The distance dependent path loss is
given by

L(d)(FSPL) = 21.98 + 20 log10 (λ)− 20 log10 (d) , (3)

where d denotes the distance between two locations and
λ is the wavelength.

2) The TSPL: a loss-prone scenario representing indus-
trial environments with big obstruction surfaces. For
this we employ a TSPL that is derived based on mea-
surements in manufacturing facilities. The model dis-
tinguishes between Line-of-Sight (LOS) and Non Line-
of-Sight (NLOS) propagation by changing the slope of
the propagation loss at a certain breakpoint distance.
In particular, we consider a path loss model derived
from measurements carried out at the National Institute
of Standards and Technology (NIST) Central Utility
Plant [41], which is an indoor industrial steam generation
plant consisting of large machinery such as boilers and
multiple metallic surfaces and overhead pipes. Such a
scenario is realistic to represent industrial factories with
a lot of machinery. The distance dependent path loss is
given by

L(d)(TSPL) =


p110 log10

(
1
d

)
− q1, d ≤ dBP

p210 log10
(
1
d

)
−

(q2 + dBP (p2 − p1)) , d > dBP

(4)
where d denotes the distance between two locations.
Parameters p1 and p2 represent path loss exponents and
q1 and q2 indicate the path gain at a certain distance form
the transmitter. The parameter dBP denotes the breakpoint
distance indicating the distance where the slope of the
path loss changes.

For the antenna gain Gk (θ, ϕ), we employ the measured
radiation pattern of the ESPAR antenna described in Section II.
We consider only the antenna radiation pattern in azimuth
domain, i.e., at constant θ = 90◦.

IV. PERFORMANCE INVESTIGATION

A. Simulation setup

In this section, we evaluate the recursive relay discovery
with the introduced setup in Section III and the measured an-
tenna gain from Section II. We consider an area of 50 m×50 m,
a single WNP located at the center of the area and a set of M
sensor nodes uniformly distributed within this area. Figure 4
shows a simulated example of the network with 250 nodes.
For the link quality modeling we select the SNR as link
quality measure we follow the description in Section III-B.
Since in our work we consider a TDMA based network with
synchronized nodes, we assume an interference-free network.
Another important aspect in the interference caused by the
multipaths that arrive with a delay larger than the delay win-
dow corresponding to the length of a slot. According to [42],
this interference is negligible and the SNR can be considered
as an accurate approximation. Simulation parameters are given
in Table II.
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Fig. 4: Simulated scenario with a single WNP (in red) and
sensor nodes (in blue) with density µ = 0.1.

TABLE II: Simulation parameters [41, Table 4-2].

Parameter Value
Frequency 2.245GHz
ESPAR antenna θ = 90◦, ϕ ∈ [0◦, 360◦]
Path loss exponent p1 -1.1
Path loss exponent p2 -2.6
Path gain q1 -46
Path gain q2 -30
Breakpoint distance dBP 11

B. Analysis of relay-free network

1) ESPAR configuration modes: In this part, we focus
on the behaviour of various ESPAR configurations before
applying the network discovery algorithm. Figure 5 illustrates
the received power for a simulation area of 50 m×50 m and
a single WNP located in the center. The WNP is equipped
with an ESPAR antenna that can switch between five config-
urations: omnidirectional, two beams, four beams, six beams
and 12 beams as indicated in Fig. 5. Similar configurations
we use later to evaluate the network behaviour of the relay
discovery algorithm. For instance, in Fig. 5c the ESPAR
antenna is set to have two reconfigurable radiation patterns
pointing in different directions V n1

max and V n2
max, e.g., V 1

max and
V 7

max. The beam direction is selected randomly such that
(n1, n2) ∈ {1, 2, ...12} and n1 6= n2. The results indicate the
changes in terms of the received power in different regions of
the simulated area when switching from the omnidirectional
mode to directional configurations. The use of directional
beams in general improves the received power range when
going from onmidirectional to directional mode. Furthermore,
for a higher number of switching beams, the received power
improves significantly not only for the locations close to the
WNP, but also at distant locations. For example, for six and
12 beams, the benefit of directional antenna gain results in
reaching a value of around −60 dBm in terms of received
power for a radial distance of 15m from the central WNP, as
compared to about 8m achieved in the omnidirectional case
for the same value of received power.

2) SNR statistics: We consider the same simulation area as
previously, a single WNP located in the center and M = 1250
sensor nodes that are uniformly distributed. All sensor nodes
and the WNP utilize the omnidirectional mode of the ESPAR
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Fig. 5: Received power in dB for various ESPAR configura-
tions V n

max and n ∈ {1, 2, ...13} as indicated in Table I.

antenna. We perform simulations separately considering the
two path loss models, the FSPL and the TSPL. For each of
the two cases, we record the SNR of the broadcast links from
WNP to each of the sensor nodes in the network. Figure 6
shows the distribution of the SNR for the two path loss models.
In the case of FSPL, the SNR statistics show that the samples
are centered around 13 dB and follow a unimodal distribution.
In contrary to the FSPL, we notice that for the NIST path
loss model the SNR follows a bimodal distribution, indicating
two regions that are separated for about 15 dB: the NLOS
range (left) and the LOS range (right). The gap between
the two regions is caused by drop in received signal power
at distances beyond the breakpoint distance, reflecting the
blockages caused from the large metalic obstacles considered
in this scenario. The given statistics are of importance to
understand the impact of the SNR threshold on the routing
discovery algorithm that we will discuss later on. Further
more, Fig. 6 reflects the fact that we are considering two
extreme cases of the propagation conditions: where with the
FSPL we traget the best-case scenarios, where there are no
obstacles between sensor nodes, and the with the TSPL we
target the worst-case scenarios where there are a lot of big
obstacles in the considered area. Any other scenario would
stand in between the two cases we are considering.

Next, we switch the antenna at WNP to a directional
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Fig. 6: SNR distribution for the two path loss models and
ESPAR omnidirectional mode.
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Fig. 7: SNR distribution for the TSPL and different ESPAR
antenna settings, directional modes denoted by dashed lines
for various r and omnidirectional denoted by solid line.
Bars denote the actual occurrences, while lines denote the
approximated distribution.

mode and consider four configurations with the number of
beams set to r = {2, 4, 6, 12}. Figure 7 shows the SNR
distribution for the case of TSPL for various directional modes.
The figure indicates how the SNR distribution changes when
switching from omnidirectional to directional configuration.
When switching from omnidirectional to directional mode
considering one beam only, i.e., r = 1, we notice a deteri-
oration in terms of SNR for the low SNR regime, and for
the high SNR regime again we notice a shift towards lower
values. This simply reflects the fact that a single directional
antenna beam is not able to combat the omnidirectional case.
When increasing the number of directional beams to r = 2
we start to notice an improvement compared to r = 1, but
still only a slight improvement in terms of SNR is revealed
for the low SNR as compared to the omnidirectional mode.
Starting from r = 4 the SNR shifts to the right for both low
and high SNR regimes and reaches a shift of around 8 dB for
r = {6, 12}. Further, the results reveal that r = 6 and r = 12
achieve almost same behaviour indicating that in a network
without introducing a relay concept, the ESPAR antenna with
directional mode already improves the SNR substantially, and
that with a maximum of six redirectional beams.
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Fig. 8: Maximum number of layers for various user densities
and an ESPAR omnidirectional setting.

C. Analysis of relay-aided network

1) Number of layers and node density: In this part we put
our focus on the relay discovery algorithm. We consider the
same simulation area as before, a single WNP positioned at
the center and vary the number of sensor nodes by considering
three cases, M = {25, 250, 1250}. We represent the number of
nodes M by the node density parameter, that for the simulation
area of 50 m×50 m, leads to µ = {0.01, 0.1, 0.5} respectively.
The ESPAR antenna is set in the omnidirectional mode at
both WNP and sensor nodes. We now apply the recursive
relay discovery algorithm discussed in Section III-A and let
the network discover its structure by defining layers of relay
nodes. As a link quality measure and control parameter for
the algorithm, we consider the SNR threshold T for each
respective link. Obviously, the network structure will change
depending on the value of T , therefore we consider a broad
range of threshold T = {−10,−9,−8, ...43, 44}dB and for
each T value we let the recursive discovery algorithm run
and evaluate the maximum number of layers nmax that are
reached. The nmax directly impacts the multi-hop latency,
therefore a lower nmax is desirable, whereas the threshold T
determines the reliability of the network. The results in terms
of nmax averaged over 500 simulation realizations are shown
in Fig. 8 for the two path loss models, the FSPL in Fig. 8a and
TSPL in Fig. 8b, respectively. The maximum number of layers
(or hops) changes depending on the threshold T . In the case
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of the FSPL, the maximum number of hops for a node density
µ = 0.01 is achieved for T = 19dB. When the threshold is
very low, i.e, T < 8 dB, with the given network settings, all
nodes can reach the threshold and thus become relays. These
nodes are then assigned to layer 1. Therefore the maximum
number of layers reached for this SNR remains the same,
nmax = 1. When the threshold is in the range 8 ≤ T ≤ 19 dB,
the number of relay layers starts to increase. This indicates that
in the first instance of the relay discovery algorithm, not all
nodes in the network can reach threshold T , thus allowing
more layers to be build. Next, for 19 < T < 24 dB, the
maximum number of layers starts to decrease. This stems from
the fact that the given threshold can not be reached by some
nodes in the network, in any instance (layer) of the discovery
phase. In this case, there are always nodes in the network
that are non-relay per function. We will discuss the impact of
various parameters on the number of non-relay nodes later,
in a separate subsection. In addition, when observing this
behaviour over node density, the results in Fig. 8a indicate
that the maximum number of layers achieved is larger for
higher node density. Furthermore, increasing the node density,
the maximum for nmax occurs for higher threshold T , e.g.,
for µ = 0.1 the nmax is reached for T = 24dB, while for
µ = 0.5 for T = 28dB. This comes due to the fact that with a
higher node density, the distances between nodes get smaller,
therefore the SNR per link improves.

Similar behaviour is achieved for the TSPL in Fig. 8b.
Contrary to the FSPL, there is a larger range of threshold T
that provides more than a single layer of relays, i.e., nmax > 1.
This range is −8 < T < 38 dB, while for the FSPL it
is 8 < T < 40 dB. This behaviour is due to the SNR
distribution (see Fig. 6) that is affected by the two different
path loss models. It is important to note that in the case of
TSPL, for node density µ = 0.1 and µ = 0.5, with the
threshold values T = 26dB and T = 27dB, respectively,
after the network discovery algorithm, each link in each layer
is bounded to the high SNR regime, bringing the nodes to
be in LOS. This is especially relevant for scenarios with a
a lot of obstructions, indicating that the introduced relaying
concepts provides a guaranteed link quality even for scenarios
with harsh propagation conditions, for a density of at least
µ = 0.1.

2) Number of layers and non-relay nodes for various
ESPAR configurations: In this part, we focus on the impact
of various configurations of the ESPAR antenna when incor-
porated to the relay discovery algorithm. In particular, we
look at two parameters: the maximum number of layers that
can be obtained on average and the percentage of non-relay
nodes in the network subject to threshold T , environment type
described by the two path loss models and ESPAR antenna
type. We consider the simulation setup from Section IV-A with
three node densities µ = {0.01, 0.1, 0.5} and ESPAR antenna
that uses omnidirectional mode and directional mode with
number of beams r = {2, 4, 6, 12}. We perfrom the analysis
separately for FSPL and TSPL path loss models. The results
for the case of FSPL are shown in Fig. 9. In the following,
we outline the most important findings.

• For low node density of µ = 0.01 shown in Fig. 9a,

switching from omnidirectional to directional mode de-
creases the number of relay layers for about one layer
less, depending on the number of beams r. It can be
noticed that for r > 4, the differences in terms of
nmax are not that significant anymore. This reveals that
by increasing the number of beams r, under the same
threshold T and a guaranteed link quality, less hops/layers
of relaying are sufficient to keep the network link quality
T . A lower number of layers contributes to smaller delays
in forwarding the packets, therefore is desirable in WSNs.
On the other side, when observing the percentage of
nodes in the network that result to be non-relays, because
of not being able to meet the link quality threshold crite-
ria, this percentage increases over the applied threshold
T when switching from omnidirectional to directional
mode. Furthermore, increasing the number of directional
beams r results into a lower number of non-relay nodes
for respective threshold T . This indicates that there is a
trade-off between number of layers and non-relay nodes
for a given range of threshold T .

• For node density µ = 0.1 given in Fig. 9c, the dif-
ference between omnidirectional and directional mode
significantly increases. Switching from omnidirectional
to r = 2 already decreases the maximum number of
layers by 50%. As for the number of directional beams,
one can notice that for r > 4, there is no significant
change anymore. When observing the percentage of non-
relay nodes shown in Fig. 9d, we notice less differences
between omnidirectional and directional mode with var-
ious r. Only for T > 25 dB, the directional mode is
more favorable. Otherwise, which mode to select depends
on whether a higher number of hops in the network is
desirable or not.

• For highly dense networks with µ = 0.5, switching
from omnidirectional to a directional mode decreases
the number of layers by 65%. The results indicate that
in terms of number of layers, the benefit of directional
ESPAR antenna is most significant in the networks with
high density of the nodes. This reflects the benefit of
ESPAR antenna gain particularly in the scenarios where
sensor nodes are closely located. However, the results in
terms on non-relay nodes given in Fig. 9f indicate that
for threshold values T < 20 dB, both omnidirectional and
directional modes are optimal, while for T > 20 dB the
omnidirectional mode provides up to 20% less non-relay
nodes.

Next, we carry out similar analysis for the case of TSPL.
The results are summarized in Fig. 10. In the following we
outline the most important findings.

• For low node density µ = 0.01 shown in Fig. 10a,
switching from omnidirectional to directional mode does
not significantly impact the maximum number of relay
layers. One can notice a slight decrease on nmax when
going from omnidirectional to directional mode with
various number of beams r. Another difference is the
range of threshold T for which at least a single layer of
relays exist. This is especially noticed on the high SNR
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Fig. 9: Maximum number of layers and percentage of non-relay nodes for different node densities and ESPAR configurations
considering the FSPL path loss model. The light shaded area denotes the 95% confidence interval.

range 25 < T < 35 dB, indicating that the directional
beams boost the link quality and therefore enable to reach
at least one layer of relays, while for the same range
with omnidirectional antenna no relay layer is obtained.
This means that with an omnidirectional antenna it is not
possible to keep a very good link quality (T > 25 dB).
On the other side, when looking at the percentage of
non-relay nodes shown in Fig. 10b, two things can be
noticed. First, the omnidirectional mode outperforms the
directional one for threshold values in the high SNR
regime, making it favorable for 10 < T < 25 dB.
Second, considering the high SNR regime for threshold
T , this comes in the expense of more than 50% on nodes
not being able to fulfill the link quality condition to
become relay. Therefore, for a routing scheme where it

is important to have more possible routes rather than a
higher link quality, this is only possible for T < 5 dB,
assuring that at least 80% of the nodes are able to act a
a relay. This reveals that in a scenario prone to lots of
blockages and with large distances between the nodes,
there is no benefit in utilizing directional mode.

• For the node density µ = 0.1 given in Fig. 10c, the
difference between omnidirectional and directional mode
is more obvious. At a certain range of threshold T , the
maximum number of layers for omnidirectional mode
reaches up to 6 layers, while for directional mode nmax

is at least two times lower. This reveals that in terms of
number of layers, a reduction of 50% can be achieved
by switching from onmnidirectional to directional mode
with only two beams (r = 2). By increasing the number
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Fig. 10: Maximum number of layers and percentage of non-relay nodes for different node densities and ESPAR configurations
considering the TSPL path loss model. The light shaded area denotes the 95% confidence interval.

of beams r > 2, this reduction increases even further.
However, it is important to note that utilizing an ESPAR
antenna with more than four beams does not lead to
further significant improvements. When looking at the
percentage of non-relay nodes given in Fig. 10d, om-
nidirectional mode provides better results in terms of
a lower number of non-relay nodes for T < 25 dB.
Therefore, for such a network setting, an omnidirectional
mode is advisable. If a higher link quality is the goal,
then directional modes becomes more suitable, however
in the expense of less relay nodes available.

• For highly dense networks with µ = 0.5, the difference
between omnidirectional and directional modes signifi-
cantly increases. A switching from omnidirectional to
directional mode results in up to 70% reduction in the

maximum number of layers. This comes from the fact
that, in highly dense networks, the distances between
nodes are smaller and, in consequence, the impact of
directional beams in the achieved SNR becomes more
significant. Furthermore, for such dense networks, the
benefit of ESPAR antenna with directional beams is in
significantly reducing the number of hops, which in such
dense networks becomes a crucial parameter. On the other
hand, the percentage of non-relay nodes shown in Fig. 10f
indicates that for T < 18 dB, both antenna modes provide
the same performance, while for 18 < T < 28 dB,
directional mode causes up to 20% non-relay nodes
therefore omnidirecional mode besomes more favorable
in terms of having more relay nodes. For T > 28 dB the
directional mode is always favorable.
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V. DISCUSSION AND CONCLUDING REMARKS

The IIoT domain where machinery is equipped with a num-
ber of connected sensors, efficient operation and at the same
time safe requires reliable secure and dependable wireless
communication. Since most of the industrial sites in IIoT
are deployed indoors surrounded by many metallic compo-
nents, the wireless communication becomes challenging due to
harsh propagation conditions. Providing stable communication
parameters in such environment has been already broadly
addressed in the literature by proposing proper protocols and
using different routing algorithms. However, some limitations
are not possible to mitigate only with the improvements on
higher protocol layers and have to consider improvements on
the physical layer as well. In this article, we examined the
problem of link quality impairment on typical industrial sites
due to harsh propagation conditions and assess link quality
improvements with switched-beam ESPAR antennas and a
layered structure of the network introducing relaying nodes.

In our TDMA network comprised of sensor nodes and
one WNP, we introduce a switched beam ESPAR antenna,
that is a circular array, and by proper combination of the
switches state can generate a directional radiation pattern that
can be rotated from 0◦ to 360◦. The same antenna is also
capable to operate in an omnidirectional mode. With the relay
discovery algorithm presented in this article, we show how
the network can benefit most by introducing sensor nodes
that act as relay and utilize directional or omnidirectional
radiation patterns. For a node to be a relay, it has to fulfill
certain criteria such as having a defined link quality. Overall,
the improvements in reducing the number of layers or hops
are significant for all directional ESPAR configuration in free-
space as well as blockage-prone propagation conditions. On
the one hand, utilizing the directional mode with just as low
as two switching beams, can reduce the number of layers up
to 65% in the case of FSPL and about 70% for the TSPL.
The lower the node density, implying a larger separation in
the location of the nodes, this reduction in terms of layers
decreases. On the other hand, aiming for a better link quality
set as controlling parameter for the relay discovery algorithm,
there is clearly a trade-off between having a high SNR per
link and the percentage of nodes that can serve as relays. Our
results reveal that if a lower number of layers is desirable
for a network design, then in order to achieve a higher QoS
(< 15 dB) directional beams are favorable. A lower number
of layers is favorable in terms of minimizing the latency in a
multi-hop communication. In addition, our results show that
for certain scenarios going with a high QoS (> 30 dB), less
relay nodes are available in the network. This range when
about 50% of the nodes or more are not relaying the traffic
might be a drawback for networks that aim to have an energy
balance between nodes such that the load distribution does
not vary a lot. Therefore, which QoS range to select, will
depend on the trade-off between latency, energy consumption
and reliability in a network. Furthermore, our findings reveal
that using a switched beam ESPAR antenna with a maximum
of four beams is sufficient to achieve a high SNR and largely
reduce the number of hops in wireless communication among

WSN nodes.
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