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Abstract—An increasing number of low-power Internet of
Things (IoT) devices will be widely deployed in the near
future. Considering the short-range communication of low-
power devices, multi-hop transmissions will become an important
transmission mechanism in IoT networks. It is crucial for low-
power devices to transmit data over long distances via multi-
hop in a low-delay and reliable way. Small-world characteristics
of networks indicate that the network has an advantage of a
small Average Shortest-path Length (ASL) and a high Average
Clustering Coefficient (ACC). In this paper, a new IoT routing
mechanism considering small-world characteristics is proposed
to reduce the delay and improve the reliability. The ASL
and ACC are derived for performance analysis of small-world
characteristics in IoT networks based on Cayley graphs. Besides,
the reliability and delay models are proposed for Small-World
IoT based on Cayley grapHs (SWITCH). Simulation results
demonstrate that SWITCH has lower delay and better reliability
than that of conventional Nearest Neighboring Routing (NNR).
Moreover, the maximum delay of SWITCH is reduced by 50.6%
compared with that by NNR.

Index Terms—Internet of Things (IoT), small-world character-
istics, Cayley graphs, delay, reliability.

I. INTRODUCTION

ACCORDING to Ericsson’s forecast, there will be approx-
imately 31.4 billion devices connected to the Internet by

2023 and 15.1 billion will be low-power devices for short-
range communications [1]. Internet of Things (IoT) commu-
nications will have a wide range of applications, such as
smart transportations, smart homes, smart grids, etc [2] [3]. A
main challenge is to design the wireless networks to meet the
requirements of the IoT traffic [4] [5]. It is crucial to provide
a low end-to-end delay for many mission critical applications,
such as telerobotic surgery, factory automation [6]. However,
due to channel impairment, critical data may be delayed or lost
during transmissions in IoT scenarios. These mission critical
IoT communication systems have stringent Quality of Service
(QoS) requirements and reliable data transmissions [7] [8].
It is difficult for low-power devices to transmit data to the
destination in single hop because of the long transmission

Yuna Jiang, Xiaohu Ge (Cooresponding author) and Yi Zhong are with
School of Electronic Information and Communications, Huazhong University
of Science and Technology, Wuhan 430074, Hubei, P.R. China e-mail:
xhge@mail.hust.edu.cn.

Guoqiang Mao is with the School of Electrical and Data Engineering,
University of Technology Sydney, Sydney, NSW 2007, Australia.

Yonghui Li is with the School of Electrical and Information Engineering,
The University of Sydney, Sydney, NSW 2000, Australia.

Copyright (c) 2019 IEEE. Personal use of this material is permitted.
However, permission to use this material for any other purposes must be
obtained from the IEEE by sending a request to pubs-permissions@ieee.org.

distance and channel attenuation [9] [10]. Therefore, multi-hop
transmissions will become important transmission technique in
IoT communication systems. A fundamental problem in wire-
less multi-hop networks is to determine whether the signals
should be routed over many short hops or a smaller number
of longer hops. Generally, the long hop transmission is suitable
for delay-sensitive applications and the short hop transmission
is preferred for applications with low transmission power
[11]. In IoT networks, minimizing power consumption and
achieving low end-to-end delay are both important to ensure
successful end-to-end transmissions, which cannot be achieved
via pure long hop network or pure short hop networks. Small-
world characteristics indicate that a number of hops can be
greatly reduced by adding some shortcuts into the networks.
[12]. By exploring small-world characteristics, low power
devices can transmit data through short hops for saving energy
and at the same time the added shortcuts can reduce the total
delay. Thus, it is crucial to design the IoT routing schemes
harnessing small-world characteristics.

The network with small-world characteristics has an advan-
tage of a small average shortest-path length (ASL) and a high
average clustering coefficient (ACC) [13]. With the small ASL,
the data can be transferred between two nodes with reduced
delay and energy consumption. A large ACC helps the data
to be spread more widely across the network [12]. The small-
world network model was first proposed by Watts and Strogatz
and has later been known as Watts and Strogatz (WS) model.
In this model, the network is first constructed by using the
vertex ring and each edge is then rearranged with a certain
probability which can be adjusted to control the conversion
between the regular network and the small-world network
[14]. However, the rearrangement of each edge in the WS
model may damage the network connectivity. Newman and
Watts proposed a new Newman and Watts (NW) small-world
model in which edges are randomly added between pairs of
selected vertices so that no edges are removed from the loop
lattice [15]. The NW model enables networks to exhibit small-
world characteristics by adding a small number of shortcuts
into networks.

The small-world characteristics of wireless networks was
studied in [16]–[21]. In [16], Zheng proposed a model to
capture small-world characteristics of wireless networks. This
model enables the flexible data rate in the proposed network
model with social relationships which make nodes more likely
to communicate with nearby nodes. In [17] [18], the concept
of small-world network was extended to a two-layer hetero-
geneous network in which shortcuts are added between data
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aggregators. The proposed heterogeneous network architecture
enabled machines to communicate through shortcuts rather
than the long concatenation of multi-hop transmissions to
reduce the transmission delay and improve the throughput
of the wireless network. A data dissemination method based
on community perception was proposed in [19] by exploring
the distinct small-world characteristics. It can reduce the
delay and increase the transmission data rate. The correlation
model of Base Station (BS) spatial traffic characteristics was
established based on the large-scale measurement data set and
numerical results showed that it exhibits the characteristics of
fractal and small-world [20]. A small-world model of delay
optimization was proposed for the BS caching network, which
reduces the average delay by decreasing the average hop count
[21]. The above studies explore small-world characteristics
in designing wireless networks. But there have been fewer
works in designing IoT routing schemes utilizing small-world
characteristics in the open literatures.

There exist many studies investigating the delay of IoT
networks [22]–[27]. A routing scheme which aims to reduce
the energy consumption as well as end-to-end delay of Indus-
trial IoT systems was proposed in [22]. A new event-aware
backpressure scheduling scheme was designed to enhance the
real-time performance of IoT networks [23]. A differentiated
service based data routing scheme was proposed in [24],
which intelligently selects the optimal routing according to the
delay requirement of traffic. An unequal clustering algorithm
was proposed to solve the problem of unbalanced energy
consumption and delay in wireless sensor networks (WSNs)
[25]. The delay in large scale networks have been analyzed
by combining the stochastic geometry and queueing theory
[26], [27]. Nevertheless, the above studies mainly focused on
improving the delay and do not analyze the reliability of IoT
networks. The reliability of IoT networks was studied in [6],
[28]–[30]. An emergency response IoT routing protocol based
on global information decision was proposed to ensure the
reliability of data transmission and the efficiency of emergency
response in IoT networks [6]. However, the proposed scheme
makes decisions based on global information, leading to heavy
computation cost. A joint clustering and routing protocol was
proposed to achieve reliable data collection in large-scale
WSNs and the relationship between clustering and routing was
analyzed [28]. A new zone-based efficient routing protocol
was proposed in [29] to realize efficient data transmission
without affecting reliability. A heuristic ant colony algorithm
combining local exploration was proposed to meet the require-
ment of a specified minimum reliability level at the lowest
deployment cost in WSNs [30]. However, these works only
focus on accommodating the reliability of IoT networks, and
do not consider the problem of large end-to-end delay caused
by inherent structures. Nevertheless, the delay also depends on
the reliability of networks and it is difficult to reduce delay and
improve network reliability simultaneously in IoT networks.

To tackle this problem, this paper proposes a new IoT
routing mechanism considering small-world characteristics
based on Cayley graphs [31], [32]. In terms of small-world
characteristics of IoT networks, some shortcuts should be
added into IoT networks to reduce the total delay. However,

how to add shortcuts into IoT networks is a challenge.
The shortest routing with uniform loads between nodes with
shortcuts should be considered to achieve the low latency and
reliability of IoT networks. Bringing Cayley graphs generated
by transpositions into network modeling allows the shortest
routing with uniform loads between nodes [32]. Shortcuts
are added into IoT networks based on Cayley graphs which
enables the nodes with shortcuts to communicate with each
other through the shortest routing with uniform loads. In view
of small-world characteristics, we analyze performance of the
proposed IoT routing mechanism.

The main contributions of this paper are summarized as
follows:

1) Based on the Cayley graph theory, a new IoT routing
mechanism is proposed. ASL and ACC of IoT networks are
derived to quantitatively analyze the performance of the small-
world characteristics.

2) Based on ASL and ACC of IoT networks, the reliability
and delay are investigated for Small World IoT based on
Cayley grapH (SWITCH).

3) Compared with Nearest Neighboring Routing (NNR), the
proposed SWITCH has lower delay and higher reliability than
that of NNR. Specifically, the maximum delay of SWITCH is
reduced by 50.6%.

This paper is organized as follows: Preliminaries about Cay-
ley graphs are introduced in section II. The system model of
the IoT network based on Cayley graph is described in Section
III. The ASL and ACC of IoT networks based on Cayley
graph are derived in Section IV. Moreover, the small-world
characteristics of IoT networks are validated by simulations.
The reliability and delay of SWITCH are derived in Section V.
Simulation results are given in Section VI. Finally, conclusions
are drawn in Section VII.

II. PRELIMINARIES

In this section, the basics of the group and the Cayley graph
are introduced. A group is an algebraic structure consisting
of a set of elements that meet certain combinatorial rules.
Combinatorial rules (often called multiplication) can be the
expansion of ordinary multiplication, matrix multiplication or
the interchange of two elements. In the permutation group
Q, the elements are different permutations of n integers
{1, 2, 3, · · · , n}. There are n! permutations in the permutation
group Q. The Cayley graph cay(Q) is generated by permu-
tations on {1, 2, 3, · · · , n}, where the nodes in cay(Q) are
elements in Q and edges connecting two nodes represent the
interchange operations between two elements. The star graph
is one kind of Cayley graphs. The nodes in the star graph
Sn are in the interchange form of (p1, ps) denoting that the
symbol ps is replaced by the symbol p1, where the symbol p1

represents the first number of the element and ps represents
the s-th number of the element [32].
Sn,k is a general expression of the star graph, where

n and k (1 ≤ k ≤ n − 1) are parameters determining
the size of the star graph. The number of nodes in the
star graph Sn,k is N = n!/(n − k)! and the node de-
gree is n − 1. A star graph Sn,k can be regarded as a
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combination of n mutually disjoint star subgraphs Sn−1,k−1.
A node V in the star graph Sn,k can be expressed as
p1p2 · · · ps · · · pk and the node set of the star graph Sn,k is
{p1p2 · · · ps · · · pk|ps ∈ {1, 2, . . . , n}, ps 6= pt for s 6= t}. The
adjacent nodes of the node V = p1p2 · · · ps · · · pk are de-
fined according to two rules, to be explained shortly later,
and are expressed as Vs and Vx respectively. The forma-
tion rules of Vs and Vx are shown below [33]: 1) Vs =
psp2 · · · ps−1p1ps+1 · · · pk(2 ≤ s < k) (swapping p1 with ps);
2) Vx = pxp2 · · · pk, where px ∈ {k + 1, k + 2, · · · , n}. For
example, the node V in the star graph S7,4 is expressed as
1234. According to the first formation rule, the adjacent nodes
of the node V are 2134, 3214, 4213. According to the second
formation rule, the adjacent nodes of the node V are 6234,
7234, 5234. Hence, adjacent nodes of the node V in the star
graph S7,4 are 2134, 3214, 4213, 6234, 7234, 5234.

III. SYSTEM MODEL

A. Deployment of nodes

Nodes of IoT networks can be classified into two classes:
one is the super nodes (SNs) which support long-range trans-
missions, the other is the regular nodes (RNs) which only
support short-range transmissions. SNs usually have two or
more radios and stronger hardware capabilities than that of
RNs. For example, some IoT devices with stronger transmis-
sion power can be considered as SNs and other IoT sensors
with smaller transmission power can be considered as RNs in
intelligent plants. Aimed at the characteristic of the star graph
that allows the shortest routing with uniform load between
nodes, the topology of SNs is configured as the star graph in
this paper. Nodes of the star graph are SNs and the connected
edges of the star graph are communication links between SNs.
Every SN in the IoT network has a unique identity number
denoted by the corresponding element in the node set of the
star graph Sn,k.

Consider the communication range, such as the deployment
area of a smart factory. All SNs are deployed on a disk with the
radius R, as shown in Fig. 1. According to the characteristics
of the star graph that the star graph Sn,k can be regarded as
the combination of n star subgraphs Sn−1,k−1, the circular
communication area is divided into n sectors with radian Ω =
2π/n and there are connected edges among sectors. The SNs
of each sector are also deployed on an inner disk and the inner
disk radius r of each sector is given as

r =
R sin(π/n)

1 + sin(π/n)
. (1)

In the two-dimensional Cartesian coordinate system shown
in Fig. 1, the deployment areas with the number of n star
subgraphs Sn−1,k−1 are the continuous and non-overlapping
sectors centered at the origin with an angle Ω. The coordinate
of the inscribed disk center in the first sector can be given as
O1 = (r/ tan(π/n), r). The inscribed disk center coordinates
Om(1 < m ≤ n) of other sectors can be obtained by
counterclockwise rotating the coordinates of O1 by an angle
of Ω× (m− 1). The radius of the inscribed disk is scaled by
a proportion ∆ in order to prevent the overlap of deployed
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Fig. 1. Deployment of SNs (Taking the star graph S4,2 as an example).

nodes. The radius of the scaled disk is r′ = ∆ × r and
the center coordinate of the scaled disk is the same as the
center coordinate of the inscribed disk. SNs are deployed
uniformly on the scaled disk with the center Om and a radius
r′. For the entire deployment area, SNs are not distributed
uniformly. The distance between adjacent nodes in each sector
is l = 2r′ sin(π/n). The node A1 in the first sector is placed
on the extension line connecting the origin and the point O1.
The convenience of this process is that A1 can rotate the same
angle as O1 to obtain Am and Om in other sectors.
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Fig. 2. Communication links between SNs (Taking the star graph S4,2 as
an example).
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Fig. 1 shows the deployment of SNs, which takes the star
graph S4,2 as an example. According to the star graph S4,2, the
entire circular communication area is divided into four sub-
areas, each of which is a sector with a radian of π/2. In each
sub-area, there are three SNs which are uniformly distributed
on the disk with Om as the center and r′ as the radius.
Therefore, the locations of SNs can be obtained if the center
and radius of the circular region as well as the structure of the
corresponding star graph are determined. Meanwhile, each SN
is assigned an identity number, and the identity numbers of
SNs within the same sub-area have the same value of the last
number. Finally, the topological relationship between SNs is
established based on the connection rules of the star graph.
Fig. 2 shows the connection situation after SNs are deployed
based on the star graph S4,2 where the identity numbers are
randomly assigned to the SNs in each sub-area. Considering
that the star graph allows the shortest routing with uniform
load between nodes [32], SNs can communicate with each
other through the shortest routing with uniform load in Fig.
2. Consider that only a few SNs need to be deployed in the
communication area based on the proposed topology, smart
factories can deploy SNs in their plants to help IoT sensors
transmit in a long distance.

B. IoT Network Framework

The system model of IoT network is shown in Fig. 3. SNs
are selected based on the formation rules of the star graph
Sn,k. SNs are fixed in a disk with the radius R. Hence, the
star graph only includes SNs, each with a unique identity.
Moreover, in this paper SNs are configured with the long-
range transmission capability and RNs are configured with the
short-range transmission capability. In Fig. 3, the connected
edges represent communication links between SNs. RNs are
assumed to be governed by a homogeneous Poisson point
process with parameter λRN [9]. When the source regular node
(SRN) communicates with the destination regular node (DRN),
the SRN first needs to determine whether to adopt SWITCH
or the traditional NNR. If the SRN and DRN are very close
to each other and the number of hops with NNR is smaller
than that obtained using SWITCH, the SRN transmits to the
DRN directly. Otherwise, the SRN first selects the nearest
SN named source super node (SSN) for data transmission.
The SSN transmits data to the destination super node (DSN)
which is closest to the DRN. Finally, the DSN transmits data
to the DRN. Based on the star graph in Fig. 3, the shortest
routing with uniform load among SNs is established for data
transmission.

C. Routing Strategy

Based on the system model in Fig. 3, the data of SRN
is first transmitted to the nearest SSN through multi-hop
transmissions. One of typical multi-hop schemes is the NNR
scheme [30]. Considering only the short-range communication
capability in RNs, the NNR scheme is adopted for trans-
missions between SRN and SSN. Furthermore, the routing
from SSN to DSN can be established by the star graph Sn,k
considering the long-range communication capability of SNs.

x

y

SN

RN SRN DRN

Inter-area link Intra-area link Transmission link

SSN DSN

SRN

DRN 

SSN
s

D
DSN

s D

Fig. 3. IoT communication network framework based on star graph Sn,k .

Based on the node symmetry of the star graph Sn,k, an identity
number of a SN Et in the Fig. 3 can be mapped to the
new identity number of the SN which is denoted as Ek by
the renaming function [32]. Considering routings between the
SSN and DSN, the identity number of DSN EDSN is mapped
to a new identity number of SN EDSN

k = 1, 2, . . . , k by
the renaming function M(•), i.e., M (EDSN) = EDSN

k and
the identity number of SSN is mapped to a new identity
number of renamed SSN denoted as M (ESSN) = ESSN

k .
Routings between the SSN and DSN in the original graph
are isomorphic to routings between the SN with the identity
number ESSN

k and another SN with the identity number EDSN
k

in the renamed graph. Based on the shortest routing scheme
of star graphs [33], the minimum hop number between the
SSN and DSN can be obtained. The DSN transmits data to
the DRN based on the NNR scheme after the data arrives at
the DSN. In the end, the data is transmitted from the SRN to
the DRN.

D. Channel Model

In this paper, a simple one-packet one-transmission (1P1T)
protocol is configured for IoT networks [35]. All nodes are
required to synchronize and adopt the time division multiple
access protocol. That is, only one node i.e., RN or SN can
transmit in each time slot over the source-relay-destination
link. Moreover, the channels of SNs are orthogonal to each
other. Hence, a node can only be interfered by other RNs
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which are not located along the source-relay-destination link
[36]. The data transmission from the node u to the node v is
successful if the signal-to-interference-plus-noise ratio (SINR)
of receiver node is higher than a specified threshold. The SINR
of the receiver node is expressed as

γuv =
Pud

−α
uv |huv|

2

PI

∑
a∈Υv

Iav + σ2
z

, (2)

where Pu is the transmit power of node u, duv is the distance
between nodes u and v, α is the path loss exponent, Iav is
the interference received by node v, σ2

z is the noise power, PI

is the transmission power from interference nodes which are
assumed to be the same for all interference nodes, h is the
small-scale fading coefficient with zero mean complex Gaus-
sian distribution of unit variance and its amplitude follows a
Rayleigh distribution, Υv is a set of inter-route interference
nodes from RNs.

IV. SMALL-WORLD CHARACTERISTICS OF IOT
BASED ON CAYLEY GRAPHS

The IoT networks with small-world characteristics have
small ASL and high ACC [13]. A small ASL means that a
few hops are configured to transmit data between two nodes,
which reduces delay and energy consumption in IoT networks.
The high ACC means that the data can be spreaded widely
across IoT networks [12]. In this section, the small-world
characteristics of IoT networks based on Cayley graphs are
investigated by being compared with the IoT networks without
the added shortcuts. Moreover, the ASL and ACC of SWITCH
are derived for performance analysis.

A. Average Shortest-path Length

The ASL is the average number of hops required for data
transmission from the source node to the destination node.
Based on Fig. 3, the NNR scheme and the star graph Sn,k
are adopted to form a new routing for the proposed small-
world IoT based on Cayley graphs. The NNR scheme aims
to guarantee the link quality of every hop by minimizing the
hop distance [34]. The RN always chooses the nearest RN
in the sector with the angle Φ as the next hop along the
direction to the destination. In this paper, the RNs are assumed
to be governed by a homogeneous Poisson point process with
parameter λRN [37]. The distance between the RN and its
nearest RN in the sector with the angle Φ is denoted as rRN.
The probability distribution function of rRN is expressed as
[34]

Pr {rRN ≤ x} = 1− e−
λRNΦx2

2 . (3)

The average value of rRN is E (rRN) =
√

π
2λRNΦ . The distance

of each hop projected to the straight line between the SRN and
DRN is denoted as X , and the average value of X is expressed
as

E(X) = E (rRN) η(Φ)

= E (rRN)
2

Φ
sin

(
Φ

2

)
, (4)

where η(Φ) = E[cosφ] = 2
Φ

∫ Φ
2

0
cosφdφ = 2

Φ sin Φ
2 is the

path efficiency, representing the ratio of Euclidean distance to
actual propagation distance [38]. The parameter φ(|φ| ≤ Φ/2)
is the emission angle of the source-destination link. L1 and
W1 are the distance and hop number between the SRN and
SSN, respectively. L2 and W2 are the distance and hop number
between the DRN and DSN, respectively. W1 and W2 are
expressed as

W1 =
L1

E (rRN) 2
Φ sin

(
Φ
2

) , (5)

W2 =
L2

E (rRN) 2
Φ sin

(
Φ
2

) . (6)

The minimum number of hops from SSN to DSN can be
obtained based on the shortest routing scheme of the star graph
Sn,k [33]. The star graph Sn,k has the shortest routing with a
uniform load, which should be analyzed to explain why the star
graph Sn,k is used to establish routings among SNs. The vertex
forwarding factor is used to measure the maximum paths going
through the node which is also called the load of the node
when the shortest routing is adopted. In the Cayley graph cay,
there exists a shortest routing in which the load of each node
v known as the vertex forwarding factor is equal to ζ(Cay) =∑
v,u∈V,v 6=u w(u, v) − (n − 1), where w(u, v) refers to the

hop number from the node u to v [32]. ζ( Cay ) is a constant
for any nodes in the Cayley graph when n is determined,
which explains that the Cayley graph has the shortest routing
with a uniform load between nodes. Considering SNs selected
by Cayley graph in SWITCH, there exists a shortest routing
with the uniform load among SNs. The maximum value of the
minimum hop number between two nodes in the star graph
Sn,k is expressed as [33]

D(n, k) =

{
2k − 1, k ≤ bn/2c

b(n− 1)/2c+ k, k ≥ bn/2c+ 1
(7)

The number of transmission hops from SSN to DSN can be
denoted as D(n, k). Then, the ASL of SWITCH is expressed
as

WSWITCH = W1 +W2 +D(n, k). (8)

Since the distance between the SRN and DRN is 2
√

2R, the
ASL of NNR is expressed as

WNNR =
2
√

2R

E (rRN) 2
Φ sin

(
Φ
2

) . (9)

B. Average Clustering Coefficient

The clustering coefficient indicates the clustering degree
of nodes in IoT networks. Supposing that the node v in the
IoT network has b neighbor nodes which can communicate
with node v. Many communication links exist among neigh-
bor nodes of node v when neighbor nodes of node v can
communicate with each other. The number of communication
links existing among neighbor nodes of the node v is denoted
as δ. The clustering coefficient of the node v is expressed as
[21]

Cv =
2δ

b(b− 1)
. (10)
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Then, the ACC of IoT networks can be expressed as

Cav =
1

M

M∑
v=1

Cv, (11)

where M is the total number of nodes in the IoT network.
Corollary 1: In NNR, the ACC can be expressed as

CNNR =
E(rRN)∫

0

[
2
π arccos

(
xd

2E(rRN)

)
− xd

√
4[E(rRN)]2−xd2

2π[E(rRN)]2

]
2xd

[E(rRN)]2
dxd

, (12)

where xd is the distance from the RN vR to neighbor RNs.
Proof: See Appendix A
Theorem 1: If the number of SNs deployed in the IoT

network is N , then the ACC of SWITCH can be expressed
as

CSWITCH

= MRCNNR

MR+N + 2N(δR+eS)
(bR+n−1)(bR+n−2)(MR+N)

, (13)

where MR is the number of RNs in the IoT network,
eS (0 ≤ eS ≤ n− 2) is the number of communication links
existing among neighbor SNs of the SN vS, bR is the number
of neighbor RNs of the RN vR, δR is the number of commu-
nication links existing among neighbor RNs of the RN vR.

Proof: See Appendix B
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Fig. 4. RN density as function of ACC based on SWITCH and NNR.

Fig. 4 shows the RN density as function of the ACC based
on SWITCH and NNR. The ACC of SWITCH increases with
the RN density λRN. The ACC of NNR is independent on the
RN density λRN. When the RN density is fixed, the ACC of
SWITCH is less than the ACC of NNR. When the RN density
λRN increases, the ACC of SWITCH gradually approaches to
the ACC of NNR.

Fig. 5 shows the RN density as function of the ASL based
on SWITCH and NNR. The ASL increases with the RN
density λRN. The ASL of NNR is obviously higher than the
ASL of SWITCH. The gap between the ASL of NNR and
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Fig. 5. RN density as function of ASL based on SWITCH and NNR.

that of SWITCH grows with the RN density λRN. Based on
the results in Fig. 4 and Fig. 5, the ACC of SWITCH is
approximately equal to that of NNR and the ASL of SWITCH
is obviously lower than that of NNR when the RN density λRN

grows. Considering the distinguishing features of small-world
networks, SWITCH exhibits small-world characteristics.

V. MODELING OF RELIABILITY AND DELAY

In this section, the reliability and delay models of SWITCH
are derived based on the ASL and ACC of IoT networks.

A. Reliability Model

1) The success probability: The success probability of
data transmission is the probability that the receiving node
successfully decodes the data from the transmitting node. The
data can be successfully decoded if the SINR of the receiving
node is larger than or equal to a given threshold β. The
success probability of data transmission at the receiving node
is expressed as

ρ (duv) = Pr (γuv ≥ β) . (14)

The interference received at the receiving node j is expressed
as

Iv =
∑
a∈Υv

d−αav |hav|
2
, (15)

where Υv is a set of inter-route interference nodes which
are assumed to be governed by a uniform Poisson point
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process with parameter λI. The success probability of data
transmission at the receiving node v is expressed as [35]

ρ (duv,Υv,Pu) = Pr (γuv ≥ β)

= Pr

{
|huv|2 <

βdαuv
(∑

a∈Υv
PIIav + σ2

z

)
Pu

}

= Pr

{
|huv|2 <

βdαuvσ
2
z

Pu
+

∑
a∈Υv

PIIavβd
α
uv

Pu

}
= exp

(
−βd

α
uvσ

2
z

Pu

)
× EIv

[ ∏
a∈Υv

exp

(
−PIIavβd

α
uv

Pu

)]

= exp

(
−βd

α
uvσ

2
z

Pu
− λIqα

(
PI

Pu
β

) 2
α

d2
uv

)
,

(16)
where qα = πΓ(1 + (2/α))Γ(1− 2/α).

In SWITCH, the channels of SNs are orthogonal to each
other. The interference received at the receiving nodes is
mainly the inter-route interference from the RNs which are not
located at the source-relay-destination link. The transmitting
power of RNs is PRN. The transmitting power of SNs is con-
figured as PSN = εPRN(ε > 0). The distance Llong between
SNs in different sub-areas is within the region 0 < Llong ≤
2R(1 + ∆ sin(π/n))/(1 + sin(π/n)). The distance between
SNs in different sub-areas has little effect on the success
probability of data transmission, because the noise power over
channels is small and the interference is ignored between SNs.
Hence, Llong is approximately to the maximum value and is
expressed as Llong = 2R(1 + ∆ sin(π/n))/(1 + sin(π/n))
in this paper. The number of transmission hops within the
sub-area is denoted as c1 and the number of transmission
hops between sub-areas is denoted as c2. In both cases of
transmissions between RNs and transmissions from RN to SN,
the receiving nodes suffer from inter-route interference. In both
cases of transmissions between SNs and transmissions from
SN to RN, the inter-route interference can be ignored due
to orthogonality between SNs [39]. Thus, the total success
probability of SWITCH is given by

ρSWTTCH = [ρ (E (rRN) ,Υv, PRN)]
W1+W2−1

× ρ (E (rRN) ,Θ, PSN)× [ρ (l,Θ, PSN)]
c1

× [ρ (Llong,Θ, PSN)]
c2

, (17)

where Θ is an empty set. In NNR, WNNR is the ASL between
the SRN and DRN. The total success probability of NNR can
be expressed as

ρNNR = ρ (E (rRN) ,Υv, PRN)
WNNR . (18)

2) Reliability factor: In this paper, the reliability factor
of IoT networks is configured as the upper bound of the
probability that each hop succeeds in decoding data when
at most G retransmissions are allowed for each data packet.
The transmitting node is assumed to transmit data with the
probability ` which is independent of other nodes. When the
ACC of node v is large, the nodes communicating with the
node v have a large probability to communicate with each
other based on the definition of ACC. Moreover, the node v
with a higher ACC has a larger probability ` to transmit data.

Hence, the probability ` is proportional to the ACC value of
nodes and can be expressed as ` = $Cav($ > 0). The upper
bound of the probability that the receiving node successfully
decodes data with at most G retransmissions is given by [40]

Ps,max = 1− (`q + 1− `)G+1, (19)

where q = 1− ρ (duv,Υv,Pu).
In IoT networks, the number of faulty nodes is denoted as f

which increases over time with a constant failure rate a [41].
Hence, f is expressed as [41]

f = M
(
1− e−aτTs

)
, (20)

where Ts is the number of time intervals. Each time interval is
assumed to include τ consecutive time slots. The non-failure
probability of nodes is derived by

Γ = 1− f

M
= e−aτTs . (21)

For each hop, the reliability factor is expressed as

Re = Ps,maxΓ. (22)

In SWITCH, the topology of SNs has the shortest routing
with a uniform load. In this case, SNs are assumed to have
the same non-failure probability of ΓSN = e−a1τTs . RNs are
assumed to be governed by a homogeneous Poisson point
process in this paper. The non-failure probability of each RN is
assumed to be equal to ΓRN = e−a2τTs . The reliability factor
of SWITCH is

ReSWITCH =
(
PRN−RN

s,max ΓRN

)W1+W2−1

×
(
P SN−SN,l

s,max

)c1 × (P SN−SN,Llong
s,max

)c2
× P SN−RN

s,max (ΓSN)
c1+c2+1

, (23)

where PRN−RN
s,max ,P SN−SN,l

s,max ,P SN−SN,Llong
s,max and P SN−RN

S,max are the
upper bounds of probabilities for receiving nodes to success-
fully decode data in four cases, i.e., transmissions between
RNs, transmissions between SNs in inter-subarea, transmis-
sions between SNs in intra-subarea and transmissions between
the SN and RN. Similarly, the reliability factor of NNR can
be expressed as

ReNNR =
(
PNNR

s,maxΓRN

)WNNR
, (24)

where PNNR
s,max is the upper bound of probability that the RN

successfully decodes data with at most G retransmissions.

B. Delay Model

The delay from the transmitting node to the next hop is
denoted as t1. The delay of the acknowledgement (ACK) or
negative acknowledgement (NACK) signals transmitted from
the receiving node to the transmitting node is denoted as t2.
Then, the delay of a retransmission is expressed as t1 + t2,
where t1 and t2 include the transmission delay and processing
delay [42]. When the number of retransmissions from the node
u to the node v is denoted as Cuv , the average delay of one
hop is expressed as

Tt (duv) = E [Cuv] t1 + (E [Cuv]− 1) t2, (25)
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where E [Cuv] is the average value of Cuv . In the ARQ
mechanism, the number of retransmissions Cuv is a geometric
random variable for each hop. For the given distance duv ,
E [Cuv] can be expressed as

E [Cuv] =
1

ρ (duv)
. (26)

Substituting (26) into (25), the single hop delay in IoT
networks is given by

Tt (duv) =
t1 + t2
ρ (duv)

− t2. (27)

For a given multi-hop link of IoT networks, the average delay
is

Tt(d) = W

(
t1 + t2
ρ (duv)

− t2
)
, (28)

where W is the ASL.
In SWITCH, the delay from the SRN to the SSN is denoted

as T1, the delay from the SSN to the DSN is denoted as T2

and the delay from the SRN to the SSN is denoted as T3.
T1,T2 and T3 are given by

T1 = W1
t1 + t2

ρ (E (rRN) ,Υv, PRN)
−W1t2, (29)

T2 =
c1 (t1 + t2)

ρ (l,Θ, PSN)
+

c2 (t1 + t2)

ρ (Llong,Θ, PSN)
− (c1 + c2) t2, (30)

T3 =
(W2 − 1) (t1 + t2)

ρ (E (rRN) ,Υv, PRN)
+

t1 + t2
ρ (E (rRN) ,Θ, PSN)

−W2t2

. (31)

The delay of SWITCH is

TSWITCH = T1 + T2 + T3

=
(W1 +W2 − 1) (t1 + t2)

ρ (E (rRN) ,Υv, PRN)
+

c1 (t1 + t2)

ρ (l,Θ, PSN)

+
c2 (t1 + t2)

ρ (Llong,Θ, PSN)
+

t1 + t2
ρ (E (rRN) ,Θ, PSN)

−WSWITCHt2

,

(32a)

WSWITCH = W1 +W2 + c1 + c2. (32b)

The ASL of NNR is derived by (9), the delay of NNR can be
derived by substituting (9) into (28) and then be expressed as

TNNR = WNNR

(
t1 + t2

ρ (E (rRN) ,Υv, PRN)
− t2

)
. (33)

VI. NUMERICAL RESULTS

To analyze the performance of SWITCH, numerical simu-
lations are performed. The routing among SNs in simulations
is based on the star graph S4,2. The default parameter config-
uration is shown in the Table 1 [9] [35].

Fig. 6 shows the success probability of data transmission as
function of the power ratio E considering different interference
intensities. Without loss of generality, the sector angle Φ is

TABLE I
PARAMETER SETTINGS

Parameter Value
Transmitting power of RN PRN = 30dBm

Interference power PI = 20dBm
Noise power σ2

z = −55dBm
Path loss coefficient α = 3

SINR target β = 0dB
Time required to transmit data t1 = 50µs

Transmission time of ACK or NACK signals t2 = 10µs
Radius R = 50m

Failure rate of SNs a1 = 1.299× 10−7

Failure rate of RNs a2 = 5.299× 10−7

Relationship coefficient between ` and ACC $ = 1
Time interval Ts = 200

Maximum number of retransmissions per hop G = 8
Number of time slots in one time-interval τ = 8

configured as Φ = π/3 in the following simulations. The SRN
is located at (−R,−R) and the DRN is located at (R,R).
When the power ratio is fixed, the success probability of data
transmission decreases with the increase of the interference
intensity. When the interference intensity is fixed, the success
probability of data transmission increases with the increase
of power ratio E . When the power ratio ε ≥ 3, the success
probability of data transmission keeps a stable value. Based
on the above result, the relationship between PRN and PSN

is configured as PSN = 3PRN to analyze the stable success
probability of data transmission in the following simulations.
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Fig. 6. Success probability of data transmission as function of power ratio
considering different interference intensities (λRN = 0.2).

Fig. 7 shows the success probability of data transmission
as function of the ASL considering different interference
intensities. When the relationship between the interference
intensity and the density of RNs is fixed, the success prob-
ability of data transmission decreases with the increase of
ASL. Since the increase of ASL leads to the increase of the
interference intensity, which reduces the success probability
of data transmission.

Fig. 8 shows the delay as function of the ASL considering
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Fig. 7. Success probability of data transmission as function of ASL consid-
ering different interference intensities.
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Fig. 8. Delay as function of ASL considering different noise power.

different noise power in SWITCH. Without loss of generality,
the interference intensity is configured as λI = λRN/8000 in
the following simulations. When the noise power is fixed, the
delay grows linearly with the ASL as the processing delay
increases with the increase of the ASL. Moreover, the delay
increases with the increase of noise power when the ASL
is fixed, due to the fact that the number of retransmissions
increases with the growth of noise power.

Fig.9 shows the reliability factor as function of the ACC
considering different ASLs in SWITCH. When the ASL is
fixed, the reliability factor grows with the increase of ACC.
When the ACC is larger than 0.6, the reliability factor ap-
proaches to 0.97, 0.98 and 0.99 when the ASL is configured
as 30, 20 and 10, respectively. When the ACC is fixed, the
reliability factor decreases with the increase of ASL.

Monte-Carlo simulations are conducted to compare
SWITCH with NNR. Fig. 10 shows the reliability factor as
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Fig. 9. Reliability factor as function of ACC considering different ASL.

function of the RN density λRN considering different sector
angles Φ. When Φ is fixed, the reliability factor decreases with
the increase of RN density. Moreover, the reliability factor of
SWITCH is higher than the reliability factor of NNR. When
the RN density is fixed, the reliability factor decreases with
the increase of Φ.

Fig. 11 shows the delay as function of the RN density λRN

considering different sector angles Φ. When Φ is fixed, the
delay increases with the increase of λRN. Moreover, the delay
of SWITCH is lower than the delay of NNR. When λRN is
fixed, the delay increases with the increase of Φ. Compared
with the maximum delay of NNR, simulation results indicate
that the maximum delay of SWITCH has been decreased by
50.6%.
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Fig. 10. Reliability factor as function of RN density considering different
sector angles.
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VII. CONCLUSION

In this paper, a new routing mechanism based on small-
world characteristics was proposed for IoT networks. To build
shortcuts in the routing strategies, a Cayley graph model was
developed for IoT networks with different node transmission
capabilities. Utilizing the metrics of ASL and ACC, the small-
world characteristics of IoT networks based on Cayley graphs
were analyzed and compared. Furthermore, the reliability and
delay models were proposed for SWITCH based on ASL and
ACC. Simulation results verified that SWITCH has small-
world characteristics. Moreover, SWITCH has lower delay and
higher reliability than that of NNR. Specifically, the maximum
delay of SWITCH is reduced by 50.6% compared with the
maximum delay of NNR. As a consequence, SWITCH pro-
vides a low-delay and high reliable routing mechanism for data
transmission in IoT networks. However, as the number of RNs
scales up, the transmission data and consumed power of SNs
have to be increased. How to balance the energy efficiency and
transmission efficiency of SNs in IoT network with SWITCH
solution remains a challenge. In the future, we will investigate
how to improve the energy efficiency of IoT networks while
ensuring low-delay and high-reliability.

APPENDIX A
PROOF OF COROLLARY 1

In NNR, the number of neighbor RNs of the RN vR is
denoted as bR, the number of communication links existing
among neighbor RNs of the RN vR is denoted as δR. For the
RN vR, bR can be expressed as bR = λRNπ [E (rRN)]

2
=

π2/2Φ. The effects of boundary are not considered in this
paper. The probability distribution of the distance xd is derived
by

Fv (xd) =
πx2

d

π [E (rRN)]
2 , for 0 ≤ xd ≤ E (rRN) . (34)

Then the probability density function of the distance xd is
expressed as

fv (xd) =
2xd

[E (rRN)]
2 , for 0 ≤ xd ≤ E (rRN) . (35)

The RN v1 and the RN v2 are two neighbor RNs of the RN
vR. Configuring two disks with the same radius E (rRN) and
centers vR and v1, respectively, the overlap area of two disks
is

Sv1∩vR

= 2 arccos
(

xd

2E(rRN)

)
[E (rRN)]

2 − xd

√
4[E(rRN)]2−x2

d

2

.

(36)
The probability that v2 falls in the overlap area Sv1∩vR is

Pr1 =
Sv1∩vR

π [E (rRN)]
2

=
2 arccos

(
xd

2E(rRN)

)
π

−
xd

√
4 [E (rRN)]

2 − x2
d

2π [E (rRN)]
2

. (37)

The probability that the distance between v1 and v2 is less
than E (rRN), i.e., the probability that v1 can communicate
with v2, is

Pr2 =

E(rRN)∫
0

Pr1 · fv(xd)dxd. (38)

The number of communication links δR is

δR =
(
bR
2

)
Pr2. (39)

The clustering coefficient of the RN vR is

CRN =
2δR

bR (bR − 1)
= Pr2. (40)

Hence, the ACC of NNR is

CNNR =
1

MR

MR∑
RN=1

CRN, (41)

where MR = λRN(2R)2 is the number of RNs in the IoT
network, the proof is completed.

APPENDIX B
PROOF OF THEOREM 1

In SWITCH, the number of neighbor nodes including RNs
and SNs of the SN vS is denoted as bS. The number of
communication links existing among neighbor nodes of the
SN vS is denoted as δS. bS and δS are expressed as

bS = bR + n− 1, (42)

δS = δR + eS. (43)

The ACC of SWITCH is derived by

CSWITCH =
MRCNNR

MR +N
+

2NδS
bS (bS − 1) (MR +N)

. (44)

The proof is completed.



11

ACKNOWLEDGMENT

The authors would like to acknowledge the support from
National Key R&D Program of China (2016YFE0133000).

REFERENCES

[1] Fredrik Jejdling. (Jun. 2018). Ericsson Mobility Report.
[Online]. Available: https://www.ericsson.com/assets/local/mobility-
report/documents/2018/ericsson-mobility-report-june-2018.pdf

[2] Ali A, Shah G A, Farooq M O, et al., “Technologies and challenges
in developing Machine-to-Machine applications: A survey,” Journal of
Network and Computer Applications, vol. 83, pp. 124–139, Apr. 2017.

[3] X. Ge, “Ultra-Reliable Low-Latency Communications in Autonomous
Vehicular Networks,” IEEE Transactions on Vehicular Technology,
Publication online, DOI: 10.1109/TVT.2019.2903793.

[4] Y. Zhong, X. Ge, H. H. Yang, T. Han and Q. Li, “Traffic Matching in 5G
Ultra-Dense Networks,” IEEE Communications Magazine, vol. 56, no. 8,
pp. 100–105, August 2018.

[5] Y. Zhong, G. Wang, T. Han, M. Wu and X. Ge, “QoE and Cost for
Wireless Networks With Mobility Under Spatio-Temporal Traffic,” IEEE
Access, vol. 7, pp. 47206–47220, 2019.

[6] Qiu T, Lv Y, Xia F, et al., “ERGID: An Efficient Routing Protocol
for Emergency Response Internet of Things,” Journal of Network and
Computer Applications, vol.72, pp. 104–112, Sept. 2016.

[7] VeRNa R, Agrawal A, et al., “Machine-to-Machine (M2M) communica-
tions: A survey,” Journal of Network and Computer Applications, vol. 66,
pp. 83–105, May. 2016.

[8] L. Xiang, D. W. Kwan-Ng, X. Ge, Z. Ding, V. W.S. Wong, and R.
Schober, “Cache-Aided Non-Orthogonal Multiple Access,” IEEE Jour-
nal of Selected Topics in Signal Processing, Publication online, DOI:
10.1109/JSTSP.2019.2907864.

[9] S. Huang, Z. Wei, X. Yuan, Z. Feng and P. Zhang, “Performance Charac-
terization of Machine-to-Machine Networks With Energy Harvesting and
Social-Aware Relays,” IEEE Access, vol. 5, pp. 13297–13307, 2017.

[10] L. Xiang, Xiaohu Ge, C.-X. Wang, Frank Y. Li and Frank Reichert,
“Energy Efficiency Evaluation of Cellular Networks Based on Spatial
Distributions of Traffic Load and Power Consumption,” IEEE Transac-
tions on Wireless Communications vol. 12, no. 3, pp.961–973, March.
2013.

[11] Jung H, Lee I H, “Performance Analysis of Millimeter-Wave Multi-
hop Machine-to-Machine Networks Based on Hop Distance Statistics,”
Sensors, vol. 18, Jan. 2018.

[12] Qiu T, Luo D, Xia F, et al., “A greedy model with small world for
improving the robustness of heterogeneous Internet of Things,” Computer
Networks, vol.101, pp. 127–143, Jun. 2016.

[13] O. J. Pandey and R. M. Hegde, “Low-Latency and Energy-Balanced
Data Transmission Over Cognitive Small World WSN,” IEEE Transac-
tions on Vehicular Technology, vol. 67, no. 8, pp. 7719–7733, Aug. 2018.

[14] Watts D J, Strogatz S H, “Collective dynamics of ’small-world’ net-
works,” Nature, pp. 440–442, June. 1998.

[15] M.E.J. Newman, D.J. Watts, “Renormalization group analysis of the
small-world network model,” Physics Letters A, vol. 263, pp. 341-346,
Dec. 1999.

[16] K. Zheng, J. Zhang, S. Yao, W. Wu, X. Wang and C. Peng, “Impacts
of Social Relationships and Inhomogeneous Node Distribution on the
Network Performance,” IEEE Transactions on Wireless Communications,
vol. 15, no. 8, pp. 5467–5479, Aug. 2016.

[17] S. Lin, L. Gu and K. Chen, “Statistical Dissemination Control in Large
Machine-to-Machine Communication Networks,” IEEE Transactions on
Wireless Communications, vol. 14, no. 4, pp. 1897–1910, April 2015.

[18] L. Gu, S. Lin and K. Chen, “Small-world networks empowered large
machine-to-machine communications,” IEEE Wireless Communications
and Networking Conference (WCNC), Shanghai, 2013, pp. 1558–1563.

[19] T. Qiu, X. Liu, K. Li, Q. Hu, A. K. Sangaiah and N. Chen, “Community-
Aware Data Propagation with Small World Feature for Internet of
Vehicles,” IEEE Communications Magazine, vol. 56, no. 1, pp. 86–91,
Jan. 2018.

[20] C. Yuan, Z. Zhao, R. Li, M. Li and H. Zhang, “The Emergence of
Scaling Law, Fractal Patterns and Small-World in Wireless Networks,”
IEEE Access, vol. 5, pp. 3121–3130, 2017.

[21] Z. Wang, M. Peng, D. Chen, Y. Li and J. Zhou, “Delay-optimized small
world model for base station caching,” IEEE 26th Annual International
Symposium on Personal, Indoor, and Mobile Radio Communications
(PIMRC), Hong Kong, 2015, pp. 1447–1452.

[22] N. B. Long, H. Tran-Dang and D. Kim, “Energy-Aware Real-Time
Routing for Large-Scale Industrial Internet of Things,” IEEE Internet of
Things Journal, vol. 5, no. 3, pp. 2190–2199, June 2018.

[23] T. Qiu, R. Qiao and D. O. Wu, “EABS: An Event-Aware Backpressure
Scheduling Scheme for Emergency Internet of Things,” IEEE Transac-
tions on Mobile Computing, vol. 17, no. 1, pp. 72–84, 1 Jan. 2018.

[24] M. Huang, A. Liu, T. Wang, et al., “Green Data Gathering under
Delay Differentiated Services Constraint for Internet of Things,” Wireless
Communications and Mobile Computing, vol. 2018, pp. 1–23, Feb. 2018.

[25] X. Feng, J. Zhang, C. Ren and T. Guan, “An Unequal Clustering
Algorithm Concerned With Time-Delay for Internet of Things,” IEEE
Access, vol. 6, pp. 33895–33909, 2018.

[26] Y. Zhong, M. Haenggi, F. Zheng, W. Zhang, T. Q. S. Quek, and W.
Nie, “Toward a Tractable Delay Analysis in Ultra-dense Networks,” IEEE
Communication Magazine, vol. 55, no. 12, pp. 103–109, Dec. 2017

[27] Y. Zhong, X. Ge, T. Han, Q. Li, and J. Zhang, “Tradeoff between Delay
and Physical Layer Security in Wireless Networks,” IEEE Journal on
Selected Areas in Communication, vol. 36, no. 7, pp. 1635–1647, July
2018.

[28] Z. Xu, L. Chen, C. Chen and X. Guan, “Joint Clustering and Routing
Design for Reliable and Efficient Data Collection in Large-Scale Wireless
Sensor Networks,” IEEE Internet of Things Journal, vol. 3, no. 4, pp.
520–532, Aug. 2016.

[29] M. Zhao, I. W. Ho and P. H. J. Chong, “An Energy-Efficient Region-
Based RPL Routing Protocol for Low-Power and Lossy Networks,” IEEE
Internet of Things Journal, vol. 3, no. 6, pp. 1319–1333, Dec. 2016.

[30] D. S. Deif and Y. Gadallah, “An Ant Colony Optimization Approach for
the Deployment of Reliable Wireless Sensor Networks,” IEEE Access,
vol. 5, pp. 10744–10756, 2017.

[31] S. Zhou, X. Li, J. Li and D. Wang, “Reliability Assessment of Multi-
processor System Based on (n,k)-Star Network,” IEEE Transactions on
Reliability, vol. 66, no. 4, pp. 1025–1035, Dec. 2017.

[32] Heydemann M C. “Cayley graphs and interconnection networks,” Graph
symmetry, vol. 497, 1997

[33] Chiang W K, Chen R J. “The ( n, k )-star graph: A generalized star
graph,” Information Processing, vol.56, pp. 259–264. 1995.

[34] M. Xie, W. Zhang and K. Wong, “A geometric approach to improve
spectrum efficiency for cognitive relay networks,” IEEE Transactions on
Wireless Communications, vol. 9, no. 1, pp. 268–281, January 2010.

[35] D. Hu, J. Wu and P. Fan, “Minimizing End-to-End Delays in Linear
Multihop Networks,” IEEE Transactions on Vehicular Technology, vol.
65, no. 8, pp. 6487–6496, Aug. 2016.

[36] Xiaohu Ge, K. Huang, C.-X. Wang, X. Hong, and X. Yang, “Capacity
analysis of a multi-cell multi-antenna cooperative cellular network with
co-channel interference,” IEEE Transactions on Wireless Communica-
tions, vol. 10, no. 10, pp.3298–3309, Oct. 2011.

[37] J. Chen, Xiaohu Ge, Q. Ni, “Coverage and Handoff Analysis of 5G
Fractal Small Cell Networks,” IEEE Transactions on Wireless Communi-
cations, Vol 18, Issue 2, pp. 1263–1276, Feb. 2019.

[38] M. Haenggi, “On routing in random Rayleigh fading networks,” IEEE
Transactions on Wireless Communications, vol. 4, no. 4, pp. 1553–1562,
July 2005.

[39] Xiaohu Ge, Y. Sun, H. Gharavi and J. Thompson, “Joint Optimization
of Computation and Communication Power in Multi-user Massive MIMO
Systems,” IEEE Transactions on Wireless Communications, Vol. 17, No.
6, pp. 4051–4063, June 2018.

[40] R. Vaze, “Throughput-Delay-Reliability Tradeoff with ARQ in Wireless
Ad Hoc Networks,” IEEE Transactions on Wireless Communications, vol.
10, no. 7, pp. 2142–2149, July 2011.

[41] X. Li, S. Zhou, X. Xu, L. Lin and D. Wang, “The Reliability Analysis
Based on Subsystems of (n,k) -Star Graph,” IEEE Transactions on
Reliability, vol. 65, no. 4, pp. 1700–1709, Dec. 2016.

[42] Y. Zhong, T. Quek, Xiaohu Ge, “Heterogeneous Cellular Networks with
Spatio-Temporal Traffic: Delay Analysis and Scheduling,” IEEE Journal
Selected Areas Communications, Vol.35, No.6, pp.1373–1386, June, 2017.



12

Yuna Jiang received the B.E. degree in commu-
nications engineering from the China University of
Mining and Technology, Xuzhou, China, in 2017.
She is currently working toward the Ph.D. degree
with the School of Electronic Information and Com-
munications, Huazhong University of Science and
Technology. Her research interests are Internet of
Things and blockchain technology.

Xiaohu Ge (M’09-SM’11) is currently a full Pro-
fessor with the School of Electronic Information and
Communications at Huazhong University of Science
and Technology (HUST), China. He is an adjunct
professor with the Faculty of Engineering and Infor-
mation Technology at University of Technology Syd-
ney (UTS), Australia. He received his PhD degree in
Communication and Information Engineering from
HUST in 2003. He has worked at HUST since Nov.
2005. Prior to that, he worked as a researcher at
Ajou University (Korea) and Politecnico Di Torino

(Italy) from Jan. 2004 to Oct. 2005. His research interests are in the area
of mobile communications, traffic modeling in wireless networks, green
communications, and interference modeling in wireless communications. He
has published more than 200 papers in refereed journals and conference
proceedings and has been granted about 25 patents in China. He received the
Best Paper Awards from IEEE Globecom 2010. Dr. Ge served as the general
Chair for the 2015 IEEE International Conference on Green Computing and
Communications (IEEE GreenCom 2015). He serves as an associate editor for
IEEE Wireless Communications, IEEE Transactions on Vehicular Technology
and IEEE ACCESS, etc.

Yi Zhong (S’12-M’15) received his B.S. and Ph.D.
degree in Electronic Engineering from University of
Science and Technology of China (USTC) in 2010
and 2015 respectively. From August to December
2012, he was a visiting student in Prof. Martin
Haenggi’s group at University of Notre Dame. From
July to October 2013, he was an research intern with
Qualcomm Incorporated, Corporate Research and
Development, Beijing. From July 2015 to December
2016, he was a Postdoctoral Research Fellow with
the Singapore University of Technology and Design

(SUTD) in the Wireless Networks and Decision Systems (WNDS) Group led
by Prof. Tony Q.S. Quek. Now, he is an assistant professor with School of
Electronic Information and Communications, Huazhong University of Science
and Technology, Wuhan, China. His main research interests include hetero-
geneous and femtocell-overlaid cellular networks, wireless ad hoc networks,
stochastic geometry and point process theory.

Guoqiang Mao (S’98-M’02-SM’08-F’18) joined
the University of Technology Sydney in February
2014 as Professor of Wireless Networking and Di-
rector of Center for Real-time Information Net-
works. Before that, he was with the School of Elec-
trical and Information Engineering, the University
of Sydney. He has published about 200 papers in
international conferences and journals, which have
been cited more than 5000 times. He is an editor
of the IEEE Transactions on Wireless Communica-
tions (since 2014), IEEE Transactions on Vehicular

Technology (since 2010) and received “Top Editor” award for outstanding
contributions to the IEEE Transactions on Vehicular Technology in 2011,
2014 and 2015. He is a co-chair of IEEE Intelligent Transport Systems Society
Technical Committee on Communication Networks. He has served as a chair,
co-chair and TPC member in a large number of international conferences. He
is a Fellow of IEEE and IET.

His research interest includes intelligent transport systems, applied graph
theory and its applications in telecommunications, Internet of Things, wireless
sensor networks, wireless localization techniques and network performance
analysis.

Yonghui Li (M’04-SM’09-F’19) received his PhD
degree in November 2002 from Beijing University of
Aeronautics and Astronautics. From 1999 to 2003,
he was affiliated with Linkair Communication Inc,
where he held a position of project manager with
responsibility for the design of physical layer solu-
tions for the LAS-CDMA system. Since 2003, he
has been with the Centre of Excellence in Telecom-
munications, the University of Sydney, Australia.
He is now a Professor in School of Electrical and
Information Engineering, University of Sydney. He

is the recipient of the Australian Queen Elizabeth II Fellowship in 2008 and
the Australian Future Fellowship in 2012.

His current research interests are in the area of wireless communications,
with a particular focus on MIMO, millimeter wave communications, machine
to machine communications, coding techniques and cooperative communica-
tions. He holds a number of patents granted and pending in these fields. He is
now an editor for IEEE transactions on communications and IEEE transactions
on vehicular technology. He was also the guest editor for IEEE JSAC Special
issue on Millimeter Wave Communications for Future Mobile Networks.
He received the best paper awards from IEEE International Conference on
Communications (ICC) 2014, IEEE PIMRC 2017, and IEEE Wireless Days
Conferences (WD) 2014. He is Fellow of IEEE.


	I INTRODUCTION
	II PRELIMINARIES
	III SYSTEM MODEL
	III-A Deployment of nodes
	III-B IoT Network Framework
	III-C Routing Strategy
	III-D Channel Model

	IV SMALL-WORLD CHARACTERISTICS OF IOT BASED ON CAYLEY GRAPHS
	IV-A Average Shortest-path Length
	IV-B Average Clustering Coefficient

	V MODELING OF RELIABILITY AND DELAY
	V-A Reliability Model
	V-A1 The success probability
	V-A2 Reliability factor

	V-B Delay Model

	VI NUMERICAL RESULTS
	VII Conclusion
	Appendix A: Proof of Corollary 1
	Appendix B: Proof of Theorem 1
	References
	Biographies
	Yuna Jiang
	Xiaohu Ge
	Yi Zhong
	Guoqiang Mao
	Yonghui Li


