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ABSTRACT LoRaWAN is widely used in information monitoring under star topology. However, for linear
topology applications, the LoRaWAN protocol requires the introduction of a large number of gateways, which
will lead to information asymmetry, energy waste, and low network utilization. An energy-saving LoRa
linear network system with adaptive transmission parameter is proposed. LoRa multihop technology is used
for communication between nodes in the system, and narrowband Internet of Things module is used to the
communicate with cloud platform. The adaptive transmission parameter mechanism is adopted in the system,
which improves the adaptability of the linear network to changes in link channel conditions and reduces
unnecessary energy consumption. At the same time, the flexibility and robustness of self-organizing networks
are enhanced. In addition, optimized duty cycle strategies are employed to further reduce the operating power
consumption. After LoRaSim simulation experiments, the results show that in the changing radio channel
environment, the adaptive transmission parameter mechanism could achieve a dynamic balance between
data extraction rate and energy consumption. After field tests, the results show that the system not only
operates stably, but also could reduce the operating energy consumption of the LoRa linear network. The
system proposed in this article is suitable for linear topological structure scenes such as river hydrological
monitoring, oil pipeline monitoring, and long-distance railway monitoring.

INDEX TERMS Linear topology, LoRa, multihop, narrowband Internet of Things (NB-IoT), wireless sensor

network (WSN).

I. INTRODUCTION

The Internet of Things (IoT) is a huge network formed by
combining various information sensing devices with the in-
ternet [1]. In the past few years, the IoT industry has shown
a vigorous development trend and has been widely used in
home, transportation, medical care, logistics, and other fields
[2], [3], [4]. Wireless sensor networks (WSNs) play an im-
portant role in the application of IoT. Linear sensor network
(LSN) is a form of WSN, in which sensor nodes are distributed
linearly or nonlinearly [5]. This kind of monitoring network
is mainly aimed at linear topology monitoring scenarios, such
as highway monitoring, long-distance pipeline monitoring for
transporting oil, natural gas and water resources, and river
environment monitoring. These scenes often require a longer

transmission distance and lower energy consumption. Tradi-
tional short-range wireless communication technologies such
as Bluetooth, Wi-Fi, and ZigBee cannot meet the needs well.
Low-power wide-area network (LPWAN) can provide the
longest coverage with minimal power consumption [6], and
its appearance is expected to solve this problem perfectly.
LoRa is one of the LPWAN communication technologies.
LoRa technology’s network layer protocol is mainly Lo-
RaWAN, which defines LoRa’s system architecture [7]. Since
LoRaWAN was founded, it has received extensive attention
from academia and industry. El Chall et al. [8] studied the
network performance and coverage of the LoRaWAN protocol
in three different environments in Lebanon, which con-
firmed the reliability of LoRaWAN in IoT applications such
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as intelligent cities and intelligent agriculture. Muzammir
et al. [9] studied LoRaWAN’s communication performance
from packet loss rate, data rate, and communication range,
and concluded that its signal strength is suitable for indoor
use. Davcev et al. [10] proposed an energy-efficient and highly
scalable IoT agricultural system model based on LoRaWAN,
and further described the preliminary results of the model
applied to vineyards. Yang and Liang [11] proposed a new
packet transmission model based on LoRaWAN and applied it
in the real elderly care scene. Thus, LoORaWAN’s architecture
makes it simple to deploy and easy to maintain in star topol-
ogy scenarios such as smart cities and smart agriculture [12].
However, this transmission method is more suitable for star-
network, and there may be data loss and communication errors
in other topologies, such as grid structure or linear topol-
ogy. In addition, through single-hop information exchange, a
longer transmission distance means a higher spreading factor
(SF) [13], which has a dual impact on the network capacity. It
reduces the transmission rate, increases the air broadcast time,
and nodes at the edge of the network may lose a large number
of data packets due to collisions [14]. Therefore, low power
consumption and multihop transmission may be a feasible
solution.

At present, the research on LoRa multihop is divided into
multihop communication between gateways and multihop
communication between nodes. Between gateways, Dwijak-
sara et al. [15] proposed a multihop G2G communication
protocol for LoRa networks, including the routing protocol
which is based on the ad hoc on-demand distance vector
routing and the MAC protocol for G2G packet transmission,
and achieved reasonably good network performance. Farooq
et al. [16] proposed a multihop communication protocol for
LoRa with software-defined networking extension, which of-
fered maximum coverage at a relatively very high data rate
and lower energy consumption. However, when the number
of gateways is increased, it often leads to more complex
networks, higher collision rate, and internetwork interfer-
ence. In addition, it will also cause information asymmetry,
energy waste, and low network utilization. This strategy is
not suitable for linear topology networks. Between nodes,
Abrardo et al. [17] presented a LoRa-based multihop linear
architecture, which is to be used to monitor the formation
of Black Powder in gas pipelines. Abrardo and Pozzebon
[18] also presented an LSN topology based on multihop
LoRa chain-type communications, which is to be used in the
pervasive monitoring system for underground environments.
The above-mentioned two multihop networks used a fixed
maximum spreading factor (SF=12). Although it achieved
the maximum transmission range, it caused energy waste.
In the synchronous LoRa mesh network proposed by Ebi
et al. [19], a fixed medium spreading factor (SF=9) was
chosen. Although it improved the reliability of data packet
transmission, when the LoRa radio channel environment
changed, the fixed communication parameters were inflexible,
which may cause unnecessary energy waste and data packet
loss.
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Based on the abovementioned, this article proposed an
energy-saving LoRa linear system with adaptive transmis-
sion parameter (ATP). The proposed system included several
system nodes and a cloud server. System nodes consist of
LoRa terminals and narrowband IoT (NB-IoT) modules. The
function of LoRa terminal is to implement self-organizing
network in the system. The NB-IoT module is an internet
connector, which is the information link between LoRa ter-
minal and server. During the operation of the system, each
system node could read the sensor data and realize data ag-
gregation through LoRa multihop mode. The aggregated data
are uploaded to the cloud server by the sink node (gateway)
through NB-IoT technology for users to analyze and view. For
this linear network system, this article proposed a novel LoRa
multihop communication protocol, which is more flexible and
has lower power consumption. Through the ATP mechanism
and the optimized duty cycling policy, the protocol improved
the adaptability of linear networks to changes in channel con-
ditions, at the same time, reduced the power consumption of
the system. In addition, the protocol avoided the occurrence of
network collapse due to the single point of fault of the gate-
way, and enabled the system to have flexible self-organizing
network ability and positioning ability for fault nodes, which
improves the robustness and fault tolerance of the system.
After testing, the system can not only operate stably, but
also obtain better communication performance without adding
additional gateways. This system can meet the basic needs of
hydrological monitoring along the river, oil pipeline monitor-
ing, and long-distance railway monitoring.

The rest of this article is organized as follows. In
Section II, system architecture and design are proposed. Sys-
tem hardware design is introduced in Section III. The results
are analyzed and discussed in Section IV. Finally, Section V
concludes this article.

Il. SYSTEM ARCHITECTURE AND DESIGN

In this section, ATP mechanism is first introduced, then self-
organizing linear network based on ATP is analyzed. Finally,
optimized duty cycle strategy and media access control proto-
col dedicated to reducing power consumption are introduced.

A. ATP MECHANISM

The ATP mechanism is divided into the internode mechanism
and the sink node mechanism. In LoRa multihop, the commu-
nication between nodes adopts the topology of point-to-point
LoRa network. The modulation parameters of all nodes, in-
cluding SF, bandwidth, and code rate, are the same, but the
transmission power is flexible and adjustable. The goal of the
ATP mechanism between nodes is to improve the probability
of data transmission to the next node. When the transmission
from the sending node to the next node fails to arrive or
the data is wrong, the mechanism retransmits the data and
increases the transmission power (TP), thereby increasing the
link budget. The ATP mechanism between nodes is shown in
Algorithm 1.
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Algorithm 1: ATP Mechanism (Internode).

Input: 7P € [2dBm, 17 dBm]

Output: 7P

1:  ATP_Tx_LIMIT < 5

2:  ATP_Tx_CNT <0

3: if uplink transmission then

4: ATP_Tx_CNT <« ATP_Tx_CNT + 1
5: if ATP_Tx_CNT > ATP_Tx_LIMIT then
6: TP < TP + 3

7:  if uplink transmission then

8 ATP Tx CNT <0

Algorithm 2: ATP Mechanism (Sink Node).

Input: SF & [7,12], TP € [2 dBm, 17 dBm]
Output: SF & TP
1:  SNR.;<—demodulation floor (current data rate)
2: SNRm,g<— Zl 1SNR
3: SNRMAD <—N Zi:l |SNR,' — SNRaUg|
4: SNRmargin <_SNRavg — SNRyap — SNRreq
5:  Nstep<—int (SNRyargin/3)
6: while Nstep > 0 & SF >SF,,;, do
7: SF < SF — 1
8: Nstep < Nstep — 1
9: end while
10:  while Nstep > 0& TP > TP, do
11: TP <~ TP -3
12: Nstep < Nstep — 1
13:  end while
14:  while Nstep < 0 & SF < SF4x do
15: SF <~ SF +3
16: Nstep < Nstep + 1
17: end while

The information transmission process is initiated by the first
terminal on the line, and passed to the second terminal through
the LoRa technology in accordance with the Modbus protocol.
After receiving the data, the second terminal performs a CRC
check to ensure the integrity of the data, and then according to
the check correctly generates the corresponding status code.
If the verification is correct, the terminal first responds with
a data packet containing the correct status code to the pre-
vious terminal, and then integrates the received data with its
own data and transmits it to the next terminal node; if the
verification code is wrong, this terminal will return an error
status code to the previous terminal, and then it will enter the
dormant state. The previous terminal makes a decision based
on the received status code. If the status code is correct, it
means that the data are received successfully and the terminal
enters the dormant state. If the status code is wrong, it means
that the data verification failed, the previous terminal will
retransmit the data and add 1 to the number of retransmissions.
If the sending node does not receive the returned data packet
within 10 times of time on air (ToA), the sending node will
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FIGURE 1. System architecture.

LoRa

also retransmit the data and add 1 to the retransmission data.
The formula of ToA is shown in the following equation:

2SF

ToA = WNsymbol (D
where Nyyppor is the number of symbols, and BW is the band-
width.

In LoRa multihop, the goal of the ATP mechanism of
the sink node (gateway node) is to achieve a dynamic bal-
ance between communication quality and network energy
consumption in a changing wireless channel environment. It
dynamically senses the channel condition changes of the en-
tire linear network, and determines the appropriate link budget
according to the average signal-noise ratio (SNR) and mean
absolute deviation (MAD) of all nodes. Then, it independently
and quickly adjusts the current transmission parameters and
deploys them in all nodes. Different from the star topology
network in LoRaWAN, LoRa multihop pays more attention
to the overall connectivity of the link, and needs to consider
the part of the link with the worst communication quality.
Therefore, in order to increase the link budget, when estimat-
ing the link budget, the average SNR minus MAD is used as
the calculation basis. The ATP mechanism of the sink node is
shown in Algorithm 2.

Notably, in the ATP mechanism of the sink node (gateway
node), SF could be increased or decreased, and TP could be
decreased. However, TP will not be increased since it is done
by the mechanism of the nodes.

B. SELF-ORGANIZING LINEAR NETWORK

The structure of network system with linear topology is shown
in Fig. 1, which is mainly composed of a plurality of LoRa
sensor node, a gateway node, and a cloud platform. In the
process of system operation, a plurality of sensor nodes is
arranged on a straight line in sequence, gateway node is po-
sitioned at the end of the straight line, sensor information
is initiated by the first sensor node on the straight line and
transmitted to the second and third sensor nodes through LoRa
protocol, according to the above-mentioned steps, information
is sequentially transmitted backward and accumulated contin-
uously. The last sensor node that received the information pass
the information to gateway node, which gathered the informa-
tion and uploaded it to the cloud through NB-IoT technology.
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If the transmission power of the node reaches the maximum
value, but the returned status code is not received or the re-
turned status code is wrong. The system will mark the next
node as “terminal disconnection,” skip this node and directly
transfer data to the subsequent nodes of this node, which is
represented by the dotted line in Fig. 1. If the node still does
not receive the response from the subsequent nodes, the node
becomes the sink node of the linear network and uploads the
system data to the cloud server through the NB-IoT module.
If a node does not receive the data sent by the previous node
within three wake-up attempts, the node becomes a new start-
ing node to form a new linear network, as shown in Fig. 2.
Compared with the LoRa mesh networking system proposed
by Cano et al. [20], this method avoids link transmission fail-
ure of linear network caused by gateway node failure, ensures
the stability of the system and can well locate the faulty node.

C. OPTIMIZED DUTY CYCLE STRATEGY

Low power consumption design is the key to ensure long-term
stable operation of the system [21]. In addition to the nor-
mal energy consumption of sending and receiving data, data
packet collision and overhearing will also cause energy loss
for nodes in WSNs [22]. When a node receives multiple data
packets at the same time, packet collisions will occur, which
will lead to data failure, triggering retransmission mechanism
and increasing energy consumption. Overhearing refers to a
node receiving data packets destined for other nodes, which
is not only useless, but also causes energy waste. Accord-
ing to the above-mentioned facts, in order to reduce power
consumption, the system optimizes the duty cycle strategy by
adopting asynchronous MAC protocol, reasonably adjusting
the low power consumption mode of SX1278 and STM32,
and program control sensor power supply ON and OFF.

The SX1278 transceiver used in the system has various
modes of operation such as transmission, reception, sleep,
standby, and CAD. Generally speaking, most of the power
consumption comes from information transmission, recep-
tion, and CAD mode. On the contrary, the power consumption
in sleep mode is much lower. Therefore, fast sleep after infor-
mation transmission and reception is an important measure
to reduce power consumption. STM32F103ZET6 also has a
variety of operating modes. Low power consumption modes
include standby mode, stop mode, and sleep mode. According
to the function of the node, this design reasonably matches
the working modes of the two chips to achieve the purpose
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FIGURE 3. Schematic diagram of channel activity detection.

of reducing the power consumption of the node. The specific
configuration method will be given in Section II-D.

The problem of data packet collision and node overhearing
in this system is solved by duty cycle strategy. The communi-
cation mode of node information passing back in turn ensures
that only one node sends data at a time, so there is no packet
conflict. Node information is sent to sleep immediately with-
out idle time, thus reducing energy consumption and avoiding
overhearing. From this, it can be seen that using duty cycle
strategy in the network can minimize energy waste caused
by packet collision and overhearing behavior. In addition, at
the very low sampling frequency of the monitoring system,
long-term power supply to sensors and modules is also an
excessive consumption. The system further saves energy by
supplying power to the sensor only during wake-up.

D. MEDIA ACCESS CONTROL PROTOCOL
Media access control is one of the key design issues, be-
cause it is directly related to the operation of the transceiver,
which is the most resource-consuming component in the node
except the processor and sensor unit [22]. Existing MAC pro-
tocols are divided into synchronous and asynchronous types.
Asynchronous MAC protocol does not need time synchro-
nization, each node can schedule sleep according to its own
arrangement, and asynchronous working mode can reduce
collisions caused by traffic bursts in the network. In this
system, asynchronous MAC protocol initiated by the sender
was adopted, and low power consumption interception was
realized through CAD algorithm without synchronous pro-
cess. The following is a detailed description with specific
examples.

As shown in Fig. 3, the same channel includes three nodes
A, B, and C, node A is the sending node, node B is the
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FIGURE 4. System hardware block diagram.

receiving node, and node C is the normal node. At first, the
SX1278 of node A enters sleep mode, and the STM32 of node
A enters standby mode. At the same time, nodes B and C op-
erate with duty cycle strategy, the SX1278 and STM32 of the
node enter sleep mode, and then enter the CAD mode to see
if data needs to be transmitted, and if not immediately enter
sleep state. At a certain moment, node A starts to transmit
data to node B, and the transmitted data packet includes five
parts: preamble, sync word, address byte, message, and CRC.
The preamble is used to wake up the receiver. Nodes B and C
will wake up after listening to the preamble signal. First, data
stream synchronization is completed according to sync word,
and then packet filtering is completed through address byte.
If the data packet is sent to node B, only node B will suc-
cessfully match, keep working state and continue to receive
data message and complete CRC check. Node C will fail to
match, and the chip will switch to sleep mode immediately
to prolong the service life of the battery. The CAD algorithm
completes low power listening through the above-mentioned
process. In order to prevent wireless nodes from missing valid
data, it is necessary to ensure that the preamble transmis-
sion time length will be slightly longer than the node sleep
time.

IIl. SYSTEM HARDWARE DESIGN

The hardware consists of a plurality of system nodes. Each
node is mainly composed of five parts, namely a power sup-
ply module, a main control module, a sensor module, a low
power consumption circuit, and a communication module, and
its structure is shown in Fig. 4. The system nodes use the
LoRa module SX1278 for intersystem communication, and
use the NB-IoT module WH-NB75-BA to communicate with
the cloud platform [23]. The picture of system node is shown
in Fig. 5.

The hardware mainly realizes the functions of sensor data
acquisition, low power consumption wake-up, and wireless
sensor networking. Next, each module component is intro-
duced. In terms of the sensor part, the board card reserved
8 channels of Analog-to-digital converter and 1 channel of
RS485 bus interface to be compatible with various industrial
sensors, making the system more versatile. The RS485 bus
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FIGURE 5. Picture of system node.

used SP3485 chip, which is a 3.3 V low power half-duplex
transceiver, allowing up to 32 transceivers to be connected on
the same serial bus, increasing the sensor access capability of
the system.

In terms of the power supply part, a 7.4 V 20000 mAh
lithium battery was used, and a 10 W solar panel and a solar
charging controller were matched to match the characteristic
of flexible change of system node positions. When there is
sufficient sunshine, part of the electric energy generated by
the solar panel supplies power to the hardware system, and
the other part charges the lithium battery. When the sunlight
is weak or there is no sunlight, the lithium battery provides
energy for the system.

The low power consumption part included sensor power
supply ON—OFF circuit and real-time clock (RTC) standby
wake-up circuit. The sensor power supply ON—OFF circuit
used a high-power MOS tube model D4184 to control. When
the information of the sensor needed to be read, power was
supplied to the sensor, otherwise no power was supplied. The
RTC standby wake-up circuit included a 32.768 KHz crystal
oscillator circuit and a button cell circuit. RTC circuit can
enable the master to enter a low power consumption mode
and reduce power consumption [24].

Wireless sensor networking includes LoRa and NB-IoT.
LoRa communication part adopted Ra-01 module, the core
of which is SX1278 chip produced by Semtech company.
SX1278 has strong flexibility and it can change physical layer
parameters such as bandwidth, SF, and coding rate. SX1278
has a high sensitivity of over —148 dBm and a power amplifier
of +20 dBm, which provide a longer transmission distance
and higher reliability for the monitoring system. To eliminate
the differences between networks, NB-IoT module was added.
NB-IoT is a new technology in the field of IoT, which supports
the cellular data connection of low-power devices in WAN.
Operators can directly improve the existing cellular base sta-
tions, thus reducing deployment costs and realizing smooth
upgrade. WH-NB75-BA used in this design supports CoAP
protocol and UDP/TCP protocol. Through configuration, two-
way transparent transmission from serial port to network can
be realized, simplifying the construction of cloud platform for
monitoring system.
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IV. RESULTS AND DISCUSSION

In order to evaluate the performance of the linear network
system, a series of simulation experiments and field tests
were carried out, including LoRaSim simulation, point-to-
point transmission test, self-organizing network test, working
current test, and system comprehensive test.

A. LORASIM SIMULATION

In this article, the LoRaSim simulation tool [25] was used
to compare and analyze the three transmission parameter se-
lection strategies. In the simulation scene, a linear network
consisting of 20 nodes was set up, and the distance between
nodes was 600 m. The path loss index was usually introduced
to measure the fading of radio channels. By setting eight
groups of different path loss indexes, the channel condition
changes of node communication were simulated. The first
selection strategy was the fixed selection of the minimum
value of SF (SF=7), which was proposed by Mai and Kim
[27] in a minimized latency multihop LoRa network proto-
col. The second selection strategy was the fixed selection of
the maximum value of SF (SF=12), which was proposed
by the work in [17] and [18]. In a multihop LoRa LSN
for the monitoring of underground environments. The third
strategy was the transmission parameter adaptive mechanism
proposed in this article. In the simulation experiment, in or-
der to analyze the network performance of different selection
strategies in different radio channel environments, the data
extraction rate and network energy consumption were used as
the basis for comparison. The simulation results are shown in
Figs. 6 and 7.

From the experimental results, it is clear that when the
path loss index increases and the radio channel environ-
ment becomes worse, the transmission parameter adaptive
mechanism achieves high data extraction rate and low power
consumption. Especially, when the path loss index is greater
than 4, the radio channel environment becomes more severe.
The transmission parameter adaptation mechanism adopts the
maximum value of the TP and the maximum value of the
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FIGURE 8. Test environment and physical photos.

SF. Although the energy consumption increases, it achieves
higher communication quality.

B. FIELD TEST
1) POINT-TO-POINT TRANSMISSION TEST
The communication distance of nodes is closely related to the
channel conditions of the link, which is an important factor
that affects the received signal strength indication (RSSI) and
network coverage. In order to evaluate the communication
performance of LoRa nodes in this system, the communica-
tion distance between LoRa nodes was tested.

As shown in Fig. 8, Northeast Agricultural University was
selected as the test environment, and the outdoor temperature
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TABLE 1. RSSI SNR Lost Change With Distance

Position Distance RSSI SNR Lost
(km) (dBm) (dB) (%)
Position 1 0 -12 25 0
Position 2 0.23 -84 24 0
Position 3 0.46 -89 23 0
Position 4 0.69 -101 -26 0
Position 5 0.92 -102 -14 7.69
Position 6 1.15 -112 =21 0
Position 7 1.38 -114 -40 38
Position 8 1.61 - - 100
Position 9 1.84 - - 100
Yellow star 1.868 -109 -7 0

was —25 °C. In the test process, two sensor nodes were se-
lected as test objects, and one of them was set as a fixed node
and the other was set as a mobile node. The fixed node was
marked Position 1. The mobile node changed from Positions
2 to 9 in sequence. Their positions are shown in Fig. 8. The
horizontal distance between adjacent nodes is 0.23 km. The
physical layer parameters of the two nodes are consistent, the
SF is 7, the bandwidth is 125 KHz, and the antenna gain is
2.5 dBi. The fixed node sent data every 20 s, and the mobile
node calculated RSSI and SNR values after receiving the data,
and obtained the time interval between the two data packets.
These data can be used to calculate the packet loss rate. The
test results are shown in Table 1.

Table 1 shows the relationship between node distance and
RSSI, SNR, and packet loss rate. According to the table,
with the increase of distance, the RSSI and SNR values
show a downward trend and the packet loss rate increases
continuously. The maximum RSSI value is —12 dBm and
the minimum RSSI value is —114 dBm at Position 7. For
Positions 1-3, the SNR is positive, and the signal energy is
much higher than the noise. It is worth noting that the SNR
value of Position 4 (—26 dB) is lower than that of Position 5
(—14 dB). The main reason is that Position 4 is behind the
teaching building, and the signal attenuation causes the noise
to increase. When the distance increases to 1.61 km, the
packet loss rate is 100%, but stable data RSSI value of —109
and SNR value of 7 are received in the yellow pentagram area
beside Position 9, and there is no packet loss. The effective
transmission distance of LoRa in this test is only 1.15 km,
mainly because obstacles and radio interference in complex
campus environment affect the transmission distance between
two points [26]. However, the linear connection between the
transmitting node and the yellow pentagram area can avoid
the main buildings, so stable data transmission can be ob-
tained. The linear distance between the fixed node and the
yellow pentagram area is 1.868 km, which is much larger than
1.15 km, further illustrating the influence of environmental
factors on LoRa.

More importantly, in the LoRa node, when the SF is 7
and BW is 125 KHz, the minimum SNR value that could be
demodulated is —7.5 dB, and the minimum RSSI value that
could be demodulated is —126.5 dBm. However, in Table 1,
the SNR values of positions 4-7 are all less than —7.5 dB,
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FIGURE 9. Schematic diagram of test environment.

and the node could still realize data transmission. Because the
RSSI values at the above-mentioned positions are all less than
—126.5 dBm, the connectivity of the LoRa link is determined
by the relatively poorer of the RSSI and SNR. In an obscured
communication environment, the SF of the node was set to 7,
and then point-to-point transmission test was performed. The
test results show that when the SNR value reaches —73 dB
and the RSSI value is —116 dBm, communication between
nodes can still be achieved. Through point-to-point transmis-
sion test, this article finds that in the harsh radio channel
environment, compared with the SNR of LoRa, the RSSI of
LoRa often has better communication performance, which
could ensure the stable communication of nodes. Therefore,
the ATP mechanism proposed in this article uses the average
SNR of the overall link minus the MAD as the judgment basis.
Although this mechanism cannot meet the communication
requirements of all nodes in terms of SNR value, the overall
connectivity of the link could still be guaranteed by RSSI
value and adjusting the TP.

2) SELF-ORGANIZING NETWORK TEST

In order to evaluate the self-organizing network capability of
the system and test its fault tolerance, the whole system is
experimentally tested. In the test, the power supply voltage
was selected as the sensor transmission data. As shown in
Fig. 9, the Chemical Road near Northeast Agricultural Uni-
versity was selected as the test site. The distance between two
adjacent nodes was about 1 km, and the total length was about
4.9 km. Five nodes were selected for testing, where points
A, B, C, and D were sensor node, and point E was a sink
node (gateway node). In order to test the fault tolerance of the
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FIGURE 10. Variation curve of node power supply voltage with time.

system, the power supply voltage of the third sensor node was
cut off at the 20th minute and switched ON again at the 24th
minute. The test results are shown in Fig. 10.

During the time when node 3 was disconnected, other nodes
transmitted normally. Node 2 became a sink node (gateway
node) and formed a linear network with node 1. Node 3,
node 4, and sink node (gateway node) formed a new linear net-
work. Fig. 10 shows the power supply voltage variation curve
of system nodes, and all voltage values show a downward
trend. According to the measured data, the voltage difference
between the starting voltage and the ending voltage of the
five nodes could be calculated as 0.27 V, 0.31 V, 0.32 V,
0.31V, and 0.35 V, respectively. During the system operation,
the first sensor node consumes the least energy, while the
remaining sensor nodes consume similar energy, and gate-
way node consumes the most energy. In the 20th minute, it
could be seen that the power supply voltage of sensor node 3
suddenly changes to 0 V, and the voltage value returns to the
normal state in the 24th minute. The total test time was 1h
and 30 min, and data were uploaded once every minute. The
cloud received 128 pieces of data. During the test, 130 pieces
of data were transmitted, 2 pieces of data were lost, and the
overall packet loss rate of the system was 1.538%. In addition,
the system could automatically determine that sensor node has
failed.

3) WORKING CURRENT TEST

Working current is an important parameter to evaluate the
low power consumption performance of the system. In order
to evaluate the low power consumption of the system, the
working currents of the first sensor node, the last sensor node,
and gateway node were measured by INA219 current sensor,
respectively. The test results and physical photos are shown in
Fig. 11. The time-dependent current curves of the first sensor
node, the last sensor node, and sink node are (a), (b), and (c),
respectively, and the experimental test diagram is (d). As can
be seen from Fig. 11, the lowest current ranges of the three
nodes are 10-15 mA, 20-30 mA, and 25-28 mA, respec-
tively, and the peak currents are 60 mA, 53 mA, and 70 mA,
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FIGURE 11. Test results and physical photos.

respectively. The high current duration of the three nodes is
also different. The first and third duration are approximately
the same, and the second duration is the shortest. During this
period, the current ranges are 50-60 mA, 50-55 mA, and
65-70 mA, respectively.

The low power consumption current of the first sensor
node is between 1020 mA, which is lower than that of the
other two nodes. The main reason is that the main control
chip STM32F103ZET6 is normally in standby mode instead
of sleep mode, and its standby current is only 2 ©A, which is
much lower than that of subsequent nodes using sleep mode.
On the other hand, the peak current of gateway node reached
70 mA, mainly due to the addition of NB-IoT module, thus
increasing the energy consumption. The above-mentioned
reasons cause the differences in working current. The total
current in the low power consumption stage is lower than
30 mA, and the current in the information transmission stage
is always between 35 and 60 mA. Although there is some con-
sumption, the lithium battery combined with the solar panel
can maintain the long-term stable operation of the system.

4) COMPREHENSIVE TESTING

In order to evaluate the stability of the system for long-term
operation, the whole system was tested. In the test, the air
temperature was selected as the sensor transmission data. As
shown in Fig. 12, the Changjiang Road near The Ash River
Nation Wetland Park was selected as the test site. The distance
between two adjacent nodes was about 1 km, and the total
length was about 3.95 km. The total test time was about 27 h
and 40 min. Five nodes were selected for testing, where points
A-D were sensor node, and point E was gateway node. The
test results are shown in Figs. 13 and 14.

Fig. 13 shows the air temperature variation curve measured
by each sensor node. According to the measured data, the
temperature dropped rapidly from the initial 15° to below
zero, then stabilized and changed with the ambient temper-
ature. The total test time was about 27 h, and data were
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uploaded once every minute. The cloud received 1464 pieces
of data. During the test, 1467 pieces of data were transmitted,
3 pieces of data were lost, and the overall packet loss rate
of the system was 0.1829%. Fig. 14 shows the transmission
delay of 1464 pieces of data in the system. The delay cal-
culation of each piece of data is that the first node starts
to transmit data and ends when the sink node receives the
aggregated data. According to the measurement data, most of
the delays are in the interval of 10-20 s. A few delays exceed
20 s, which is caused by multiple data retransmissions of the
system.

484

V. CONCLUSION

The main contribution of this study is to propose an energy-
saving LoRa linear network with ATP. In this network, new
LPWAN technologies are adopted, including LoRa communi-
cation and NB-IoT communication. In particular, the system
adopts ATP mechanism, flexible self-organizing network,
and optimized duty cycling policy, which could reduce en-
ergy consumption while improving communication quality.
Through the point-to-point transmission test, the experimental
data support is provided for the theoretical establishment of
the ATP mechanism in this article. The simulation experi-
ments and field test results show that the system runs stably
and can locate fault nodes quickly, with strong robustness,
reliability, scalability, and fault tolerance. At present, this
study is one of the few linear networks that could accurately
adjust the transmission parameters of LoRa multihop, which
has instructive significance for the application of LoRa in
WSNSs.
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