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Abstract
Sensor nodes are the most significant part of a wireless sensor network that
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sensor nodes are generally battery-operated. In this study, we proposed the
design of a low-power, long range-based wireless sensor node with flexibility,
a compact size, and energy efficiency. Furthermore, we improved power per-
formance by adopting an efficient hardware design and proper component
selection. The Nano Power Timer Integrated Circuit is used for power man-
agement, as it consumes nanoamps of current, resulting in improved battery
life. The proposed design achieves an off-time current of 38.17309 nA, which
is tiny compared with the design discussed in the existing literature. Battery
life is estimated for spreading factors (SFs), ranging from SF7 to SF12. The
achieved battery life is 2.54 years for SF12 and 3.94 years for SF7. We present
the analysis of current consumption and battery life. Sensor data, received
signal strength indicator, and signal-to-noise ratio are visualized using the
ThingSpeak network.
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1 | INTRODUCTION for every challenge, several research opportunities exist

in the WSN field [2].

The role of the Internet of Things (IoT) in human activi-
ties has increased in recent decades. Technology
increases the efficiency of people in their daily routines,
making many previously difficult jobs easy to complete.
The advancements in technology has mandated the
development of intelligent personal assistants, which are
mobile, autonomous, and software-based systems that
can perform functions or offer services on behalf of
humans [1]. Wireless sensor networks (WSNs) have vari-
ous applications and present several issues to be resolved.
Based on a survey used to identify an active research field

Several technologies enable energy -efficient I0T. We
discuss several IoT elements that require efficient energy
utilization [3]. Lazarescu [4] presented the WSN design for
environmental-monitoring IoT applications. When design-
ing WSNs, important aspects, such as platform structure,
flexibility, and reusability, should be considered at all
levels. A sensor node (Figure 1) is the most basic unit of a
WSN. Processing, communication, power, and sensor
units are the four essential parts of a sensor node [5].

Sensor node design in WSNs is influenced by various
challenges and constraints, including power consumption,
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FIGURE 1 Basic components of sensor node

node deployment, hardware constraint, and security. As
sensor nodes are usually battery operated, a major chal-
lenge in their design is power consumption. The batteries
on power sensor nodes are recharged using diverse
energy- harvesting (EH) techniques [6,7]. Various energy
sources can be harvested, and various storage systems and
existing EH sensor nodes exist. A hybrid EH system pro-
vides a sensor node for monitoring structural health. It
detects the vibration, humidity, and temperature within
the walls of the structure [8]. This sensor node is designed
for specific use. Somov and others [9] first proposed
power-aware gas sensing based on the principle of single-
sensor gas concentration measurement. Previously, the
Wheatstone bridge, composed of two sensors (one active
and the other as a reference) and two resistors, was used
for measurements.

1.1 | Related study

The green task-based sensing scheme (gTBS) is a cross-
layer energy-efficient design that increases the lifespan of
deployed sensor nodes and the overall WSN. It is a task-
based sensing approach that incorporates power adapt-
ability and a sleep-and-wake-up mechanism to allow idle
nodes to sleep. A comparison was made between the
power consumptions of the gTBS and the nongreen TBS
with no energy-saving methods, and a reduction in power
consumption was identified [10]. Yan and others [11]
presented the design of an energy-aware sensor node.
This architecture prioritizes energy conservation at the
node and network levels. To save energy at the node-
level, adaptive transmission power settings and a periodic
sleep-and-wake-up system have been implemented.
However, an adaptive network configuration is used to
save energy at the network level. The software
section provides a technique to determine the lowest pos-
sible output power.

Kumar and others [12] presented a design model for a
smart sensing comfort system. The system was derived
from a comfort rating technique based on WSNs. The sys-
tem comprised a sensor array, a Simcom SIM20, a sink
node, a central processing unit, and an SD card data

ETRI Journal—WI LEYJi

storage module. The ATmega88 microcontroller was used
as the processing unit, and Simcom SIM20 was used as a
transceiver for designing this sensor node.

The authors proposed a two-antenna architecture for
a power-efficient node. One antenna was for data trans-
mission, although it was usually in sleep mode. The radio
frequency (RF) signal sent to the node was detected using
an additional antenna. The design included a wake-up
circuit controlled by an RF power meter. The RF inter-
face was activated when the power meter detected an RF
signal. When data transmission was not required, the
power consumption of the node was reduced. Compared
with their previous work, the power reduction was
around 21%, and compared with the standard node, it
was almost 40% [13].

Magno and others [14] designed an ultra-low power,
compact, and lightweight wireless sensor node for bird
monitoring. Bluetooth Low Energy was employed for
communication with this sensor node. ARM-Cortex M3
enabled bidirectional communication and minimized
power consumption. Authors discussed the hardware
implementation and design of ULP Long Range Wide
Area Network (LoRaWAN) sensor node with sleep mode
current consumption of 45 nA. The ATMEL SAM D21
low-power microcontroller, Murata CMWXI1ZZABZ
LoRa WAN modem (transceiver), and Ferroelectric ran-
dom access memory (FRAM) were used to hold the keys
and counters are used to design the sensor node [15]. Ali
and others [16] proposed a WSN that operates indepen-
dent of its location and orientation. Each side of the WSN
unit was an EH wireless sensor module, incorporating a
microprocessor, a RF transceiver, and an array of sensors.
With the other faces, all sides shared a common energy
storage unit and communication bus. The RF transceiver
power consumption could be reduced using a directional
antenna, and the most energy-efficient procedure for
selecting the strongest radio face based on received signal
strength indication (RSSI) was proposed. The Kalman fil-
ter and extended Kalman filtering methods were used to
track the mobile nodes and predict their locations [17].
These techniques are used to reduce localization errors.
It is found that the extended Kalman filtering approach is
the best choice and was found to be optimal for monitor-
ing the sensor nodes after assessing the received signal
strength indication vs.RSSI against the distance for both
filtering methods.

Pieris and others [18] presented different low-power
strategies for constructing wireless sensor nodes. Linear
voltage regulators were used in wireless sensor nodes to
eliminate switching ripples and noise. However, voltage
drops caused power consumption. Designing a sensor
node without voltage regulators is one way to reduce
power consumption, and this concept was used to create
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a sensor node for saving energy. The nodes were designed
using the BME280 sensor module for weather forecasting
and the nRF24L01+ transceiver, which includes a built-
in voltage regulator. Compared with the identical sensor
node designed with a voltage regulator, this design saves
up to 40% of the energy.

We present an overview of LoRaWAN, an open
wireless communication standard. Furthermore, a power
gradient approach has been developed to measure the
power performance of the network. The lifetime and
power gradient of an EH-based sensor node have also
been estimated [19].

An application-based paper for groundwater monitor-
ing was developed using long-range (LoRa) technology.
The system built using the ATmega328P microprocessor
uses the MS5803-14BA and MB280 sensors. Free and
open-source software was used to develop the data
processing, storage components, and data visualization
dashboard [20]. The design of a new multipurpose,
energy-efficient, adaptable, and low-cost sensor node has
been described. The proposed sensor node has all the
needed properties, including reconfigurability, flexibility,
and energy efficiency. This sensor node enables the
selection of a suitable communication module based on
the desired communication range. The circuit design is
presented to regulate the power consumption of various
node parts to improve the lifespan of the sensor node. It
can integrate peripherals to meet user needs [21].
This study describes a LoRa-based low-cost system with
power management capabilities that contribute to
increased battery life without reducing gateway commu-
nication time. The supercapacitor is an important
component for supplying the required transmission.
energy [22].

Most IoT sensor nodes are based on Zigbee,
Bluetooth, and Wi-Fi communications. These methods
have a restricted operating range and are inefficient for
ultra-low-power sensor nodes. LoRa communication
must be combined with ultra-low-power consumption
and multiple-sensor interface support.

1.2 | Contribution

We proposed the design of a low-power, flexible, and
compact-sized sensor node based on LoRa wireless tech-
nology for serving IoT applications. The design has an
interface connector for communication with different
sensors. A detailed analysis of current consumption and
battery life is given. We took the initiative and proposed
a low-power sensor node with the LoRa network. It
achieves an off-time current in the nanoampere range
that results in a long battery life. The values of the sensor

are logged on the ThingSpeak channel. The channel dis-
plays temperature, humidity sensed by the sensor, RSSI,
and signal-to-noise ratio (SNR). The contributions of our
study are as follows:

« The proposed low-power LoRa-based wireless sensor
node with a compact size achieves the off -time current
in the nanoampere range.

« Analysis of the current consumption and battery life of
the sensor node.

« Visualization of the sensor data and performance
parameters, such as RSSI and SNR, on the ThingSpeak
network.

2 | DESCRIPTION OF THE
DIFFERENT UNITS OF THE
PROPOSED SENSOR NODE

This section gives the basic idea of each unit used in the
design of the sensor node. The main components of the
proposed sensor node are the transceiver module unit
and the timer unit. Figure 2 shows the components used
for the hardware design of the sensor node.

2.1 | Processing unit

The processing unit is responsible for the different tasks,
data processing and control of the different components.
A PIC 18 family microcontroller PIC118LF46K22, the
inbuilt part of the transceiver module, is the processing
unit of the sensor node. This controller has an extremely
low- power feature, as it consumes a 20-nA sleep current.
It operates from 1.8 V to 3.6 V with up to 35 I/O pins,
an Inter-Integrated Circuit (I2C), a Serial Peripheral
Interface (SPI), a Timer/Counter, and a pulse-width
modulation [23].

DCinput ———» Rechargeable
battery

RT9080
Voltage —>
regulator RN2483
Transceiver
Module

Components used for the hardware design of the

Timer circuit

port
Reset switch

FIGURE 2
sensor node
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2.2 | Memory unit

The memory unit is an integral part of the transceiver
chip used in the design. The internal memory of the
inbuilt controller is 1024 bytes of electrically erasable pro-
grammable read-only memory (EEPROM), 64 Kbytes of
linear program memory addressing, and 3896 bytes of lin-
ear data memory addressing. The executable files pro-
duced by the programmer are stored in the flash memory
to serve the apps. The observed data are temporarily
stored in an EEPROM (1 KB).

2.3 | Power unit

The power unit supplies power to the hardware of the
sensor node. The onboard connector connects the power
unit, comprising a 18650-type rechargeable battery
attached to the top cover of the enclosure.

24 | Communication unit

The RN2483 transceiver module is the communication
unit responsible for receiving and transmitting signals to
and from the sensor nodes. It allows frequency-shift key-
ing (FSK) modulation for a bitrate of up to 300 kbps, and
the LoRa technology modulation provides a bitrate of
10 937 bps.

2.5 | Sensor unit

The sensor unit is an essential part of a wireless sensor
node because it collects real-world data and sends it to
the processing unit. There are 14 general-purpose input/
outputs (GPIOs) available on the module, allowing differ-
ent sensors to interface with the sensor node. This sensor
node allows the connection of sensors compatible with
various communication protocols, including SPI and 12C.
The data acquisition section is built using a DHT11
sensor that can measure temperature and humidity, and
the sense pin is connected with the GPIO10 of the
module [24].

3 | DESIGN AND FUNCTIONALITY
OF SENSOR NODE

This section discusses the hardware design and function-
ality of the proposed low-power LoRa-based sensor node.
This design is adaptable because interfacing connectors
are given on the board so that any GPIO can interface

with any type of sensor. No GPIO is dedicated to a spe-
cific sensor.

3.1 | Circuit design

The schematic and PCB layout of the sensor node is
designed in KiCad using KiCad 5.1.9. The circuit detail of
each component is shown below.

3.1.1 | Timer module

This module is specifically used for the power manage-
ment of the sensor node. The Nano Power Timer IC can
operate at voltages ranging from 1.8 V to 5.5V and cur-
rents of up to 1.1 amps. The onboard two-pin battery
connector provides power. The circuit design of the timer
module is shown in Figure 3.

The primary function of the Nano Power Timer IC is
to turn on the transceiver module of the sensor node after
a set time interval. The board has six dual in-line package
switches that control this time by changing the resistance
connected to the delay pin of the timer IC. The approxi-
mate time is labeled to the left of each switch. On the
timer IC’s output, a single white power light-emitting
diode (LED) indicates the power supply to the voltage
regulator input and enables pins. Simply disconnecting
the trace between the jumper on the board disconnects
this LED.

S1EN/ONE_SHOT
31 DELAY,/M_DRY

FIGURE 3
module

Components used for the design of the timer
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The GPIO-0 of the module provides a digital signal to
the timer’s done pin, which changes from low to high, and
gives the off signal to the Nano Power Timer [25]. A pull-
down resistor is connected to the done pin [26]. The Nano
Power Timer will only consume 35 nA of current until the
timer turns the main module back on again. The current
consumption is significantly less than the sleep current
of controllers used in designing other sensor nodes.

3.1.2 | LoRa module

Figure 4 shows the LoRa module unit of the sensor node
and the circuit connections with an antenna connector, a
programming port, an LED, a reset switch, and an inter-
facing connector.

The module provides the LoRa with high interference
immunity. Some key attributes of the module are a single
operating voltage from 2.1 V to 3.6 V (3.3 V typical), an
integrated microcontroller unit (MCU), low-power con-
sumption, FSK, Gaussian frequency-shift keying, LoRa
technology modulation, and 14 GPIOs [27].

The output of the RT9080 voltage regulator supplies
3.3 V to the RN2483 LoRa module.

The radio transceiver is a LoRaWAN Class A protocol
stack-based LoRaWAN technology radio that provides
LoRa communication. The module has two RF signal
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Connections of LoRa module with an antenna

interfacing connector

pins, one for the high band, 868 MHz, and the other for
the low band, 433 MHz. The antenna connector on the
board is connected to the high-band RF signal. The pro-
gramming connector has five pins connected to the inter-
nal MCU program clock, the internal MCU program
data, the supplied 3.3 V, the ground, and the reset pin of
the module. The LED is connected using a jumper at the
GPIO-11 pin of the RN2483 module used in debugging
while programming. The jumper can be disconnected
after properly testing the sensor node due to the low-
power requirement of the design. The reset switch is acti-
vated using a tactile push-button switch on the sensor
node board.

3.1.3 | Voltage regulator

The voltage regulator RT9080 converts the voltage
obtained from the timer circuit to the operating voltage
required by the RN2483 module [28]. This regulator is
selected because of its lower quotient current, 2 pA, com-
pared with the voltage regulators used in the design of
sensor nodes in related work.

3.2 | Software development

MPLAB X IDE v5.15 is used as the software environment
to realize the LoRa MAC protocol RN2483 LoRaWAN
v1.00 from library name RN2483 [29]. The node is pro-
grammed using the PIC Kit 3.5 programmer. The sensor
node uses an Activation by Personalization scheme in
The Things Network (TTN). We stored the LoRaWAN
session keys and frame counter values in the internal
EEPROM of the microcontroller.

3.3 | Functionality
The front view of the proposed sensor node, housed in a
waterproof enclosure, is shown in Figure 5.

The temperature sensor is attached outside the enclo-
sure for temperature and humidity sensing. A LoRa
antenna of 2.6-dBi gain and an 868-MHz frequency is
mounted on the other side of the enclosure, and a battery
is attached to the lid. The sensor node transmits data
depending on the switch selected on the board. The
switch determines the time interval after which the
RN2483 transceiver module is turned on.

Six switches on the board select the different time
intervals from approximately 1 min to 2 h. Table 1 can be
used to determine an approximate time based on the
switch pressed on the board with the resistance value.
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FIGURE 5 Proposed sensor node in ABS enclosure

TABLE 1 List of available timer values
Timer Switch Resistance
2h 1 169 kQ
1.5h 2 150 kQ
1h 3 120 kQ
35 min 4 100 kQ
10 min 5 56 kQ
1 min 6 22 kQ

The time depends on the value of the resistors connected
to the switches, and the other end of each resistor is con-
nected to the delay pin of the timer IC.

4 | EXPERIMENTAL EVALUATION
AND RESULT ANALYSIS

4.1 | Performance parameters

4.1.1 | Current consumption analysis
A highly accurate B2912A source measure unit used to
measure the current and experimental setup to analyze
the current of the sensor node is shown in Figure 6.

The average current used by the sensor node is evalu-
ated during the on- and off-time frames. The current is
calculated as follows:

I:Ion+10ff’ (1)

Ion = Iinit + Isensor + Itrans + Isave- (2)

Here, Iinit, Isensor> Itrans, and Igve denote the current
consumed for system initialization, sensor data acquisi-
tion and processing, LoRa transmission, and information
storage, respectively.

ETRI Journal—=WI LEYJﬂ
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FIGURE 6 Experimental setup for the current consumption
analysis
4.1.2 | Battery life

We estimated the battery life that powers the sensor
node. The battery life L;; is estimated by dividing the
capacity rating of the battery in mWh by the total average
power consumed by the sensor node and power con-
sumption because of the self - discharge rate. The steps
used to estimate the lifetime are as follows:

L= (Cap{)(;tt/Pavg +Psd)/24~ (3)

Here, Capily, Pavg, and Py denote the total power
capacity of the battery, the average power consumed by
the sensor node, and the power consumed due to self-
discharge in mWh, respectively.

Cap{)‘;‘t =V Chat. (4)

Here, V), and Cypye denote the nominal battery voltage
and battery capacity in mAh, respectively.

Pavg:V'Iavg- (5)

Here, V and I,,; denote the operational voltage and
average current consumed by the sensor node in mAbh,
respectively.

Lavg = (Igef + Iif)- (6)

Here, 12 and I.;f denote the average current con-
sumption during on and off times.

I8 = DCop - Ion. (7)
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Here, DC,, indicates the on-time duty cycle, and I,
is the on-time current consumed by the sensor node.

DCop = T4

/ Tday

(®)

sec ©

Here, T3 and T9 denote the on time in a day and

sec

the total seconds in a day, respectively.

T9Y = Nop - ton - 24.

©)

Here, N,, and t,, denote the number of on times per
hour and the duration of the on time, respectively.

The on-time frame

includes

different cycles:

System-initialized time (¢;,;;), sensor data acquisition and
processing time (fsensor), LORa transmission time (fyans),

and LoRa information save time (tsye). Table 2 gives the
details of the required transmission time for different
spreading factors (SFs). The payload size is 5 bytes,
and the transmission time value is verified for each
SF, according to the formula given in Petrariu and
others [22]

ton - tinit + tsensor + ttrans + tsave’ (10)
I =(1—DCon) - Loft. (11)

Here, I is the off-time current consumed by the sen-
sor node.

Py =Vp-Igy. (12)

Here, Iy is the approximate average current con-
sumed due to the self-discharge of the battery.

TABLE 2 Transmission time of each SF
Spreading factor (SF Transmission time (ms
P g E1) (ms) 4.2 | Results
SF7 40.4
SF8 76.0 421 | Current consumption
SF9 121.2
SF10 283.0 The nominal battery voltage V4, is 3.7. Figure 7 shows the
SFI1 4990 actual value of the current consumed for various SFs,
: ranging from SF7 to SF12. The total on-time current
SF12 824.0 . . .
consumption is calculated by taking the average current
451 Max. 45 Max. 451 Max.
404 425379 40] 436021 4] 44.0834
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£ 25 = 25 = 254
o o o
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FIGURE 7

Current consumption during on time (A) SF7, (B) SF8, (C) SF9, (D) SF10, (E) SF11, and (F) SF12
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consumed within the on-time period. The minimum,
maximum, and mean values of the current are shown in
the graph for each SF. An average value is used in the
battery life calculation. Table 3 gives the measured value
of the on-time current for various SFs, ranging from SF7
to SF12.

The graphical and table views depict that the on-time
current consumption of the sensor node is at the maxi-
mum when SF12 is used. Figure 8 represents the graph of
off-time current.

The average current during the off time is in the
nanoampere range, which is much lower than that of the
sensor nodes mentioned in related studies. This is due to
the proper component selection used in the efficient
hardware design of the node. Table 4 shows the compari-
son of the off-time current.

TABLE 3 Average current consumption of nodes during on
time

Spreading factor (SF) On -time current (mA)
SF7 9.296
SF8 9.531
SF9 10.578
SF10 10.601
SF11 13.289
SF12 17.334
60 Max.
57.8457
50
:é/ 40 4 V /LI/H/ L J L \LH\L Mean
= | 38.17309
o
N
O 304
20 A Min.
17.8186
10

800 805 810 815 820 825
Time (s)

FIGURE 8 Graphical view of current consumption during
off time

TABLE 4 Comparison of the off -time current

Asenov and

current consumption Proposed Tokmakov [15]

Off -time current (nA) 38.17309 45

ETRI Journal—WI LEYM

The table above shows that the proposed sensor node
design achieved less current in the off mode than the pre-
vious paper based on a low-power timer.

422 | Battery Life

We consider the Ny, as equal to 0.5 because the timer
turns the main module on every 2 h, and the value of t,,
is 3.67 s. A self-discharge rate of 0.75% is considered for
the battery life evaluation. The battery lifetime Ly, is eval-
uated for various SFs and compared with the lifetime of
the sensor node proposed in Petrariu and others [22].
The same battery capacity (230 mAh) is used to calculate
the Ly for comparison with the battery life calculated in
Petrariu and others [22].

Figure 9 depicts the battery life comparison graph.
The battery life is shown to decrease with an increased
SF because current consumption is higher in the higher
SF. The battery life is always longer in days compared

1500 | [ @ Proposed[] [ Petrariu et. al.[22]
2
2 —
S
= 1000
> -
£ _
3 —
o
g 500
=
m H

0
7 8 9 10 11 12
Spreading factor
FIGURE 9 Battery life comparison with that of Petrariu et al.

[22]

TABLE 5 Battery life comparison

SF Proposed Petrariu et al. [22]
7 1439 790
8 1417 750
9 1323 690
10 1321 650
11 1131 450
12 929 320
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FIGURE 10 Flow created in Node-RED

with the battery life calculated in the paper [22]. Table 5
gives the battery life comparison.

4.3 | Visualization

The sensor node collects temperature and humidity data,
which are then sent to an application over TTN. A data
log is required to display the temperature, humidity, and
RSSI of sensor nodes. However, data cannot be stored on
TTN. For storage and viewing, data must be transferred
to another network server. ThingSpeak receives data
from TTN’s Message Queue Telemetry Transport
(MQTT) integration through Node-RED. Node-RED is a
flow-based visual programming tool for developing IoT.
Figure 10 shows the flow designed to deliver data from
TTN to ThingSpeak. avaScript Object Notation (JSON)
stores the flows made in Node-RED.

The sensor node is called “connects to an MQTT
broker.” The broker’s internet protocol address or name,
as well as the port, must be known to connect to an
MQTT broker or server. TTN provides the information
needed for this node [30]. This node receives messages
from the specified topic and subscribes to them. The
body of the message will be stored in the msg.payload
property.

The ThingSpeak link is given in the function node,
where the channel is created to represent temperature
and relative humidity. This link can be used by anyone
[31] to visualize the detailed view of these parameters.

One channel on the ThingSpeak network with four
fields is created. Field 1 displays relative humidity, Field
2 displays the temperature obtained from the DHT11 sen-
sor, Field 3 shows the RSSI value, and Field 4 shows the
SNR. The HTTP request node is the network node for
sending JSON data to ThingSpeak. The HTTP node will
send a request and receive the response. The debug node
displays messages and informs viewers when the message
was sent and received.

5 | CONCLUSION

We presented the hardware of a low-power LoRa-based
wireless sensor node that is adaptable and small. The
dimension of the developed sensor node PCB is 53 mm x
55 mm. The timer circuit controls the activation of the
whole circuit depending on the switch selection on the
board. All the hardware components are carefully selected
so that they can reduce the current consumption of the
proposed sensor node when data transmission is not
required. We concluded that the proposed approach pro-
vides an off-time current of 38.17309 nA, which is consider-
ably lower than that of the existing sensor nodes presented
in related work. Such a small average current value during
off time is not possible with the deep sleep feature of micro-
controllers. We proposed a hardware design with a low
-power timer to turn the hardware on and off with a sleep
current in nanoamps. This is one of the most significant
contributions to the design of an energy-efficient sensor
node. We achieved a 15.17% off-time current reduction over
the previous timer-based sensor node.
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