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Abstract: The deployment and efficient use of wireless sensor networks (WSNs) in underwater and
underground environments persists to be a difficult task. In addition, the localization of a sensor Rx
node in WSNs is an important aspect for the successful communication with the aforementioned
environments. To overcome the limitations of electromagnetic, acoustic, and optical communication
in underwater and underground wireless sensor networks (UWSNs), magneto-inductive (MI) com-
munication technology emerged as a promising alternative for usage in UWSNs with a wide range of
applications. To make the magneto-inductive underwater wireless sensor networks (MI-UWSNs)
more efficient, recently, various research studies focused on the optimization of the physical layer,
MAC layer, and routing layer, but none of them has taken into account the effect of directionality.
Despite the directionality issue posed by the physical nature of a magnetic field, the unique qualities
of MI communication open up a gateway for several applications. The directionality issue of MI
sensors is a critical challenge that must be taken into account while developing any WSN protocol
or localization algorithm. This paper highlights and discusses the severity and impact of the direc-
tionality issue in designing a localization algorithm for magneto-inductive wireless sensor networks
(MI-WSNs). A received signal strength indicator (RSSI)-based multilateration localization algorithm
is presented in this paper, where a minimum of 2 and maximum of 10 anchor Tx nodes are used
to estimate the position of the sensor Rx nodes, which are deployed randomly in a 15 m x 15 m
simulation environment. This RSSI-based multilateration technique is the most suitable option that
can be used to quantify the impact of directionality on the localization of a sensor Rx node.

Keywords: MI communication; localization; RSSI; wireless sensor networks; MI-UWSNs

1. Introduction

The magneto-inductive wireless sensor networks (MI-WSNs), which involve commu-
nication of any two nodes using magnetic fields, have recently emerged as an alternate
option for medium-range communication in extreme environments, such as underwater, as
shown in Figure 1a [1]. Subsequently, for the improvement in the efficiency of magneto-
inductive underwater wireless sensor networks (MI-UWSNS), the recent literature focuses
on localization, and the optimization of physical, MAC, and Network layers. Although
magneto-inductive (MI) communication offers unique advantages for the underwater and
underground applications, the nature of the magnetic field presents a unique directionality
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challenge that has an impact on the robustness of MI communication in an MI-UWSN.
Therefore, it is really important to address and incorporate the impact of directionality
while proposing and designing any localization algorithm for MI-UWSNs.

Ship/AUV equipped with Nl oo
. Terrestrial communication N\N\" equipped anchor Tx
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Figure 1. (a) Showing a basic scenario of MI-UWSNs. (b) Localization process flow diagram.

Node localization plays an important role in any WSN to realize the benefits of the
network [2—4]. For the localization of a WSN, nodes are often classified into two types, i.e.,
anchor Tx nodes and sensor Rx nodes. Anchor nodes are those whose location is already
known, whereas the location of sensor nodes is unknown. Hence, the scope of localization
algorithm is to accurately locate the sensor Rx nodes with the help of the anchor Tx nodes.
Figure 1b shows a general localization process flow, in which the distance estimation from
the anchor Tx node (the input) is combined with the position estimate for the purpose of
finding a sensor Rx node in MI-UWSNs. Hence, the important part of localization is thus
an accurate range measurement, without which the localization schemes will be inaccurate.
Accuracy in localization is extremely important, as the localization error from a single
sensor Rx node can further be passed on in the overall network.

To estimate the distance of sensor Rx nodes, both range-free and range-based algo-
rithms have been used by different research groups. The range-free algorithms consist of
distance vector (DV)-hop, gradient algorithms, approximate point in triangulation (APIT),
centroid systems, and hop terrain [5-9]. The range-free algorithms are cost efficient but
less accurate; furthermore, and since hop count requires flooding of the network, they are
generally not suited for UWSNSs, as they can reduce the overall network’s efficiency. On the
other hand, range-based algorithms are widely adopted for UWSN applications because of
their improved accuracy [10-13]. The range-based algorithms are further classified into
time of arrival (ToA), time difference of arrival (TDoA), angle of arrival (AoA), and received
signal strength indicator (RSSI). Due to the unique physical nature of MI Communication,
ToA, TDoA, and AoA cannot be used for node localization in MI-UWSNs, for the reasons
described in Table 1. Thus, the RSSI-based algorithm in the range-based category turns out
to be the only option that can be utilized to localize sensor Rx nodes in MI-UWSNSs, with
anchor Tx nodes estimating the range on the basis of the strength of the received signal.
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Table 1. Finding suitable localization process for MI communication.

S.No Technology Description Limitation
This technique is based on the measurement of =~ Magnetic field lines cannot be measured in terms
1 TOA time of transmission and reception of signals of time, because they do not propagate like
between both Tx and Rx nodes. electromagnetic, optical, and acoustic waves.
Thls. technique FEQUITes a mintmua of two Tx Magnetic field lines cannot be measured in terms
signals to be received by Rx nodes. The . .
2 TDOA . . . of time because, they do not propagate like
difference between both the times of received . ; ;
. . . . electromagnetic, optical, and acoustic waves.
signals is the estimated position.
This technique requires a line of bearing for Magneto-inductive communication is in research
3 AOA . . :
communication. phases to be able to have a line of bearing.
RSSI measures the signal strength in dB at a
4 RSSI given instant. Therefore, RSSI technique is the This technique provides no limitation for
only candidate that can be used for localization MI-UWSNS.
in MI-UWSNSs.

Once the sensor node’s distance is estimated, the next step is to estimate the exact
position of the sensor node. The common methods used for the position estimation are
the lateration methods, i.e., trilateration and multilateration. These methods can easily
be applied in MI-UWSNs. Moreover, due to the importance of localization in a WSN,
a few localization schemes have also been proposed and presented in [14-19] for MI-
WSN-based applications. Majority of the proposed schemes utilize RSSI to measure the
distance between anchor Tx nodes and sensor Rx nodes. However, it has been observed
and identified that all these localization efforts assume the uniform strength of a magnetic
field over the entire space around the MI Tx and Rx nodes. This assumption is not true, and
therefore will lead to an inaccurate localization in practical scenarios, due to the directional
nature of the magnetic field. In the case of a single-dimensional MI coil, the directivity
pattern is highly directional, whereas in the case of the multidimensional MI coils [20-22],
the directivity pattern is improved, but still not Omni directional.

To cater to all the aforementioned issues, this research: (a) highlights the inherited di-
rectivity challenge associated with MI-WSNs (which is commonly ignored) and (b) presents
the impact of directivity on localization accuracy in practical scenarios by analyzing multi-
ple possible scenarios.

The rest of the paper is structured as follows. In Section 2, you will find the related
works. In Section 3, we have addressed the inaccuracies in localization, caused by the
factor of directionality in MI communication. In addition, two possible cases of commu-
nication between Tx and Rx nodes are discussed in Section 3.3. Section 4 is a detailed
evaluation of the localization scheme, where as a first step, the evaluation setup is de-
scribed, than the localization process, and this section ends with a detailed analysis of blind
area effects on the localization accuracy. Section 5 comprises of summary of the whole
process. In Section 6, you will find the conclusion of the study, and also a discussion on
the limitation/advantages/future of MI communication. At the end, you will find the
acknowledgement and references in the remaining sections, respectively.

2. Related Works

The amplitude and direction of a magnetic field vary in space according to a variable
function. Because of this predicted spatial variability, constructing the reverse issue and
determining the location of a sensor Rx node should be possible. To do so, we must
first comprehend the nonlinear functions, which connects positional data with the value
obtained in the form of mutually coupled coils. To properly identify an entity in space, and
characterize its orientations, six degrees of freedom is necessary, which are the coordinates
(x, v, z), and angle of the orientations («, B, 7). To generate these six variables from
measured values, a specific number of nonlinear equations are required, with the exact
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number depending on the chosen methodology and the type of problem. Luckily, the
magnetic field is appropriate in this regard, because each observation of the magnetic
field B yields a system of equations that links the measuring area to the observed field
components, which means we will be able to fully localize a sensor Rx node in MI-UWSNs
with six degrees of freedom. To get enough observations and equations, the simplest
technique is to assess the entire magnetic vector B’ at an unknown point, 7, which is formed
by the numerous reference sources, i, positioned at known places. The magnetic fields
are combined in time and frequency domains to identify the fields generated by reference
sources, either by engaging only one resource at a time according to a predetermined
sequence or by generating static magnetic fields at distinct frequencies.

A related approach is used in [23-26] to locate a magnetization source. For most appli-
cations, small orthogonal coils are used to assess these magnetic field elements, yielding an
induced voltage that is roughly proportional to the magnetic flux. After obtaining sufficient
measurements, one must analyze a system of nonlinear equations [27], whereas a study
in [28], focused on the development of improved localization optimization techniques that
take into account the possible nonconvexity of the problem. In other circumstances, the
researchers are only interested in monitoring an item by tracing its trajectories originating
from a specified initial state, which can help to reduce the dimensionality. This is because,
under the hypothesis of smooth motion, the earlier estimation can provide some partial
information about the position of sensor Rx nodes in MI-UWSNS5s [29,30].

The tracking program provided in [30] is more complicated than it seems to be, as it
is dependent on feedback rather than simple measurements of field quantities. The basic
aim of this study is to use three separate excitation states to excite the MI coils, each of
which provides a linearly autonomous excitation vector. Each excitation state is basically
the current provided to the MI coil, to generate a field that can be compared to a dipole
of any polarity. For a 6D location and orientation prediction, the detected magnetic field
component for every excitation vector provides sufficient degrees of freedom. The coupling
equations can indeed be linearized when small changes in position and orientation are
taken into account. As a result, the system is primarily a tracking system that can track the
current position and orientation based on past locations and the latest information.

Utilizing orthogonal transmit coils supplied with low frequency AC currents in phase
quadrature is a very distinct method for the 6D localization of sensor Rx nodes using MI
coils [31]. The MI transmitter /anchor Tx coil that is parallel to the x-axis is fed with the
excitation current I, = coswt, and the coil which is in parallel with the y-axis is fed with
excitation current of I, = sinwt. Whereas, the total magnetic field, which is produced in
MI anchor Tx coils, is shown by the Equations (1)—(3).

H, = H,;, <3c0521/} - 1) coswt )
Hy = Hypsinwt 2)
H, = Hy,j,1.5sin2ycoswt 3)
M
Hyin = 47_[7

where M is the source-associated magnetization. The endpoints of H,,;;, and Hj,y, as well
as the phases of the AC part of the overall field, is used to determine the position of the
receiving coils [31]. The changing phase of the applied AC current H2, to the coil is used to
calculate the azimuth ¢, given by Equation (4), and H,,;, is used to calculate the distance
given by Equation (5). Whereas, the elevation azimuth ¢ can be calculated by Equation (6).
All of these equations lead to the determination of a sensor node orientation as a function
of an angular quantity.

R,

t @
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If only a 2D location estimation of a magnetic dipole emitter is required, a Fourier
transform-based technique can be applied [31,32]. To understand this concept, imagine a
magnetic dipole at a location 7y = (a,b,0) and an arrangement of the sensor network on a
circle with radius r at the origin; Equation (7) is used to estimate the magnetic field created
by the dipole at location . The displacement variable from the origin to the position where
the field is to be calculated is r; = r — ¢, and the normal vector n = (m,n, p) is used to
indicate the dipole’s orientation.

B— Bt<3(n~rd)rd _n ) %

I3l 113l

_ HrpoMr

4
where M7 in Equation (8) is representing the magnetization factor of the dipole source. The
dipole’s alignment is parallel to the z-axis, thus # = (0,0,1) just has one element in the z axis,
which can be easily estimated using the Equation (9), which is given below.

B; (8)

1
=B —— 9
Fourier sine coefficients ratio towards the Fourier cosine coefficients anywhere along
sensor circle can then be used to obtain the azimuth & of the dipole point in polar coordi-
nates [33]. The integrals can be directly measured from Equation (10) at the coils” output, by
constructing a properly circular sensor that can measure the flux as a function of position
estimation.

foh B;(Rcos@, Rsin@)sin@dd g
o , = 7 = tand (10)
J5" Bz(Rcos@, Rsin@)cosode b

The weighing element construction described in [34] has a fundamental fault in the
design of the coils, which implies that reducing the coil’s size will affect the coil’s sensitivity.
A second type of sensor in [33] is proposed to tackle this problem, which estimates the
functions with a discrete transform by utilizing coils that are coupled in series, with a
configurable number of turns representing the factor of transform functions. Caffey and
Romero et al. in [35] and Hui et al. in [25] show that by employing at least five, three-
axis magnetic sensors, 6D localization estimation of a permanent magnet is attainable.
Another proposed approach for locating a permanent magnet is presented in [36], which
only requires a single three-axis sensor, but it does not enable orientation identification.
Furthermore, a strong magnetic force is used to establish the magnetic moment of the
permanent magnet in a precise sequence, making the process increasingly difficult to
execute on limited scale. The hall sensors are segregated into two groups in [26], where
they employed a unique way for localizing a permanent magnet through an array of
magnetic sensors that monitors the x and y components of the magnetic field on a plane.
The Levinson-Marquardt approach is used to solve a sequence of nonlinear equations
that links the dipole field constituents to their location. An array of coils is used as an
alternate location estimation approach in [37], where the induced voltage is proportional to
the field projected on the surface, under the supposition of a homogenous field over the
communicating coils. Instead of a magnet indicator, which cannot be localized unless it
moves because it does not create any voltage, an LC circuit is employed, which is activated
by an external current source and resonates at its resonance frequency, generating an AC
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magnetic field. In response to the ac magnetic field, an emf is induced in the coils, which is
used to estimate the position and orientation using a set of nonlinear equations.

After reviewing the findings of many research groups, we discovered that they all
assumed an omnidirectional magnetic field around the Tx and Rx coils, which is not the
case in reality. Our research is the first of its kind, where we considered the possibility
of blind areas caused by a directionality problem in MI communication. We incorporate
the inaccuracies caused by the blind areas into our localization algorithm, and we do
our best to present some realistic results for those readers who will attempt to apply MI
communication in real-life circumstances in UWSNs.

3. Localization and Challenges in MI-UWSNs

In this section, we first briefly present the basic fundamentals of the MI communi-
cation, followed by highlighting the directionality challenge in MI communication. This
directionality challenge has a significant impact on the range of communication, which
directly affects sensor Rx node localization estimation in MI-UWSNs.

3.1. Physical Nature of Magnetic Fields

To accomplish a point to point MI communication, the MI transmitter (Tx) generates
a time-varying magnetic field. The magnetic field produced at the Tx side is given by
Equation (11), in which B is the flux along the axis of the current carrying loop I;, yg is the
permeability of the material, which in our case is the vacuum and has a value of 1, N is the
number of turns and is kept the same for both anchor Tx and sensor Rx coils, R is the radius
of the current carrying coil, and x is the distance between anchor Tx and sensor Rx coils.

3/2
B— yONItR2/2<x2 + R2)< )

(11)

The directional magnetic field lines in the xy plane are shown in Figure 2. This
magnetic field is quasi-static and therefore behaves differently from a radiative magnetic
far-field. Thus, to communicate with the anchor Tx node, the sensor Rx node has to lie
inside the magnetic field created by the Tx node. The amount of voltage induced in the Rx
node indicates a successful MI communication, and is given by Equation (12).

Vind = —dditB =2 fNBAcos6 (12)
where 05 is the magnetic flux density and is calculated by 0p = BA cos (), f is the operating
frequency of the applied sinusoidal current, N denotes the number of turns of Tx and
Rx coils, A represents the area of the coils, and 6 is the angle between the anchor and
sensor nodes. Depending on the value of V;,4, a relation between the Tx and Rx nodes’
distance can be achieved. It can be observed that this relation is strictly dependent on the
angle between the communicating nodes, i.e., cos (¢). This relationship highly impacts the
robustness of MI communication in UWSNs and hence is very important.
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Figure 2. Flux lines density of the magnetic field calculated at xy plane, coil radius of Transmitter Tx
and Receiver Rx = 6 m, Turns of the coil are N = 25, Current I = 10 A.

3.2. Highlighting the Directionalilty Problem

The directivity/orientation issue is elaborately in Figure 3, in which four different
sensor Rx nodes, i.e., N1, N2, N3, and N4 are placed at a distance of 15 m from the anchor
Tx node NO at an angle of 8 = 0°, 8 = 30°, 8 = 60°, and 6 = 90°, respectively. It can be
observed in Figure 3 that although all Rx nodes are at an equal distance from Tx node, they
have different voltages. It can be observed that the maximum voltage is induced when
N1is at # = 0° with respect to the Tx Node NO, whereas no voltage is induced when N4
is placed at 8 = 90° with respect to the Tx Node. Therefore, the directionality issue poses
a significant challenge in designing the RSSI-based localization algorithm to locate any
unknown sensor Rx node in MI-UWSNSs.

\90 8e-05
120 60
o 605 N3
o« Voltage recorded at nodes
30 N2
Nodes | Induced Voltage
N1 1V
N2 0.866 V
N3 05V
N4 oV

210 330

240 300
270

Figure 3. Identification of directionality issue in single-dimensional MI coil.

In recent literature, various studies have been reported on the design of multi-dimensional
coils (tri-directional (TD) coils and meta-material-based coils) for the Tx and Rx nodes
to overcome the directionality challenge posed by the single-dimensional Tx and Rx
coils [38,39]. The meta-material-based coils are hard to practically design/implement
and therefore these coils are less preferred, whereas TD coils are more preferred because
they happen to be low cost, simple, and can easily be re-designed and used. The TD coils
can be used in two possible configurations given in Figure 4. We normally have to trade-off
between range and power consumption while selecting each configuration.
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Configuration 1 is a TD coil design, in which each of the three coils are coupled
to an independent current source, as shown in Figure 4a. Furthermore, each of
the three coils is transmitting a distinct signal in the form of magnetic flux. This
configuration offers large-range communication, but at the expense of higher energy
consumption [4,20]. In this configuration, two possible patterns of magnetic flux are
generated, i.e., Byg1 and Bppp, which are shown in Figure 5a. The pattern By is
generated when an in-phase current passes through the TD coil, on the other hand,
the pattern By is generated when an out-of-phase current flows through the TD coil.
The configuration 2 is a TD coil design, in which a switch connects each of the three coils
to a single source as shown in Figure 4b, allowing just one coil (along its dimension) to
be used at a time. The configuration 2 uses less energy but takes three times longer to
transfer data [4,20]. The magnetic flux produced by configuration 2, i.e., B3 is given
in Figure 6. The B3 is the combination of the magnetic flux produced by each of the
three coils, which is represented by B;, By, and B3, respectively. But here, as the data
are presented in an xy plane, therefore, only B; and B; are shown in Figure 6.

Switch

Figure 4. Multicoil anchor Tx and sensor Rx node configuration setups. (a): TD coil design, in which

each of the three coil is coupled to an independent current source. (b): TD coil design, in which a
switch connects each of the three coil to a single current source.

)
—— D 120 2007 | =Sz
c2o1

Bc202

300

150

30 150

180

210 330 210

240 300 240 300
270 270

(b) (©)

Figure 5. Max flux density of the magnetic fields and its directivity pattern calculated at xy plane,
and keeping the z = 1 m, coil radius of transmitter Tx and receiver Rx = 0.104 m; turns of the coil are
N =28, current I = 1.62 x 1077, and frequency f = 125 KHZ. (a) Configuration 1. (b) Configuration 1
Case 1. (c) Configuration 1 Case 2.
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Figure 6. Max flux density of the magnetic fields and its directivity pattern calculated at xy plane,
and keeping the z = 1 m, coil radius of transmitter Tx and receiver Rx = 0.104 m; turns of the coil are
N =28, current I = 1.62 x 1077, and frequency f = 125 KHZ. (a) Configuration 2. (b) Configuration 2
case 1. (c) Configuration 2 case 2.

Both these configurations significantly improve the directivity patterns. However,
the generated patterns are not completely omnidirectional and have some blind areas,
which can be observed in Figures 5c and 6c¢. Thus, this leads to two further cases for each
configuration, which are explained next, in Section 3.3.

3.3. Impact of Directionality on Communication Distance

For robust communication between the Tx and Rx nodes, each of the two configura-
tions described in the previous section can be used independently in any application related
to MI-UWSNSs. Moreover, in this paper, each configuration has further been divided into
two possible cases to investigate the aforementioned configurations in detail. The possible
cases that have been investigated for configuration 1 and 2 are shown in Figures 5 and 6,
respectively.

3.3.1. Possible Cases of Configuration 1

The two possible cases for configuration 1, i.e., C;C; and C; Cy, are shown in Figure 5b,c,
respectively. In configuration 1 case 1 (C;C;) shown in Figure 5b, it can be observed that
a 360° communication is achieved but with an obvious decrease in the communication
radius. If this region is used for communication, an increased number of Tx nodes will be
required to locate a Rx node in the given area. Similarly, in the case of Figure 5¢, i.e., the
configuration 1 case 2 (C1C;), a larger area can be localized, but with blind areas from 80°
to 200° and 270° to 20°, which in total combine to form 120° + 110° = 230° of blind areas.
If the C;C; case is utilized, there will be no communication in these 230° s of blind areas,
which are mentioned in Figure 5c. Hence, in the C1C; case, there will be a high probability
of localization inaccuracy that must be assessed in order to determine its impact on the
localization estimation of a node in MI-UWSNs.

3.3.2. Possible Cases of Configuration 2

The two possible cases for configuration 2, i.e., C2C; and C,C; are shown in Figure 6b,c,
respectively. In configuration 2 case 1 (C,Cy), as shown in Figure 6b, it can be observed that
a 360° communication is achieved but with an obvious decrease in communication radius.
If this region is used for communication, an increased number of Tx nodes will be required
to locate a Rx node in the given area. Similarly, in case of Figure 6c, i.e., the configuration 2
case 2 (C,Cy), a larger area can be localized, but with blind areas from 110° to 160°, 210°
to 260°, 290° to 350°, and 20° to 70°, which in total combines to form 200° s of blind areas.
If the C,C, case is utilized, there will be no communication in these 200° s of blind areas,
which are mentioned in Figure 6¢. Hence, in the C,C; case, there will be a high probability
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of localization inaccuracy that must be assessed in order to determine its impact on the
localization estimation of a node in MI-UWSNE.

From the possible cases of configuration 1 and 2 described above, it can be inferred
that the range of MI communication can be increased by increasing the power provided to
the Tx node. However, the power should only be increased to a limit where it would not
drain the power source of the Tx node. Furthermore, the increase in current could also lead
to the melting of the lamination around the inductor, which in turn can short-circuit the
entire coil. This short circuit would draw an additional current from the system and can
damage the fuse or the coil itself. In addition, a damaged coil will result in the loss of a
node in a cooperative MI-UWSN, which could delay the data to be received at the Rx end.
For these aforementioned reasons, the two possible configurations have been taken into
account. If we require fast data transmission and there is no cap on the energy requirement,
then the configuration 1 is most suitable. On the other hand, if the requirement focuses on
low energy consumption and the speed of data transmission can be compromised, then
configuration 2 is the most suitable option.

4. Evaluation of Localization Scheme
4.1. Evaluation Setup

Keeping in mind the impact of blind areas in MI communication between Tx and Rx
nodes, a simulation environment of 15 m x 15 m has been created, in which a minimum
of two and a maximum of eight Tx nodes have been utilized to initiate the process of the
localization of nodes in a MI-UWSN. The localization process was initiated by localizing
one Rx node with two Tx nodes, gradually increasing the number of Tx nodes to eight. To
evaluate the accuracy of our localization algorithm, the number of Rx nodes were gradually
increased from one to eight after establishing a stable environment.

4.1.1. The Localization Process

To elaborate upon the localization estimation results for the Rxnodesina15m x 15m
realm, a simulation environment was generated on MATLAB, in which Tx node positions
were set at locations A(0, 0), B(15, 15), C(0, 15), D(15, 0) and E(15, 7.5), F (7.5, 15), G(0, 7.5),
and H(7.5, 0). Furthermore, to measure the localization error, the Rx nodes are plotted
randomly each time the simulation is run. Before calculating the location of the Rx nodes,
we incorporated the errors in the localization algorithm, induced by the blind areas dis-
cussed in Sections 3.3.1 and 3.3.2. This is performed to estimate the amount of localization
estimation errors faced when the system is implemented in a real-world scenario. The
Euclidean distances between the Tx and Rx nodes were then calculated using Equation
(13). Finally, the Gauss—Newton method was used to find the minimum of the Euclidean
distances by using Equation (14), which represents our localization estimation.

d(x,y) = (x; + ;) (13)
V=

el B = }mjlfi(x)2 (14)

The process of localization, as shown in Figure 7, starts with the known locations of
Tx nodes; the next step is to localize the unknown Rx nodes. The current provided to the
Tx nodes results in the generation of magnetic flux, which in turn induces a voltage in the
Rx nodes. This induced voltage represents the distance between the Rx and Tx nodes. A
threshold value has been set in the algorithm for this induced voltage. When the value of
induced voltage is above this threshold point, the algorithm confirms that the Rx node is in
the communication range, which is depicted in Figures 5c and 6¢. In addition, if the Rx and
Tx nodes are communicating as shown in Figures 5b and 6b, a high localization accuracy is
obtained. On the other hand, if Rx nodes are on the boundary of the communication radius
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mentioned in Figures 5c and 6¢, a low localization accuracy is obtained. This localization
estimation analysis furthers the underwater-communication field by helping the researchers
to implement the real-life /practical prototypes of MI-UWSNs.

Known Transmission Range of
Anchor Tx Nodes

\ 4

Unknown Sensor Rx Nodes

\ 4

Computing The Distance

Distance Value Threshold NO
Matching
\ 4
Storing Transmission Range Idntifying Transmission Range
v
Completing the Range
Computations
\ 4
> Computing The Transmission
= Distance/Range
\ 4

Localization
Estimation

Figure 7. Flow chart describing the algorithm used for localization estimation of sensor Rx nodes.

To understand and reproduce the results analyzed in this study, a pseudo code of the
opted algorithm is given below in Section 4.1.2.

4.1.2. Pseudo Code of the Proposed Methodology

For the ease of the readers who want to reproduce the results that are addressed in
this study, a pseudo code as Algorithm 1 is provided in this section. As a first step, we
provided the number of anchor Tx nodes that are used for the localization estimation at
known positions, and the number of sensor Rx nodes that are to be localized. Rx nodes
are deployed randomly in a 15 m x 15 m simulation environment in MATLAB for every
iteration. Once the environment was set up for localization, the distance between the Tx
and Rx node is calculated. The loop will be executed until all the iterations are completed
and once we get all the Euclidian distances between Tx and Rx nodes. In the next step
we had to add the inaccuracies caused by the directionality factor explained in detail in
Section 3. Then, we applied the Gauss—Newton method to find the minimum of all the
obtained functions from the calculation of Euclidean distances. At the end, a mean square
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error is calculated, which is basically the difference between the Rx node location estimation
and its original location.

Algorithm 1: A Pseudo Code of the Proposed Methodology

Start

N = number of anchor Tx nodes
M = number of sensor Rx nodes
Error due to directionality = %
Network size =15m x 15m
Computing the Euclidian distance b/w nodes
form=1:M
forn=1:N
distance(n,m) = sqrt(anchor(n,1)-sensor(m,1))"2
end
end
Noise calculation = distance + distance. x Error due to directionality
Location Estimation = network Size x rand(M,2)
form =1:M
for i = 1:number of Iteration
end
end

: Err= mean<\/ (sum((mobileLocationEstimation — mobileLocation)’2)))
End

4.2. Results of Localization Estimation
4.2.1. Effect of Blind Areas with Configuration 1 Case 1

Presently, taking into consideration the communication of configuration 1 case 1
(C1Cy) depicted in Figure 5b, the localization estimation results are obtained for an omni-
directional scenario in a 15 m x 15 m simulation environment using the MI communication.
It can be observed in Figure 8a that the two Tx nodes at location A(0, 0) and B(15, 15) are
used to localize a single Rx node, which give an estimation accuracy of 90.26%. In addition,
in Figure 8b, three Tx nodes at location A(0, 0), B(15, 15), and C(0, 15) are used, which give
an estimation accuracy of 93.26%. Similarly, in Figure 8c, four Tx nodes at location A(0, 0),
B(15, 15), C(0, 15), and D(15, 0) are used, which give an estimation accuracy of 96.53%. It is
evident from Figure 8a—c that as the number of Tx nodes increase, the estimation accuracy is
improved. This dependency of the improvement in the estimation accuracy on the number
of Tx nodes is shown in Figure 8d,e. It can be observed in Figure 8d that for only four Tx
nodes, when the number of Rx nodes is increased to 10, the estimation accuracy drops
to 94.93%. However, in Figure 8e, when the number of Tx nodes is increased to eight (at
location A(0, 0), B(15, 15), C(0, 15), D(15, 0) and E(15, 7.5), F(7.5, 15), G(0, 7.5), H(7.5, 0)), the
estimation accuracy improves to 97.46%.
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Figure 8. Localization results for C;C; and C,C;. (a) Localization estimation of one sensor node
with two anchor nodes. (b) Localization estimation of one sensor node through trilateration.
(c) Localization estimation of one sensor node through four anchor nodes (Multilateration). (d) Local-
ization estimation of ten sensor nodes through four anchor nodes (Multilateration). (e) Localization
estimation of ten sensor nodes through eight anchor nodes (Multilateration).

4.2.2. Effect of Blind Areas with Configuration 1 Case 2

Taking into consideration the configuration 1 case 2 (C;Cy) presented in Figure 5c, the
localization radius of sensor Rx nodes denoted by C;C; is increased, but the RSSI denoted
by Bcaor and Beppp has been kept same. The directivity of MI communication plays an
important role in this case. Figure 5c shows the blind areas from 80° to 200° and 270°
to 20°, which in total combine to form 120° + 110° = 230°. These 230° s out of 360° s in
total are the directional point where no MI communication is taking place. Therefore, it
can be concluded from Equation (15) that 63.8% of the total communication radius, which
is formed by the combination of Bcygy and Bcygi, represents the localization estimation
error. Hence, we only have 36.2% accuracy while localizing a sensor Rx node using MI

communication in a UWSN.
230° x 100

360°

To cater the directionality factor in MI communication, the accuracy obtained from
Equation (15) is incorporated in the localization algorithm and the localization estimation
results shown in Figure 9a—e are obtained. In Figure 9a, two anchor nodes at location A(0, 0)
and B(15, 15) are used to localize one Rx node, for which we obtained the localization
estimation accuracy of 65.3%. In addition, in Figure 9b, three Tx nodes at location A(0, 0),
B(15, 15), and C(0, 15) are used, which give an estimation accuracy of 78.06%. Similarly,
in Figure 9¢, 4 Tx nodes at location A(0, 0), B(15, 15), C(0, 15), and D(15, 0) are used,
which give an estimation accuracy of 84.3%. It is evident from Figure 9a—c that as the
number of Tx nodes increases, the estimation accuracy is improved. This dependency of the
improvement in the estimation accuracy on the number of Tx nodes is shown in Figure 9d,e.
It can be observed in Figure 9d that for only four Tx nodes, when the number of Rx nodes is
increased to 10, the estimation accuracy drops to 71.46%. However, in Figure 9¢, when the

= 63.8% (15)
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number of Tx nodes is increased to eight (at location A(0, 0), B(15, 15), C(0, 15), D(15, 0) and
E(15,7.5), F(7.5,15), G(0, 7.5), and H(7.5, 0)), the estimation accuracy improves to 77.06%.

Mean Estimation error is 3.2927 m Mean Estimation error is 2.3546 m

[ ]
P
o]

Anchor lncalions
Iogile true logation
Wokile astimated location

[ ]
o
o]

Anghor locations
Mabile trug location
Mahile estimated location

L ]
b
Q

Anchor lacations
Mabile tnue loeation
Mabile astimated Iocation

6 o [ [
4 4 4
2 2 2
of e * of @ of @ .
o 2 4 5 3 w1z 4 16 0 z 4 5 3 o 1z 14 16 0 z 4 5 3 o 1z 14 16
(a) (b) (0)
Mean Estimation error is 4.2481 m Mean ion erroris 3.4473 m
. T T T T - T . T T T . T
)
L ] ;5 Oy L ] L ] [ ] L ]
)
14 ¢ 14 1 o+
@ Anchor locations
L | e E— e+ 2 +  Mobile e lacation
+ Mabile rue location + C  Mobile estimated location
10F O Mosile estimated location 10 5 T+
+ O £
E [} st &
i . o Yo
6 e 6 o
+ +
4 4
(e} +
2 + O | 2 +
+ © |©
O
a L ] L ] a L ] L] L ]
o 2 4 G 8 10 12 14 16 o 2 4 G 8 10 12 14 16
(d) (e)

Figure 9. Localization results for C1C,. (a) Localization estimation of one sensor node with two anchor
nodes. (b) Localization estimation of one sensor node through trilateration. (c) Localization estimation
of one sensor node through four anchor nodes (Multilateration). (d) Localization estimation of ten
sensor nodes through four anchor nodes (Multilateration). (e) Localization estimation of ten sensor
nodes through eight anchor nodes (Multilateration).

4.2.3. Effect of Blind Areas with Configuration 2 Case 1

Now taking into consideration the communication configuration 2 case 1 (C2C7) de-
picted in Figure 6b, the localization estimation results are obtained for an omni-directional
scenario in a 15 m X 15 m simulation environment using the MI communication. It can be
observed in Figure 8a that the two Tx nodes at location A(0, 0) and B(15, 15) are used to
localize a single Rx node, which gives an estimation accuracy of 90.26%. In addition, in
Figure 8b, three Tx nodes at location A(0, 0), B(15, 15), and C(0, 15) are used, which give
an estimation accuracy of 93.26%. Similarly, in Figure 8c, four Tx nodes at location A(0, 0),
B(15, 15), C(0, 15), and D(15, 0) are used, which give an estimation accuracy of 96.53%. It
is evident from Figure 8a—c that as the number of Tx nodes is increased, the estimation
accuracy is improved. This dependency of the improvement in the estimation accuracy
on the number of Tx nodes is shown in Figure 8d,e. It can be observed in Figure 8d that
for only four Tx nodes, when the number of Rx nodes is increased to 10, the estimation
accuracy drops to 94.93%. However, in Figure 8e, when the number of Tx nodes is increased
to eight (at location A(0, 0), B(15, 15), C(0, 15), D(15, 0) and E(15, 7.5), F(7.5, 15), G(0, 7.5),
and H(7.5, 0)), the estimation accuracy improves to 97.46%.

4.2.4. Effect of Blind Areas with Configuration 2 Case 2

Taking into consideration the configuration 2 case 2 (C,C;) presented in Figure 6c,
there are blind areas for MI communication from 110° to 160°, 210° to 260°, 290° to 350°,
and 20° to 70°, summing up to 200° s. These 200° s out of 360° s in total are the directional
points on the communication radius C,C;, where no MI communication takes place. From
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Mean Estimation error is 3.2134 m

Equation (16), it can be concluded that 55.5% of the total communication radius in Figure 6¢
is the estimation error in localization while considering C,Cy, which means that we are left
with only 44.5% accuracy while localizing a sensor node using MI communication. This is
an increase in the localization estimation accuracy in comparison with the configuration, as
discussed earlier in Section 4.2.2

200° % 100

e = 555%

(16)

To cater the directionality factor in MI communication, the accuracy obtained from
Equation (16) is incorporated in the localization algorithm, and the localization estimation
results shown in Figure 10a—e are obtained. In Figure 10a, two anchor nodes at location
A(0, 0) and B(15, 15) are used to localize one Rx node, for which we obtained the localization
estimation accuracy of 78.6%. In addition, in Figure 10b, three Tx nodes at location A(0, 0),
B(15, 15), and C(0, 15) are used, which give an estimation accuracy of 84.86%. Similarly,
in Figure 10c, four Tx nodes at location A(0, 0), B(15, 15), C(0, 15), and D(15, 0) are used,
which give an estimation accuracy of 88.06%. It is evident from Figure 10a—c that as the
number of Tx nodes is increased, the estimation accuracy is improved. This dependency
of the improvement in the estimation accuracy on the number of Tx nodes is shown in
Figure 10d,e. It can be observed in Figure 10d that for only four Tx nodes, when the number
of Rx nodes is increased to 10, the estimation accuracy drops to 77.13%. However, in
Figure 10e, when the number of Tx nodes is increased to eight (at location A(0, 0), B(15, 15),
C(0, 15), D(15, 0) and E(15,7.5), F(7.5, 15), G(0, 7.5), and H(7.5, 0)), the estimation accuracy
improves to 87.13%.
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Figure 10. Localization results for C;Cy. (a) Localization estimation of one sensor node with two
anchor nodes. (b) Localization estimation of one sensor node through trilateration. (c) Localization
estimation of one sensor node through four anchor nodes (Multilateration). (d) Localization estima-
tion of ten sensor nodes through four anchor nodes (Multilateration). (e) Localization estimation of
ten sensor nodes through eight anchor nodes (Multilateration).
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5. Comparison and Summary

It is possible to display all results of localization estimation graphically; however,
it will be quite difficult for readers to go through 210 graphs simultaneously. Hence, all
results have been quantified and summarized in Table 2, where the results of C;C; and
C,Cq have been combined because they both depict omni-directionality as explained earlier
in Sections 4.2.1 and 4.2.3. It can be observed that as we increase the number of anchor Tx
nodes to localize sensor Rx nodes, the estimation results for localization improve gradually.
Similarly, the same incremental process in anchor Tx nodes is opted for C;C; and CpCs.
However, the results will change depending on the amount of area in which communication
cannot be performed, which is referred to as blind areas in MI-UWSNSs.

Table 2. Comparative analysis of localization estimation results.

S. No Number of Tx 1Rx 2 Rx 3 Rx 4 Rx 5 Rx 6 Rx 7 Rx 8 Rx 9 Rx 10 Rx
: Nodes Node Node Node Node Node Node Node Node Node Node
2TX nOdes 0, 0, 0, 0, 0, 0, 0, o, 0, 0,

1 (C_1C_1)(C_2C_1)) 90.26% 89.4% 88.2% 86.8% 83.33% 81.66% 80.13% 79.2% 77.3% 76.86%

2 2Tx nodes (C_1C_2) 65.3% 64.6% 61.67% 60.73% 59% 56.26% 53.66% 52.86% 52.2% 51.6%

3 2Tx nodes (C_2C_2) 78.6% 77.6% 76.26% 75% 73.73% 72.46% 70.93% 72.2% 66.6% 64.86%
3TX nOdeS 0, 0, o, 0, 0, 0, 0, 0, 0, 0,

4 (C_1C_1)(C_2C_1)) 93.26% 91.8% 91% 90.73% 90.06% 88.3% 87.4% 87% 86.53% 85.8%

5 3Tx nodes (C_1C_2) 78.6% 77.5% 76.86% 76.06% 75% 74.2% 71.6% 69.6% 68.13% 66.8%

6 3Tx nodes (C_2C_2) 82% 84.73% 83.6% 83.26% 82.46% 81.6% 80.73% 80.26% 79.93% 79.13%
4TX nOdes 0, 0, 0, 0, 0, 0, 0, o, 0, 0,

7 ((C_1C_1)(C_2C_1)) 96.53% 96.26% 96.06% 95.8% 95.6% 95.4% 95.26% 95.2% 95.06% 94.93%

8 4Tx nodes (C_1C_2) 84.6% 84.2% 83.6% 80.46% 79.13% 76.26% 74.73% 73.53% 72.6% 71.73%

9 4Tx nodes (C_2C_2) 88.6% 87.26% 86% 84% 82% 8.53% 79.13% 78.26% 77.53% 77.3%
8TX nodes 0, 0, O, O, O, 0, 0, 0, 0, 0,

10 ((C_1C_1)(C_2C 1)) 99.2% 98.86% 98.6% 98.26% 98.06% 97.93% 97.73% 97.6% 97.53% 97.46%

11 8Tx nodes (C_1C_2) 89.53% 89.13% 88.6% 87.86% 84.86% 82.93% 80.93% 80.06% 78.46% 77.06%

12 8Tx nodes (C_2C_2) 90.04% 89.93% 89.53% 89.2% 88.6% 88.06% 87.86% 87.46% 87.26% 87.13%

6. Conclusions

In this paper, the directionality issue in MI-UWSNs while localizing the sensor Rx
nodes has been addressed. For this purpose, a RSSI-based multilateration localization algo-
rithm has been proposed and evaluated. Furthermore, this paper highlights and presents
the role of blind areas in the accurate localization of Rx nodes. For the accurate estimation
of the sensor nodes’ location, the blind areas in the tri-dimensional coil designs have also
been calculated and incorporated in the proposed algorithm. For the two presented cases of
blind areas, i.e., C;Cy, and C,Cy, an estimation accuracy of 77.06%, and 87.13% is achieved,
respectively. To the authors” knowledge, the impact of blind areas on the localization accu-
racy has never been considered and evaluated before. Furthermore, from the localization
estimation analysis, it is concluded that an increase in the number of Tx nodes results in
improved localization estimation accuracy; on the other hand, an increase in the Rx nodes
results in the reduction of estimation accuracy. The results indicate that for an increase in
the anchor Tx nodes from two to eight, the localization estimation accuracy increased from
65.3% to 89.53% for case C1Cy, and from 78.6% to 90.04% for case C>,C,. On the other hand,
for an increase in the sensor Rx nodes from 1 to 10, the localization estimation accuracy
dropped from 89.53% to 77.06% for case C1C,, and from 90.04% to 87.13% for case C2Cy.

There are some limitations of the MI technology that need to be addressed before
deploying such a system in UWSNSs: (1) It is a near field of communication, thus long-
distance communication is not possible. (2) The presence of ferromagnetic materials in the
environment will affect the MI communication, which in turn will lower the accuracy of
estimating the position of sensor Rx nodes. Phenomenon such as refraction, scattering, and
multi-paths attributed to the prevalence of unforeseen challenges and limited visibility,
which make it difficult to communicate in UWSNSs. It is an advantage in MI communication
that it is not affected by the aforementioned phenomenon. For future work, our research
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team is trying to build a machine learning-based linear regression model to predict the
location of a sensor Rx node in MI-UWSNE.
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