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Abstract

In this paper, we present our proposed magnetic induction based wireless communication
system. The proposed system is designed to perform communication as well as distance
measurement in underground environments. In order to improve the communication quality,
we propose and implement the adaptive channel compensation technique. Based on the fact
that the channel may be fast time-varying, we keep track of the channel status each time the
data is received and accordingly compensate the channel coefficient for any change in the
channel status. By using the proposed compensation technique, the developed platform can
reliably communicate over distances of 10m while the packet error rate is being maintained
under 5%. We also implement the distance measurement block that is useful for various
applications that should promptly estimate the location of nearby nodes in communication.
The distance between two nodes in communication is estimated by generating a table
describing pairs of the magnetic signal strength and the corresponding distance. The
experiment result shows that the platform can estimate the distance of a node located within
10m range with the measurement error less than 50cm.
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1. Introduction

Wireless underground sensor networks (WUSNSs) have drawn significant attention as they

can be used in many important industrial tasks such as fault detection of gas pipelines (see Fig.
1), smart agriculture for farms, and air pollution control in underground mines [1-3]. In order
to perform these tasks successfully, it is important for a node of WUSN to be able to estimate
the location of nearby nodes and reliably communicate with each of them. It is, however,
challenging to achieve the accurate localization and robust wireless communication quality in
underground environments. It is especially true when electromagnetic (EM) waves are used
for underground communication because of following reasons. First, underground
environments contain various sources for material absorption such as soil, rock, and water.
Hence, in comparison to an over-the-air channel, the underground channel leads to the
significantly higher levels of attenuation by reducing power density of EM waves. Second, it is
difficult to predict the communication quality in underground environments. For example, an
electrolyte dissolved in underground soil water is one type of sources that cause the path loss
of EM waves. It should be noted that soil water content varies by location. Moreover, even for
the samae location, water content may dynamically change from time to time. Thus, the
amount of signal loss would depend on location and time. Accordingly, it is challenging to
design the optimal wireless communication system based on EM waves in underground
environments. Third, the inhomogeneous nature of underground environments causes the
multi-path fading and thus negatively impacts communication with EM waves. For instance,
roots of vascular plants may be randomly located underground and these make a change in the
direction of EM waves, producing multi-path fading.

Problems..

Wireless
Sensing

i )

Underground Problems

Fig. 1. Fault detection of gas pipelines using wireless underground sensor network.

In order to address the aforementioned issues of EM based underground communication,
there have been active studies to find the alternative communication technique suited for
WUSNSs [4-6]. Amongst various techniques, the magnetic induction (MI) based technique is
considered to be the leading candidate as it offers several benefits. First of all, the magnetic
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permeability of soil, rock, and water are almost identical to that of air. For this reason, Ml
based communication in underground environments causes little change in the rate of
magnetic field attenuation from that through the air. Secondly, unlike most wireless
communication approaches using far field, the MI technique generates the magnetic field in
the near field. In other words, the MI based communication is non-propagating and thus does
not produce multi-path fading. Based on such inherent advantages, many ideas and designs for
WUSNSs using M1 technique have been proposed and analyzed [7-15]. Out of these approaches,
however, most have been either theoretical analysis or simulation under ideal assumptions. In
order to transfer such research ideas and analysis results into reality, there is a need to develop
a testbed prototype to conduct validation in real environments. In this work, we develop a
prototype that performs wireless communication as well as distance measurement in
underground environments. We implement the wireless communication block using Ml
technique so as to fully utilize the aforementioned advantages of MI based underground
communication. To improve the communication quality, we propose and implement the
adaptive channel compensation technique. Based on the fact that the channel may be fast
time-varying, we keep track of the channel status each time the data is received and adaptively
compensate the channel coefficient for any change in the channel status. By using the
proposed compensation technique, our developed platform can reliably communicate over
distances of 10 meters while the packet error rate (PER) is being maintained under 5%. We
also implement the distance measurement block that is useful for various applications that
should estimate the location of nearby nodes in communication. The distance between two
nodes in communication is measured by generating a table describing pairs of the magnetic
signal strength and the corresponding distance. The experiment result shows that the platform
can estimate the distance of a node located within 10m range with the measurement error less
than 50cm.

The contributions of this paper are three folds:

e First, we implement and validate the MI based WUSN platform that can perform
wireless communication as well as distance measurement in real underground
environments. Our developed WUSN platform includes the loop antenna, analog
subsystem, and digital subsystem to form a complete system for performance
evaluation. The antenna is designed with the carefully chosen parameters to
transmit and receive signals at 128 KHz. The analog and digital subsystems are
implemented together on the single package that includes Altera Cyclone-V Field
Programmable Gate array (FPGA). We show that our platform can be used to
validate the theoretical models of MI based WUSN.

e Second, we propose and implement the adaptive channel compensation in order to
achieve the reliable communication in underground environment. Based on the fact
that the channel may vary from time to time, we track the channel status each time
the data is received and adaptively compensate the channel coefficient. Experiment
results show that the proposed compensation technique can enable the
communication range up to 10m while the PER is maintained low under 5%.

e Third, we add the distance measurement functionality in the proposed system so
that the node acting as data receiver can easily estimate the location of the data
transmitter. Basic idea is to convert the received signal strength to the distance
between two nodes in communication. Based on theoretical analysis and field tests,
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we generate a lookup table describing pairs of the received signal strength and the
corresponding distance. The table is stored and utilized to function the distance
measurement promptly. Experiment results show that the implemented function
can estimate the distance of a node located within 10m range with the measurement
error less than 50cm.

The rest of this paper is organized as follows. In Section 2, we discuss the related work in
WUSN. Section 3 briefly reviews the wireless underground communication based on Ml
technique. Section 4 presents our proposed platform and Section 5 discusses experiment
results. We conclude our work in Section 6.

2. Related Work

Researchers have studied how to successfully build WUSNs, where underground sensors can
be utilized to perform a variety of industrial tasks such as gas leakage detection on pipelines,
intelligent agriculture for farms, and air quality management in mines [1-3]. lan F. Akyildiz et
al. [4] showed the advantages of WUSNSs over wired solutions. The authors also provided the
design challenges for wireless communication in underground environments. Design
challenges include power conservation, topology design, and antenna design. In [5] and [6],
authors set up the theoretical channel models to discuss high path loss occurred when EM
waves are used for underground communication. A. R. Silva et al. [7] demonstrated that EM
techniques for underground communication actually experience the significantly high path
loss by developing the testbed for validation in real environment.

To address the challenges in EM based underground communication, Ml techniques were
introduced in literatures. [8]-[15] showed that the MI based communication can be the reliable
solution for underground environments since magnetic permeability of soil is similar to that of
air. Since MI technigue supports only short range of communication, there have been
proposals to increase the communication range. For example, C. J. Stevens et al. [10]
developed the concept of MI waveguide, whereas H. Guo et al. [11] developed the 3D MI
communication model. Although these studies have shown that Ml based techniques are
promising solutions for building WUSNSs in many applications, there is a strong need to
develop a testbed in order to conduct validation in real underground environments. In this
work, we develop the MI based WUSN platform that can be used for validation underground.
The developed platform achieves the reliable communication quality via the adaptive channel
compensation. Also, the platform includes the practical solution to measure the distance
between nodes in communication by quantifying magnetic signal strength.

3. Magnetic Induction based Communication

This section briefly reviews the communication based on MI. Fig. 2 illustrates a transmitting
(Tx) antenna and a receiving (Rx) antenna separated by the communication medium. As
mentioned earlier, the impact by the communication medium is relatively small because the
magnetic permeability of most natural materials underground is fairly identical to that of air.
To support this fact, Table 1 shows that relative magnetic permeabilities of paramagnetic and
diamagnetic materials are in the range between 0.999 and 1.001.
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I magnetic field

Fig. 2. Wireless communication based on magnetic induction.

Table 1. Relative permeability as the various material.

Para-Magnetic Dia-Magnetic
Material Air
Aluminum | Magnesium | Palladium | Copper | Silver | Gold
Relatl\{e_ 1.0 1.000021 | 1.000012 | 1.000082 |0.99999| 0.9998 | 0.9996
Permeability

Tx and Rx antennas are essentially a coil loop of wire. It is worth noting that the
communication channel gain increases as the coil size grows or the number of turns increases.
The channel gain is also impacted by resistance per unit length of the coil loop. The lower the
resistance per unit length, the higher the channel gain we can achieve. Hence, in order to
achieve the high channel gain while maintaining the small antenna size, it is important to
choose the wire with low resistivity (i.e., high conductivity).

MI wave propagation experiences the path loss. However, the path loss does not increase
too rapidly as the communication distance increases. The following equation shows that the
path loss (Lw) is the logarithmic growth as follows:

Ly = 6.02 + 60log(r) + 101 Ne )
M1 = O ogLr 0g Nrﬂfﬂi i

where r denotes the transmission distance, N; and N, are the number of truns of the coil for
transmitter and receiver, resectively. Parameters a; and a, are the radii of the coil for
transmitter and receiver, resectively.

In the case of the EM based communication [7], the path loss (Lgm) increases in a linear
fashion in underground environments as follows.

Lgy = 64 + 20log(r) + 20log(f) + 8.67ra,

where a denotes the attenuation cost, S denotes the phase shifting constant. For comparison,
we perform the simulation of path loss versus distance for M1 wave propagation and EM wave
propagation with specific parameters: a=2, 8 =7, N;=N,, and a; = a; =0.2. As shown in Fig. 3,
the path loss of the MI wave propagation in soil medium is the logarithmically increasing

function while the path loss of the EM wave propagation is the linearly increasing function. In
terms of the robustness over path loss, the MI based communication is more suited to WUSN.
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Fig. 3. Path loss of the EM and the MI based wireless communication system in the soil condition.

4. Proposed Platform

This section presents our developed platform for WUSN applications. The platform is
designed to support MI-based communication as well as the functionality of distance
measurement between two nodes in communication. The communication block includes the
channel compensation technique to improve the communication quality. In the following
subsection, we first introduce the overall system architecture then discuss individual blocks in
details.

4.1 System Architecture

The system architecture is composed of multiple blocks including (1) loop antenna, (2) analog
communication block, (3) digital communication block, (4) distance measurement block, and
(5) sensor block, as shown in Fig. 4. The primary role of sensor block is to gather
application-specific data. When there is a need to transmit the gathered sensor data via Ml
communication, the sensor data is first combined with control information such as preamble
and header to form the complete network packet. Such packetization is followed by
modulation that is performed by Tx block within digital communication block. The modulated
data stream is further translated into the analog waveform by Tx block of analog
communication block. Finally, the loop antenna is set to be Tx mode for sensor data
transmission via near-field Ml communication.

The process of receiving sensor data is performed in the reverse direction: the loop antenna
in Rx mode receives the MI-based signals and passes them to analog communication’s Rx
block so that the received signals can be properly amplified, low-pass filtered and converted
into the digitized signals. It is followed by demodulation and depacketization by Rx block in
digital communication block. Note from Fig. 4 that the ADC output, which is digitized signal,
is fed into the distance measurement block. The strength of the signal is translated into the path
loss that is used to estimate the distance between two antennas.
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The antenna is essentially a small coil loop of wire to transmit and receive signals based on
magnetic field. As shown in Table 2, we consider two types of loop antennas, one in the shape
of a circle and the other one of rectangle shape. In this work, antenna parameters including
wire thickness, antenna size, and the coil turn numbers are carefully chosen to obtain its target
resonant frequency of 128KHz, as shown in Table 2.

Power .
.Lme;tionH Rx Gain Control

Rx Block [ i
> Distance Measurement Block

Fig. 4. Platform architecture for MI based underground communication.

Table 2. Configurations of the different shape of loop antennas.
Parameter Rectangular Antenna Circle Antenna
1
Shape ! (_\ ]
|
Inductance 96.7 uH 95.7 uH
Wire litz wire litz wire
Size 350mm x 230mm R=150mm
Turn Number 11 17
Cap. 4.Fx3,2.2nFx 1 4.Fx3,22nFx 1
Q-Factor 252 352

The analog and digital communication blocks are integrated into a single printed circuit
board (PCB) as shown in Fig. 5. The analog communication block on the top left of the PCB
includes multiple sub-blocks including low noise amplifier (LNA), transformer, multiplexer
(MUX), low pass filer (LPF), analog-to-digital converter (ADC), and digital-to-analog
converter (DAC). LNA is used in the first stage of Rx block to amplify the weak signals
received from antenna while minimizing the noise components. The transformer in Rx block is
used to generate two different waveforms in which one is in-phase (1) component and the other
is quadrature (Q) component with 90-degree shift. Then, MUX is used to select one
component, either | or Q, at a time. The selected component is passed to LPF with the cutoff
frequency of 25KHz. Before demodulating and depacketizing in the digital domain, the analog
component needs to be converted into the discrete-time signal. In this work, we use 12-bit
ADC within Rx block. For Tx operation, the analog communication block performs the
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inverse operation of the aforementioned Rx operation using DAC, buffer, driver amplifier,
LPF, and transformer sub-block. The digital communication block is implemented in Altera
Cyclone-V FPGA located on the top right of the PCB. Main functionalities of Tx in the digital
communication block include the packetization, the digital encoding based on Manchester
code, and the modulation using binary phase shift keying (BPSK) scheme. Main
functionalities of Rx block include timing recovery, frame detection, Manchester decoding,
and depacketization.

Analog Parts Digital Parts

TxBx Control

§ . Frmt. | | i SERSSRESE | | e F- e Module IF
Class-E Type Amp £ ? & ;T'ﬂﬁﬁ"iﬂ §i g1 nsar ul
FPGA Conflig. Port
LPF o - il
1;_ - =t FPGA(SOC)
LNA - : 2

== = Memory
et b

f s .
Antenna Muatching %

Phase Reversal T/F

T ——————————— -

Fig. 5. Designed FPGA board for MI based communication system.

4.2 Channel Estimation and Compensation

In order to improve the communication performance in underground environments, we
propose and implement the adaptive channel compensation technique. Our technique is based
on the fact that WUSNs may experience the fast time-varying channel where the channel
coefficient does not remain static until an entire single packet is delivered.

Channel compensation begins with observing the received signal vector (y) that corresponds
to the preamble if it is the first vector of the packet. Note that y is the signal that passes through
the channel. Hence, if the channel causes any change, y is not necessarily identical to the
preamble data vector (p) known at the receiver. We estimate the channel by comparing y and p.
That is, the channel coefficient is calculated as the inner product of y and p. For the next
coming signal vector, we note that the channel coefficient is not guaranteed to remain static
under fast time-varying channel. Hence, for each time the signal vector is received, the new
coefficient is calculated as a weighted average of the earlier channel coefficient and the new
comparison result based on the following equation:

n ={ vip for preambls
"1 -a)h,_, +ayviy,  fordato
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where h, and y, denote the n-th estimated channel coefficient and received signal vector,
respectively. x, and p denote transmitted signal vector and preamble data vector, respectively.
a is the control parameter for the adaptation speed. Channel compensation procedure is
summarized in the simplified block diagram of Fig. 6.

Timing rﬁdaptive Channel Compensatorl Data
T Recovery _’H X, = hiyn r Decoder [ Decomposer|[ >
: L - -
Frame —— 4 b — ifi.. i
Detector | | Adaptive Channel Estimator | | HCS/FCS
I b o= }'?;IJ for preamble I Checker
l " {(1 = @h, +aylx, fordata ]

Fig. 6. Block diagram for the adaptive channel estimation and compensation.

4.3 Distance Measurement

We implement the distance measurement functionality in the proposed system so that the node
acting as data receiver can estimate the location of the data transmitter. Basic idea is to convert
the received signal strength indicator (RSSI) to the distance between two nodes in
communication. It is noteworthy that the path loss is actually the more accurate indicator than
RSSI to estimate the distance. It is because the distance is indicated by the transmitted signal
strength as well as RSSI. Recall that the path loss is determined by considering both
transmitted and received signal strengths. Hence, we first generate a table describing pairs of
the RSSI and the corresponding path loss. Next, we generate the second table for pairs of the
path loss and the corresponding distance. Both tables contain appropriate values based on
theoretical analysis and field tests. Using two tables stored in FPGA memory block, the
distance measurement works with three steps as shown in Fig. 7:

1) Path loss estimation: RSSI of each received signal is translated into the corresponding
path loss by referring to the first table. We generate total 512 path losses for a single
frame that is defined as a group containing 512 modulated signals.

2) Frame synthesis: a single representative path loss per frame is calculated by
averageing 512 path losses.

3) Distance estimation: the representative path loss is translated into the corresponding
distance by referring to the second table.

Frame info.
v Distance Measure Block
.| Path Loss Frame Synthesis Distance T
RSSI1> Estimator _hPath ™ Estimator » Dist.

F Loto| VY  ptaiavg 3

_ +“—>r

time 1 frame
v v

1
| RSSI ! Memory i Path i
| ] ! Loss oo
! Path Lossi Block ! L Dist. |
[} 1

Fig. 7. Block diagram for the distance measurement.
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5. Experiment Results

This section presents our experiment result with the developed platform for WUSN.
Experiment includes measurement of PER during communication and positioning accuracy
during distance measurement. To perform the experiment in environments similar to real
underground channel, we use the jumbo box where the developed platform is contained and
the moist soil is filled for the remaining space. In the following subsection, we first introduce
the experiment environment and process then discuss the experiment result.

5.1 Experiment Environment

To setup the experiment environment, we use two platforms with each being inside the
separate jumbo box filled with moist soil. The platform including the loop antenna and the
PCB module is packaged into a case that satisfies the international protection standard (IP 65)
for dustproof and waterproof conditions. The jumbo box is made of plastic to minimize its
impact on the magnetic field communication. Two platforms are located at a distance of 10
meters or longer.

We conducted two experiments that include PER and positioning accuracy to verify
platform performance. For the PER test, we transmit more than 10,000 bits of dummy data at
4096 bps every 1m distance from the transmitter with two cases that applied our proposed
adaptive channel compensator algorithm or not.

For the positioning performance test, the receiver is moved from 1m to 20m while the
distance information according to the ADC signal level is received through the LED of the
positioning test board connected to the receiver.

<PC> Val‘i()llS
— Distance
~20m

Tx data

<FPGA>

<Antenna>

<Error Checking>

<Packaged Platform> e r

<Underground Environment>

Fig. 8. The experiment environment for M| based underground communication
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5.2 Evaluation Results

The communication performance was evaluated by checking PER at different distances. The
evaluation result is shown in Fig. 9. The proposed algorithm, the adaptive channel estimator
and compensator in Sec. 4.2, can achieve 5% of PER at 10m distance and 10% of PER at 12m,
while the conventional channel equalizer only can achieve 5m distance at PER 5% and 7m at
PER 10%. This result shows that the proposed adaptive channel estimation and compensation
algorithm makes the platform more robust to path loss.

10° p

—a— w0 adapive algorithm
—8— w/ adapfive algorithm

Achievable | Achievable
Distance Distance
(PER 5%) |(PER 10%)

Receive
Algorithm

Without adaptive

Packet Error Rate
B

channel Sm 7m g i
compensator /( -/ PER5%
With adaptive
channel 10m 12m
compensator 10 .22 4 6 " 10 12 14 16 18 20
Distance (m)
(a) (b)

Fig. 9. Evaluation results of the error rate performance with and without adaptive channel compensator;
(a) Achievable distance, and (b) PER versus distance

The distance measurement performance was evaluated by checking the estimated and the
real distance between Tx and Rx. As shown in Fig. 10 (a), the LED shows up the estimated
distance and we summarized the results from 20 times of experiment at the same distance in
Fig. 10 (b). At 10m of distance between Tx and RX, the distance was estimated by the
proposed platform within 50cm error. At 20m of distance, the error range increases up to 3m.
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Fig. 10. Evaluation results of the distance measurement; (a) LED show-up as the estimated distance,
and (b) the estimated versus the real distance
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6. Conclusion

MI based communication have been studied as an emerging and promising research area to
enable an efficient wireless communication for the WUSNS. Since the propagation medium
such as soil, concrete brings high path loss to the traditional EM communication in the
underground environments, the EM communication does not work well and can be only
applied for very small transmission ranges. Although MI based communications work at
low-frequency so that it only supports low data rates, it is expected to be enough to establish
the various applications for WUSNS.

In this paper, we designed the wireless communication platform based on Ml for WUSN
systems. The platform is designed to perform MI communication as well as distance
measurement using MI signal. The main contributions of this paper are that 1) we implement
and validate the MI based WUSN nplatform, 2) we propose and implement the adaptive
channel estimation and compensation technique, and 3) we add the distance measurement
functionality to be enable to use widely in the WUSN systems.

In order to verify the platform, the experiment was conducted with our packaged platform
under the soil condition. At first, the PER was measured to check the communication
performance. The result shows our platform can achieve 10m distance under 5% of PER with
the proposed adaptive channel estimation and compensation technique while it only achieved
5m distance with the conventional technigue. Secondly, the estimated distance was measured
as the increasing distance. The result shows our platform can estimate 10m distance within
50cm error.
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