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Abstract—A frequency-switch strategy is introduced into
the magnetic induction-based wireless underground sen-
sor network (MI-WUSN) for its high connectivity and net-
work throughput, which then makes routing design more
complex and challenging. To this end, we study the
frequency-switchable routing design to start a discussion
about the high-reliability routing design of MI-WUSN. First,
we analyze the frequency-selective property and map the
dynamic MI-WUSN into a multilayer network. Then, we take
the network throughput and energy consumption into ac-
count and formulate the frequency switchable routing de-
cision problem in dynamic MI-WUSN as a constrained opti-
mization problem. Finally, we evaluate how various design
parameters of our obtained protocol are affecting the net-
work performance and explore the performance limit.

Index Terms—Frequency-switchable, magnetic induc-
tion (MI), routing, wireless underground sensor network
(WUSN).

I. INTRODUCTION

W IRELESS underground sensor network (WUSN) facili-
tates real-time monitoring and control of various under-

ground environments with wireless sensors deployed [1], [2].
Despite promising capabilities, WUSN suffers from a significant
reliability problem [3], [4]. An additional 60 dB path loss, intro-
duced by the underground wireless channel of WUSN, makes
data collection more energy-intensive and unreliable [5]. Thus,
the magnetic induction (MI)-assisted wireless powered under-
ground sensor network (MI-WPUSN), an improved WUSN, is
proposed to integrate the advantages of MI communication tech-
niques with those of wireless power transfer mechanisms [6].
The integration empowers MI-WPUSN significant potential for
high reliability and energy efficiency, which are constrained
by its complex and challenging data collection. To unlock the
potential of MI-WPUSN, many issues are required to be resolved
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urgently, spreading from sensor deployment to multiple channel
access control and to sensing routing establishment [6]. Herein,
we focus on the sensing routing establishment for MI-WPUSN
where only the underground-to-underground wireless channel
constructed by MI is included, namely, so-called MI-WUSN.

Some related works have considered these routing problems
for MI-WUSN [7], [8], [9], [10], [11], [12]. As an attempt
to design the routing of MI-WUSN, Lin et al. [7] studied a
distributed environment-aware cross-layer protocol to achieve
higher throughput, and reduce energy consumption. The au-
thors in [8] and [9] explore an energy-efficient routing protocol
based on game theory for wireless sensor networks. Consid-
ering the dynamic change of the soil medium, Guo and Ben
[10] derived the optimal transmission policies for underground
sensors to efficiently use their energy and improve transmission
reliability. Besides, Guo and Sun [11] proposed a full-duplex
meta-material-enabled MI-based communication to reduce the
transmission delay for multihop MI-WUSN. Digital transmis-
sion schemes for both direct and multihop MI-WUSN links were
introduced in [13]. Furthermore, an adaptive transmission policy
for underground sensors was explored in [12].

Despite extensive efforts on the routing problems for MI-
WUSN, most of the existing works did not consider the influence
of frequency-selective property [14]. In fact, MI-constructed
channels have a frequency-selective property depending on the
underground environment. This property makes the MI-WUSN
appear to have entirely different topological structures at di-
verse operating frequencies [6]. Therefore, a single frequency is
almost impossible to ensure that all underground sensors in MI-
WUSNs are both connected and reliable. To this end, we intro-
duce a frequency-switch strategy into each node of MI-WUSN
in the routing-design phase. That is, we allow each transmitted
sensor in MI-WUSN to switch its operating frequency based
on related environment information when selecting the next
forwarding node. Obviously, the frequency-switch strategy can
significantly improve MI-WUSN connectivity and reliability
by integrating all topological structures from diverse operating
frequencies.

In this article, we study the frequency-switchable routing
design to start a discussion about the high-reliability routing
design of MI-WUSN. We consider a different-setup MI-WUSN
where each sensor is in charge of both the forward selection
and the corresponding operating-frequency switching of the data

© 2024 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more
information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

https://orcid.org/0000-0003-0460-4453
mailto:guanghualiu@hust.edu.cn


2 IEEE JOURNAL OF SELECTED AREAS IN SENSORS, VOL. 1, 2024

forwarding. First, we analyze the influence of the frequency-
selective property on MI-WUSN topological structures and
propose our multilayer model. Then, we formulate and simplify
the frequency-switchable routing decision problem in dynamic
MI-WUSN, and explore its performance limit. Finally, we eval-
uate how various design parameters of our obtained protocol are
affecting the network performance.

II. SYSTEM MODEL

A. Frequency-Selective Link Model

This frequency-selective property makes us have to ex-
plore a new model to describe the MI-constructed link in MI-
WUSN [15]. The reason is summarized as follows. Usually, un-
derground environments, especially in seismic region, not only
consist of nonconductive soil (or concrete) and air medium, but
also have other conductivity objects, such as rebars, buried metal
furniture, and biological tissues [16]. Because these objects have
high conductivity, eddy currents are induced on them so that
the MI channel is influenced by these eddy-current-induced
magnetic fields.

Let us assume the reflective objects are sorted from near
to far from the transmitter coil, recorded as 1, 2, . . .p, and
the refractive objects are sorted in the same way, recorded as
p+ 1, p+ 2, . . .p+ q.Zm,1, . . ., Zm,p are the impedances of the
reflective objects and Zm,p+1, . . ., Zm,p+q are the impedances
of refractive objects. Im,i denotes the current on the ith object.
Mt,i is the mutual inductance of the ith object and the transmitter
coil, and Mr,i is the mutual inductance of the ith object and
the receiver coil. By referring to [17], we further formulate the
received voltage for the multiple mixed channel⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

ZtIt −
p∑

i=1
jωMt,iIm,i −

p+q∑
i=p+1

jωM ′
t,iIm,i − jωM ′Ir = Us

ZrIr −
p∑

i=1
jωMr,iIm,i +

p+q∑
i=p+1

jωM ′
r,iIm,i − jωM ′It = 0

Zm,1Im,1 − jωMt,1It − jωMr,1Ir = 0
...

Zm,pIm,p − jωMt,pIt − jωMr,pIr = 0
Zm,(p+1)Im,(p+1) − jωM ′

t,(p+1)It + jωM ′
r,(p+1)Ir = 0

...
Zm,(p+q)Im,(p+q) − jωM ′

t,(p+q)It + jωMr,(p+q)Ir = 0.
(1)

By solving the equations, we obtain the received current and
power as the following:

Ir =

p∑
i=1

jωMr,iIm,i −
p+q∑

i=p+1
jωM ′

r,iIm,i + jωM ′It

Zr
(2)

Pr =
1
2
|Ir|2 RL. (3)

From (2) and (3), both the number and order of reflective
and refractive objects greatly affect the received power, which
depends on underground environment. Furthermore, at same
underground location, the operating frequency ω becomes the
main force in changing receiving power. Therefore, for each

MI channel, the signal strength at MI receiver will be distinctly
different when the MI transmitter sends its data with diverse
operating frequencies. To this end, for a given communication
distance, we replace Pr withP ij

r to represent the received signal
strength at MI receiver indexed by j. It could be denoted by the
function of the operating frequency ω at MI transmitter indexed
by i, i.e., P ij

r = g(ω). What is more, these MI channels dis-
tributed in different locations have diverse frequency-selective
law, i.e.,P ij

r = gij(ω). Moreover, the underground environment
is usually dynamic (i.e., time-varying) due to many uncertain
factors (e.g., frequent aftershocks). That is, the aforementioned
gij(·) is further portrayed as a time-varying mapping relation-
ship denoted by gtij(·). Therefore, the frequency-selective link
model is

P ij
r = gij(ω, t). (4)

This property makes MI-constructed links appear different fea-
sibilities for data transmission at diverse operating frequencies
and time instants. That is, unlike prior works [18], [19], in this
article, MI link connectivity is no longer fixed and varying with
operating frequency and time instant. Therefore, we are required
to further study the network model of dynamic MI-WUSN with
the influence of frequency-selective property.

B. Multilayer Network Model

An example of the dynamic MI-WUSN is shown in Fig. 1,
which consists of N underground sensors and one sink. These
nodes are assumed to be equipped with MI antennas, which
can work with diverse operating frequency in band W . The set
of these nodes is denoted as U = {u0, u1, . . . , uN}, where u0

represents the unique sink and the remaining ui, i = 1, . . . , N
stand for the underground sensors. To ensure node uj success-
fully receiving the transmitted data from the previous node
ui, i, j ∈ D, where D � {0, 1, . . . , N}, the link quality meets
certain requirements. Based on the aforementioned frequency-
selective link model, the receiving signal power of uj is denoted
by P ij

r (ω, t), and required to be not less than the receiver
sensitivity Ps. Moreover, we consider the underground environ-
ment changes every Δt and then denote the set of all chang-
ing time instant as T = {t0, t1, . . . , ts, ts+1, . . . , tM}, where
ts − ts−1 = Δt, s ∈ N+ and tM is the permissible duration.
Thus, the multilayer network model is denoted as

M = (G ,W ,T ) (5)

where G , W , and T are systematically expressed as follows.
Specifically, G is defined as a family of weighted graphs

Gωt = (Xωt, Eωt) (called layers of M ), namely

G = {Gωt; ω ∈ W, t ∈ T}. (6)

Therein, Eωt represents the set of intraconnections (i.e., fea-
sible MI channel) between diverse nodes in the layer Gωt.
The set of nodes of the layer Gωt is denoted by Xωt =
{xωt

0 , xωt
1 , . . . , xωt

N }, where xωt
i is the label of node ui at the

layer Gωt for i ∈ D. In addition,

W =
{
Eω1ω2 � {(xω1t

i , xω2t
i ); i ∈ D};

ω1, ω2 ∈ W, ω1 �= ω2} (7)
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Fig. 1. Schematic illustration of the mapping of a dynamic MI-WUSN into a multilayer network. At each time instant t = 1, 2 (represents
environment εt) and frequency ωn, n = 1, 2, 3, the structure of interactions between the sink and underground sensors (left-hand side). The
corresponding multilayer network representation where each time instant and frequency is mapped into a different layer (right-hand side).

is the set of interconnections between nodes at different layers
Gω1t and Gω2t with ω1 �= ω2 for ∀ t ∈ T , and

T =
{
Etsts+1 � {(xωts

i , x
ωts+1

i ); i ∈ D};

ts, ts+1 ∈ T, s ∈ N+
}

(8)

is the set of directed interconnections from nodes at the earlier
layersGωts to that at the laterGωts+1 with s ∈ N+ for∀ ω ∈ W .
The adjacency matrix of each layer Gωt, thus, can be denoted
by Aωt = [aωt

ij ] ∈ R(N+1)×(N+1), where

aωt
ij =

{
P ij
r (ω, t), if P ij

r (ω, t) ≥ Ps

0, otherwise
(9)

for 0 ≤ i, j ≤ N , ω ∈ W , and t ∈ T . Note that the edge weighs
corresponding to Eω1ω2 and Etsts+1 are set to be 1. For conve-
nience of expressions, we apply eω1ω2 and etsts+1 to represent
the elements of Eω1ω2 and Etsts+1 , respectively, and eωt

ij (i �= j
and i, j ∈ D) denote the elements of Eωt.

III. FREQUENCY-SWITCHABLE ROUTING DESIGN

In this section, we characterize the frequency-switchable rout-
ing decision problem based on the multilayer network model
introduced in Section II under a fixed energy supply. Without loss
of generality, we consider a case where a certain underground
sensor node (let it beu1) is required to transmit data to the unique
sink u0.

A. Problem Formulation

Consider our network model M as a directed graph
(VM , EM ) with vertex set VM and edge set EM by referring
to [20]. In fact, a large portion of edges in M , excepting for the
interconnections in T , is undirected. To this end, we refer to
the aforesaid edge as two opposing directed edge to assure M
a thorough directed graph. Then, we have

VM = ∪
ω∈W

∪
t∈T

Xωt

EM = W + ∪ T ∪ {Eωt; ω ∈ W, t ∈ T}+ (10)

where the function (·)+ can make the undirected edge replaced
with two opposing directed edges in the set. For dynamic
MI-WUSN, the routing decision problem becomes in fact to
find the paths to max the flow f from origin vertex to terminus
vertex in M under a fixed energy supply, which means the
maximum transmission data amount. Note that the element in
VM actually is the layer label of N underground sensor node
{u1, . . . , uN} and one sink node u0. That is, in this article,
origin is a set denoted by

Vor = {xωt
1 ; ω ∈ W, t ∈ T} (11)

and terminus is also a set denoted by

Vte = {xωt
0 ; ω ∈ W, t ∈ T}. (12)

Therefore, by referring to existing flow-network theory [21],
the flow f is defined as a real-valued function on vertex pairs
or edges satisfying the following constraints:

−c(�e) ≤ f(�e) ≤ c(�e) ∀�e ∈ EM (13a)

f(�e) = −f(−�e) ∀�e ∈ EM (13b)∑
u∈VM

f(u, v) = 0 ∀v ∈ VM − (Vor ∪ Vte). (13c)

Therein, (13a) is used to assure the flow less than the capacity
c(·) of MI-constructed communication link. Equation (13b)
eliminates the possibility of having positive flow on both two
directionally opposing edges �e and −�e. Moreover, (13b) is the
flow conservation constraint.

From the above, f is the net flow into the terminus∑
u∈VM

∑
v∈Vte

f(u, v). (14)

Moreover, as one of the key questions in MI-WUSN, the en-
ergy consumption must be taken into account to make sure
the results are realistic. To this end, we introduce expressions
Ei(f(�e)) ∀ i ∈ D representing the energy cost of node ui when
the data flow f(�e) occurs at edge �e. It is assumed that the initial
energy of each underground sensor is E0. Then, we formulate
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the frequency-switchable routing decision problem in dynamic
MI-WUSN as follows:

P0 : max
{f(�e)}

∑
u∈VM

∑
v∈Vte

f(u, v) (15a)

s.t. M is a connected graph (15b)

�e ∈ EM (15c)

− c(�e) ≤ f(�e) ≤ c(�e) (15d)∑
{f(�e)}

Ei(f(�e)) ≤ E0, i = 1, . . . , N. (15e)

Obviously, (15) can be considered as a maxflow problem by
referring to [20], and the optimal solution {f(�e)}∗ should be a
set containing the assigned optimal flow f ∗(�e) for each edge �e,
which can max the net data amount (derived from u1) into u0.
Note thatP0 is a multisource multisink maxflow problem. There
are usually two ways of thinking about this problem: import-
ing virtual unique source/sink node and traversing source-sink
pairs [22]. In fact, we cannot assign physical meaning to the
imported virtual node in a multilayer network, so that the former
scheme is useless forP0. However, we are also powerless to deal
with P0 by an ergodic method due to the following fundamental
differences.

1) The number of origin/terminus nodes in P0 actually
is equal to (M + 1) · cout(W ), where cout(W ) is the
number of selectable frequency points in band W . Note
that, the larger the M or cout(W ) is, the more precise
M can describe the actual scene. That limits greatly the
practicability of the ergodic method in problem P0.

2) There are many directed edges that have no practical
significance in P0, which are produced in the replace-
ment process for intrinsic undirected edges. The ergodic
method then is difficult to meet our needs due to a lot of
computation overheads in the search for these edges.

B. Solution

From the above, the main difficulty of solving is induced
by multiple origin/terminus nodes of M . In fact, these ori-
gin/terminus nodes are only the labels of real sensor node
ui, i ∈ D at diverse operating frequencies and time instants.
To this end, we try to treat the actual communication links
between real sensor node as optimization variables rather than
the connections between their labels.

For the actual link, each routing decision in M contains
two phases: frequency selection and next-forwarder selection,
different from the conventional routing design. Specifically, we
first determine the next forwarder relying on some well-designed
basis. Given the next node, we should choose the optimal operat-
ing frequency, at which the channel has the maximum frequency
response, to send data packets for good transmission perfor-
mance. However, the frequency selection and next-forwarder
selection are carried out at the same time. That is because the
selection of operating frequency determines feasible adjacent
sensors and further restricts the next-forwarder selection, while

the next-forwarder selection means an actual physical link and
further determines the optimal operating frequency. Therefore,
it is necessary to integrate these two phases into one concept,
namely, step. In other words, step ui → uj means the node
ui choosing uj as the next forwarder to send packets with
the optimal operating frequency of the underground channel
between ui and uj . To explain step more systematically, we
formulate the operating frequency and next-forwarder selection
with the labels in M as the following.

Definition 1: The frequency selection phase (FSP) Sω(i)
F rep-

resents the process to choose a feasible operating frequencyω(i)
for ui, at which the MI channel can successfully transmit at
least one packet from ui to other sensors during Δt. With give
initial operating frequency ω0 and time instant t0, Sω(i)

F can be
expressed by

xω0t0
i eω0ω(i)x

ω(i)t0
i . (16)

It is worth mentioning that the feasible operating frequency
ω(i, t0) (for simplicity, it is abbreviated to ω(i) when there is
no ambiguity) means that ∃ l ∈ D such that ul is active (e.g.,
with enough energy), the link (x

ω(i)t0
i , x

ω(i)t0

l ) ∈ Eω(i)t0
, and

the transmission rate on (xω(i)t0
i , x

ω(i)t0

l ) is not less than 1 packet
perΔt. For these l’s∈ D,ul is the neighbor ofui whenω = ω(i)

and time instant is t0, whose label is xω(i)t0

l .
Definition 2: The information transmission phase (ITP) T ik

I

represents the process to choose a neighbor uk of ui after FSP
and further transmit aforementioned packets from ui to it during
the period ofΔt. When the transmission duration of two packets
is less than Δt, T ik

I can be given by

x
ω(i)t0
i e

ω(i)t0

ik x
ω(i)t0

k . (17)

On the contrary, T ik
I should be expressed with

x
ω(i)t0
i e

ω(i)t0

ik x
ω(i)t0

k et0t1x
ω(i)t1

k (18)

which contains one intraconnection and one interconnection
in M . The intraconnection e

ω(i)t0

ik represents the transfer of
information and the interconnection et0t1 depicts the time drains.

Based on the above two definitions, a step in M can be
denoted by

S
ω(i)
F T ij

I (19)

whose terms are successively FSP and ITP, which means that at
least one packet is successfully forwarded. It is worth mentioning
that step defined in this framework cannot be considered as a
hop in the conventional sense. For the sake of clarity, we say
that Sω(i)

ij (ts) is a step in M , by which ui can send at least
one packet to uj from ts−1 to ts with operating frequency ω(i).
Further, we call the number of transferable packets in this step
the capacity of Sω(i)

ij (ts), denoted by ε(S
ω(i)
ij (ts)). In addition,

we apply Ei(S
ω(i)
ij ) and Ej(S

ω(i)
ij ) to, respectively, depict the

energy consumption at ui and uj in step S
ω(i)
ij .
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Fig. 2. Schematic of a walk (arrow trajectories) from underground sensor ui to the sink u0, i ∈ D in M . This illustration evinces how the frequency-
switch strategy allows a walker (packet) to move between nodes that belong to disconnected components on a given layer.

Further, we can define a walk in M by a finite non-null step
sequence

S
ω(i)
ik1

(t(k1))S
ω(k1)
k1k2

(t(k2)) . . . S
ω(kR)
kRj (t(j)) (20)

whose terms are successively steps from ui to uj . Therein,
t(kr) ∈ T, r = 1, . . . , R satisfy the following inequality:
t(kr) < t(j) ≤ tM . We say that Wij(t(k1), t(j)), abbreviated
as Wij , is a walk from ui to uj during time from t(k1)−Δt
to t(j), or a (ui, uj)-walk in M . ui and uj are called origin
and terminus of M , respectively, and uk1 , uk2 , . . . , ukR

are its internal/relay nodes. Based on the above analysis,
min{ε(Sω(i)

ik1
(t(k1))), ε(S

ω(k1)
k1k2

(t(k2))), . . . , ε(S
ω(kR)
kRj (t(j)))}

is considered as the capacity of Wij , denoted by ε(Wij). Fig. 2
illustrates a walk from ui, i ∈ D to u0, i.e., a (ui, u0)-walk in
M , where there is only one internal node uk, k ∈ D. Further,
we give the definition of connected in M , which is one of the
most important concept in routing designing, as the following.

Definition 3: An underground sensor ui is called a connected
node in M if and only if it has a (ui, u0)-walk to the sink u0, i.e.,
ui is connected ≡ ∃ active k ∈ D, which has a walk Wik(t0 +
Δt, t(k)) and a step Sk0(t(0)), where t(0) > t(k), t(0), t(k) ∈
T and t0 represents the starting time of the first step in walkWik.

In fact, when ui is connected, there could exist multiple walks
fromui tou0, which constitute a set of walks denoted byDi. Note
that each walk in Di can be decomposed into one or more steps.
With a view to a finite number of steps in M , different walks
could have same steps. To this end, we propose a new concept,
utilization, which is used to depict the number of repetitions
in diverse walks from Di. We further say that U(Sk1k2(ts))
is the utilization of the step Sk1k2(ts) ∈ Di. To simplify the
expression, for a set of walks, | · | is used for representing its
number of different walks, respectively, and || · || its number of
different steps in the sequel.

In this case, the best set of walks B ⊂ ∪iDi, to transmit as
many packets as possible from u1 to u0 under a fixed energy
supply, is the optimal solution to our routing decision problem

P0. Meanwhile, the original problem P0 can be reformulated
into the following:

P1 : max
Wk

10∈B

|B|∑
k=1

ε(W k
10) (21a)

s.t. u1 is connected (21b)

B ⊂ D1 (21c)

U(Sj) ≤ ε(Sj), j = 1, . . . , ||B|| (21d)

||B||∑
j=1

Ei(S
j) ≤ E0, i = 1, . . . , N (21e)

where Sj ∈ B, j = 1, . . . , ||B||.
Obviously, after many complex and tedious transformations,

the considered frequency-switchable routing decision problem
in dynamic MI-WUSNs becomes easier to understand and pro-
cess. However, the global information of MI-WUSNs to solve
the optimal problem seems to be unavailable, although there are
some attempts to make it with the help of effective forecasting
about underground environment [23]. In fact, the efficient dis-
tributed implementation is a valuable and necessary work but not
the focus of our attention in this article. As a novel understanding
about the routing design, frequency-switchable routing tries to
start a discussion about the sensing routing design of dynamic
MI-WUSNs with the frequency-selective property.

Subsequently, a more pressing task is to explore the perfor-
mance limit of our frequency-switchable routing. To this end,
we easily design a corresponding centralized solution algorithm
to solve P1 and obtain the best set of walks B, i.e., the optimal
frequency-switchable routing. The algorithm is implemented in
two stages: searching and determining, which are illustrated
in Algorithm 1. First, we apply the backtracking algorithm to
search for all possible walks from u1 to u0. Then, by means of a
bubblesort-like procedure, we further determine the best set of
walks B, which maximize network throughput under the energy
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Algorithm 1: Frequency-Switchable Routing Algorithm.
Input: N , E0, W = {ω0, ω1, . . . , ωl, ωl+1, . . . , ωL},
T = {t0, t1, . . . , ts, ts+1, . . . , tM};
Output: the best set of walks B;

1) Search for possible walks
initialize multilayer network M with weight ε(·);
while (t < tM ) do

Backtrack(i≤ N){
nextNodes=findPath(ui connected to u1/Paths in M );
partialPaths=link(u1/Paths, nextNodes);
if(nextNodes=u0){partialPaths join possibleWalks D1;}
else{update i=i+1;}
end if}

end while
2) Determine the best set of walks

obtain the number of Walks |D1|; bestWalks B=[];
for j = 1, 2, . . . , |D1| do

bestValue ε(B) =
∑

Walks∈B ε(Walks);
tempSet=unite(B, possibleWalks(j));
if (tempSet meets the constraints (21c) and (21d)){
B=tempSet; ε(B) = ε(tempSet);}
else{for p = 1, 2, . . . , |B| do

repSet=replace(B(p),possibleWalks(j));
if(ε(repSet) > ε(B) and repSet meets
(21c)&(21d)){
B=repSet; ε(B) = ε(repSet);}
end if
end for}

end if
end for

constraint. Although it is a centralized algorithm that is difficult
to be directly applied in practice, Algorithm 1 can be given as a
revelation or reference.

IV. PERFORMANCE EVALUATION

In this section, numerical results are presented to explore the
performance limit of the frequency-switchable routing protocol
B in a dynamic MI-WUSN with diverse parameters. These
parameters used in the simulations are the same as those used
in Sections II and III. Specifically, one sink and N underground
sensors are deployed in a square area with a fixed size, where
one sensor node is chosen to be the origin. Further, we randomly
initialize all adjacency matrices Aωlts for these sensor nodes,
whose entries represent the number of transferable packets be-
tween two nodes with operating frequency ωl, l ∈ {0, 1, . . . , L}
from time instant ts to ts+1, s ∈ {0, 1, . . . ,M − 1}. Moreover,
to highlight the impact of routing, the residual energy E0 of
every sensor except the origin is initially set to be limited 30 and
reduces 1 when the sensor forwards a packet.

Fig. 3 demonstrates the network throughput of our routing, in
terms of the total number of packets successfully transmitted
to the sink within permissible duration, by averaging 1000
randomly generated multilayer network. Network throughput
is roughly increasing with N , as shown in Fig. 4. This obser-
vation makes sense, since more nodes can introduce more relay
selections into MI-WUSN, which likely results in more walks
from the origin to the sink. Meanwhile, we find that network

Fig. 3. Network throughput versus the number of underground
sensors.

Fig. 4. Network throughput versus L and M .

throughput is low and its growing trend is not obvious when L
or M is small. That is because small L and M mean short run
duration and low-frequency-switch ability, respectively, which
prevents the emergence of more feasible links. To further illus-
trate how these system parameters of our routing are affecting
the performance, the network throughput for diverse L and M is
shown in Fig. 4. It is observed that network throughput increases
with L and M and gradually reaches a steady state due to the
energy and bandwidth constraints, which can help us build a
lower cost network.

From the above, the frequency selectivity is originating from
those point-to-point channels or links, which are affected by
the secondary magnetic field from the eddy of conductive ob-
jects. That is, the fluctuations in link quality can measure the
impact of frequency selectivity to some extent. GivenL = 6 and
M = 5, we then illustrate the network throughput with varying
link-quality volatility K, which is in terms of the ratio of the
difference between the maximum and minimum throughputs
to the maximum value, as shown in Fig. 5. Therein, the link
average quality is assumed to be same. It is observed that the
network throughput quickly increases with K. That is because
bigger K means greater differences in link quality formed by
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Fig. 5. Network throughput versus link-quality volatility K.

Fig. 6. Network throughput versus connectivity α.

different operating frequencies. These differences not only limit
the application of traditional routing, but also provide space for
our frequency-switchable routing to be applied.

Fig. 5 makes an attempt to demonstrate the impact of link
quality and ignores the connectivity. In fact, the connectivity is
one of the most important concepts for routing designing. To
introduce the effect of frequency selectivity, the connectivity α
is defined as the feasible-link ratio in a planar graph formed
from the superposition of different frequency and time layers
Gωt. Fig. 6 illustrates the trend of the network throughput of
the frequency-switchable routing protocol with α. The number
of sensors is set to N = 5, the operating frequency band to
L = 6, and the time during to M = 5. It can be seen that
the throughput becomes progressively larger with increasing
values of α. This makes sense because the sensor node has
more feasible path choices. Moreover, the performance of
our frequency-switchable routing is significantly better than

traditional routing where the dynamic MI-WUSN is equivalent
to a single-frequency network. That is because the real connec-
tivity of the single-frequency MI-WUSN is far below α. In a
word, exploring the performance limit shows a great potential
of our frequency-switchable routing protocol.

V. CONCLUSION

In this article, we studied the frequency-switchable routing
design in the MI-WUSN to start a discussion about the sens-
ing routing design of MI-WPUSN. Considering the frequency-
selective property, we first mapped the dynamic MI-WUSN into
a multilayer network. Then, based on our constructed multilayer
model, we took the network throughput and energy consumption
into account and formulated the frequency-switchable routing
decision problem in dynamic MI-WUSN as a constrained op-
timization problem. Further, we adopted a centralized solution
algorithm to explore the performance limit of our frequency-
switchable routing design by simulations.
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