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a b s t r a c t

Underground pipelines constitute one of the most important ways to transport large
amounts of fluid (e.g. oil and water) through long distances. However, existing leakage
detection techniques do not work well in monitoring the underground pipelines due to
the harsh underground environmental conditions. In this paper, a new solution, the mag-
netic induction (MI)-based wireless sensor network for underground pipeline monitoring
(MISE-PIPE), is introduced to provide low-cost and real-time leakage detection and locali-
zation for underground pipelines. MISE-PIPE detects and localizes leakage by jointly utiliz-
ing the measurements of different types of sensors that are located both inside and around
the underground pipelines. By adopting an MI waveguide technique, the measurements of
different types of the sensors throughout the pipeline network can be reported to the
administration center in real-time. The system architecture and operational framework
of MISE-PIPE is first developed. Based on the operational framework, research challenges
and open research issues are then discussed.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Nowadays, millions of kilometers of pipelines are de-
ployed all over the world to transport vast volumes of fresh
water, fuels, crude oil and natural gas. In mid-east coun-
tries, those pipelines are even regarded as the lifelines of
the national economy. Among all the pipelines used for
oil or water transportation, pipeline structures, which are
buried underground, are generally preferred due to their
advantages in terms of safety and concealment. For exam-
ple, the water supply of Riyadh City, the capital of Saudi
Arabia, depends on hundreds of kilometers of underground
. All rights reserved.
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pipelines that connect the city with the Arabian Gulf and
remote water wells through the desert [23,42]. Moreover,
during 2007, Russia exported almost 1.3 million barrels
of crude oil per day via pipelines (most are underground
pipelines) to Belarus, Ukraine, Germany, Poland, and other
destinations in Central and Eastern Europe [44].

Although the underground pipelines constitute the saf-
est way to transport large amounts of fluid through long
distances, the pipelines are exposed to multiple hostile
environmental factors, such as extreme soil conditions,
corrosion, and human malicious attacks, which may cause
leakage on the pipelines. According to statistical analysis,
the large pipelines will experience at least one obvious
leakage every year [15]. Pipeline leakages may lead to large
economic loss, combined with environmental pollution, or
risk of personnel injuries. Thus, the security and mainte-
nance of the pipeline infrastructure is one of the major
concerns [26].
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Traditional pipeline leakage detection methods depend
on the periodical inspection conducted by the maintenance
personnel [10,43], which requires intensive human
involvement. Moreover, the periodical inspection does
not provide real-time monitoring of the pipelines. Conse-
quently, a leakage may not be detected in time and may
cause much larger economic loss and environmental pollu-
tion. Real-time pipeline monitoring systems based on
wired or wireless sensors have been developed in
[8,14,31]. The wire-based techniques connect the sensors
along the pipelines with wires. Measurements from each
sensor are transmitted to the remote monitoring center
through these wires. However, the wire-based monitoring
systems suffer from damages within any part of the net-
work and the deployment in underground settings is
highly costly. Wireless sensor networks [2], on the other
hand, are much more robust and efficient to monitor the
aboveground pipelines. However, terrestrial wireless sen-
sor networks cannot be used to monitor the underground
pipelines, since the traditional electromagnetic (EM)
wave-based signal propagation techniques encounter
problems of high path loss and dynamic channel condition
in the underground environments [3,4,20,27–29,35,39]. To
the best of our knowledge, a robust and efficient solution
for underground pipeline monitoring has yet to be realized.

In this paper, we introduce MISE-PIPE: Magnetic induc-
tion (MI)-based wireless sensor network for underground
pipeline monitoring, which provides a low-cost solution
for effective real-time leakage detection and localization
of underground pipelines. MISE-PIPE consists of two types
of sensors based on their deployment, i.e. inside or outside
the pipeline.

� Sensors, which are inside the pipelines, measure the
pressure and the velocity of the oil/water flow, as well
as the acoustic vibrations caused by the leakages. Since
the inside sensors are deployed at the checkpoints or
pump stations of the pipelines, they are resource-rich,
high-power devices with higher processing capabilities.
Therefore, the inside sensors also act as local processing
hubs of MISE-PIPE.
� Sensors, which are outside the pipelines, measure the

temperature, humidity, and properties of the soil
around the underground pipelines. The outside sensors
are densely buried underground along the pipelines
hence can provide high granularity for leakage detec-
tion and localization.

The inside and the outside sensors have different detec-
tion/localization accuracy, system lifetime, and cost, while
their measurements are complementary to each other. By
coordinating these two types of sensors, MISE-PIPE
provides both accurate real-time leakage detection/locali-
zation results and long system operation lifetime with
low-cost for underground pipelines.

The measurements taken by the outside sensors along
the pipelines are transmitted wirelessly using the MI
waveguide technique to closeby processing hubs for in-
network processing. Then the detection and localization
results are transmitted through aboveground wireless
communication techniques (such as sittlight communica-
tions) to a remote administrator center. The MI waveguide
technique provides efficient and reliable communication in
underground environments [32,33]. Since the MI channel
is not affected by the properties of the soil medium, the
channel conditions remain constant for MISE-PIPE. More-
over, by tuning the relay coils of the MI waveguide, the
MI waveguide system achieves very low path loss in soil
medium in long term operation. The details of the MI
waveguide system are introduced in Section 4.

In the following, the system architecture and opera-
tional framework of MISE-PIPE is described. Based on the
architecture and framework, the research challenges and
open research issues are discussed. In particular, the
remainder of this paper is organized as follows: The exist-
ing pipeline leakage detection techniques are summarized
in Section 2. The system architecture and operational
framework for the MISE-PIPE system are presented in Sec-
tion 3. Then, in Section 4, the signal propagation tech-
niques based on MI waveguide and corresponding
deployment strategies are described. The research chal-
lenges are discussed in Section 5. Finally, the paper is con-
cluded in Section 6.
2. Existing pipeline monitoring techniques

Existing pipeline monitoring techniques can be divided
into two categories based on the positions of the sensors,
i.e., inside or outside the pipeline.

2.1. Sensors outside pipelines

2.1.1. Visual inspection
Traditional monitoring techniques for aboveground

pipelines utilize image/video sensors to monitor the area
around the pipelines [41]. The image/video sensors have
large sensing ranges if visibility is good. Any leakage or
other abnormity status along the pipelines can be detected
and localized by the image/video sensors. However, this
technique cannot be used to monitor underground
pipelines.

2.1.2. Ground penetrating radar (GPR)
To detect the leakage of underground pipelines, the

ground penetrating radar (GPR) is adopted in
[6,12,13,25]. GPR can accurately pinpoint buried pipeline
leaks without digging. The GPR can be integrated to porta-
ble devices and can be carried by maintenance people.
Although this method is able to cover several miles pipe-
line per day, it requires intensive human involvement.
Moreover, the monitoring is not real-time. Hence, a leak-
age may not be detected in time.

2.1.3. Soil properties sensors
Since the fluid leaked from the pipelines may cause the

changes of soil properties around the underground pipe-
lines, the leakage can be detected through the identifica-
tion of abnormal value of the soil properties. The type of
sensors to be utilized is determined by the transported
fluid of the monitored pipelines. For example, temperature
sensors can be used to detect hot liquid leaks as the sur-
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rounding temperature increases after a leak develops
[36,40]. Soil humidity sensors can be used to detect water
leakage [8,41]. Hydrocarbon vapour sensors can be used to
detect the leakage of pipeline transporting liquefied natu-
ral gas [30]. Soil dielectric property sensors can be used
to detect the leakage of crude oil pipelines [8,41].

The monitoring system based on soil property sensors
provides accurate and real-time leakage detection and
localization. However, currently the wire-based communi-
cation system is used to transmit the measurements de-
rived by the underground soil property sensors to remote
administration center [41]. The deployment cost of the
wire-based system is extremely high for underground
pipeline monitoring. Moreover, the system is not robust
since the communication is compromised if any one point
on the wire is damaged. Although the wireless sensor net-
works has been introduced for aboveground pipeline mon-
itoring [14], this terrestrial wireless sensor network does
not work well in underground environments since the
EM wave propagation suffers from the problems of high
path loss and dynamic channel conditions in underground
soil medium [3,4,20,27–29,35,39]. To solve the above prob-
lems, the underground sensor can be connected to an
aboveground antenna through a cable. Then the sensor
can communicate wirelessly using EM waves through the
air. However, for underground pipeline monitoring, it is
unfavorable to connect every underground sensor to an
aboveground antenna due to the deployment difficulty
and the large number of underground sensors.
2.2. Monitoring techniques based on sensors inside pipelines

Intensive inside measurements are not favorable for
the underground pipelines since deployment of sensors
inside the pipelines requires to set junctions between
two adjacent pipes. In underground pipelines, high densi-
ties of junctions increase the leakage possibility. There-
fore, the inside sensors can be only deployed inside the
pipeline at the checkpoints or the pump stations. Conse-
quently, the density of the inside sensors cannot be very
high. Current inside leakage detection sensors are ex-
plained as follows.
2.2.1. Acoustic devices
Small leakage from pipelines can generate high fre-

quency oscillations in the pipe wall as the fluid escapes
from the pipeline. The acoustic transducers are widely
used to trace the vibration data to its source to detect
and localize the leakage [1,18,19,36]. Due to the limitation
of the detection range, it is usually necessary to install a
high density of acoustic sensors inside the pipeline to cover
the whole pipeline network, which is impossible for under-
ground pipelines due to the deployment and maintenance
difficulties. Moreover, the acoustic sensors are insensitive
to large leaks as they do not generate vibrations in the
characteristic high frequencies [7]. Therefore, the acoustic
sensors is only suitable to accurately detect the small leak-
ages on the underground pipelines near the checkpoints or
pump stations.
2.2.2. Mass balance methods
A leakage may cause an abnormal change in the differ-

ence between an upstream and down stream flow. There-
fore, the leakage can be detected by monitoring the flow
difference based on flow sensors inside the pipelines
[22,24]. The cost of mass balance method is very small.
Moreover, this method can detect small leaks which do
not generate a high rate of change in flow pressure. How-
ever, the detection false alarm rate is high because the
change of flow difference can be caused by many other fac-
tors, such as the blockage/roughness inside the pipes and
the temperature/density of the transported fluid. Further-
more, the mass balance method cannot accurately localize
the position of the leakage.
2.2.3. Transient-based methods
Recently, transient-based methods have been

intensively analyzed by the research community
[5,7,11,21,37]. The transient-based leakage detection
methods can be accomplished in four steps:

� An artificial transient event, such as opening/closing a
valve or starting-up or shutting down a pump, is trig-
gered in the pipeline network.
� Pressure sensors deployed at checkpoints of the pipe-

line network measure the pressure during the transient
event.
� The measurements are transmitted to a processing

center.
� A transient simulation model of the pipeline network is

calibrated according to the measurements.

The presence, size, and location of the leakage can be
identified in the calibration process. Since the pressure
sensors can be only deployed in limited number of loca-
tions, the transient-based methods cannot provide enough
leakage detection and localization accuracy.
3. System architecture and operational framework for
MISE-PIPE

As discussed in Section 2, current leakage detection
techniques have different detection accuracies, applicable
environments, and costs. However, none of these tech-
niques, alone, can provide accurate detection/localization
and system longevity with low-cost for underground pipe-
lines. Moreover, transmitting measurements from under-
ground sensors to remote administration centers in a
reliable and efficient way is still an open research issue.
As introduced in Section 1, MISE-PIPE utilize sensors both
inside and outside the pipelines to cooperatively detect
and localize leakages. Accurate detection and localization
can be achieved with minimum cost and energy consump-
tion. The measurements taken by the underground sensors
outside the pipelines are transmitted using the magnetic
induction (MI)-based wireless underground sensor net-
works [32,33], which provide both robust and efficient
wireless communication in underground environments.
The detailed system architecture of MISE-PIPE is described
as follows.
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3.1. System architecture of MISE-PIPE

MISE-PIPE has a clustered architecture of heteroge-
neous sensors, which consists of two layers: the hub layer
and the in-soil sensor layer, as illustrated in Fig. 1. The hub
layer consists of the pressure sensors and acoustic sensors
that are deployed inside the pipeline at the checkpoints or
the pump stations. The in-soil sensor layer consists of dif-
ferent types of soil property sensors that are deployed
along the underground pipelines. The long pipelines are di-
vided into multiple pipeline sections by the checkpoints or
pump stations. Each pipeline section has two checkpoints
or pump stations at the two terminals, as shown in
Fig. 1. In each pipeline section, a cluster of heterogeneous
sensors is formed, which consists of the pressure/acoustic
sensors at the two checkpoints or pump stations and the
soil property sensors along this pipeline section. The pres-
sure/acoustic sensors at the checkpoints or pump stations
act as the cluster heads (processing hubs). The soil
property sensors along the pipeline section act as cluster
members and transmit their measurements wirelessly to
the cluster heads at the checkpoints or pump stations.
The cluster heads conduct in-network processing of all
the measurements and send the preprocessed data to a re-
mote administration center, which is located in the near
city or town. Specifically,

� At the hub layer, pressure sensors and acoustic sensors
are deployed inside the pipelines at the checkpoints and
pump stations. The pressure sensors utilize the tran-
sient-based method to identify the areas where the
pipelines are likely to have leakages. Acoustic sensors
can be utilized as a complement to the pressure sensors
to accurately detect the small leakages on the pipelines
near the checkpoints or pump stations. Those inside
sensors are equipped with magnetic induction trans-
ceivers to communicate with the soil property sensors
buried along the underground pipelines. Since the
checkpoint and the pump stations of the underground
pipelines usually have the aboveground parts for main-
tenance purposes, the inside sensors at each checkpoint
or pump station are connected to an aboveground gate-
way wirelessly or through wire, as shown in Fig. 1. The
Fig. 1. System architect
aboveground gateways send the measurements of the
pressure and acoustic sensors wirelessly in a multi-
hop fashion or through satellite communications to
the remote administrator center. Since the inside sen-
sors are deployed in the checkpoints or the pump sta-
tions, they are resource-rich, high-power devices with
higher processing capabilities. As a result, these compo-
nents are also in charge of performing intensive detec-
tion and localization processing on the measurements.
However, due to the limited number of checkpoints
and pump stations, the acoustic sensors can only accu-
rately detect the pipeline sections near the checkpoints
and pump stations, and the pressure sensors cannot
provide enough leakage detection and localization
accuracy.
� At the in-soil sensor layer, the wireless soil property

sensors are deployed along the underground pipelines
to provide higher granularity to solve the small moni-
toring range problem of the acoustic sensors and the
low accuracy problem of the pressure sensors at the
hub layer. Based on the type of fluid transported in
the monitored pipelines, the sensors are designed to
sense at least soil properties. The soil property sensors
collaboratively process the measured data, and transmit
the data wirelessly in a multi-hop fashion along the
underground pipelines to the processing hubs located
at the checkpoints and pump stations. MISE-PIPE
employs magnetic induction techniques for wireless
communication [32,33], which is further explained in
Section 4. Since the wireless sensors buried in under-
ground are powered by batteries, the energy consump-
tion of those sensors should be limited to prolong the
system lifetime.

3.2. Operational framework of MISE-PIPE

Based on the system architecture, the operational
framework of MISE-PIPE is described in this subsection to
realize the basic functionalities of leakage detection and
localization for underground pipelines. According to the
system architecture, the acoustic sensors provide continu-
ously leakage monitoring for the pipeline sections that are
near the checkpoints and pump stations. The leakage mon-
ure of MISE-PIPE.
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itoring of all other parts of the pipelines are accomplished
by utilizing the soil property sensors and pressure sensors.
The two types of measurement (soil property and flow
pressure) are complementary to each other. On the one
hand, the pressure sensors at the checkpoints and pump
stations are resource-rich and thus, can monitor the pipe-
line continuously. However, the leakage detection and
localization are not accurate due to the limited density of
the pressure sensors. On the other hand, the soil property
sensors densely deployed along the pipelines can provide
much more accurate leakage detection and localization re-
sults. However, due to the constraint battery energy, the
soil property sensors are not desired to continuously make
and transmit the soil property measurements.

In MISE-PIPE, to accurately detect and localize possible
leakage while achieving long system operation lifetime, a
three-phase collaborative detection strategy is adopted:

� In the first-phase, the transient-based leakage detection
method [5,7,11,21,37] is applied in the pipeline net-
works. The pressure sensors measure the flow pressure
during the transient event and send the measurements
to the remote administrator center. By calibrating the
transient simulation model of the pipeline network
based on the pressure measurements, the administrator
center can identify some suspicious areas where the
pipelines are possible to have leakages.
� In the second phase, the administrator center notifies

the pressure sensors of the pipelines in the suspicious
areas. The pressure sensors send out data requests to
the soil property sensors along the pipelines that are
suspicious to have leakages. Before receiving the data
request, those soil property sensors keep in sleep mode
to save battery energy. The soil property sensors are
activated from the sleep mode by the data requests
and measure the required soil properties. The measure-
ments are aggregated while being transmitted. The
aggregated measurements are then sent to the pressure
sensors (processing hubs) through a multi-hop fashion.
The data transmission along the pipelines in soil med-
ium is accomplished by the magnetic induction tech-
niques [32,33].
� In the third phase, after receiving the soil property mea-

surements along each suspicious pipelines, adjacent
processing hubs exchange those high resolution mea-
surements through aboveground wireless channels.
The adjacent processing hubs collaboratively determine
whether there is a leakage or not in the suspicious pipe-
lines by in-network processing. The location of the leak-
age is determined at the same time. After the processing
hubs confirm a leakage detection, they report the detec-
tion results as well as the leakage position to the remote
administration center and inform pipeline reparation
personnel to fix the leakage in time.

4. Magnetic Induction-Based Underground
Communication for MISE-PIPE

According to the system architecture and operational
framework described in Section 3, the functionality of the
MISE-PIPE highly depends on two types of wireless com-
munication needs: the communication between soil
property sensors and the processing hubs, and the commu-
nication between the processing hubs and the remote
administration center. The communication between the
processing hubs and the remote administration center
can be established through existing wireless communica-
tion techniques, including the satellite communication,
the cellular networks, the ad-hoc networks, and mesh net-
works. However, a reliable and efficient wireless under-
ground communication technique has yet to be
developed to realize the wireless communication between
soil property sensors and processing hubs.

Traditional signal propagation techniques using electro-
magnetic (EM) waves encounter two major problems in
soil medium: (1) high levels of attenuation due to absorp-
tion by soil, rock, and water in the underground; and (2)
dynamic channel conditions depending on numerous soil
properties such as water content, soil makeup (sand, silt,
or clay) and density [4,20,27–29,39]. To guarantee the net-
work connectivity, high density of underground sensors is
required, which may induce high deployment and mainte-
nance cost [35].

The magnetic induction (MI)-based communication is a
promising signal propagation technique in soil medium,
since the dense soil medium does not cause higher attenu-
ation rate of magnetic fields than the rate in the air and the
MI channel conditions do not dramatically vary as the soil
properties change [32,33]. The MI communication is
accomplished with the use of a coil of wire, as shown in
Fig. 2. Those coils can be winded on the pipelines in
MISE-PIPE. The signal in the transmitter coil is modulated
by a sinusoidal current, which produces a time-varying
magnetic field in the near field of the transmitter. The
time-varying magnetic field induces another sinusoidal
current in the receiver, which accomplishes the
communication.

4.1. MI Waveguide

Despite the potential advantages of MI communication,
the path loss of MI transceivers are still high since the mag-
netic field strength falls off much faster than the EM waves
(1/r3 vs. 1/r). Motivated by this fact, we developed the MI
waveguide technique in [32,33] to reduce the path loss
and extend the transmission range for the MI communica-
tion in underground environments. In particular, relay
points between the transmitter and the receiver are em-
ployed. Different from the relay points using the EM wave
technique, the MI relay point is just a simple coil without
any energy source or processing device. The sinusoidal cur-
rent in the transmitter coil induces a sinusoidal current in
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the first relay point. This sinusoidal current in the relay coil
then induces another sinusoidal current in the second relay
point, and so on and so forth. Those relay coils form an MI
waveguide in underground environments, which acts as a
waveguide that guides the so-called MI waves, as shown
in Fig. 3. It should be noted that if the pipeline is made of
metal, no (or very few) relay coils are needed since the me-
tal pipeline itself acts as the magnetic core of the MI wave-
guide. The relay coils are needed only if the pipeline is
made of non-metal materials, such as PVC pipelines. It is
only required to deploy one relay coil that is around 5 m
[32–34] apart from each other. The underground pipeline
is the perfect core to wind those coils. The cost of the
deployment of the coils is small if they are mounted on
the pipeline during deployment.

The MI waveguide has four advantages in underground
communications for MISE-PIPE:

� Based on our preliminary analysis in [32,33], by using
the MI waveguides, the required number of under-
ground sensors is possible to be significantly reduced.
Specifically, by appropriately designing the waveguide
parameters, the total path loss can be greatly reduced.
The maximum communication range between two
transceivers can achieve more than 100 m.
� Unlike the sensor devices, the relay coils do not require

additional maintenance once they are buried. Even if
some of the coils are damaged in extreme circum-
stances, the remaining coils still provide robust network
operation. Hence the MI waveguide is robust and easy
to deploy and maintain.
� The relay coils do not consume energy and the unit cost

is very small. Therefore, the MI waveguide is ideal for
the underground pipeline monitoring system.
� The system lifetime can be greatly prolonged, since it is

possible to use the MI waveguide to recharge the under-
ground sensors using the inductive charging technique
[17].

4.2. Deployment of MI waveguide in MISE-PIPE

Although the MI waveguide technique is favorable in
underground communications for MISE-PIPE, the deploy-
ment strategy of the relay coils to connect the soil property
sensors along the pipelines needs to be developed due to
the following reason. On the one hand, large number of re-
Soil Medium

Pipeline

: MI Transceiver : MI Relay coil

MI Waveguide

Fig. 3. MI waveguide structure in MISE-PIPE.
lay coils are required to guarantee the network connectiv-
ity and robustness. On the other hand, the intensive
deployment of the coils along pipelines cost a un-negligi-
ble amount of labor. Therefore the optimal number of relay
coils needs to be found out. In this subsection, the relay coil
deployment strategy for the one-dimensional (1D) net-
work along the underground pipelines in MISE-PIPE is pro-
vided according to our previous analysis [34]. The optimal
number of relay coils between two soil property sensors is
analyzed according to the required bandwidth and the dis-
tance between two sensors.

The goal of the optimal deployment of the MI wave-
guide in MISE-PIPE is to use as few relay coils as possible
to connect the two adjacent soil property sensors. The opti-
mal number of relay coils for each link is determined by
the length of the link and the required bandwidth.

Assuming that the length of a link is d. The required
bandwidth is B. An MI waveguide with n � 1 relay coils is
deployed along the link to connect the two sensors.
Therefore the interval r between two adjacent relay coil
is r = d/n. Assuming that the angle frequency of the trans-
mitting signal is x, and the center frequency of the signal
is x0. According to [32,33], the path loss of the MI wave-
guide can be expressed as,

LMIðd;n;xÞ ’ 6:02þ 20 lg f
Z

xM
;n

� �
; ð1Þ

where M is the mutual induction between the adjacent
coils; Z is the self impedance of one relay coil; and
f Z

xM ;n
� �

is the n order polynomial of Z
xM. The self imped-

ance of a coil Z is designed to be resonant at the center fre-
quency x0. When x = x0, Z becomes pure resistance R,
which is the coil wire resistance. The polynomial f(x,n)
can be developed as

fðx;1Þ ¼ x; fðx;2Þ ¼ x2 þ 1; . . . :; ð2Þ
fðx;nÞ ¼ x � fðx;n� 1Þ þ fðx;n� 2Þ:

Then, the mutual induction M can be deduced by the mag-
netic potential of the magnetic dipole:

M ’ lpN2a4

2r3 ¼ lpN2a4

2 d
n

� �3 ; ð3Þ

where l is the permeability of the pipeline; N is the num-
ber of turns of the wire on the coils; and a is the coil radius.

According to (1), the path loss increases monotonically
when the signal frequency deviates from the central
frequency x0. Therefore, if the signal with frequency
x = x0 + 0.5B is correctly received, a communication chan-
nel with bandwidth of B is established between the two
sensors. Assuming that transmission power is Pt and the
minimum power for correct demodulation a signal is Pth.
Using the path loss given in (1), the received power is de-
rived. Then the optimal number of relay coils for this link
is:

noptðd;BÞ ¼ arg min
n
fPt � LMIðd;n;x0 þ 0:5BÞP Pthg: ð4Þ

According to (4), the optimal number of relay coils is a
function of the link length and the required bandwidth.
Since the required bandwidth can be viewed as a constant,
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it is the link length that determines the optimal number of
relay coil.

By using the parameters of the MI waveguide developed
in [32,33], we can numerically analyze the optimal number
of relay coils with different link length. In the following
analysis, Pt = 4 dBm (2.5 mW) and Pth = �80 dBm. Due to
the resonant characteristics of the MI waveguide, the
bandwidth of the system is much smaller than the terres-
trial wireless networks. However, the small bandwidth is
acceptable for MISE-PIPE since the reporting the soil prop-
erty measurements do not require very high data rate [3].
Therefore, the bandwidth of the MI waveguide is set to be
1 KHz. The operating frequency is 10 MHz. The relay coils
have the same radius of 0.15 m and the number of turns
is 20. The coil is made of copper wire with a 1.45 mm
diameter. The cost and weight of coils made of this kind
of wire is neglectable. The wire resistance of unit length
is 0.01 X/m. This relatively high wire resistance also effec-
tively mitigates the in-band signal fluctuation. The perme-
ability of the underground soil medium is a constant and
is similar to the permeability of the air, since most soil in
the nature does not contain magnetite. Therefore, l =
4p � 10�7 H/m. The soil moisture and the soil composition
do not affect the MI communication according to the anal-
ysis in [32,33].

In Fig. 4, the received power of the 10 MHz + 0.5 KHz
signal using MI waveguides with different numbers of re-
lay coils is shown as a function of the link length d. The ax-
ial communication range of a MI waveguide with a certain
number of relay coils is shown as the intersection point of
the received power and the �80 dBm threshold. Fig. 4
shows that the axial communication range increases as
the number of relay coils increases. However, the incre-
ment of the communication range caused by additional re-
lay coils decreases as the number of relay coils increases.
For example, the axial communication range of a MI trans-
ceiver pair can be increased by 36 m by adding the first 10
relay coils but can be only increased by 27 m by adding an-
other 10 relay coils. This phenomenon is due to the fact
that the coils relay the signal in a passive way and there
is no extra power added at each relay coil. According to
(4), the optimal number of relay coils for the link with a
certain length can be read from Fig. 4 by finding out the
curve with the minimum number of relay coils that has
the axial communication range larger than the link length.
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Fig. 4. Received power of MI waveguides with different numbers of relay
coils.
It should be noted that the numerical results shown in
Fig. 4 is based on the assumption that the pipeline is made
of non-metal material. If the metal pipelines (e.g. cast iron
pipelines) are used, the required number of relay coils can
be greatly reduced since the metal pipeline acts as a per-
fect core of the magnetic induction system. Moreover, as
the radius of the pipelines increases, the required number
of relay coils also dramatically decreases since the radius of
the relay coils also increases.
5. Research challenges

Based on the system architecture and operational
framework of MISE-PIPE, the following research thrusts
need to be investigated.

5.1. Optimal deployment strategies

As discussed in the introduction, the MISE-PIPE should
cover underground pipelines for hundreds of kilometers
long. On the one hand, to accurately detect and localize
the pipeline leakages, the adjacent soil property sensors
cannot be deployed too far from each other. Thus, a large
number of soil property sensors are expected to fulfill the
coverage requirement. Moreover, the first-phase leakage
detection using the transient-based method in the MISE-
PIPE operational framework are dependent on the number
and locations of the inside pressure sensors [16,38]. On the
other hand, different types of devices, e.g., soil property
sensors, MI transceivers and relay coils, inside pressure
sensors and acoustic sensors, and aboveground gateways
are characterized by different cost and deployment/main-
tenance complexity. Thus, an optimal deployment strategy
is required to determine the number and locations of dif-
ferent devices. Accordingly, the deployment and opera-
tional cost can be minimized while maintaining the
highest leakage detection accuracy.

5.2. Collaborative leakage detection and localization

MISE-PIPE depends on the information from multiple
sources including the acoustic vibration measurements,
soil property measurements, and the flow pressure mea-
surements to make the leakage detection decisions. Specif-
ically, in the third phase of the MISE-PIPE operational
framework, the soil property measurements of all the sen-
sors along the suspicious pipelines, as well as the inside
flow pressure measurements and the acoustic vibration
measurements at the two terminals of those pipelines, are
available at the processing hubs. These three types of mea-
surements should be processed together in the transient
simulation model. The relationship between the measured
soil properties and the potential leakage should also be ana-
lyzed. Based on the above analysis, a collaborative leakage
detection and localization algorithm is to be developed.

5.3. In-network processing and lightweight protocols

Due to the limited power and computation capacity of
the underground soil property sensors, low-complexity
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communication protocols are desired for extended lifetime
and high system efficiency in the distributed networks. In
addition, the bandwidth of the MI channel is limited and
in-network data processing is required. Moreover, the
leakage detection and localization algorithms demand
strict requirements in terms of accuracy and timeliness
with these low-end devices. Thus, the design of low-com-
plexity and high-efficiency protocols is challenging. More-
over, MISE-PIPE requires in-network processing scheme
and lightweight protocols that support the resource-con-
straint MI transceivers along the long pipelines so that
the integrated traffic can be timely, reliably, and efficiently
delivered to administrator center.

5.4. Adaptive equalization of the MI transceiver

According to our previous analysis [32,33], the MI chan-
nel experiences frequency selective fading when the coil
wire resistance is small. To guarantee the low path loss
of the MI channel, the coil wire resistance cannot be very
high. Consequently, the frequency selectivity of the MI
channel is unavoidable. Due to the frequency selectivity
of the MI channel, adaptive equalization is mandatory. Sev-
eral existing equalization strategies need be investigated
for the MI waveguide channel, which include linear equal-
ization (LE), decision feedback equalization (DFE) and
Tomlinson Harashima precoding (THP), and trellisbased
equalization [9].

5.5. Inductive charging-based energy harvest for underground
sensors

To further prolong the system lifetime of MISE-PIPE, the
inductive charging-based maintenance strategy is adopted.
Inductive charging [17] uses the magnetic field to transfer
energy between two objects. In MISE-PIPE, the communica-
tions between underground soil property sensors are
accomplished by magnetic induction. In the similar way, a
charging station set at pipeline checkpoints or pump sta-
tions is possible to send energy through inductive coupling
to the underground soil property sensors, which can store
the energy in the batteries. However, since there is a non-
trivial interval between each MI relay coils, the energy
transferring efficiency is very low in current MISE-PIPE
architecture. More efficient inductive charging techniques
are expected to solve the problem of the current techniques.

5.6. Testbed and performance evaluation

Although the theoretical analysis shows that MISE-PIPE
is very promising, the practical performance of MISE-PIPE
in real applications still need to be evaluated. A testbed
of MISE-PIPE needs to be setup at large-scale underground
pipeline sites and the monitoring system needs be show-
cased to detect and localize leakages. The testbed of
MISE-PIPE consists of sensors both inside and outside the
pipelines, where multiple commercial off the shelf devices
can be utilized. However, there is no product on the market
to test the underground MI communication part in MISE-
PIPE, since the MI waveguide technique for communica-
tions is newly developed at our lab.
6. Conclusion

In this paper, we introduce a magnetic induction-based
wireless sensor network architecture for underground
pipeline monitoring (MISE-PIPE) for detecting and localiz-
ing leakages in underground pipelines. MISE-PIPE utilize
sensors both inside and outside the pipelines, including
the pressure sensors, the acoustic sensors, and soil prop-
erty sensors. Those sensors cooperatively detect and local-
ize the leakage on the underground pipelines. The new
magnetic induction technique is utilized to provide effi-
cient and robust wireless communications for the under-
ground sensors. Compared to the existing underground
pipeline monitoring system, MISE-PIPE provides both
accurate real-time leakage detection and localization re-
sults and long system operating lifetime in the harsh
underground environments. Beyond the system architec-
ture and operational framework introduced in this paper,
much work needs to be done to deploy MISE-PIPE in real
life applications. More specifically, comprehensive simula-
tion evaluations should be performed to test the feasibility
and efficiency of the concept of MISE-PIPE. In addition,
based on the theoretical and simulation analysis, we plan
to build a testbed for MISE-PIPE based on Crossbow Mica2
mote to conduct field experiments to test its performance
of leakage detection and localization for real underground
pipelines.
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