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Abstract Wireless Smart Utility Network Field Area Network (Wi-SUN FAN) is a technical specification of Wi-SUN that
introduces multi-hop machine-to-machine transmission for advanced smart city infrastructure. Wi-SUN FAN uses the Internet
Protocol Version 6 (IPv6) Routing Protocol for Low-Power and Lossy Network (RPL) as the routing protocol and expected
transmission count (ETX) as the routing metric to build multi-hop networks. ETX is used to convert number of communications
into a link metric, which measures the quality of communication between nodes. This metric measures the relative distance to the
root node via adjacent nodes to determine the parent node. However, this method of determining link metrics may cause nodes to
frequently change their parents. If a node selects a parent with poor link quality, the communication reliability deteriorates;
therefore, each node must appropriately select a candidate parent node. This paper presents the transmission characteristics of Wi-
SUN FANSs and highlights the problems of conventional link metrics. Based on this, a novel method is proposed for calculating
the link metric. The performed computer simulations verified the superiority of the proposed metric when the packet generation
rate remained unaffected by the generation of control frames that switched the parent nodes. Furthermore, the transmission success
rate of the media access control (MAC) frame was experimentally measured in an office building using Wi-SUN FAN
communication modules based on the proposed method. The evaluation confirmed that the proposed link metric improved the
minimum MAC frame transmission success rate by 24.2% and the average success rate by 10.4%.

Index Terms—Expected transmission count, IEEE 802.15.4, IPv6 Routing Protocol Low-Power and Lossy Network, received signal level,
Wireless Smart Utility Network Field Area Network

Smart utility network (SUN) is one of the wireless
communication standards for IoT based on the IEEE
802.15.4 international standard for personal area network
(PAN) [3]; it is characterized by low power consumption,
low cost, and low data rate communication performance
[2][3]. SUN uses a frequency band below 1 GHz, referred to
as Sub-1 GHz in the physical layer, which enables long-
distance transmission ranging from several hundred meters
to several kilometers with a power of approximately 20 mW
[4]. Furthermore, carrier-sense multiple access with collision
avoidance (CSMA/CA) is used in the media access control

I. INTRODUCTION!

HE Internet of Things (IoT) enriches society by

collecting parameters from sensors and meters of
various devices via wireless networks; the collected data are
used to improve services and generate new applications
[1][2]. The future of IoT is expected to include the
installation of measurement instruments, such as sensors,
meters, and monitors equipped with numerous wireless
devices, over a wide area for data collection. Therefore, a

wireless communication technology that can satisfy various (MA.C ) layer t.o avoid radio wave 1nterf§rence be.tween
demands according to usage models, such as low power terminals and improve transmission efficiency. Wireless

consumption, extended communication distance, high smart utility network (Wi'SUN)’ bgsed on the physical and
transmission success rate, low manufacturing cost, smaller MAC layers that are compliant le[h I,EEE 802.15.4 SUN,
devices, and low latency, is essential adds communication and authentication methods to the
’ ’ upper layer to realize various IoT applications. The technical
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specifications and interoperability test specifications of Wi-
SUN are determined by Wi-SUN Alliance, and multiple
profiles have been established for various IoT applications
[2]. Among them, the Wi-SUN for field area network (Wi-
SUN FAN) [5]-[8] connects various measurement devices
installed indoors and outdoors in a mesh-like configuration
using multi-hop routing, necessary for building social
infrastructure, such as smart meters and smart cities. Fig. 1
shows the basic configuration of Wi-SUN FAN. The Wi-
SUN FAN, which is a PAN, constructs a destination-oriented
directed acyclic graph (DODAG) using three types of nodes:
border router (BR), router, and leaf. BR is the root node of a
DODAG and access to wide area network (WAN). A router
can have a parent node and child nodes, and it generates and
forwards packets. A leaf is a terminal node without a child
node and has minimal functionality, such as packet-
generation, transmission, and reception [6]—[8].

In May 2016, Wi-SUN FAN was standardized by Wi-
SUN Alliance as Wi-SUN FAN 1.0 for technical
communication specifications [7], and Wi-SUN FAN 1.0
was further standardized as IEEE 2857 in June 2021 [6][8].
Hereafter, we refer to Wi-SUN FAN 1.0 as Wi-SUN FAN,
which defines layers 1 to 4 of the Open Systems
Interconnection (OSI) reference model [6]. The Sub-1 GHz
frequency band was used in the physical layer, and SUN
frequency shift keying (FSK) with data rates of 50, 100, and
150 kbps standardized in IEEE 802.15.4-2015 was adopted.
In addition to CSMA/CA standardized in IEEE 802.15.4-
2015, frequency hopping (FH), a technology that prevents
interference by switching the band used by each node at
specific intervals, was adopted in the MAC layer [6]-[8]. In
the network layer, the Internet Protocol Version 6 (IPv6)
Routing Protocol for Low-Power and Lossy Network (RPL),
a routing protocol that enables multi-hop communication
compatible with [Pv6 communication, was adopted [9]. This
enables multi-hop routing in more than 20 stages [6][7], and
data collection from remote devices to the BR by using other
wireless devices as routers. Even when direct
communication with the BR is not possible, the blind zones
can be reduced via multi-hop. Since May 2016, various
studies on Wi-SUN FAN have been conducted based on its
technical specifications [10]-[13]. Some parts of the Wi-
SUN FAN system are to be introduced by users into the radio
integrated circuit (IC) as a mandatory standard, and some
parts can be freely changed by vendors to compete the
transmission characteristics. Currently, Wi-SUN FAN is
mostly used for fixed SUN, such as smart meter and other
applications, and various parameters are set for these
applications. However, other applications using multi-hop
are also increasing. Therefore, the determination of vendor-
dependent, changeable parameters for such purposes is
needed. In this study, we focused on one of these changeable
parameters related to RPL. In this study, we focused on
reliable and high-speed methods for building Wi-SUN FAN
multi-hop networks; we developed efficient methods for
changing the connected node when the communication

quality between nodes deteriorates after a multi-hop network.

The findings of this study are expected to increase the
number of vendor-dependent items in Wi-SUN FAN. In
addition, new standardization corresponding to new
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Fig. 1. Basic configuration of Wi-SUN FAN.

applications are expected to be started. Furthermore, this

paper can also be used as a starting point for research and

development to improve the transmission characteristics of
new multi-hop networks.

In RPL—the routing protocol adopted in Wi-SUN FAN—
the rank is defined as an indicator of the relative distance
from the BR to each node in the DODAG (Fig. 1) using
control messages between nodes. To avoid network loops
and construct an appropriate DODAG, nodes that are closer
to the BR than themselves are autonomously selected as
parent nodes. This process is repeated to build a very large
multi-hop network. In Wi-SUN FAN, a method for selecting
parent nodes based on minimum rank with hysteresis
objective function (MRHOF) [14] is defined.

In the MRHOF, each node uses an index called link metric
to determine and select a parent node to connect to. As link
metrics, Wi-SUN FAN primarily uses: 1) the exponentially
weighted moving average (EWMA) of the received signal
level (RSL) for routing, which is a measure of received
power, and 2) the EWMA of the expected transmission count
(ETX), which is a measure of communication success rate
[6]-[8]. The RPL using MRHOF with ETX is suitable for
selecting links with higher communication quality than
routing with hop count as the link metric. However, the
parent node is frequently changed owing to biases in link
quality estimation [15]. Moreover, nodes often select low-
quality links during parental changes, which deteriorates
communication reliability [16]. However, these evaluations
correspond to RPL without Wi-SUN FAN, and whether the
same problems are observed in Wi-SUN FAN is unclear. If
this is the case, new link metrics and other methods are
required to improve the transmission characteristics;
however, no such proposal has been made thus far. In this
study, the following three features were considered to
develop a stable and reliable Wi-SUN FAN.

e We evaluated the packet transmission success rate and
transmission delay characteristics of Wi-SUN FAN
based on the link metric MRHOF, which uses RPL
defined in Wi-SUN FAN 1.0, by computer simulation.
We determined that when the transmission characteristics
deteriorate owing to the existing parent node, the change
in node requires time, leading to the deterioration of
overall transmission characteristics.



This article has been accepted for publication in IEEE Open Journal of Vehicular Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/0JVT.2025.3534842

e Wedeveloped a novel link metric that updates the routing
to the appropriate parent when the communication
reliability with the existing parent node is low.

o The effectiveness and feasibility of the proposed method
was verified by evaluating: 1) the packet transmission
success rate and packet transmission delay characteristics
using computer simulations and 2) the MAC frame
transmission success rate using Wi-SUN FAN devices.

Many scholars attempted to develop reliable methods of
configuring multi-hop networks for Wi-SUN FAN. For
example, Junjalearnvong et al. [10] developed a method to
reduce construction time by optimizing the frequency of
generating frames joining the network. Mizutani et al. [11]
compared the performances of packet transmission success
rates for different protocols between Wi-SUN FAN and
time-synchronized channel hopping in FH. Furthermore,
Hirakawa et al. [12] reported improvement in the packet
transmission success rate by limiting the number of child
nodes connected to each node in the RPL of the SUN FAN
network layer. Lee and Chung [13] proposed a scheduling
method to reduce latency while maintaining the unicast-to-
broadcast throughput ratio in Wi-SUN FAN. However, to the
best of our knowledge, no researcher has attempted to
improve the transmission characteristics using a link metric,
and multi-hop communication that involves RPL has not
been experimentally evaluated using both computer
simulations and actual equipment using the Wi-SUN FAN
protocol stack. Therefore, the findings of this study can
effectively contribute to the efficient implementation of Wi-
SUN FANSs for smart city infrastructure.

The remainder of this paper is organized as follows. The
specification of Wi-SUN FAN are described in Section II. In
Section III, the fundamental transmission characteristics of a
Wi-SUN FAN multi-hop network with RPL are analyzed via
computer simulations in terms of packet transmission
success rate and transmission delay time. Additionally, the
factors contributing to the degradation of the transmission
characteristics are discussed. In Section I'V, the proposed link
metric that updates the destination to the appropriate parent
node when communication with the existing parent node
becomes unstable is described. The improvement in
transmission characteristics and their evaluation with respect
to a multi-hop routing scheme using the proposed link metric
are discussed based on computer simulations. In Section V,
the verification of the effectiveness of the proposed scheme
using actual equipment is discussed. Finally, the study is
concluded in Section VI .

II. WI-SUN FAN

A. Protocol Stack

Fig. 2 depicts the protocol stack of Wi-SUN FAN, which
defines layers 1-4 of the OSI reference model; details of each
layer are described in [6]. Wi-SUN FAN uses various
methods, such as CSMA/CA and FH, to prevent interference
between each wireless device [6]. Herein, these wireless
devices are referred to as nodes.
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Fig. 2. Protocol stack of the Wireless Smart Utility Network
Field Area Network (Wi-SUN FAN).

B. FH

During FH, each node receives a frequency channel
corresponding to an individually assigned channel schedule.
Wi-SUN FAN employs two transmission modes for channel
scheduling, namely, unicast and broadcast schedules [6]-[8].
Unicast schedules are generated based on the MAC address
of a node and differ for each node. The unicast schedule
specifies a receiving channel for each time interval, referred
to as the unicast dwell interval (UDI). Furthermore, as
unicast schedules are shared among the nodes, each node can
understand the unicast schedules of its adjacent nodes.

Broadcast schedules are generated based on a value unique
to the PAN, referred to as the broadcast schedule identifier
(BSI). BSI is advertised to all nodes in the PAN and is
common among the nodes belonging to that PAN.
Furthermore, the common channel defined in the broadcast
schedule is used by all nodes. Both the broadcast and unicast
switches are operated at regular intervals, with a duration of
one cycle defined by the broadcast interval (BI). The
broadcast schedule updates the receiving channel for each
cycle, and the time interval during which broadcasts are
performed is defined as the broadcast dwell interval (BDI).
Each node prioritizes receiving the channel specified in the
broadcast schedule over a unicast schedule. However, the
unicast schedule is prioritized over the broadcast schedule in
the time durations outside BDI.

C. RPL
1) Network Model

In RPL, as shown in Fig. 1, the BR collects data from the
nodes in the PAN and transmits the collected data to the
WAN. The router can have a parent and child nodes in
addition to BR, whereas a leaf does not have child nodes.
Each node calculates the link and routing metrics using a
certain method and determines the parent node to be
connected using the calculation results of these metrics. Each
node transmits a predefined control frame to BR through the
determined parent node. The BR returns a receipt notice
regarding each parent node determined by each node.
Subsequently, a routing table is constructed to transmit
information from BR to each router and leaf. Each node
completes route construction by receiving a receipt notice
from BR.
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2) Control Frame

RPL uses the following four control frames to form the
topology [6]-[9].

e  DODAG Information Solicitation (DIS): This frame
is broadcast at regular intervals to request a DODAG
Information Object (DIO) frame from a node not
connected to the network.

e  DIO: This frame is broadcast at intervals determined
by a trickle timer [17] used to select a parent and
maintain the routing table. The node that receives the
DIS frame shortens its transmission interval.

. Destination Advertisement Object (DAO): A frame
unicasts a node’s own parent information to BR at
regular intervals. This frame is transmitted after a
certain period has elapsed or when a node changes its
parent node.

e DAO Acknowledgement (DAO-ACK): An
acknowledgement frame that confirms the receipt of
the DAO frame when BR receives it. The BR
transmits this unicast frame to the node from which
DAO is sent.

3) Link Metric and Routing Metric

A routing metric is used to evaluate and optimize the path
from each node to BR. As explained in Section I, Wi-SUN
FAN employs MRHOF [6], [13] that uses EWMA of RSL
and ETX for parent selection. If the values of RSL and ETX
are in a particular time series, X (¢ = 0,1,2...), then each
EWMA can be defined as follows:

Xewma(®) =S X))+ (1-5)

X(t—-1), M

where § denotes the smoothing factor. Its default value is set
to 18 in Wi-SUN FAN [8].

In Wi-SUN FAN, EWMA of RSL is calculated in the
range of 0 to 254 by adding a bias of 174 to the received
power ranging from -174 dBm to +80 dBm. Every packet
from which an ACK frame is returned is notified of the RSL
value, and the EWMA is updated each time the RSL value is
obtained.

ETX is a link metric that uses the success rate of
communication between nodes and can be defined as

Xgrx = 128-2, 2
S

where T denotes the number of transmission attempts, and S
indicates the number of ACKs received. The maximum value
of ETX is 1024, and the initial value of EWMA of ETX is
256. When over four frames have been transmitted and over
1 min has passed since the last update of the EWMA of ETX,
ETX is recalculated, and the EWMA of ETX is updated.
Based on the EWMA of ETX, each node calculates the path
cost and rank as an index for route selection.

The path cost is used to evaluate the path to BR. Each node
preferentially selects the path with the lowest path cost from
the list of parent node candidates using MRHOF. In Wi-SUN
FAN, the path cost can be calculated by summing the rank of
a parent node candidate and its EWMA of ETX up to each
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parent node. The path cost from node N to its parent
candidate x can be obtained as

Iy (k) = min{Xgwma (N, ) + 0(k), 32768}, (3)

where Xgywma (N, k) denotes the EWMA of ETX calculated
based on the communication success rate of node N with its
candidate parent k, and (k) represents the rank of the parent
candidate « obtained from DIO.

The rank is a measure of the distance required to
communicate with the BR in the PAN. As a node moves
away from the BR, its rank increases because the number of
multi-hops required to connect with it increases. In Wi-SUN
FAN, the rank of a node N can be calculated using its parent
node k, as follows:

o(N) =4, (N:BR)
o(N) = max[min{o(k) + 4, 65535}, 9y (k) |(N: Other),
“)

where A represents the minimum rank, which is 128 for Wi-
SUN FAN 1.0.

D. Route Selection

RPL route construction using the MRHOF exhibits a
hysteresis characteristic that prevents frequent route changes
owing to minute changes in metrics.

1) Uplink Route Construction
Initially, a list of candidate parent nodes is prepared for

each node; these parent nodes are neighboring nodes whose
EWMA of RSL exceeds a specific threshold. This list of
adjacent nodes is referred to as the parent candidate list.
Operations such as adding or deleting the adjacent node &
using node N from the parent candidate list are performed
based on the following conditional expressions with
hysteresis properties.

e Adding to the list of parent candidates:

Xewma(N,8) > X+ 7V + 2. (5)
e Deleting from the list of parent candidates:
Xewma(N,§) < X +7V -7, (6)

where Xpywma (N, €) represents the EWMA of RSL of the
neighboring node & of node N, X denotes a vendor-
dependent constant, ¥ indicates the threshold for adding the
candidate parent list, and Z represents the hysteresis
constant; in Wi-SUN FAN, ¥ = 10 and Z = 3.

Subsequently, each node calculates the path cost 9y (k)
based on the rank information g(x) obtained from DIO of the
parent candidate node k. Finally, the node selects a parent
node with the minimum path cost 9y (k) from the list of
parent candidates. The information of the selected parent
node is conveyed to BR using DAO via unicast. When the
path costs of the parent node or parent candidate nodes are
updated or a new parent candidate node is added, a node
reselects its parent node. Even if a parent candidate node x
exists with a lower path cost than the current parent node, the
node maintains the connection with the current parent if the
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difference between the path cost of the current and new
parents is less than a threshold of T.

2) Downlink Route Construction

To establish the downlink route, each node transmits a
neighbor solicitation (NS) to BR and registers its IPv6
address with the parent node. The BR specifies the downlink
route using the routing table and returns DAO-ACK to the
source node; the downlink route is completed when each
node receives DAO-ACK. If DAO-ACK is not received
within a certain period, the node retransmits DAO.

III. FUNDAMENTAL TRANSMISSION CHARACTERISTICS OF
Wi-SUN FAN

We used computer simulations to analyze the fundamental
transmission characteristics of the multi-hop network
constructed using RPL in Wi-SUN FAN in terms of
transmission success rate and transmission delay time of
packets. The factors influencing the degradation of
transmission characteristics are also discussed.

A. System Model Used for Computer Simulations

In the system model used for the simulations, 100 routers
were randomly placed in an area with length and width of
4000 m each. The height of each router was limited to 1-10
m. The BR was placed at a height of 3 m at the center of the
area. A total of 10 configurations were used to evaluate the
transmission characteristics. A packet transmission
simulation was performed for each arrangement. Data
packets were not generated for 500 s after initiating the
simulation, and routing was performed using RPL. Fig. 3
illustrates an example of router arrangement. After 500 s, the
transmission of the DAO frames, which were periodically
transmitted every 60 s, was interrupted to avoid collisions
with the data packets generated at each router; a total of 200
data packets were generated at fixed intervals. The generated
packets were forwarded to BR along the path constructed by
RPL. The transmission characteristics were evaluated for the
50th to 149th packets generated by each router. The
parameters used in the simulations are listed in Table 1.

B. Evaluation Index

In this study, we used the average transmission success
rate and average transmission delay time of packets as
evaluation indices. The transmission success rate denotes the
ratio of the number of packets successfully received at BR to
those originated at other nodes. The delay time represents the
time elapsed between the origin of a packet and its successful
reception at BR. We evaluated the average of the results for
each of the 10 router configurations.

C. Simulation Results

The program for the computer simulation was developed
using MATLAB R2023b [6]. The transmission success rate
characteristics and delay time of 100 Wi-SUN FAN nodes
with this simulator have been compared and verified with
experimental evaluation of actual devices in [6], wherein the
simulation and experimental results were in good agreement.

The packet generation frequency A can be defined as the
reciprocal of the transmission interval time of each router;
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TABLE I
PARAMETERS USED IN THE SIMULATION
Parameters Values
Number of routers 100
Node height 1-10 m
Transmission power 13 dBm
Data rate 150 kbps
Packet length 340 bytes
Capture ratio 13 dBm
RSSI threshold -90 dBm
Clear channel assessment (CCA) threshold -84 dBm
Packet buffer size 14
Unicast dwell interval (UDI) 0.25s
Broadcast interval (BI) 1s
Broadcast dwell interval (BDI) 0.1s
Number of FH channels 14
Minimum backoff exponent 4
Maximum backoff exponent 4
Maximum number of backoff 5
Maximum number of retransmissions 4
CCA duration 128 pus
Long inter-frame space (LIFS) 5.3 ms
ACK waiting duration 144 ms
ACK frame size 72 bytes
DIS sending interval 30s
DIS packet length 84 bytes
DIO trickle timer /;;, 1.024 s
DIO trickle timer I,y 7
DIO packet length 127 bytes
DAO sending interval 60 s
DAO packet length 145 bytes
Maximum number of DAO retransmissions 5
DAO retransmission interval S5s
DAO-ACK packet length 115 bytes
Threshold of T 96

Figs. 4 and 5 depict the transmission success rate and average
delay time considering A, respectively. Each router performs
carrier sensing before transmitting a packet and does not
transmit a packet if the bandwidth used for the transmission
is occupied by another router. Therefore, the time required
for transmission when the occupied bandwidth is used by
another router increases with an increase in A, thereby
deteriorating the transmission characteristics. Additionally,
when RPL is used for routing, one parent router may contain
several child nodes, which transmit packets to BR via the
parent router. When packets are transmitted from multiple
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child nodes at a high frequency, they are temporarily stored
in the transmission buffer of the parent node and sequentially
forwarded to BR. Therefore, packets tend to accumulate in
the buffer as 4 increases, thereby increasing the transmission
delay, which is the period from packet generation to
reception at BR.

Figs. 6 and 7 illustrate the result of the transmission
success rate and transmission delay time for each router at
A = 0.2, respectively. The average transmission success rate
and average delay time were 0.8528 and 1.6656 s,
respectively; however, the transmission characteristics were
divided into two groups depending on the position of the
router. Several routers on the lower side of BR exhibited a
transmission success rate of less than half, and the delay time
in most of these routers was approximately 10 s. Most of
these routers selected the router located at (1803 m,1528 m)
as the parent node, and several packets were discarded at this
router. However, the link metric (Section II) did not update
the route to BR as long as communication with the parent
node was successful. Therefore, the transmission
characteristics did not improved. This indicates that an
improved link metric that can instantly reroute when the
reduction in communication success rate is essential to
construct a highly reliable network.
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IV. MULTI-HOP ROUTING SCHEME BASED ON THE
PROPOSED LINK METRIC

As established previously, the link metrics that do not
change the parent node despite the deterioration in
transmission characteristics are one of the factors affecting
the deterioration of transmission characteristics owing to the
increased frequency of packet generation. To address this
problem, we proposed a novel link metric that updates the
destination to the appropriate parent node when
communication with the existing parent node is unreliable.
We evaluated the transmission characteristics of a multi-hop
routing scheme using the proposed link metric by computer
simulations. We compared the simulation results with those
obtained from the conventional multi-hop routing scheme
(Section III).

A. Proposed Link Metric

In the conventional Wi-SUN FAN, the link metric, ETX,
is calculated using (2). By contrast, the proposed link metric
can be represented by replacing (2) as follows:

128
Xprx = — (@ > 1)

. 7
Xgrx = min (li—glogw w, 1024) (@ <) )
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In case of (2) or (7), the maximum value of ETX is 1024 and
limited to a maximum of 10-bit integer values; the ETX are
calculated with fractions rounded down. Therefore, using (7)
instead of (2) does not change the complexity of the
calculator. The proposed link metric defines a target
transmission success rate, referred to as the threshold (). If
the success rate of MAC frames (@) > 1, ETX can be
calculated using (2), whereas the newly proposed formula is
applied if @ < . The initial value of the link metric is 256,
which corresponds to @ = 0.5.

In (2), the ETX increase ratio depends on 1/@ when the
communication success rate at the MAC layer decreases.
However, ETX does not increase much when the
communication quality degrades with an increase ratio of
1/w, and router change remains difficult. Therefore, to
encourage route changes, we used an increase ratio of
1/logw, which has a steeper gradient than 1/w, in the
proposed method. However, simply changing the equation to
128/logw would cause the ETX to rise unnecessarily even in
places where it is not necessary to rise above the threshold .
To avoid this issue, in (7), the original equation shown in (2)
is used when @ >1 and the new equation based on
128/logw is used when @w < Y to calculate ETX.

Fig. 8 depicts the relationship between the transmission
success rate @ of the MAC frame and the link metric Xgrx
at Y = 0.8. The blue and red dotted lines represent the
conventional and proposed link metrics, respectively. The
figure further indicates the initial value of the link metric,
which is 160 for ) = 0.8 in the proposed method. When the
transmission success rate of MAC frames (@) was lower than
1}, the link metric of the proposed method increased
significantly, which stimulated the switching of the parent
node. This can aid in maintaining the transmission success
rate of each router around v as it enables the selection of
another router as the parent node whenever the success rate
of MAC frames (w) < .

Fig. 8. Relationship between the media access control (MAC) frame
communication success rate and link metrics.

B. System Model and Evaluation Index

The system model described in this section uses the same
parameters and router configurations as those presented in
Section III. Here, the target transmission success rate
threshold 1) was set to 0.95, 0.90, 0.85, 0.80, 0.75, and 0.70,
and simulations were performed for each of these six values.
The same average transmission success rate and average
transmission delay time as those presented in Section III
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were used as the evaluation indices; the results were
compared with those obtained using the conventional
method.

C. Computer Simulation Results

Fig. 9 illustrates the transmission success rate for A in
computer simulations with the proposed metric; the
conventional method described in Section III is indicated in
blue.
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Fig. 9. Average transmission success rate
using the proposed method.

For ¢ >0.90, the transmission characteristics deteriorated
more significantly than those observed in the conventional
method. Although @ was set as a threshold for the
transmission success rate of MAC frames, it denoted
communication failures caused not only by packet collisions
but also by repetitive backoff when the destination router
was communicating with another router. Therefore, the
transmission success rate of MAC frames decreased for most
routers as A increased, resulting in switching of the parent
node. When the parent node was switched, a DAO frame
(control frame) was forwarded to BR during route update;
however, this frame was transmitted at the same time as the
packet, overloading the network and thereby significantly
reducing the transmission efficiency.

The conventional method exhibited the best transmission
characteristics for 4 = 0.33. The network load increased
with the increase in packet generation rate, and the
transmission success rate of MAC frames reduced below i)
regardless of the router selected by the parent candidate.
Therefore, a router different than the currently selected
parent node was selected for every update in the link metric,
generating a control frame each time. Consequently, the
transmission characteristics were not better than those of the
conventional method. In general, when a node changes its
transmission route, it sends a DAO frame to convey the
changed routing information to the BR. Then, the BR
determines the changed route by responding to the node with
a DAO-ACK frame. However, the sending and receiving of
these control frames is different from data packets. Therefore,
we did not include them in the transmission success rate
when evaluating the transmission characteristics. When a
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node changes its transmission route, this series of processes
is mixed with the transmission of data packets. Therefore, the
communication load increased, and the transmission
characteristics deteriorated.

However, for 1 <0.25, the amount of improvement in
transmission characteristics when the parent node was
switched exceeded the load on the network caused by the
control frames transmitted on the switching; consequently,
the overall transmission characteristics were improved. At 4
= 0.2, the packet transmission success rate of the
conventional method was 84.7%, whereas the proposed
method at y = 0.8 exhibited a success rate of 92.7%, which
is an increase of 8.0%.

Fig. 10 depicts the delay between the transmission of a
packet and its reception by a BR. For 4> 0.5, the
conventional method exhibited the longest average delay
time. Typically, packets that require multiple hops to reach
BR tend to fail to be transmitted when the transmission
efficiency deteriorates. However, the average transmission
time in the proposed scheme was shorter than that of the
conventional method. This is because packets with a
relatively small number of hops accounted for the majority
of successfully transmitted packets.

—@— Conventional

delay (s)

0 1 1 1 1
0.1 02 025 0.3333 0.5 1

Packet generation frequency A s
Fig. 10. Average delay using the proposed method.

For 1 < 0.25, the average delay time was shorter than that
of the conventional method for 1 < 0.8. Although DAO
frames were transmitted more frequently in the proposed
method than in the conventional method and the delay time
was increased, the reduction in transmission delay
outweighed the disadvantages induced by DAO frames. This
is because the route to BR was reconstructed by updating the
network.

Fig. 11 depicts the transmission success rate per router
using the proposed method with A = 0.2 and ¢ = 0.8
following the router arrangement presented in Fig. 3. While
the transmission characteristics were bifurcated in the
conventional method, the router at the end maintained high
transmission characteristics. The transmission characteristics
were not degraded below 1) because in the proposed method,
the parent node was switched each time the transmission
success rate reduced below y. Although switching the parent
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node generates new control frames, the number of control
packets generated may not be high enough to affect the data
packets. Therefore, high transmission performance was
achieved even at the final node of the network.
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Fig. 11. Transmission success rate per router using the proposed method at

A=0.2andyp =0.8.

V. EVALUATION USING ACTUAL EQUIPMENT

The simulations explained in Section IV confirmed the
superiority of the proposed link metric over the conventional
method in terms of the frequency of packet generation when
control frames did not affect data packets. In this section, the
characteristic  verification of the proposed method,
performed by applying it in an actual machine environment,
are discussed.

A. Experimental Equipment Configuration

Fig. 12 depicts the IoT terminal with the Wi-SUN FAN
module used in the experiment. The IoT terminal was
equipped with Wi-SUN module BP35C5 (ROHM
Semiconductor) on an adapter board. The Wi-SUN module,
equipped with Wi-SUN FAN-compatible firmware, was
controlled via serial communication. The IoT terminal was
powered by a Windows PC via USB cable (Fig. 13); the PC
was responsible for restarting the Wi-SUN module,
generating data packets, and acquiring experimental data
logs.

Fig. 12. IoT terminal with the Wi-SUN FAN module.
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Fig. 13. Configuration of the experimental equipment.

B. Experimental Environment

The experiment was conducted in the West Wing of the
International Science Innovation Building on the Yoshida
Campus of Kyoto University. We installed one BR and 12
routers in the corridors and living rooms on the second floor,
corridors on the third floor, corridors on the fourth floor, and
at the stairs from the second to fourth floors (Fig. 14).

Fig. 14. Experimental environment.

Hereafter, each router is referred to by the number presented
in Fig. 14; for instance, router 2 is referred to as R2. The
height of each terminal from the floor was 0.95 m for BR;
1.65 m for R2-R6 and R8; 1.1 m for R7, R9, and R12; and
0.5mfor R10, R11, and R13. The experiment was performed
using the following procedure. All terminals were
simultaneously powered on after setting up the router. No
packets were generated for 30 min, and only control frames
were transmitted at regular intervals to build the network.
Subsequently, 350 packets were generated from R2 to R13
at regular intervals with 4 = 0.2 to investigate the
transmission characteristics. The experiment was repeated
10 times for the conventional and proposed methods, each,
by varying the link metric, and the transmission success rates
of the MAC frames were compared. We evaluated the
proposed method with ¥ = 0.8, because Y = 0.9 was likely
to significantly degrade the transmission characteristics (Fig.
9). The parameters used in the experiment are listed in Table
1L
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TABLE II

PARAMETERS USED IN THE EXPERIMENT
Parameters Values
Number of routers 12
Transmission power 13 dBm
Data rate 150 kbps
Packet length 128 bytes
Packet transmission interval 5s
RSSI threshold —96 dBm
CCA threshold —84 dBm
Number of FH channels 1
DIS sending interval 30s
DAO sending interval 60s
Modulation scheme 2-GFSK
Antenna gain 2.15 dBi
Threshold of T 96

C. Evaluation Results of Transmission Characteristics

Fig. 15 depicts the transmission success rates of the MAC
frames for each router obtained from the 10 experiments. The
characteristics of the proposed and conventional methods are
indicated in blue and red, respectively. The average
transmission success rates for R3, R9, R13, and all nodes
with 10 trials are illustrated in Fig. 15(a), and Fig. 15(b)
presents the minimum values.

As shown in Fig. 15(a), almost no change occurred in the
average transmission success rate of MAC frames for R3;
however, improvement was observed for R9 and R13 when
the proposed method was used. This is because R3 could
directly communicate with BR from its router location and
was less susceptible to route construction; conversely, R9
and R13, which were farther from BR, were optimized using
the proposed method to select appropriate parent nodes. The
improvement was more remarkable in the lowest success rate
of MAC frame communication (Fig. 15(b)); the lowest rate
of 65.2% was observed in R9 with the conventional method;
conversely, an improvement of 24.2% (from 65.2% to
89.4%) was observed with the proposed method.
Additionally, the minimum success rate of MAC frame
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Fig. 15. Average transmission success rate of the MAC frames for each
router obtained in the actual experiment.
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communication for all nodes improved by 10.4% (from
65.2% to 75.6%). This is because when the transmission
success rate of MAC frames reduced below ¥ = 0.8, the link
metric in the proposed method was larger than that in the
conventional method (Fig. 8). This facilitated the change in
the parent node when the rate was substantially lower than .
Therefore, the transmission success rate of MAC frames did
not reduce significantly below y when the proposed method
was employed.

Next, we focused on router R9 and compared the two
methods with respect to the time variation of the link metrics
at the selected parent. According to the router layout depicted
in Fig. 14, the three candidate parents for R9 included R6,
R7, and R8. However, the route between the routers was
large when communicating between R6 and R8 and included
several obstacles. Therefore, the communication success rate
was not expected to be high. However, a high
communication success rate was expected when
communicating with R7 because the two routers were
positioned above and below each other and were not far apart.
Therefore, we assumed that R6 and R7 were the parents with
low and high communication reliability, respectively.

Initially, we focused on the behavior when R9 selected a
parent node, which was an unreliable communication when
the conventional method was implemented. Fig. 16 depicts
the variation in the transmission success rate obtained using
the conventional method when R9 established
communication with the selected parent R6. Fig. 17
illustrates the variation in the link metric (Xgx) in the
selected parent R6 when communicating with R9. As
indicated in Fig. 16, the transmission success rate of the
MAC frames remained low, with an average of 0.673. The
initial value of the link metric when selecting a parent for the
first time for all nodes in the network was 256, corresponding
to a transmission success rate of 0.5. The link metric was
gradually updated to a smaller value if the success rate was
greater than 0.5. Therefore, the link metric (Fig. 17)
approached 190, corresponding to an average success rate of
0.673. However, the fluctuation in the link metric was small
in the conventional method even when the success rate was
low. The link metric of the parent candidates other than R6
was as large as 256, corresponding to a success rate of 0.5;
therefore, the parent node was not switched, leading to the
selection of the parent node with the lowest success rate.

Subsequently, we focused on the behavior when R9
selected a parent with low communication reliability using
the proposed method. Fig. 18 depicts the change in the
communication success rate between R9 and the selected
parents R6 and R7 by the proposed method. Fig. 19
illustrates the change in the link metric for the selected
parents of R9, namely, R6 and R7. The success rate of R9
(Fig. 18) remained low at an average of 0.671 until
approximately 1700 s when R6 was selected as the parent;
however, the value reached 1.0 when the parent was changed
to R7. This was because the path cost difference between R6
and R7 exceeded the threshold for the parent change T.
Typically, the path cost is calculated as the sum of the ranks
of the parent candidate node and link metric. If their ranks do
not significantly differ, the parent is selected based on the
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Fig. 17. Link metric variation when R9 communicates with the selected
parent R6 using the conventional method.

link metric value. Therefore, in this experiment, the parent
node was changed from R6 to R7. The amount of change in
the link metric increased in the case of the proposed method
when the transmission success rate of MAC frames (@) <
1, and the initial value of the link metric was 160; this
corresponded to the parent change threshold v, smaller than
that observed in the conventional method. Therefore, the
variation in the path cost increased, and R9 identified a
parent candidate node whose path cost was less than T.
Consequently, the parent was changed from R6 to R7 with a
higher communication quality, thereby improving the
transmission success rate of the MAC frames (Fig. 15).

We concluded that the proposed link metric improved the
average success rate. This is because when routers far from
BR (e.g., R9 and R13) connected to an unreliable parent node,
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Fig. 18. Variation in the MAC frame communication success rate when R9
communicates with the selected parent R6 using the proposed method.
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they appropriately switched to a reliable parent candidate
node. If R6 with low reliability was selected as the parent for
R9 in the conventional method, then the parent node would
not have changed. However, the proposed method changed
to a parent node with high reliability. Therefore, the
proposed link metric can improve communication reliability.
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g. 19. Link metric variation when R9 communicates with the selected
parent R6 using the proposed method.

VI. CONCLUSION

In this study, we analyzed the transmission characteristics
of Wi-SUN FAN and examined the problems associated with
conventional link metrics to develop a novel link metric
calculation method. We performed simulations considering
a scenario where the packet generation frequency was not
affected by the control frame that switched the parent node.
We determined that the proposed method was superior to the
conventional method in terms of both transmission success
rate and transmission delay time of packets. Furthermore, the
simulation results indicated that the proposed method
improved the transmission success rate of packet by 8.0%
compared with the conventional method. A similar scenario
was experimentally investigated using an actual machine.
When the proposed method was implemented, the router
connected to an unreliable parent appropriately switched the
connection to a reliable parent candidate node, improving the
minimum transmission success rate of MAC frames per node
by up to 24.2%, with an average of 10.4%, compared with
the conventional method. These findings confirm that the
proposed method enables the construction of a stable and
highly reliable Wi-SUN FAN, which can be used in a wide

range of fields for IoT wireless communication infrastructure.
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