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Optimal Deployment for Magnetic Induction-Based
Wireless Networks in Challenged Environments

Zhi Sun, Member, IEEE, and Ian F. Akyildiz, Fellow, IEEE

Abstract—New propagation techniques using magnetic induc-
tion (MI) waveguide solves the problems of traditional tech-
niques in many challenged environments, such as underground,
mines/tunnels, and oil reservoirs. However, deploying MI waveg-
uides to connect the wireless nodes in such networks is challeng-
ing due to the high deployment cost, the complex shape of the
communication range of the MI waveguides, and the significant
impacts of the node failure and relay coil displacement. To
date, the deployment problems in the MI-based networks have
not been addressed. In this paper, the optimal MI waveguide
deployment strategies are investigated in both one and two
dimensional MI-based networks where the nodes are distributed
either randomly or according to a regular lattice. Validated
by both theoretical deduction and simulations, the proposed
deployment strategies can construct a reliable MI-based network
that is robust to node failure and relay coil displacement with
minimum cost.

Index Terms—Magnetic induction communications, optimal
deployment, challenged environments, network topology.

I. Introduction

IN challenged environments, such as underground,
mines/tunnels, and oil reservoirs, the wireless networks

enable a large variety of novel and essential applications,
including: intelligent irrigation, earthquake and landslide
forecast, mine disaster prevention and rescue, underground
pipeline monitoring, oil recovery, concealed border patrol,
among others [1], [6], [7]. Despite the potential advantages,
due to the hostile transmission medium of the challenged
environments, the well-established existing wireless networks
do not work well [1].

Most existing wireless networks use the electromagnetic
(EM) waves for signal propagation. However, the EM waves
encounter two major problems in the challenged environ-
ments, including the extremely small communication range
and the highly dynamic channel conditions [1]. To address
the above problems, in [2], [3], we developed the Magnetic
Induction (MI) waveguide technique. As shown in Fig. 1, the
wireless communications are accomplished by the consecutive
magnetic induction between adjacent MI relay coils. The
sinusoidal current in the transmitter coil first creates a time
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Fig. 1. The structure and the communication range of a MI waveguide.

varying magnetic field, which can induce another sinusoidal
current in the first relay coil, so on and so forth. By this
way, the magnetic induction can be passively relayed by the
multiple coils until reaching the MI receiver, forming the so
called MI waveguide. The MI waveguide technique solved
the problems in EM wave-based techniques and provide more
favorable advantages for the wireless networks in challenged
environments: 1) The communication range is greatly en-
larged. For example, in soil medium, the range increases from
less than 4 m to more than 100 m [2]. 2) The MI channel
conditions remain constant in most transmission media, since
the attenuation rate of the magnetic fields does not change in
non-magnetic media. 3) The MI relay coils do not consume
extra energy and the unit cost is neglectable. Those coils
are easy to deploy and do not need regular maintenances. 4)
The system lifetime can be greatly prolonged since the MI-
based devices can be recharged wirelessly using the inductive
charging technique.

Although the MI waveguide technique solves the point-to-
point communication problem in the challenged environments,
how to deploy the MI waveguides to connect a large number of
wireless nodes is challenging. Specifically, due to the hostile
transmission medium, all nodes in the network are isolated
unless they are connected by MI waveguides. Hence, the MI
waveguide deployment strategy design is essential to realize
the MI-based wireless communications among multiple MI
nodes. On the one hand, a non-trivial number of relay coils
are required to construct a connected and robust wireless
network. On the other hand, the intensive deployment of the
coils in the challenged environments costs a great amount of
labor. Therefore, the objective of the deployment strategy in
MI-based wireless networks is to construct a connected and
robust network with as few relay coils as possible. To achieve
this goal, three fundamental deployment questions need to be
addressed:
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• What is the topology and position of each MI waveg-
uide? Unlike the disk-shaped communication range of the
traditional wireless devices, the range shape of the MI
waveguide is more complicated due to the consecutive
passive magnetic inductions, as shown in Fig. 1. Hence,
the deployment strategies in the MI-based networks are
completely different. The topology and the position of
each MI waveguide need to be carefully designed.

• How many relay coils are needed? The waveguide topol-
ogy/position and the number of relay coils constituting
each MI waveguide should be jointly designed to mini-
mize the total relay coil number while guaranteeing the
expected network robustness.

• How robust is the constructed MI-based wireless net-
work? Since the communication success of the MI waveg-
uide relies on multiple resonant relay coils, the function-
ality of the MI-based network depends on not only the
wireless nodes but also all the relay coils. The system
robustness to the node malfunction and the coil position
deviation needs to be characterized.

To the best of our knowledge, these questions have not
been addressed so far. Moreover, instead of being limited to
heuristics, it is more important to develop the deployment
solutions that can be rigorously proved to be optimal in terms
of robustness and low-cost.

In this paper, we theoretically investigate the optimal MI
waveguide deployment strategies for the MI-based wireless
networks in challenged environments. In particular, we start
with the MI waveguide deployment in one-dimensional (1D)
networks. The optimal number of relay coils for a 1D MI link
is derived to capture the effects of multiple system parameters,
including the transmission distance, operating frequency, coil
size, and coil deviations. Then we focus on the deployment
strategy for the two-dimensional (2D) MI networks. Since the
2D network is constituted by 1D links, the 2D deployment
strategy is based on the strategy in 1D networks. We consider
the 2D networks where the wireless nodes are either randomly
distributed or located on a regular lattice. We propose a MI
waveguide deployment algorithm by utilizing the Voronoi
diagram and the Fermat point [5], which is proved to be
optimal to trade off between the total number of relay coils and
the network robustness to device failure and coil displacement.
The effectiveness of the proposed deployment strategy is vali-
dated by both theoretical deduction and computer simulations.

The remainder of this paper is organized as follows. In
Section II, the related works are introduced. In Section III,
the optimal MI waveguide deployment strategy is developed
in both 1D and 2D networks. Then, in Section IV, numerical
studies are performed. Finally, the paper is concluded in
Section V.

II. RelatedWork

The MI-based communication technique were first intro-
duced as an alternative to the Bluetooth in [9]. The rapid
attenuation of the magnetic field strength is exploited to elim-
inate the mutual interference. However, the high path loss is
obviously not an advantage in the proposed applications in the
challenged environments. The MI waveguide technique is first

developed in [10], [11], which is designed as artificial delay
filters, dielectric mirrors, distributed Bragg reflectors, slow-
wave structures, coupled cavities, among others. In [2], [3], we
first utilize the MI waveguide in the field of wireless commu-
nications, which can greatly enlarge the communication range
in many challenged environments. It should be noted that we
adopt a theoretical propagation model that is similar as in [11].
This model has been validated by experiments in [12].

The deployment problem in the MI-based wireless networks
is related to the topology control problem in the traditional
wireless networks. In [13], a robust and energy-efficient
wireless network is constructed by adjusting the transmission
power of each wireless node. In [14], a topology control
strategy is proposed to guarantee connectivity in a wireless
network while the interference is minimized. In [15], an
energy-aware topology control algorithm for a hierarchical
sensor network is proposed. In [16], a comprehensive survey
on the topology control protocols that utilize the geomet-
ric structures and virtual backbones is provided. In [17],
the virtual force algorithm is introduced for wireless sensor
networks. In [18], the Voronoi diagram-based mobile sensor
deployment protocols are proposed to discover and fill the
coverage holes. All the above works focus on the wireless
networks that use traditional EM wave-based techniques. None
of the existing works can address the deployment problems in
the MI-based networks, which have fundamental differences:
1) the nodes in traditional wireless networks can directly
connect to each other while the nodes in the MI-based network
can only be connected through the MI waveguides; and 2)
the nodes in traditional wireless networks have disk-shaped
communication range while the MI waveguide in the MI-based
network has a much more complicated communication range,
as shown in Fig. 1. In this paper, we investigate the optimal
MI waveguide deployment strategy to construct a low-cost
and fully connected MI-based network that is robust to device
failures and coil displacements in challenged environments.

III. OptimalMI Waveguide Deployment Algorithm

In this section, the optimal MI waveguide deployment
strategy is developed for the MI-based wireless networks
in challenged environments. Specifically, we start with the
deployment strategy in the basic 1D networks and then focus
on the optimal deployment in the more general 2D networks.
Since the 2D networks is constituted by multiple 1D links,
the analysis results of the 1D deployment strategy lay the
foundation of the MI waveguide deployment strategy in 2D
MI-based networks. It should be noted that this paper focuses
on the deployment strategy to construct a fully connected MI
network. The interferences between multiple MI transceivers
are assumed to be effectively eliminated by some well de-
signed MAC/scheduling protocols, which we have analyzed
in another paper [8].

A. MI Waveguide Deployment in 1D MI-based Networks

In 1D networks, the wireless nodes are located along a
polygonal line. This type of network topology is suitable for
many applications where the wireless nodes are placed along
a chain, such as the underground pipeline monitoring system
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Fig. 2. Illustration of the possible relay coil displacements.

and the border patrol system. The 1D networks can be divided
into multiple links connecting adjacent nodes. The goal of
MI waveguide deployment in 1D network is to use as few
relay coils as possible to connect the two nodes in each link.
A certain level of robustness to the node failure and coil
displacement is also required. The optimal number of relay
coils for each link is determined by path loss of the link, which
is the function of the length of the link, the coil parameters,
and the expected network reliability. In this subsection, we
first give the path loss of the MI waveguide communications
and then use the derived path loss to calculate the optimal
relay coil number of each 1D link.

1) Path Loss of the MI Waveguide under the Impact of
Coil Displacement: In [2], [3], the path loss of the ideally
deployed MI waveguide are provided. In this subsection, we
extend the results to cover the scenarios when the relay coils
constituting the MI waveguides are randomly displaced from
the ideal positions. Assuming that the length of a link is d.
An MI waveguide with n − 1 relay coils is deployed along
the link. The angle frequency of the signal is ω. In the ideal
case, the relay coils are placed horizontally in a planar line, as
shown in Fig. 2. This MI waveguide structure guarantees the
omnidirectional coverage of each relay coil, which eases the
deployment of the coils in the challenged environments. The
ideal intervals ri (i = 1, 2, ...n) between every two adjacent
relay coils are all the same and ri = d/n.

However, in the practical operations, the position of each
coil in the MI waveguide may deviate from the ideal positions
due to the perturbations in the challenged environments. As
shown in Fig. 2, the horizontal and vertical deviation as well
as the rotation of each coil may cause the changes of the coil
intervals ri and the axial directions of each coil. As a result,
the mutual inductions Mi (i = 1, 2, ...n) between adjacent relay
coils may be different:

Mi � μπN2 a4

4r3
i

· (2 sin θti sin θri + cos θti cos θri ) (1)

where μ is the medium permeability; N is the number of turns
of the coils; a is the coil radius; θt and θr are the angles
between the coil radial directions and the line connecting the
coil centers.

Then based on the results provided in [2], [3], the path
loss (in dB) of the MI waveguide under the impact of coil

displacement can be expressed as

LMI (d, n, ω) � 6.02 + 20 lg

[
Z
ωMn

· ζ( Z
ωMi
, n − 1)

]
, (2)

where Z is the self impedance of one relay coil; ω is the
operating angular frequency; and ζ( Z

ωMi
, n) is a polynomial of

Z
ωMi

(i = 1, 2, ...n). The self impedance of a coil Z is designed
to be resonant at the center frequency ω0. When ω = ω0, Z
becomes pure resistance R, which is the coil wire resistance.
The polynomial ζ( R

ωMi
, n) can be developed as

ζ( R
ωMi
, 0) = 1 , (3)

ζ( R
ωMi
, 1) =

R
ωM1

+
ωM1

R
,

...

ζ( R
ωMi
, n) =

R
ωMn

· ζ( R
ωMi
, n − 1) +

Mn

Mn−1
· ζ( R

ωMi
, n − 2) .

Substituting (3) into (2) yields the path loss of the MI
waveguide under the impact of coil displacement. It should
be noted that the mutual induction Mi are random variables
due to the random coil displacement. Consequently, the path
loss is also a random variable.

2) Optimal Number of Relay Coils: To minimize the de-
ployment cost and guarantee the network working properly
most of the time, the MI waveguide should use the minimum
number of relay coils to maintain a very low probability that
its path loss is smaller than a threshold. To derive such optimal
number, the complicated link path loss given in (3) and (2)
need to be simplified first. In (3), the value of R

ωMi
is large

enough, especially in the case that the coil interval ri is set
as large as possible in order to reduce the coil number. Since
ζ( R
ωMi
, n) is a polynomial of R

ωMi
, the highest order variable in

the polynomial has the most influence. Therefore, (3) can be
approximately expressed as:

LMI (d, n, ω) � 6.02 + 20 lg

⎛⎜⎜⎜⎜⎜⎝
n∏

i=1

R
ωMi

⎞⎟⎟⎟⎟⎟⎠ , (4)

Assuming that the transmission power of each node is pt

and the minimum received power for correctly demodulation
is pth (both in dBm). We expect that the MI waveguide link
has the outage probability (i.e. the received power is smaller
than the threshold) smaller than Poutage:

P
(
pt − LMI (d, n, ω) < pth

)
< Poutage. (5)

If the optimal relay coil number is denoted as nopt, according
to the previous discussion and substituting (4) into (5), we
have:

P

⎛⎜⎜⎜⎜⎜⎝pt − 6.02 − 20 lg

⎛⎜⎜⎜⎜⎜⎝
nopt∏
i=1

Z
ωMi

⎞⎟⎟⎟⎟⎟⎠ < pth

⎞⎟⎟⎟⎟⎟⎠ = Poutage. (6)

Therefore,

P

⎛⎜⎜⎜⎜⎜⎝
nopt∏
i=1

Mi <
( R
ω

)nopt

10
pt−6.02−pth

20

⎞⎟⎟⎟⎟⎟⎠ = Poutage. (7)

If all relay coils are fixed at the ideal positions, the coil
interval is fixed at ri = d/nopt. Hence, all the mutual inductions
Mi are the same and the path loss is a determined value.
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Therefore, in case of the ideal deployment, the optimal number
of relay coils for a link should fulfill the following equation:

nopt(d, B) = arg min
n
{Pt − LMI (d, n, ω0 + 0.5B) ≥ Pth}. (8)

Due to the random coil deviation, the mutual inductions
Mi of all links are random variables. The distribution of
Mi is influenced by many perturbations determined by the
geographic characteristics and specific applications. Hence,
the exact distribution functions of Mi is very complicated and
different from case to case. In this paper, we approximately
model the distribution of Mi to shed a light on how the coil
displacement influences the network reliability and the optimal
coil number. We model the Mi of each link as independent and
identical random variables that are uniformly distributed in the
interval [Mmin,Mmax]. The value of Mmin and Mmax are deter-
mined by the intensity of the coil displacement. According
to (1), the coil displacement may change the coil interval ri

and directions θt, θr . The term (2 sin θti sin θri + cos θti cos θri )
ranges from 0 to 2 and is 1 when coils are ideally placed.
The term ri ranges from d/n to infinity and is d/n when
coils are ideally placed. Therefore, if the coil displacement
intensity is a%, Mi is uniformly distributed in the interval
[Mmin(d, n, b%),Mmax(d, n, b%)], where

Mmin(d, n, b%) = μπN2 a4

4[ d
n (1 + b%)]3

· (1 − b%)

Mmax(d, n, b%) = μπN2 a4

4( d
n )3
· (1 + b%). (9)

Since Mi are uniform, independently and identically dis-
tributed random variables, the probability density function
(PDF) of X =

∏n
i=1 Mi can be expressed as [19]:

fX(x)=

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

∑n−k
j=0

(−1) j

(Mmax−Mmin)n(n−1)!

(
n
j

)(
ln Mmax

n− j Mmin
j

x

)n−1
,

if Mmin
n−k+1Mmax

k−1≤ x≤Mmin
n−kMmax

k , k=1, ..., n

0 , else
(10)

Then (7) can be developed as

P

⎛⎜⎜⎜⎜⎜⎝
nopt∏
i=1

Mi <
( R
ω )nopt

10
pt−6.02−pth

20

⎞⎟⎟⎟⎟⎟⎠ =
∫ ( R

ω )nopt

10
pt−6.02−pth

20

Mmin
n

fX(x) dx = Poutage.

(11)

By substituting (10) and (9) into (11), the optimal relay coil
number can be derived by numerically solving the resulted
transcendental equation. The optimal number of relay coils is
the function of the link length d, the outage probability Poutage,
the displacement intensity b%, the operating frequency ω, and
the coil parameters such as the coil size, number of turns,
and wire resistance. Since usually the outage probability, the
operating frequency, and the coil parameters are fixed, the
only variables in deployment design are the link length and
the displacement intensity.

By using the parameters of the MI waveguide developed in
[2], we can numerically analyze the optimal number of relay
coils with different link length and displacement intensity. In
the numerical analysis, the transmission power is 2.5 mW
(4 dBm). The power threshold for correctly reception is
−90 dBm. The maximum tolerable outage probability is 5%.
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Fig. 3. Optimal relay coil number with different link length and displacement
intensity.

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 wire resistance of unit length is 0.01 Ω/m. The MI-
based wireless network is deployed in soil medium. The
permeability is a constant and is similar to that of the air, since
most soil in the nature does not contain magnetite. Therefore,
μ = 4π×10−7 H/m. The soil moisture and the soil composition
do not affect the MI communication as discussed perviously.

In Fig. 3, the optimal number of relay coils for one link in a
1D MI-based network with different coil displacement inten-
sities are shown as a step function of the link length. Since the
dashed line connecting each step constitutes a convex function,
the optimal relay coil number increases faster than the link
length. This phenomenon is due to the fact that the coils relay
the signal in a passive way and no extra power is added at
each relay coils. If coil displacements exist, a dramatically
larger coil number is required to keep the outage probability
low. As the displacement intensity increases, the required coil
number increases even faster. Moreover, the coil displacement
has more obvious impacts when link length increases. Hence,
both the link length and the coil displacement should be kept
below a threshold.

Besides the coil displacements, it should be noted that the
1D network is very sensitive to the node failure, since the
network will be partitioned into disconnected parts if any node
dies. To enhance the robustness to node failure in 1D network,
the only solution is to use MI waveguide to connect multi-hop
neighbors. The same equations can be used to calculate the
optimal coil number. The only difference is that the parameter
d is changed to the sum of multiple links.

B. Topology Model of the 2D MI-based Networks

In most applications, the network is deployed in a 2D plane,
such as the intelligent irrigation system, the earthquake and
landslide forecast system, and the mine disaster prevention
and rescue system, among others. In the remainder of this
section, we investigate the deployment strategies of the MI
waveguides to connect the nodes in a 2D network. Compared
with 1D networks, the deployment in 2D networks is much
more complicated: 1) in 1D networks, the route connecting
the wireless nodes are determined, i.e. the path connecting
the nodes along the 1D polygonal line. In contrast, the optimal
route to connect all the wireless nodes in the 2D plane needs
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to be found out; and 2) it is possible in a 2D network that
some common relay coils can be shared by multiple links so
that the total number of relay coils can be reduced.

The positions where the MI waveguides are deployed are
first determined by the distribution of the nodes, which can be
divided into two categories: the random and the regular dis-
tribution. If the nodes can be placed at any desired positions,
the regular distribution, such as the hexagonal tessellation, can
be used due to the high efficiency and simplicity. Otherwise,
if the nodes has to be placed at certain positions due to
environmental constraints or application requirements, the
node distribution is random. In the rest part of this section, we
first investigate the optimal deployment in the general case, i.e.
the 2D MI-based network with random node distribution. Then
we focus on the special case, i.e. the network with regular node
distribution, to achieve more explicit results.

C. MI Waveguide Deployment in 2D Networks with Random
Node Distribution

As discussed previously, the objective of the optimal de-
ployment includes: 1) using as few as relay coils as possible
and 2) constructing a network as robust as possible to the
node failure and the coil displacement. In this subsection, we
investigate the optimal deployment strategies for the 2D MI-
based networks with random node distribution. The positions
of the wireless nodes in such 2D networks are supposed to
follow a homogenous Poisson point process with the spatial
density λrand (m−2). We first propose a minimum spanning
tree (MST) algorithm, which can minimize the total relay coil
number but is not robust at all. The constructed network is not
efficient in power consumption and routing, either. To address
the problem, we propose a Voronoi diagram-based route,
which achieves optimal balance between system robustness
and cost. The constructed network topology is also geometrical
and power spanner. Finally, we provide a Fermat point-based
method to further reduce the deployment cost without losing
the spanner property and the robustness.

1) Minimum Spanning Tree (MST) Deployment Algorithm:
If the robustness is not considered, the most important goal is
to connect all the nodes with minimum number of relay coils.
To this end, the minimum spanning tree [20] can be used to
establish a connected MI-based wireless network, where the
weight of each edge is the optimal relay coil number given in
Section III-A2.

According to the properties of the minimum spanning tree,
the MST algorithm can construct a connected MI-based net-
work with minimum number of relay coils. However, the fail-
ure of any one node disconnects the whole network. Moreover,
the network is disconnected if the outage caused by the coil
displacement happens in any one MI waveguide. In addition,
the spanning tree topology may cause high congestions and
end-to-end power consumption. Therefore, although the MST
algorithm achieves the minimum deployment cost, it is not the
optimal strategy.

2) Voronoi Diagram (VD)-based Deployment Route: To
find the optimal deployment strategy, we first identify the
metrics to quantitatively characterize the robustness. The most
accurate metric is the network outage probability, i.e. the prob-
ability that the data transmission from an arbitrary source to an

arbitrary destination is failed due to the disconnected network.
However, since the node distribution is highly random, it is
impossible to derive the analytical expression of the network
outage probability. Hence, we use a more straightforward
network parameters, the average node degree (1-hop neighbor
number), to characterize the network robustness. Since the
node distribution follows a homogenous Poisson point process,
the average node degree can to a large extend represent
the network outage behavior. Then, the deployment objective
becomes to find the optimal balance between the small coil
number and the large node degree. The constructed network
should also be efficient in reducing congestions and the power
consumption.

To this end, we propose the Voronoi diagram-based route,
along which the MI waveguides are deployed. As shown in
Fig. 4, the Voronoi diagram of the wireless nodes partitions
the whole area into Voronoi cells. Each cell contains one node.
Any point in one Voronoi cell is closer to the node in this cell
than to any other nodes. The Voronoi diagram-based route
is constructed by connecting the nodes in adjacent cells, as
shown in Fig. 4. Then the MI waveguides are deployed along
this Voronoi diagram-based route. If every transmission pair
has to use a unique MI waveguide, the Voronoi diagram-based
route is optimal due to the following properties:

Proposition 1. The average node degree of the MI-based
network constructed by the Voronoi diagram-based route is
approximately 6.

The proof of proposition 1 is given in Appendix A. Accord-
ing this proposition, the Voronoi diagram-based route achieves
a much higher average node degree (E(m) = 6) than the MST
algorithm (E(m) � 2). Since the network robustness increases
exponentially with the node degree, the Voronoi diagram-
based route significantly enhances the robustness, which is
also clearly shown in the numerical studies in Section IV.

Next, we quantitatively exam the balance between the
deployment cost and network robustness. We define a new
matric, the cost-robust factor ρcost−robust, to characterize such
balance, which is the ratio of average coil number per node to
average node degree in the constructed network. The smaller
ρcost−robust is, the higher cost-robust efficiency. Then we have
the following proposition.

Proposition 2. The average cost-robust factor of the network
with the Voronoi diagram-based route is in the same order of
that in the network constructed by the MST algorithm.

The proof of proposition 2 is given in Appendix B.
Proposition 1 and 2 indicate that the Voronoi diagram-based
route achieves much higher network robustness than the MST
algorithm by introducing reasonable number of relay coils.

Besides the network robustness, the congestions and power
consumption should be also considered. Hence, we introduce
the following propositions:

Proposition 3. The MI-based network constructed according
to the Voronoi diagram-based route is planar and geometrical
spanner.

As mentioned before, the Voronoi diagram-based route
forms a Delaunay triangulation, which has been proved to be
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planar and geometrical spanner [16]. Therefore, Proposition 3
is proved.

The geometrical spanner property indicates that the shortest
path connecting any two nodes in the constructed MI-based
network is not longer than k (k < ∞) times of the Euclidean
distance between them. This property guarantees that the data
between any source and destination nodes can be transmitted
through a relatively short path, which is necessary for the
power efficiency, quality of service, and reliability of the MI-
based wireless networks. Moreover, the planar property of the
resulted network is preferred for most geographic routing pro-
tocols, which is favorable for those resource-limited devices
[16]. In the traditional wireless networks, it has been proved
that the network with a Delaunay triangulation topology is
also power spanner, i.e., the total power consumption along
the shortest path connecting any two nodes in such network
is not much larger than the power consumption of the direct
transmission between them. In wireless networks using MI
waveguides, due to the complete different channel model, the
power spanner property needs to be reexamined. Therefore,
we have the following proposition:

Proposition 4. The MI-based network with Voronoi diagram-
based route is also power spanner.

The proof of proposition 4 is given in Appendix C. Ac-
cording to Proposition 3 and 4, the MI-based networks with
the Voronoi diagram-based route achieve similar routing, con-
gestion, and power consumption performance as the network
with the complete graph topology. To guarantee the spanner
properties, no edge on the route should be deleted. Similarly,
to guarantee the planar properties, no edge can be added,
either.

3) Further Improvement based on the Fermat Point:
The Voronoi diagram-based route significantly enhance the
network robustness by adding reasonable number of relay
coils. It also improve the routing and energy performance due
to the planar and spanner properties. If we assume that each
link has to use a unique MI waveguide, the Voronoi diagram-
based route is optimal for the MI waveguide deployment. If
this constraint can be released, i.e., multiple links can share
the same sets of relay coils, the relay coil number can be
further reduced.

Our objective is to reduce the coil number but keep the
same network topology of the Voronoi diagram-based route.
To this end, we propose the Fermat point-based improvement:
the three MI waveguides along the edges in each Delaunay
triangle cell can be replaced by one MI waveguide with a
shape of the three-pointed star, as shown in Fig. 4. The nodes
on all the three vertexes can use the same waveguide to
communicate with each other directly. The center of the three-
pointed star is located at the Fermat point of the triangle. Since
the total distance from the three vertices to the Fermat point is
the minimum possible [5], the three-pointed star MI waveguide
centered at the Fermat point consumes the minimum number
of coils to connect the three nodes.

To construct a network with the same topology as the
original Voronoi diagram-based route, the three-pointed star
shaped MI waveguides only need to be deployed in every
other Delaunay triangle cells, as shown in Fig. 4. By this

Create the Voronoi diagram of the K wireless nodes, and derive
K Voronoi cells VC = {VC1,VC2, ...,VCK}.
Keep a subset G of VC; G initially contains VC1.
while (Not all Voronoi cells are in G) do

Find a Voronoi cell VCx in G that has the neighbor Voronoi
cells {VC1

x ,VC2
x , ...,VC j

x} which are not in G.
Connect the adjacent wireless nodes in {VC1

x ,VC2
x , ...,VC j

x}
and VCx, and derive the non-overlapped triangle cells
{T r1,T r2, ...,T rj−1}.
if ( j is odd) then

In triangle cells T r1,T r2, T r4, ...,T rj−1, deploy the MI waveg-
uide along the three lines connecting the vertexes and the
Fermat point.

else
In triangle cells T r1,T r3, T r5, ...,T rj−1, deploy the MI waveg-
uide along the three lines connecting the vertexes and the
Fermat point.

end ifAdd {VC1
x ,VC2

x , ...,VC j
x} to G.

end while

Fig. 5. Voronoi-Fermat (VF) algorithm for MI waveguide deployment

way, the relay coil number required to construct the Voronoi
diagram-based route is significantly reduced. Meanwhile, the
network topology and the robustness to node failure remain
the same since all the original links are not affected. It
should be noted that the robustness to coil displacement is
slightly weakened since every three links share the same MI
waveguide. However, the impacts of coil displacement can
be limited to a very small extent according to the optimal
deployment strategy in Section III-A. Hence the total network
robustness can be viewed to be the same as the original
Voronoi diagram-based route.

To sum up, the deployment strategy using both Voronoi
diagram-based route and the Fermat point-based improvement
achieves high network robustness as well as low congestions
and power consumption with minimum relay coil number.
We denote this optimal deployment as Voronoi-Fermat (VF)
algorithm. The detailed procedure of the VF algorithm is
described in Fig. 5.

D. MI Waveguide Deployment in 2D Networks with Hexago-
nal Tessellation Topology

Based on the deployment analysis in the general scenario
with random node distribution, in this subsection, we fo-
cus on the special scenario where the nodes are distributed
with regular patterns, especially the hexagonal tessellation.
More explicit expressions can be derived due to the regular
pattern. Hexagonal tessellations have been widely used for
the traditional wireless network topologies, such as the base
station placement of the cellular networks due to the efficiency
in coverage. In the following analysis, we assume that the
node density of the MI-based network with the hexagonal
tessellation topology is λhex (m−2).

1) Minimum Spanning Tree (MST) Algorithm: Similar in
the network with random node distribution, the MST algorithm
can be used to minimize the relay coil number without
considering the network robustness. The average neighbor
number of the resulted network is approximately 2, which is
the same as in the random node distribution scenario.
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: Wireless
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MI Waveguide
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Voronoi diagram &
Delaunay triangulation Voronoi-Fermat algorithm Three-pointed star

MI waveguide

Fig. 4. The MI waveguide deployment using VF algorithm in the MI-based networks with random node distribution.

Next we calculate the cost-robust factor ρcost−robust. If the
total number of wireless node is K, the total number of links
in the minimum spanning tree is K − 1. The edges of the
hexagonal tessellation have the same length dhex, which is
determined by the node density λhex:

dhex = 2 · 3− 1
4 · λ− 1

2

hex , (12)

By utilizing the strategy given in Section III-A, the optimal
number of relay coils nopt for each link can be calculated as a
function of link length dhex and the tolerable outage probability
pout

coil for a single MI waveguide. Then the total number of the
relay coils to connect the K wireless nodes based on the MST
algorithm is

Num hex
mst = (K − 1) · nopt(2 · 3− 1

4 · λ− 1
2

hex, p
out
coil) , (13)

According to (A.2), we have:

ρcost−robust
hex,mst =

Num hex
mst

2 · (K − 1)
=

1
2
· nopt(2 · 3− 1

4 · λ− 1
2

hex, p
out
coil),

(14)

Assuming that each wireless node has an independent and
identical probability of failure p f ail

node while the tolerable outage
probability for each MI waveguide is pout

coil. Then we can
approximately evaluate the outage probability of the entire
network, i.e. the probability that the data transmission from
an arbitrary source to an arbitrary destination is failed due
to the disconnected network. For an h-hop transmission, the
outage probability pout

hex(h) is

pout
hex,mst(h) = 1 − (1 − p f ail

node)
h · (1 − pout

coil)
h. (15)

According to (14), the outage probability for any transmission
is at least p f ail

node + pout
coil − p f ail

node · pout
coil for single hop and can

easily approach 1 when the hop number increases. Since the
average transmission hop is large in the minimum spanning
tree topology, the average outage probability of the network
constructed by the MST algorithm is extremely large.

2) Voronoi-Fermat (VF) Algorithm for MI Waveguide De-
ployment: The Voronoi-Fermat algorithm in the network with
hexagonal tessellation topology is much more straightforward
than in the random distributed network. The links of the
Voronoi diagram-based route are exactly the edges of the

hexagonal tessellation while the Fermat point of each equilat-
eral triangle cell is located at the centroid. In the constructed
MI-based network, each wireless node has exactly 6 neighbors,
which is much more than the MST algorithm (2 neighbors).
The cost-robust factor ρcost−robust

hex
VF can also be derived in the

same ways as in the MST algorithm. Therefore,

ρcost−robust
hex,VF =

Num hex
VF

2 · 3K
=

1
4
· nopt(4 · 3− 3

4 · λ− 1
2

hex, p
out
coil),

(16)

The outage probability of the network constructed by the
VF algorithm can be approximated calculated by summing up
the isolated probabilities of the transmitter and the receiver,
i.e.

poutage
hex,VF � 2 · (p f ail

node + pout
coil − p f ail

node · pout
coil)

6. (17)

It should be noted that this outage probability is applicable
for any source-destination pairs disregarding how far they are
apart from each other. By comparing the results given in (14)-
(17), we can clear see that the Voronoi-Fermat (VF) algorithm
achieves much larger neighbor number (node degree), lower
cost-robust factor (i.e. higher cost-robust efficiency), and dra-
matically lower outage probability than the minimum spanning
tree (MST) algorithm.

IV. Numerical Evaluation

In this section, we numerically evaluate the required relay
coil number and the network robustness of the MST algorithm
and the VF algorithm in MI-based networks with both random
node distribution and the hexagonal tessellation topology. In
the following simulations, 100 wireless nodes are deployed in
a square area according to the hexagonal tessellation topology
or the homogenous Poisson point process. The size of the
square area is determined by the node density. The relay
coil number for each MI waveguide is determined by (9)-
(11), where the MI waveguide parameters are the same as the
parameters used in Section III-A; the displacement intensity
of the relay coils is set to be 10%; and the tolerable outage
probability for each MI waveguide is set to be 5%.

Fig. 6 shows the deployment results of the MST algorithm
and the VF algorithm. The network constructed by the Voronoi



SUN and AKYILDIZ: OPTIMAL DEPLOYMENT FOR MAGNETIC INDUCTION-BASED WIRELESS NETWORKS IN CHALLENGED ENVIRONMENTS 1003

0 20 40 60 80 100
0

10

20

30

40

50

60

70

80

90

100

x (m)

y 
(m

)

(a)

0 20 40 60 80 100
0

10

20

30

40

50

60

70

80

90

100

x (m)

y 
(m

)

(b)

0 20 40 60 80 100
0

10

20

30

40

50

60

70

80

90

100

x (m)

y 
(m

)

(c)

Fig. 6. The deployment results of (a) the MST algorithm, (b) the VF algorithm, and (c) the VF strategy without the Fermat improvement. (The red dots are
the wireless nodes; the black lines represent the MI waveguides; and the blue cells are the Voronoi diagrams. 100 wireless nodes are uniformly distributed
with of a spatial intensity λrand = 0.01 m−2.)

diagram-based route without the Fermat improvement is also
listed for comparison. Note that the deployment result in the
hexagonal tessellation topology is omitted due to its simplicity
and the page limit. As shown in the Fig. 6(a), the network
constructed by the MST algorithm has the least number of
links. Consequently, the relay coil number is small but the
network in not robust. The failure of any nodes or the outage
of any MI waveguide will result in a disconnected network.
In contrast, as shown in Fig. 6(b) and 6(c), the networks
constructed by the VF algorithm and Voronoi diagram-based
route have the same network topology, which have much
more links connecting adjacent wireless nodes. Therefore, the
resulted networks are much more robust to node failures but
may consume more relay coils.

In Fig. 7(a) and Fig. 7(b), the total relay coil numbers of
the deployment algorithms are given as a function of the node
density in networks with hexagonal tessellation topology and
random node distribution, respectively. Compared with the
MST algorithm, the relay coil number required by the VF
algorithm is almost the same in the networks with hexagonal
tessellation topology and slightly higher in the networks with
random node distribution. In both network topologies, the coil
number required by the Voronoi diagram-based route is much
larger. Next, to see whether the more relay coils bring higher
robustness or not, we check the robustness of the networks
constructed by VF algorithm and the Voronoi diagram-based
route.

In Fig. 8, we exam the network outage probability, i.e., the
probability that the data transmission of an arbitrary source-
destination pair is failed due to the network connectivity. The
network outage probability of the networks constructed by
different deployment algorithms are plotted as functions of
the failure probability of any single wireless node. It shows
that the outage probabilities of the MST algorithm in both
hexagonal tessellation topology and the random topology are
similar and are close to 1 in such large scale networks (100
nodes). In contrast, the network built by the VF algorithm
has extremely low outage probability in large scale networks,
especially in the hexagonal tessellation topology network
since every node in such networks are guaranteed to have
6 neighbors. It should be noted the outage behavior of the
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Fig. 7. The number of relay coils to construct a MI-based network with (a)
hexagonal tessellation topology and (b) random topology.
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Voronoi diagram-based route is the same as the VF algorithm
due to the same link topology.

According to the theoretical and numerical results provided
in this section and Section III-B, the MST algorithm can
construct a MI-based network with the minimum number
of relay coils but the robustness to node failure and coil
displacement is extremely poor. Meanwhile, the VF algorithm
can greatly enhance the network robustness by just adding a
small number of relay coils (even no more coils are needed
in the hexagonal tessellation topology).

V. Conclusion

For wireless networks in challenged environments, the MI
waveguides solves the propagation problems encountered by
the traditional EM wave techniques. This paper investigates
the deployment of those MI waveguides to connect the wire-
less nodes in such networks. In 1D MI-based networks, we an-
alyze the optimal number of relay coils between two adjacent
nodes under the impact of coil position deviations. Based on
the results in 1D network, we provide two solutions to deploy
the MI waveguides in 2D MI-based network. To minimize the
relay coil number, the MST algorithm is provided. The MST
algorithm uses the minimum spanning tree to connect all the
wireless node with the optimal relay coil number. However,
the network constructed by the MST algorithm is not robust
at all to node failure and coil displacement. To enhance the
network robustness while not increasing the relay coil number
too much, the VF algorithm is proposed. In VF algorithm, the
MI-based network is first established by the Voronoi diagram-
based route. Then the Fermat point-based improvement is
proposed to further reduce the relay coil number by utilizing
the MI waveguides with the shape of the three-pointed star
centered at the Fermat point of each triangle cell. The VF
algorithm can greatly enhance the network robustness without
inducing high deployment cost. Moreover, the constructed
network is also efficient in routing and energy consumption
due to the planar and spanner properties.

Appendix A
Proof of Proposition 1

Proof: According to the Voronoi diagram-based route,
the nodes in the adjacent Voronoi cells are connected to each
other. Therefore, the node degree is in fact the side number of
the Voronoi cells. The random side number m of the Poisson
Voronoi diagram can be approximately modeled by a Gamma
distribution [21]. The probability density function (PDF) is
given by:

fm(x) � xc−1 · bc · e−bx

Γ(c)
, x ≥ 0 (A.1)

where Γ(x) is the Gamma function; b and c are constant
derived by Monte Carlo estimates in [21]: b = 3.13 and c =
19.784. Hence, the average node degree is E(m) = c/b � 6.

Appendix B
Proof of Proposition 2

Proof: According to the definition of the cost-robust
factor, we have

ρcost−robust=

total coil number
total node number

total neighbor number
total node number

=
total coil number

2· total link number
=

1
2
· Ncoil

link .

(A.2)

According to (A.2), ρcost−robust is actually determined by the
average coil number per link Ncoil

link . In the Voronoi diagram-
based route, the resulted network forms a Delaunay tri-
angulation. The minimum spanning tree is a subgraph of
the Delaunay triangulation. Due to the homogeneous nodes
distribution, the average coil number per link for the two types
of network topologies should be in the same order. Besides the
above straightforward description, the proposition can also be
proved in a more rigorous way: According to Section III-A,
the optimal coil number per link is a monotonically increasing
function of the link length and the function is approximately
linear. Then comparing the average coil number per link is
equivalent to compare the average link length of the two types
of network topologies. As stated before, the wireless nodes
are randomly distributed according to a Poisson process with
intensity λrand. Then the average length of the link in the
Delaunay triangulation on those wireless nodes are given by
[22]:

LDT =
32

9π
√
λrand

, (A.3)

The average length of the minimum spanning tree on such
nodes can be calculated as [23]:

LMS T = C2 · (λrand · S R2)
1
2 ·
∫
R2

( 1
S R2

)1
2 dx · 1

λrand · S R2

= C2 · 1√
λrand

, (A.4)

where C2 is a constant; R2 is the region where the wireless
nodes are deployed and S R2 is its area. Comparing (A.3) with
(A.4) completes the proof.

Appendix C
Proof of Proposition 4

Proof: In the network constructed according to the
Voronoi diagram-based route, we consider an arbitrary trans-
mitter and receiver pair with the Euclidean distance dE .
Assuming that the lengths of the links along the shortest path
connecting these two nodes are {d1, d2, ..., dJ}. To prove the
power spanner property, we assume that the relay coil density
is fixed and the interval between adjacent coils is r f ix. Then
according to (4), the minimum power consumption (in watt)
in the direct transmission for correctly receiving is:

Pt
dir = 4P min

r ·
( R
ωM

)2dE/r f ix

, (A.5)

where P min
r is the minimum power for correct receiving.

For the multihop transmission along the shortest path in the
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Voronoi diagram-based route, the minimum power consump-
tion (in watt) is:

Pt
path =

J∑
j=1

4P min
r ·
( R
ωM

)2dj/r f ix

, (A.6)

Then the power stretch factor of the constructed network with
respect to the complete graph is:

ρP =
Pt

path

Pt
dir
=

∑J
j=1

[
( R
ωM )2/r f ix

]dj

[
( R
ωM )2/r f ix

]dE
, (A.7)

Since R
ωM is large enough due to the low coil density,

the term ( R
ωM )2/r f ix is a positive number larger than 1. Then

f (d) =
[
( R
ωM )2/r f ix

]d
is an increasing exponential function of d.

In addition, according to Proposition 3,
∑

di

dE
≤ k where k < ∞.

Since the increasing exponential function is convex, the power
stretch factor ρP < k, too, which completes the proof.
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