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Wireless sensor networks (WSNs) especially with sensor nodes communicating with each other in medium other than air have
been naive area of research since the last few years. In comparison to underwater communication, wireless underground sensor
networks (WUSNs) are now being used in a large number of applications ranging from environmental observation, estimating
chances of earthquake, communicating in underground tunnels or mines, and infrastructure monitoring to soil monitoring for
agricultural purposes. In spite of all such promising applications, due to harsh and dynamically changing soil characteristics
including soil type, water content in soil, and soil temperature, underground communication with conventional
electromagnetic (EM) wave-based technology could not prove to be feasible for long-distance communication. Alternatively,
due to magnetic permeability of soil being similar to air, magnetic induction- (MI-) based approach was adopted using
magnetic coils as antenna for sensor nodes. Subsequently, MI waveguide and 3D coil mechanisms were considered to improve
the system efficiency. Attributing to different characteristics of underlying transmission channels, communication protocols as
well as architecture of MI-based WUSNS (MI-WUSNs) have been developed with different approaches. In this review paper,
in addition to the latest advancements made for MI-WUSNs, closely associated areas of MI-WUSNs have also been explored.
Additionally, research areas which are still open to be worked upon have been detailed out.

1. Introduction

The communication between sensing nodes in an under-
ground medium is a difficult job, and researchers have been
still trying to improvise it for the last more than four
decades. This kind of communication helps in a number of

application areas such as observing soil condition, predicting
probability of earth quakes, and many more [1]. A number
of sensors have been deployed under the ground surface
for these applications. Therefore, the sensors are placed
below the bottom surface. These sensors also constitute the
screening architecture and may provide additional sensing
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information with more precision as compared to if those
were deployed on and above the surface [2].

It is known that with the increase in count of sensors,
measurement precision is also increased, which leads to
using a greater number of sensor nodes. In a parallel
manner, separate operational cost of every node ends up in
large exploitation cost, which is generally not possible to be
supported economically. Contrarily, it has been established
by Akyildiz et al. [3] that coordinated effort of multiple sensor
nodes organized in a network reduces the energy requirements
and enhances the reliability of measurements. This will be
attained using collectively processed information and trans-
mission, respectively. Resultantly, the complexness of all nodes
and their design cost is bound to decrease.

The last few years have witnessed underground wireless
sensor networks (WSNs) having been used for numerous
events and applications like those for the environment,
health, military, home, and industry [4]. Akyildiz and Vuran
[4] clearly describe the designing guidelines for all underly-
ing communication layers. This paper also analyzes the
usage of WSNs in tough and challenging environments.
The study on how signals propagate through the soil for
wireless underground sensor nodes (WUSNs) is investigated
by [5]. They proposed a two-phased coefficient model, one
for a near-field region and other for a far-field region. Akyil-
diz and Stuntebeck explained the usage of WUSNs for the
underground applications [1]. Particularly, for the under-
ground applications, wireless underground networks are
projected in [1]. Authors have also discussed the benefits
of using WUSNs such as easy deployment, no more colli-
sions of sensors with landscaping objects and instruments
like tractors, retrieval of information in real-time environ-
ment, self-healing capability in sensor failure case, and
scalability of nodes [1, 3].

The underground transmission link, which is largely
influenced by the heterogeneously varying soil medium, is
one major factor coming in the way of the complete explora-
tion and evolution of WUSNs. This underground medium
consists of sand, rocks, and even watersheds. It has also been
found that the soil humidity highly affects the transmission
distance and therefore the net performance of the WUSNs.
In numerous real-life examples, electromagnetic (EM)
wave-based traditional wireless signal communication mode
may only be used for very limited transmission distance,
owing to significant path loss and dynamically changing soil
conditions [6].

As a strong alternative of conventional EM communica-
tion, magnetic induction- (MI-) based communication mode
has been taken into consideration. Work on MI-based com-
munication has already been done under the purview of
near-field communication (NFC) [7] and wireless power
transfer (WPT) [8]. Contrary to EM wave-based communica-
tion, in MI-based communication, induction coils are used
(also known as magnetic antennas) to produce a quasi-static
magnetic field. The receiving coil will then detect such
magnetic fields produced by the transmitting coil, and the
corresponding signal transmission channel is set up.

MI-based WUSNs are initially described in [9] which
showed that this technique leads to lower path losses in the

conductive medium (soil), which will greatly increase the
transmission range as well as the transceiver coverage area.

The prominent contributions of this paper are as follows:

(i) Having clarity about various categories of applica-
tion domains where MI-WUSNs are a quite promis-
ing option to be used

(ii) Study of developments made in various areas
related to MI-WUSNs so as to analyze their impact
on implementation of MI-WUSNs

(iii) Analysis of recent advancements made in MI-
WUSNs to explore open challenges and future
scope in this domain

This review paper has been structured as follows. Section
2 describes different categories of prominent application
domains making WUSNs a promising solution. Section 3
details out the developments carried out in closely associated
fields of MI-WUSNs ranging from EM-based WUSNs to
magnetic field communication techniques and under water
wireless communication. Section 4 highlights the various
dimensions of communications in MI-WUSNs and the
advancements in those respective areas. Section 5 gives
SWOT analysis of EM- and MI-based WUSNs along with
major protocols used for these technologies. Section 6
consists of inference and some new research challenges
supposed to be addressed in the future. Section 7 presents
the conclusion of the review.

2. Application Domains of WUSNs

The EM wave- and MI-based WUSNs differ from each with
respect to physical layer mode and overall system perfor-
mance affected by the physical communication channel.
For EM-based WUSNs, due to different types of soils and
other materials like rocks buried under the earth surface,
signal path loss of EM waves is highly unpredictable due to
different permeability of soil, water, and rocks. On the other
hand, for MI-based WUSNs, magnetic permeability of soil
or water or rock is the same as that of air, and therefore,
these factors do not affect the signal path loss. For both
EM- and MI-based WUSNs, the following are the prominent
application domains of usage.

2.1. Observing Underground Infrastructures. WUSNs are
majorly used to monitor the underground infrastructure
including buildings, pipes, electrical wirings, and liquid
storage tanks.

One important application of WUSN is to observe the
health of infrastructures like residential or commercial
buildings, if the parts of these infrastructures, like founda-
tion, are connected with the soil. One may also monitor
the support of infrastructures like bridges or dams with
WUSNs [10]. Therefore, possible calamities may be pre-
vented by observation of different concerned characteristics
like stress or strain. It could prove to be more beneficial
for structures deployed in nonstable media including water

2 Journal of Sensors



and sand, as the chances of nonstable slopes are quiet high in
such locations [11].

Additionally, WUSNs may also prove to be beneficial to
monitor underground plumbing, where sensor nodes may
be put along the path of pipes in order to instantly detect,
localize, and repair the leakage [12]. Underground fuel
station tanks may also be monitored using the same mecha-
nism, which continually determines the amount of fuel in
tank. Also, for military applications related to underground
infrastructure, such as minefield monitoring, WUSNs may
be effective [1].

Moreover, WUSNs may monitor the structural conditions
of undersurface coal mines, which will ensure protection of
coal mine staff. Therefore, sensor nodes are required to be
placed within the walls as well as ceiling of the gallery areas
of mines to identify any structural disturbances. On a similar
pattern, WUSN sensors may be placed along the side of the
tunnels to monitor their structural health [2]. The
environment-related parameters such as relative humidity,
temperature, and gas concentration are important factors that
are considered and sent to the base station, which is connected
to the ground observation system. A WUSN-based fire moni-
toring system can take decision by observing this data to
minimize the chances of fire in coal mines [13].

2.2. Monitoring Soil Conditions. The most prominent area of
applying WUSNs is agriculture where sensor nodes may be
buried in soil to observe the soil conditions such as compo-
sition of minerals and humidity, without causing any
obstruction for objects like lawnmowers and tractors [1].
This approach leads to providing data for appropriate fertiliza-
tion as well as irrigation. Underground WSNs are also used in
a greenhouse setting where sensing nodes are deployed in the
pot of each plant, thereby offering concealment.

Sports field monitoring [1] is also one promising appli-
cation area of WUSNs, where sensor networks may be uti-
lized to do monitoring of soil conditions at fields like golf
courses, grass tennis courts, soccer fields, or baseball fields.
For such type of sports, poor conditions of turf generally
cause annoying playing experience, making it very essential
to maintain the soil for ensuring good grass health.

One more application of WUSNs is to detect the pres-
ence as well as concentration of harmful substances, which
may contaminate the soil near rivers and aquifers. For this
purpose, the concept of a hybrid network has been recom-
mended by Akyildiz and Stuntebeck, which might be
deployed partly under the ground and partly under the
water medium [1]. Wu et al. [14] proposed a long-range
wide area network for agriculture WUSNs with very less
path loss. The network connectivity covers a range over
several kilometers because in agriculture, no frequent
acknowledgement is required. Sambo et al. [15] applied a
WUSN path loss model (PLM) for precision agriculture.
WUSN-PLM works on accurate prediction of the complex
dielectric constant. By considering the reflective and refractive
waveattenuation, it evaluates the intensivemeasuresof sensors.

2.3. Environmental Observation. It is also a possible applica-
tion domain to monitor the air quality in underground coal

mines for WUSNs [1]. It involves the composite architecture
of open-air underground sensing nodes and embedded
underground sensing nodes deployed between the ground
surface and the mine tunnel roof. This allows data from
mine sensors to be routed vertically to surface stations
quickly, instead of getting routed through the large distances
of tunnels in mine.

Earthquake and landslide prediction is also an important
application. For this, the deeply buried sensors monitor the
relative movement of the layers of soil, so as to predict the
disasters with more accuracy and far earlier as compared
to existing mechanisms [16]. Therefore, the population
residing the affected areas may be timely warned and dis-
placed. Also, the prediction may be more accurate if sensors
are deployed at different depths in soil.

The applications related to glacier movements and volca-
nic eruptions being monitored by buried sensor nodes are
elaborated in [17, 18], respectively. This option of deploying
sensor nodes in WUSN architecture gives more precise
observations and at the same time saves the sensors from
damage caused by heat of volcano or movement of ice blocks
of the glacier. Also, the smart insect pest detection has been
proposed using WUSNs for precision agriculture. Figure 1
shows the interconnection of various sensors, fans, and
monitoring units for monitoring and control of air pollution
[19]. In this system, the direct digital control technology
automatically switches on the ventilator fans once air quality
deteriorates as signaled by the sensor.

2.4. Determining Location of Objects. Object localization is a
prominent application as well as research area for WSNs
where stationary underground sensing nodes aware of self-
location may be used as beacon for locating the required
objects. Location information can serve as a navigational
tool for self-driven systems; e.g., autonomous fertilizer units
move on the field to be fertilized depending on underground
location beacons and soil condition data from sensing nodes
buried in soil.

Also, for underground sensor networks, locating animals
or human beings comes out to be one of the major applica-
tions [2], specifically when unexpected calamities happen in
fields described in above sections such as earthquake, land
sliding, and cave-ins. Assuming the deployment of WUSNs
to be in several risky areas with requirement of sensors still
being functional even after disaster, the cooperative effort
of sensing nodes may be useful in localizing staff persons
trapped in mines or people in a crumpled building. For this,
each individual within the mine or building should be wear-
ing appropriate devices, which might transfer a beacon
signal and thereby interact with the WUSNs. Therefore,
the position of the person trapped may be determined and
informed to the search team, which makes the search oper-
ations far easier and hence protects human beings.

Another important application area of the localization
by WUSNs is to locate small creatures like badgers or rabbits
in their natural habitat, in order to understand their behav-
ior as well as evolution process [2].

Additionally, for the purpose of navigating the autono-
mous vehicle, the beacon signals from underground sensors
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put within the road concrete may be used. In coming days of
more and more self-driving vehicles, it is going to be more
promising application of WUSNs.

In law enforcement and security, optical sensors play a
critical role. Night vision scopes for border patrol and
surveillance, motion sensors for home security alarms, and
physical specimen detection at crime scenes all employ
them. Border patrolling and security observation may be
used to detect the presence and movement of persons or
objects above the surface. For such security-related applica-
tions, WUSNs may be placed to find invaders or interlopers
and warn the security organization. Akyildiz and Stuntebeck
described that it is quite difficult to detect the presence of
sensing nodes buried inside the soil [1]. Moreover, the
invaders are less likely to discover and disable the security
system. Correspondingly, WUSNs may be put along the bor-
der side to identify the unauthorized crossings and to inform
the concerned authorities. Here, crossing detection with
high precision by WUSNs could facilitate the authorities to
simply localize the invaders.

3. Allied Domains of MI-WUSNs and Their
Recent Developments

The study of prominent fields directly or indirectly allied to
MI-based WUSNs facilitates the fruitful development of MI-
based WUSNs. Such allied domains include EM wave-based
underground WSNs, magnetic transmission-related technol-
ogies such as NFC or WPT, and underwater MI-based
WSNs. The current advancements in these fields are partly
applicable in implementation of MI-based WUSNs as well.
Therefore, in this section, such developments are covered
one by one to have a good idea about the relevant approach
and system aspects, which could be incorporated in MI-
based WUSNs in time to come. Figure 2 shows that the
model is envisaged using Internet of underground things
for providing total autonomy to agriculture activities [20].
This enables self-reporting of soil moisture, salinity, and
temperature and hence ensures in situ monitoring of soil.

3.1. EM-Based Underground WSNs. Communication
between sensing nodes buried in the underground medium
has conventionally been EM-based and has been treated as
a difficult task. Because of the conduction properties of the

soil medium, the EM transmission faces the problem of very
high attenuation [6]. Additionally, it is not a trivial job to
develop a sensible but economical communication system.
The core characteristics as well as challenges of designing
EM-WUSNs are self-addressed in [1]. Particularly, the
essential limitations of the underground sensor networks
including dependability, concealment, and broadcasting are
described. Also, the feasible solutions for enhancing the
transmission capability, improved network, etc. are given
in [1]. The multiple dimensions of system development for
such networks have been analyzed in [6]. Despite the first
conceptualization of the signal propagation in underwater
as well as underground medium proposed by different
researchers within the past, the channel models are deeply
explained and extensively characterized in [21–23]. Addi-
tionally, empirical studies for underground-to-aboveground
and underground-to-underground [24, 25] transmission
capabilities are simplified. In the same context, the issue of
multipath propagation in underground media is also
addressed. Silva and Vuran [26] and Yu et al. [27] have sup-
ported some of the aspects of the present channel models
through experimental data as well.

Salam and Vuran have very elaborately explained cross-
layered network optimization for the WUSNs [28]. More-
over, Liu et al. [29] and Yuan et al. [30] have resolved the
issues with constrained battery resources of WUSNs. In
[29], the network development is taken into account for
the data communication as well as for the recharging of
the batteries of sensor nodes. Supplementary relay nodes
are placed in definite positions, for maintaining the network
connectivity and correspondingly for increasing the lifetime
[30]. Because of reflection and scattering of signals in under-
ground medium, the communication channel appears to
produce a large degree of diversity that may be exploited
by sensible antenna techniques [31, 32]. Similarly, by
exploiting relay nodes, the lifetime of the WUSNs can also
be improved. Tam et al. used two different algorithms for
maximizing the network longevity [33]. A detailed analysis
of underground sensors for WUSNs is made by Trang
et al. [34]. This analysis compares the EM wave system
and MI system qualitatively as well as quantitatively. As
described in earlier sections, prominent application domains
of WUSNs are of agricultural purpose and communication
in tunnels [21] or mines [35]. Subsequent domain applica-
tions need multifaceted channel modelling because tunnel
or mine infrastructure is substantially different from agricul-
ture. Moreover, the invited case of information gathering
supported by the central pivot system is thought in [26, 36].

3.2. Prominent MI Signal Transmission Techniques. In the
last few years, magnetic induction- (known as magnetic
resonance also, in case of resonance circuits) based transmis-
sion techniques have been more popular and also got place
in the key communication standards followed in the modern
electronic gadgets such as smartphones and tablets.

Most of the typical MI signal transmission-based appli-
cations do come under the category of the WPT mechanism
and NFC mechanism. It is renowned that the NFC tech-
nique varies from conventional far-field communication
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Figure 1: Ventilator fans and control systems used to monitor air
quality [19].
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because of the nonlinear characteristics of the magnetic field,
when several magnetic devices are located near to each other
[2]. Therefore, the attempt to simplify the characteristics of
the magnetic transmission channel did not provide adequate
precision for system modelling. Also, a number of factors
have been found to be depending upon count of magnetic
nodes, their relative distances, and related system parame-
ters. Therefore, with the increase in the number of nodes,
the system development complexness is bound to increase,
making it typical for many currently available communica-
tion mechanisms.

NFC is designed as a specialized kind of radio frequency
identification (RFID) [37] for very small transmission dis-
tance less than 4 cm [7, 38]. Generic application areas for
NFC include social networking, keycards, and contactless
payment system [2]. In this, short-distance communication
is seen as a major benefit of the MI transceivers, as it lessens
the likelihood of eavesdropping [39, 40]. Finkenzeller [37]
and Jing and Wang [41] investigated the channel model
and its near-field effects in their research. Meanwhile, an
NFC forum is also established to confer the latest advance-
ments and standardization of the NFC.

The obtainable data rate of an NFC point-to-point com-
munication is maximum 424Kbps that is based mostly on
the passive RFID. The option of passive circuit components
and few possible assumptions usually settle this data transfer
rate [37]. For overwhelming this limitation, a straightfor-
ward NFC link is built up by a multiple-input multiple-
output (MIMO) technique [42–44] and other cooperative
relay devices [45, 46]. Additionally, NFC may be a good
option for the forthcoming IoT applications due to the
bounded interference caused to the transceivers placed
adjacent to each other [47, 48].

WPT within the near field is an exploration space for
decades because of its high potency [49]. Some elementary
work is provided in [50–52]. During the context, the impacts
of the various transmission channels, e.g., frequency splitting
[53], coil placement [54], and resistance matching [55], are
investigated. In recent years, the concept of wirelessly charg-
ing the electrical vehicles and mobile phones has come up as

compared to wire-based connection that reduces the move-
ment of the wireless devices [56, 57].

Unfortunately, one can achieve high efficiency of the
WPT for only limited distance of few centimeters, so that
the coupling among the magnetic resonators may be signif-
icantly robust. Therefore, to enhance the communication
range, the current point-to-point WPT has been extended
by using multiple transmitter [58], multiple receiver [59],
and few supplementary relay [60, 61] devices. Moreover,
multiple transmitter and receiver nodes are arranged into
generic MI-based MIMO schemes, which are investigated
by [62–65]. In these works, many multiuser cases are taken
and also the beam-forming coefficients of a colocated [63]
or distributed [65] transmitter are optimized w.r.t. totally
different parameters such as total receive power or mini-
mum receive power among different receiver locations. Sun
et al. [66] have analyzed the magnetic MIMO related to
multiple transmitting and receiving nodes, where by using
magnetic beaming, a secured WPT can be attained for the
expected user. Meanwhile, many industrial solutions are
offered, among them WiTricity has been considered one of
the most popular solutions [67]. Zhao et al. [68] proposed
a reinforcement learning-enabled efficient data gathering
model for WUSNs by applying an optimal transmission pol-
icy by considering the factors like path loss of sensory data
transmission, energy limitations, and network load balan-
cing. In addition, the combination of WPT and NFC leading
to the SWIPT principle sounds even more advantageous to
the IoT [69]. In this mechanism, the same signal is employed
for data as well as power transfer that is often more energy-
efficient as compared to ordered transmission.

3.3. Underwater MI-Based WSNs. Underwater communica-
tion could be a well-researched topic with different popular
application areas like marine science and marine forces.
Such application domains use signal propagation through
the underwater medium, usually ocean water, which because
of active salt ions as well as free electrons offers high electri-
cal conductivity up to 4 S/m [70]. Correspondingly, EM
waves will go up to short distances and even at extremely
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Figure 2: WUSN model for precision agriculture [20].
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low Hertz order signal frequencies. The effective bandwidth
of the channel is normally even smaller. Generally, the
underwater communication gets accomplished through
acoustic waves that offer higher communication distance of
several kilometers. But a large, tough, dynamically changing
as well as frequency-selective communication channel is one
major disadvantage of this system.

Preferably, MI-based signal communication is given in [48,
71]. Indeed, the MI transmission range is smaller as compared
to acoustic waves. However, this disadvantage is covered up
with stability of the system and transmission ease. In the recent
works [72] on MI underwater sensor communication, the
benefits of 3D coil antennas have been recommended to
enhance the abstraction diversity and directivity of signal trans-
mission. One more advice is to use multiple frequency bands
[73], such that an extra degree of freedom is often exploited
for the resource allocation that will increase the general attain-
able data rate. Moreover, an efficient magneto-inductive-based
implementation has been described in [74].

Additionally, one more special area of application for
MI-based communication is wireless communication in old
reservoir tanks and pipelines, where leakage is detected by
applying MI-WSNs [12, 75]. For this purpose, Guo and
Sun [76] worked, defined, and developed the channel and
energy consumption models.

Unfortunately, such applications impose harder restric-
tions on the dimensions of the sensors, e.g., placing relatively
smaller coils, than those of underground or underwater
application areas. Additionally, the transmission range of
every sensing node is significantly small and also the system
layout is even higher challenging as compared to the layout
of MI- (primarily) based underwater communication sys-
tems. The energy-efficient cross-layer resolution has been
given in this respect in recent years [77].

Generally, MI-based communication in liquids is still an
open problem because of high path loss and sophisticated
transmission. The corresponding transmission channels,
however, are almost identical to the MI-WUSN transmission
channels, so that advances in one field can simply be incor-
porated in the other. Therefore, the new technique designed
for MI-WUSNs is possibly utilized for the design of the
tougher communication in the liquid medium. The next
section will highlight various techniques for MI-based
underground WSNs. Sambo et al. proposed a new path loss
model by using a better model of CDC prediction as com-
pared to existing path losses [15]. A good comparison of path
loss models of radio frequency in soil is covered in [78]. In
order to estimate the signal attenuation, two major models,
i.e., modified Friis and CRIM-Fresnel, have been compared.
In samples with lower permittivity values, the CRIM-Fresnel
model gives a better attenuation estimate, whereas the
modified-Friis model has greater accuracy in samples with
higher clay or water content with higher permittivity values.

4. Recent Advancements in MI-WUSNs

Akyildiz et al. defined the need of MI transceivers for
WUSNs with the regular advancement of research on MI-
based communication systems [79]. The main concern here

is that, contrary to the traditional approach focused on EM
waves, MI communication is considered less infected during
the modification in the state of the soil. The different
paradigms used for MI-based communication have been dem-
onstrated, where multiple nodes interact together with MI as
underlying physical medium. The sink node is connected to a
gateway, where the data is first accumulated and then uploaded
to a server for further processing. The prime focus of this study
is on MI-WUSNs, which is the component of the network
which is deployed within the undergroundmedium, as classical
techniques are used to establish surface communication. The
following sections detail out advancements on various aspects
of MI-based WUSNs for better understanding.

4.1. Channel Modelling. An induction coil is the main
element of each MI transceiver. It creates quasi-static
magnetic field around itself that is detected by another MI
transceiver’s coil. In addition, to decrease the path loss at
chosen resonance frequency and to create the circuit reso-
nant, a capacitor is attached to each coil. Due to the compar-
atively higher transmission range (10-100m) between
sensors of MI-WUSNs, coils having adequate size are gener-
ally used, e.g., solenoids with a radius of 12-25 cm [80]. It is
different from NFC in that small coils of radius of a few
centimeters have been used, providing a much narrower
transmission range.

A larger path loss exponent (generally 6 in free space) in
comparison with classical EM waves (generally varies from 2
and 4 according to the condition) may be an essential charac-
teristic for this form of communication [2]. Because of the soil
as propagation medium being electrically connective, the
magnetic field in soil has been weakened due to the simple
eddy current affairs [81]. The primary flux fromTx. coil there-
fore yields slight currents, which in turn generates secondary
magnetic fields which repel primary field and reduces the
MI.With increasing signal frequency, this effect is reinforced.
For heterogeneous medium, distinct layers of propagation
medium with dissimilar conductivity level are expected.

Considering the location of the coil with respect to the
substances of medium, magnetic fields are interpreted by
the number of methods. For a transmitter coil established
in soil (between 2 mediums showing completely dissimilar
conductivities), the multiplying factor is computed in [82].
If the coil has been placed deeply in earth, then signal prop-
agates via the underlying heterogeneous medium with
numerous layers as analyzed in [83], where identical skin
depth of the different media is concluded that correlates
the average of the skin depths among all the layers.

Due to increased path loss, low resonance frequency
between 100Hz and 1MHz has been preferred for MI-
WUSNswith transmission distancesmore than 10meters. Kis-
seleff et al. [84] showed the optimum resonance frequency
decreased by the square of distance among the transceivers.
However, despite of the optimum resonance frequency, the
path loss proportionate always greater than the 10th power of
the space, which distributes signal transmissions over huge
ranges (more than one hundred meters), is not possible.

The basic classification of the magnetic flux propagation
within the underground medium is covered by Wait [82].
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The model of the MI transceivers along with their channel
modelling is discussed in [9]. Latterly, all characteristics
and features of system and network modelling are restudied,
as MI-based transmission media vary considerably from
conventional EM wave-based communication media. Also,
the path loss of a point-to-point communication link is
broadly represented in [9, 85].

A recent variety of asymmetric transceivers for large-
range communications in soil is described in [86] to control
the property even in the case of expected arrangement. Here,
multiple tiny receiving coils, and distinct huge transmitting
coils are connected to every sensor node. Using this, the
signals are often acknowledged by at least one coil of the
transceiver even during the arrangement; thus, the chance
of interruption has been reduced. But, the relevance of such
multicoil transceivers still needs a careful analysis.

The effectiveness of single MI link and the complete MI
WUSNs is widely studied by applying the derived channel
models for point-to-point signal communication.

4.2. Single MI Link. The researchers have analyzed the
impact of various system parameters on point-to-point com-
munication channels [80, 87–89]. In particular, the effects of
various types of minerals at the signal propagation and
system efficiency have been explored in [87]. On the other
hand, authors concentrated on the improvement of coil
arithmetic and resonance frequency [89, 90]. Moreover, the
system performance in terms of data transfer rate is demon-
strated in [9] that is acceptable for the target operations of
the WUSNs, motivating us for all new research. It is noticed
that the data transfer rate of up to 1Mbps is offered by MI,
even for fair transmission ranges at most fifteen meters
and eight meters in dry and wet soil, respectively. Addition-
ally, conventional EM radiation does not offer acceptable
data rates for transmission ranges more than five meter even
in dry soil. Additionally, sensible data communication tech-
niques are explored for MI-WUSNs and demonstrate the
control losses compared to the performance bound [83].

Additionally, developments in the field of magnetic
metamaterials [91] have facilitated the utilization of pre-
sumed MI waveguides (relaying of multiple passive MI
devices and metamaterial-improved MI transceivers) [92].
These advanced MI transceiver configurations can be used
to achieve the better directivity of signal propagation that
is highly low with the conventional induction coils. In par-
ticular, the characteristics of every passive relay among MI
waveguides are improved w.r.t. the bandwidth efficiency
[80] and generally attainable data rates. The limited
manufacturing and inefficient deployments are the major
drawback of MI-WUSNs, which can render its high cost.

Preferably, the usage of conventional (active) relaying
schemes looks highly promising [84], as it has depended
on the arrangement of the restricted number of extra relay
controllers, whereas general data transfer rate is improved
by up to an order of magnitude compared to the basic
scenario with no relays.

Generally, comparatively high resonance frequencies
varying within 1MHz and 20MHz have been found desirable
for relay-based MI-WUSNs because of the limited transmis-

sion range of every sublink. Moreover, the frequency selec-
tion of the channel strongly relies upon the quantity of MI
transceivers and relays, as every device behaves like a narrow
band pass filter irrespective of its major performance. It is
often caused by using resonance circuits [80].

The combined usage of active and passive relays is an
encouraging extension of the already available MI-WUSN
solutions. In particular, in terms of WPT, MI waveguides
constructed by strong couplings among neighboring relays
often appear extremely useful where high bandwidths are
not essential. MI waveguides can therefore be useful for
charging the network [2].

4.3. Synchronization and Channel Estimation. Synchroniza-
tion is not often covered within the theoretical works on
MI-WUSNs, as the popular synchronization techniques
when put to MI-WUSNs have not shown impact consider-
ably as compared to the efficiency of synchronization of
conventional complicated communication networks and
sensor networks [93]. Furthermore, the synchronization
of packet transmissions for communication networks is
covered in [94] which corresponds to transmission sched-
uling in MI-WUSNs.

Alternatively, the evaluation of the magnetic transmis-
sion channel within the underground scheme is a useful
exercise which is hardly addressed in few works [95].
Another useful finding is that frequency property of the
transmission channel typically relies upon the resonance
circuit and rarely on the range or the properties of semicon-
ductive soil. Furthermore, here coupling changes the current
in each circuit along with the transmitters [95]. The advan-
tage of this method is that any specific training sequence is
not required for the channel estimation, because the trans-
mitted symbols are fully acknowledged. This method is
adopted in [96], where a channel estimation protocol is pro-
posed for bigger MI-WUSNs. This kind of channel assess-
ment might not only permit automatic transmit power
management but additionally permits the localization of
nonworking devices, which may trigger the reconfiguration
procedure and set up an alternate signal routing.

Apart from this work, it is often considered that a system
designer and every MI transceiver are aware about the chan-
nel state information (CSI), assuming that deployment of
WUSNs is stationary. Thus, the transmission channel almost
always stands unaltered. Therefore, a channel assessment
process with adequately long averaging is performed before
the principal working of the WUSNs begins. Similarly, near
to ideal CSI is accessible during the main activity. Still,
upcoming approaches of system layout for MI-WUSNs
should include the variation in the environment-related
parameters that can change during unexpected earthquakes
or precipitation [6]. Therefore, the system parameters may
be chosen by the way of robust optimization as probability
density of every taken environmental parameter.

4.4. Strategies of Deploying Sensor Nodes. The distribution of
sensing nodes among the selected region of significance is a
crucial condition of the network layout. The various ways of
distribution of sensing nodes are proposed within the past,
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which use different measures and parameters. Particularly
for MI-WUSNs, orientation of every coil as well as the posi-
tion of the sensing modes is essential. Specifically, when
magnetic field is not taken by a coil placed orthogonally to
its polarization, direction of the coils may be changed to
minimize cochannel interference between the network com-
ponents [90]. In the MI waveguide, including several passive
relays, the direction of coils may be chosen in such a way
that the power leakages may be reduced for a defined
frequency [97]. Therefore, the efficient bandwidth of the
communication channel may be strengthened by improv-
ing the direction of every relay and the resonance
frequency of every circuit. Furthermore, distribution
method is associated with a considerably improved
deployment work, because every coil requires to be put
and directed with precision.

With an aim of minimizing the complexity of the ensu-
ing system, authors have highlighted the two simplified dis-
tribution methods: “horizontal” and “vertical” distribution
methods [88]. In “horizontal” distribution methods, the axes
of every coil concentrate on the same direction of signal
propagation, therefore enhancing the collective induction
among the devices of the same connection. In the “vertical”
distribution method, the axis of every coil highlights towards
the bottom area, because quasi-omnidirectional relation
propagation is attained. This method is highly beneficial
for MI-WUSNs having passive relays. Thus, every device is
linked with other node of the network [88, 90].

In MI waveguide-based WUSNs, the path highlighted by
waveguides is the actual path of signal transmission. Thus,
connection is not built between the nodes, until they are
not linked by the way of MI waveguides. The logic exists
within the selection of the signal frequency, which is often
greater for networks built on MI waveguides. That frequency
produces a high path loss for direct MI transmission; thus,
only transmission through MI waveguides is possible. Simi-
larly, the routing revolves around the selection of devices to
be linked through MI waveguides. Therefore, these devices
should be attentively chosen, so as to improve the perform-
ing network throughput or property [94, 98]. In [98], a
Voronoi tessellation is used to choose the nodes to be linked
via MI waveguides. A heuristic approach is applied, which
relies on recursive calculation of an MST and omission of
suspected links. In addition, the degree of distribution is an
effective characteristic of the system architecture. It is certain
that if two coils are placed above the ground surface close to
each other, a portion of the produced field will propagate
through the air, while another portion propagates through
the soil [88]. Therefore, in comparison of signal communi-
cation taking place in homogeneous soil medium, the path
loss during this case is essentially lower. But, for the signal
transmission, this effect is entirely influenced on the MI,
which may be a single parameter which will be taken into
consideration for optimization and network architecture.
Generally, it is hard to improve the position and even the
orientation of nodes, because the distribution of nodes is
typically attainable to some certain locations and under a
particular angle. But, if this degree of freedom is accessible
to the system engineer, specific improvement generally

causes encouraging results and would be used for the
improvement in the overall performance of the network.

4.5. Cross-Layer Improvement. The sensor network capacity
or throughput for wireless sensor networks has been
described in detail in [99]. Further, for MI-based WUSNs,
authors in [80] discussed and measured the network perfor-
mance for these networks, using the channel model as
explained in [9]. Interestingly, as compared to conventional
EM-based communication networks, the performance was
observed to be degraded in the case of MI-WUSNs, but in
the study made in [80], general issues of the signal process
and scheduling were not being taken under consideration.
Therefore, some advanced designs of MI-WUSNs with mul-
tiple sensors interacting in the improved cross-layered
model are refined, e.g., [100].

This work is taken into consideration using various
dimensions of signal processing and networking, e.g.,
modulation techniques, linking methodologies, routing
mechanisms, scheduling, error rates, and distribution tech-
niques. Similarly, different sets of system parameters that
rely upon the presumed channel models and surroundings
are recommended. Particularly, various distribution ready-
ing options like direct MI communication using no passive
relays and MI waveguides using passive relays are analyzed
under realistic architecture checks in [101]. More related
work [102] provides some vision into the network archi-
tecture majorly for the medium access control (MAC)
layer. The evolution from traditional protocol architecture
to cross-layered protocol architecture for MI-WUSNs is
discussed in many studies.

Additionally, a SWIPT design for the underground
communication is covered in [103], considering the power
consumption and battery charging requirements for the
network architecture. The method assigns unique priorities
to the sensor nodes as per the remaining battery life and
thereby slightly changing the definition of throughput of
sensor networks. However, this is a very fruitful and prom-
ising method because it increases the exploitation network
time and reduces the chances of disconnection caused by
the alleged energy holes [104] that arise if a number of the
foremost drained nodes dry up by battery power.

Nguyen et al. [105] proposed an idea of a hybrid cluster-
ing and evolutionary approach for WUSN’s lifetime maxi-
mization [106]. The advantages and disadvantages for the
cross-layered approach have been presented in Table 1.

4.6. Sensor Battery Charging. According to [3], the battery
has been found to be another crucial concern for any
WSN. In recent applications of WSNs, the charging of all
the sensing nodes using a movable charging vehicle having
a better charging framework and a moving path is used
[107]. The same mechanism may be applied to MI-
WUSNs as well with minor alterations attributing to charac-
teristics of underground medium as well architecture of
transceiver nodes based on the system model. The popular
strategies of energy linking [108] are used, but their perfor-
mance remains unpredictable for underground medium.
Additionally, in many WUSN applications, due to sensor
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nodes being distributed in rarely reachable environments
such as oil reservoirs and mines [76, 109] and infrastructural
health observation [10], a moving agent might not be capa-
ble enough to come close to each sensing node for charging
purpose. In addition, electromagnetism waves might not be
capable of penetrating the surface to approach the sensing
nodes for transferring power. When a number of the sensing
devices are reached by the charging vehicle, its energy
consumption might be one of the essential parameters for
comprehensive analysis of the costs.

As an alternative, a fixed power supply placed above the
surface of ground and connected with other sensing devices,
e.g., via cable, is employed. The complete network is then wire-
lessly charged with the help of this charged node [59, 103]. The
improvement of the corresponding charging procedure is
explained in [109], where energy losses are minimized due to
a virtual magnetic MIMO-based relay network associated with
the optimized transmission protocol. Due to some limitations,
the charging capability remains very low, while coils with
moderate radius (approx. 25 cm) were used, although energy
capability may be increased by improving the system parame-
ters as part of the mentioned cross-layer environment.

Moreover, extra passive relays [97] can be placed and
even organized in MI waveguides. In such situations,
because of the increased spatial diversity of the communica-
tion system, the positioning of relays seems acceptable,
which is extremely helpful, particularly when coupled with
the aforementioned virtual MIMO approach. Additionally,
relay devices are generally used, which consume negligible
energy while transmitting the information but still support
the energy relaying at that time. It is very useful that these
relay devices are generally presumed to be most of the time
fully charged needing no energy for getting themselves
charged. This is because the relay devices would not take part

in information transmission; it is not connected with any net-
work link. Therefore, they are often deployed among the
device nodes, in a way that the distance between the relaying
devices and any neighboring sensor nodes is as minimum as
possible. Similarly, it becomes possible to improve the charg-
ing capability and decrease the path loss upper limit caused
by energy relaying. The charging capability would further
improve, if numbers of relays are increased.

4.7. Localization. The different aspects of localization [110]
have been studied well for MI-based networks in some
previous works, e.g., [111, 112]. Nevertheless, these works
do not effectively acknowledge the localization in under-
ground medium having considerably distinct properties
and challenges. Therefore, the strategies suggested in these
works are not fit for MI-based WUSNs.

The major application domains of the localization within
the underground medium are pursuit of natural wildlife
[113] and location of humans and robots in mines [114].
The researchers in [113] have described the utilization of
MI transceivers for the purpose of confining small rabbits
and badgers in their natural environment. Still, localization
and pursuit in [113] have not powered immediate detection,
yet on an eternal data gathering. Additionally, an excellent
scheme is suggested in [113], which applies long coils placed
aboveground. In spite of significantly accurate localization
illustrated in this work, the suggested technique is simply
appropriate for the localization in limited sized areas,
because it requires much placement efforts. The study of
the localizing humans trapped in mines by using various
signal transmission schemes such as ZigBee and RFID for
detection has been provided in [115]. However, in the event
of potential cave-ins, a portable magnetic sensor put on the
body of a mine worker is also employed to mark the location

Table 1: Advantages and disadvantages for the crossed-layered approach.

Crossed-layered approach

Advantages

(a) Cross-layered approach improves the quality of service in mobile networks

(b) It helps in the reduction of the congestion in various wireless communication applications

(c) It is used in various routing mechanisms

(d) It is helpful in efficiently exchanging multimedia resources over the wireless networks

(e) It supports information exchange and optimization across different layers

(f) Easier to optimize, maintain, and manage protocols

(g) Simplifying the design by breaking the system by end-to-end networking

(h) It provides clear interfaces and modular architecture

Disadvantages

(a) Cross-layered approach suffers from lack of proper architecture

(b) Uncontrolled cross-layer patterns may cause chaos

(c) Unforeseen dependencies may be activated among layers due to unexpected cross-layer interaction

(d) It is not easy to integrate cross-layer designs

(e) More chances of stability concerns are there, if not addressed properly

(f) Information of operation at one layer cannot be used at another

(g) Introduces inefficiencies and redundancies

(h) Redundant functionality leads to data overhead and processing
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of the miners. For these cases, the idea of applied machine
learning-based localization has been proposed in [101] to notify
the nonlinearity of the transmission channel that forces the
lowering of localization accuracy with conventional localization
strategies like trilateration or triangulation. The authors of [8]
advised a unique gradient-based technique and a localization
framework for localization in tunnels. After analyzing the path
loss of EM waves propagating in mines, MI-WUSNs have been
applied for the safety of the miners [114].

The ambiguity in the received signal due to a potential
coil misalignment, positioning errors, etc. is the unaddressed
issues in the localization dependent on the MI. The positions
of the sensors could be extensively changed, particularly in
the event of a mine collapse. The effect on quality of localiza-
tion due to this divergence from the assumed positions
remains an unanswered challenge for the future.

4.8. Experimental Work in MI-WUSNs. In addition to put-
ting theoretical system models, a large experimental work
has also been carried out by researchers to prove the models
along with assumptions [116]. These validations have partly
approved different dimensions of the signal communication
in MI-WUSNs, e.g., the signals getting exhausted due to soil
conductivity (eddy currents) and signals getting filtered
within MI relays. The experiments have also been performed
using test beds in individual laboratories for, e.g., [117].

Specifically, a number of (at least seven) passive relays
arranged on a straight line with the complete communica-
tion range of a few meters have been examined in the MI
waveguide framework [94].

At different frequencies, the mean received signal power
is recorded to be in range of 4 to 9MHz. Distinct environ-

mental factors attributing to unnatural rise of water content
in soil have also been evaluated. Further, a 3D magnetic coil
is placed; also, corresponding changes in performance are
observed. In [117], a test bed with multiple sensor nodes is
enforced, which uses 3D coils for the purpose of spatial mul-
tiplexing. The transmission range of 35 meters has been
illustrated using nodes having applied career frequency of
2 kHz, establishing that coil orientation has nothing to do
with received signal power.

In another experiments, for, e.g., [116], the transceivers
are placed in soil in the field. In [116], the signal attenuation
is calculated to validate the result of eddy currents in soil,
causing the increase in path loss of signals. Here, an explicit
MI link with no passive relays has been thought about for
communication ranges up to thirty meters having the opera-
tional frequency of 5 kHz. Overall, experimental results have
been found in accordance with signal transmission models
put theoretically. These results also indicate that the extra
attention incorporated by the theoretical works is correct.

However, due to high system complexity and deployment
efforts, no field experiments have yet been described or done
on completely operative multinode MI-WUSNs having com-
munication with minimal past loss, efficient scheduling, and
charging as well as localization. However, the chances of devel-
oping protocols and field experiments are on an increasing
trend due to high interest of researchers in this area.

5. Analysis of WUSN

5.1. SWOT Analysis of EM/MI-WUSN. The SWOT analysis
of EM/MI communication-based WUSNs helps in analyzing
the key points leading to performance improvement. The

Table 2: SWOT analysis of EM/MI-WUSNs.

Strengths

(1) The medium transfer from one device to another is optimized and reduces the number of downloads and size

(2) The devices can send and receive messages in real time

(3) Each device receives media and message only from the device associated with him

(4) Economically feasible: low cost as compared to other products available in markets

(5) Incorporation of a new device is easy

Weaknesses

(1) Processes are slow as compared to wired networks

(2) Limited battery power and storage

(3) Each new device requires certification before installing

Opportunities

(1) Open-source hardware

(2) Technological advancement

(3) Innovation

(4) New business field for the tycoons

Threats

(1) Insecure network

(2) Not being aware of the environment

(3) Regulatory issues by statutory governing bodies

(4) Awarelessness

(5) High humidity and temperature can cause the damage or malfunctioning to the devices
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strengths indicate the key areas of WUSN, where it can be
used in an efficient manner, and weaknesses indicate the key
points to be focused for the research to overcome the issues.

The opportunities indicate the direction of future advance-
ments, and threats have to be taken care of while imple-
menting WUSNs. The SWOT analysis is given in Table 2.

Table 3: Comparative study of WSN protocols.

Sr.
no.

Protocol
Performance
parameters

Energy
consumption

Benefits Limitations

1.
Underground

opportunistic routing
(UnOR) protocol

Throughput ratio,
energy

consumption
High

Buffer data through overhearing,
high link quality

High energy consumption

2.
Cross-layer protocol

(XLP)

Energy
consumption,

route failure rate
Moderate

Improved communication
performance

High operation overhead

3.
Mobile node-based
routing (MNBR)

Energy
consumption

High
Quick path routing, balanced use

of node energy
Involve enormous overhead

4.
Unicast-based gradient

routing protocol
(UGRP)

Network lifetime,
packet delivery

ratio
Moderate Less redundant transmission Energy consumption

5.

Energized routing and
multicast tree-based
geocasting protocol

(ERMTG)

Packet delivery
ratio, path energy,
network energy

Moderate
Better delivery ratio, lower energy

consumption
More computational overhead

6.
Efficient data multiple
aggregation (EDMA)

Data loss, data sent
ratio

Moderate
Minimized packet loss, data

redundancy
Similarity function is not

satisfactory

7.
Round-based clustering

(RBC)

Energy
consumption,

throughput, data
received ratio

Low
Less energy consumption, high

throughput
Node mobility problem

8.
Distributed

environment-aware
protocol (DEAP)

Security,
throughput gain

Low

More secure, operate on separate
layers energy saving, high
throughput gain, low

computational complexity

Statistical delay

9.
K-means and analysis
of variance (ANOVA)

Energy
consumption, data

sent ratio
Moderate Minimized data redundancy Higher energy depletion

10.
Scalable and efficient
data gathering routing

protocol (SEDG)

Delay, energy
consumption,

network
throughput

Low
Increased network lifetime,

improved packet delivery ration
Data collection efficiency issue

11.
Path reliability-aware
data delivery protocol

(PRADD)

Packet delivery
ratio, routing

overhead, energy
consumption

Low
Lower overhead, energy

consumption
Lack of dynamic data transfer

12.
Delay-tolerant mobile
sink model-nonzero

(DTMSM-NZ)

Packet delivery
ratio, latency,

throughput ratio
Moderate Lowest mobile sink travel time Involve enormous overhead

13.

Multihop graph-based
approach for an energy-
efficient routing (MH-

GEER)

Residual energy of
distant CH nodes,
load balancing

Low
ACO-based algorithm to achieve
multihop routing, better load

balancing

Lack of congestion awareness
mechanism

14.
Low-energy adaptive
clustering hierarchy
protocol (LEACH)

Energy
consumption

Moderate
Energy-efficient and cluster-based
hierarchical and efficient routing

distributes the load equally

Data aggregation is carried out at
the cluster head level, single-hop

communication, load is not equally
distributed

15.
Energy-aware multihop
multipath hierarchical

(EAMMH)

No. of dead nodes,
average energy

Low
Better average energy, multipath

hierarchical routing
—
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5.2. Comparative Study of Protocols. The protocols used in
WSN technologies such as underground and underwater
WSNs and cross-layered architecture using EM/MI commu-
nication are considered for the comparative study. This
study contains major protocols starting from year 2009 till
date with their performance parameters, benefits, and limita-
tions. This study considers the major developments in
protocols used in WSNs which indicate the directions of
research in WSN. Table 3 represents the comparative study
of WSN protocols.

For energy-constrained underground environment for
WUSNs, conventional OSI layered protocols are more
expensive and therefore are less preferred from perspective
of effectiveness and efficiency of MI-WUSNs. Rather cross-
layered protocols prove to be better for the same, where
interfacing of functionalities of different layers may be
utilized in an integrated manner. Out of the above said
protocols, the distributed environment-aware protocol
(DEAP) is more secure and operates on separate layers
leading to energy saving, high-throughput gain, and low
computational complexity.

5.3. Enabling Technologies. Many recent developments in
UWSNs have seen tremendous growth in various areas.
Technological communication developments permit inter-
action between underwater sensors and applications to
deliver user services and were adjusted to different require-
ments and preferences. The breakthrough in Industry 4.0

has become a motive factor for the adoption of Industry
IoT (IIoT). IIoT offers secure data transmission and update
from time to time to the cloud network from different
sensors. IIoT is a single system, consisting of cloud networks,
terminals, equipment, and machines, to incorporate indus-
trial wireless networks and IoT technology [118]. Recent
advancements in the IoT and UWSN industry have there-
fore led to a growing interest in the Internet of Underwater
Things (IoUT). IoUT enables a number of underwater
sensors to interconnect by gathering and transferring high-
speed data to the surface station.

A notable further step forward in reducing the harmful
effects of greenhouse gas on the environment is the intro-
duction of a green IoUT [119]. In addition to this green-
house effect, authors state that underwater nodes and
vehicles demand significant power consumption that may
halt vital tasks or applications from operating prematurely.
This issue has led researchers in developing emerging
energy-efficient UWSN designs for offshore gas and petro-
leum environments in particular [120]. Due to the integra-
tion of heterogeneous nodes, underwater communication
systems, complicated architecture, and various underwater
applications, underwater communications systems will face
challenges during the next few years. Authors have therefore
proposed a software-defined network (SDN) paradigm that
promotes practices of innovation, improves the flexibility
of the network, efficiently assigns resources, and manages
operating costs [121].

Figure 3: Scientometric analysis of WSN and soil performed using VOSviewer.
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6. Inference and Further Challenges of MI-
WUSNs

The recent advancement in MI-WUSNs has shifted the
prime research scope in this field to a number of new
challenges which are still to be addressed and resolved.

One such important area of MI-WUSN evolution is to
design the different interfacing mechanisms between MI-
based WUSNs and other categories of WSNs such as
WUSNs interfacing with wireless underwater sensor
networks (as in the case of exploration of deep ocean and
naval border defense), WUSNs interfacing with WSNs for
plantations like trees and mushrooms, WUSNs interacting
with WSNs for livestock (as in the case of a detailed study
of animal lives and their effect on environment), WUSNs
having an interface with the power grid (as in the case of
monitoring structural health), or WUSNs communicating
with self-driving cars (as in the case of navigation and charg-
ing). The possible issues likely to come in planning of these
interfaces are yet to be looked into in forthcoming days.

The design of the MI waveguide network having
combined usage of active and passive relaying is also one
challenging area which however offers joint benefits of low
path loss as the intermediate frequency as well as minimized
frequency level but at the same time is extremely difficult to

design because it is important to determine the appropriate
location and operation pattern for each relay.

One additional way to further boost signal quality and
other output parameters in MI-WUSNs is to deploy multiple
orthogonal coils for each transceiver node. Despite the unin-
tended misalignment of a number of nodes, this approach
guarantees a specific connectivity degree but is quite
challenging to be designed.

One very major factor generally underestimated in regard
to system performance is imperfect channel state information
(CSI). Generally, any system parameter getting deviated might
lead to the entire theoretical model as well as network architec-
ture to be invalid. Therefore, the majority of the presently
available solutions should be upgraded, incorporating robust
updation and adjustment. Some of the instances are connect-
ing the mobile surface system to a network for backhauling or
varying soil wetness resulting in the additional critical modifi-
cation of the channel state (e.g., during rainfalls) and a
network delaying its charging in the case of high power loss
within the medium. In general, the system performance is
maximized for all appropriate channel states by introducing
various types of operation mechanisms (e.g., collecting data,
localization, and charging) with separate sets of initially opti-
mized system parameters that can be taken according to the
channel state and function.

Figure 4: Network analysis of the relationship between “energy utilization” with other domains.
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While various authors typically suggest cross-layer opti-
mization, but a multiobjective optimization, that optimizes
system efficiency in terms of charging capability, accuracy
of localization and network throughout still remains a chal-
lenging issue. This multiobjective optimization, particularly
the design of self-charging and power-efficient networks
under the constraint of a highly viable performance and a
low valued maximum localization error, seems very promis-
ing. It can be attained by setting various system parameter
sets that can be selected as per operational mode and appli-
cation. For example, higher frequency may be used for short
communication links (network and charging mode) and
lower frequency may be used for locating distant target
nodes (localization mode). Similarly, in order to achieve effi-
ciency that would be similar to optimal in most situations,
the network could switch into the most acceptable mode.

The scientometric analysis has been performed using the
VOSviewer analytical tool to investigate recent develop-
ments in the area of WSN and soil monitoring. The database
used for analysis has been extracted from Scopus for the last
six years. The network of keywords has been displayed in
Figure 3 which indicates the extensive implementation of
WSN technologies in soil, moisture control, and precision
agriculture. The implementation of automation, Internet of
things, and sensor nodes are also studied. In last two years,
the research on WSN with applications on Internet of things,
decision support systems, greenhouses, and agriculture
robots has been reported.

Figure 4 plots the network analysis of energy utiliza-
tion with various domains studied related to WSN. The
relationship between “energy utilization” and decision
support systems and groundwater has not been studied.
On the other hand, moisture control and environmental
monitoring are recently explored by the researchers which
have plenty of scope of research. It can be deduced from
the present scientometric investigation that energy utiliza-
tion through WSN and other allied domains can be fur-
ther explored. Energy is a key source of expenditure in
agriculture in India which can be efficiently managed
through implementation of WSN, Internet of things, auto-
mation, and decision support systems.

7. Conclusion

Underground WSNs being a special class of WSNs cater to a
large range of application areas making it an attractive desti-
nation area for researchers. This review paper has high-
lighted the recent developments happened in areas closely
associated with MI-WUSNs such as EM-based WUSNs,
underwater sensor networks, and MI-based signal transmis-
sion mechanisms such as NFC and WPT. The advancements
in these areas present a vital picture about possible concerns
and their redressal mechanisms related to system modelling
and design, which prove to be beneficial for designing effi-
cient MI-WUSNs. The developments made in multiple
dimensions of MI-WUSNs ranging from deployment meth-
odologies, channel modelling, synchronization and channel
estimation, single MI links, localization capacity, and battery
charging requirements to cross-layered architecture to attain

high quality of service, have been discussed. These factors
have led the emphasis of the research to new horizons. A
large scope is there to work for more efficient and optimized
cross-layered techniques, which could integrate multiple
MI-WUSN functionalities, such as low energy requirement
but high network throughput. It would also be promising
to use combination of active and passive MI relay devices
operating differently reducing the overall path loss and
energy requirements. Various interfacing possibilities of
WSNs with underground WSNs need to be exploited includ-
ing self-driving vehicles and other IoT applications.
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