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Abstract

LoRa Technology is one of the devices used on Low-Power Wide Area
Networks (LPWAN), which is a viable alternative wireless communication
technology for the Internet of Things (IoT). The LoRa device is meant to
traverse a large distance while using minimal power. However, because it uses
single-hop communication, the Gateway's farthest nodes will die prematurely
as a result of the increased energy usage. This research attempts to improve
the range of LoRa networks utilizing multi-hop uplink communication while also
reducing energy consumption by adjusting the LoRa transmission power to the
lowest possible dBm in each hop. As a network model, a star topology-based
tree made of some rings with a gateway as the central point is chosen. The
performance of two forms of uplink communication, single-hop and multi-hop
models was tested in terms of energy consumption and coverage. The results
show that the network structure in the multi-hop uplink model can extend
coverage over a greater distance while using less energy than the single-hop
uplink model. This model can be used as a supplement to the LPWAN's uplink
communication in the loT to enhance the network's coverage range and
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lifetime.

1. Introduction

The Internet of things (loT) communications in sensor node deployment for a variety of applications is predicted
to increase rapidly and shortly. According to Ericsson [1], by 2025, Ericsson estimates that 5 billion 10T devices will be
connected via cellular 3GPP access technologies. Furthermore, according to a Forbes survey, there will be roughly 75
billion 10T devices connected to the internet by 2025, and the exponential increase in I0T applications will affect all
industrial processes and practically all market areas. To be more specific, it necessitates a rethinking of how to design,
manage, and maintain connections, networks, big data, and the cloud.

The loT uses two types of transmission to connect devices to the internet: local and internet connections. End
devices collect and deliver sensed data and parameters to Gateway (GW) via radio connections in a local connection.
Meanwhile, in the internet connection, the data is forwarded to an application server to be stored in the cloud. 10T local
connections now use three types of wireless technologies, which are classified by range: short-range, medium-range,
and long-range networks. For sensing applications in short-range networks, wireless technology such as RFID/NFC [2],
Bluetooth Low Energy (BLE) [3], IEEE 802.15.6-based wireless body area networks [4], or IEEE 802.11a/b/g/n/ad/ac
[5] can be employed. Furthermore, wireless devices such as IEEE 802.15.3-based wireless low-rate personal area
networks [6] and IEEE 802.15.4 Zigbee [7] are employed in short-range situations for low data rate applications. On the
other hand, cellular networks 5G [8] can be expanded to long-range networks, but they are designed for data and voice
communication rather than wireless sensing applications. Long Range (LoRa) [9] [10], Sigfox [11], and NB-IoT [12] are
some of the other device technologies that are suitable for wireless sensing applications in long-range applications.

Low Power Wide Area Networks (LPWAN), a new paradigm in I0T, use wireless technologies. This technology
is being deployed and has shown tremendous promise for a wide range of IoT and M2M applications [13], particularly
in constrained environments. In general, LPWAN is a sort of wireless loT communication standard with low transmission
data rates and small packet data sizes that can be used to expand coverage regions and improve battery life [14] [15].
As a result, LoRa technology, as one of the LPWAN devices, is a potential wireless IoT communication technology that
is extensively employed since it can serve as an energy-efficient and low-complexity end device for a number of
applications that are to be implemented on scalable networks. On the other hand, the LPWAN employs a star topology
with end devices communicating directly with the gateway (GW). In the architecture of the routing protocol, this
communication paradigm is referred to as a single-hop method. Furthermore, it establishes a reliable technique for
network centralized control. However, because each end device is designed to link directly to the GW, the network
relies significantly on the transceiver's capabilities in this manner. As a result, the single-battery-powered end devices
that are farthest from the GW will experience early energy depletion, reducing the network lifetime. As a consequence,
in order to extend the network's lifetime, energy consumption is a vital issue to consider.
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Researchers have devised models to create numerous novel multi-hop protocols to extend the network lifetime
and expand network coverage in the star LPWAN architecture. These protocols can be divided into two categories: (i)
multi-hop protocol based on the LoRa, (ii) multi-hop routing using the existing LoRaWAN. The first work that introduces
a multi-hop LoRa-based network was being called LoRaBlink [16]. This protocol works over LoRa physical layer
integrating MAC and routing at the same layer. The multi-hop network is begun with time synchronization among nodes
to create slotted channel access so that the nodes can transmit packets concurrently. The sink can distribute a packet
to nodes using flooding, likewise, the nodes transmit a packet to the sink that employs directed flooding. The tests have
shown a reliability of 80%. The concurrent transmission (CT) technique [17] also used a revolutionary flooding routing
protocol that has been successfully implemented in IEEE 802.15.4-based networks. The CT protocol does not require
a routing table, and the nodes are synchronized via the flooding process. The protocol improves LoRa coverage and
delivers a dependable packet delivery rate in the specified indoor situation. The energy consumption is not examined
but tested by several proof-of-concept studies that have shown that the concept works well indoors, especially when
the nodes are nearly together.

The research in [18] presents a mesh network solution based on LoRa transceiver for dealing with poor packet
delivery ratios (PDRs). The gateway, which periodically requests data from each of the linked nodes, has sole control
over medium access. None of the nodes is permitted to transfer data actively. This approach prevents collisions, but it
necessitates that each child node is in 'receive’ mode at all times to ensure that all query requests are received. This
research did not focus on either power consumption optimization or time synchronization. Another drawback is that the
number of supported nodes is limited because each message is sent instantly rather than sending all incoming packets
in a single packet to the next node on the way to the gateway.

In [19] it creates a lightweight LoRa protocol by combining the Hybrid Wireless Mesh Protocol (HWMP) and the
Ad hoc On-Demand Distance Vector (AODV) protocol. This approach uses intermediate nano-gateways that do not
fully support LoRaWAN, and the routing technique is transparent to end devices and the network server. Only route
construction delays are included while evaluating the protocol. On the other hand, the Destination-Sequenced Distance
Vector (DSDV) routing protocol was adapted for LoORaWAN by the developers of [20]. The proposed system divides
nodes into two types: routing nodes and leaf nodes, with routing devices that are not limited by energy. The solution
was put to the test in a prototype system in both linear and bottleneck scenarios. They conclude that the solution is
viable, despite the duty cycle constraints.

A linear multi-hop LoRa [21] used a basic routing protocol and synchronization mechanism that uses a wake-up
time transmission strategy to save energy. The results showed that the synchronization mechanism saves energy usage
by 50% when compared to a non-optimal wake-up time. Moreover, a linear multi-hop network based on LoRa [22] was
also investigated to extend the coverage area using a simple routing system. This protocol also incorporated a
synchronization mechanism to the end devices and put the protocol into practice in a real-world setting. The testbed's
throughput and reliability were used to evaluate its performance, rather than power consumption. Next, to increase the
performance of the multi-hop LoRa networks, a network clustering based on the spreading factor established a tree-
based SF clustering method (TSCA) that divides nodes into subnets [23]. Using numerous SFs, the author investigated
the prospect of parallel transmission in LoRa. The authors used simulation and real-world scenarios to examine the
solution and concluded that an efficient multi-hop LoRaWAN network must consider SF allocation.

The work given in [24] and [25] present a full protocol solution for the LoRa physical layer, which included TDMA
access, collision avoidance, synchronization, and routing mechanisms to give a low latency solution. The results
revealed that the protocol had good data dependability and minimal latency, but no information on energy consumption
was provided.

The study in [26] presents a new LoRaWAN model to handle the challenge of underground infrastructure
monitoring. The design consists of sensor nodes that create a LoRa mesh network and feed data to a repeater node
that serves as a sensor sink. The repeater node is a small battery-powered end device that is not linked to the Internet
that connects directly with the main gateway. In a mesh network, the sensor nodes act as routers, while the repeater
node acts as a relay, forwarding messages to the gateway.

In this study, we propose a multi-hop LoRa-based network that provides a model for calculating the energy
consumption of LPWAN. The model is also used for single-hop to compare the multi-hop network in terms of energy
saving. The end devices in the network that cannot reach directly to the GW can forward their data to other end devices
as an intermediate node in several hops. This mode has certainly a new problem in selecting an appropriate spreading
factor to decrease energy consumption. Therefore, we introduce a new framework that is called Energy-Aware Multi-
hop LoRa Network (EAM-LoRaNet) for a structure of the LPWAN that especially uses the LoRa device as the
transceiver. This study aims to evaluate the performance of EAM-LoRaNet as a new alternative in a long-range
transmission model of the LPWAN to obtain more efficient energy consumption.
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2. Research Method
As a benchmark for our proposed energy consumption model, this study creates a network structure for the
EAM-LoRaNet. This section explains the structure and model.

2.1 Network Structure
The Nodes are distributed in EAM-LoRaNet in some rings that have a defined distance between them, forming
a tree-based network as shown in Figure 1.

Internet

Figure 1. Structure Example of EAM-LoRaNet for 10T, Net = (Rg = 3, B, = 3, Ch = 21)

The structure is made up of four parameters, which are as follows [11]:

e Number of Rings (Rg): the EAM-LoRaNet topology is made up of six rings. Each ring (r) has several nodes that are
exactly positioned with the GW.

e Number of Branches (B;): a branch connects GW to a node in the first ring directly. As a result, the number of
branches in the first ring equals the number of nodes. A branch is changed to use a different channel to avoid packet
collisions. As a result, the maximum number of channels is equal to the total number of channels. Because the
maximum number of channels available for one sub-band with 61 Hz increments is eight, the number of branches
is limited to eight.

e Several of node's children (Cp): each node has several offspring, with the exception of the nodes in the last ring
(furthest ring).

e Maximum Distance (Dmax) and Fixed Distance Between Rings (Diing): the distance of the next ring is determined by
the maximum distance that the highest transmission power P and lowest receiver sensitivity S,x can cover. The
path loss formula yields Dmax, which is determined by Equation 1 [27]:

PL =40 (1 — 0.004H|,,)l0g10D|ixm — 18log10H|m + 21log1of |muz + 80 1)
where:
H is the antenna height in meters
D is the distance of a node from GW in kilometers
f is the carrier frequency in MHz
If the antenna height H = 2 meters, the path loss of Equation 1 can be simplified to following Equation 2.
PL = 74‘58 + 39.68 lOg10D|km + 21l0g10f|MHz (2)

The fixed distance spreading between rings is given by the proportion Dmax/Rg, i.e. d(r) = r(Dmax/Rg). As a result,
using Equation 3, the number of nodes in the EAM-LoRaNet may be determined based on the number of nodes in each
branch and ring [28].

Ry
N, = B, Z crt 3
r=1
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2.2 Energy Consumption Model

LoRa is a low-power wide-area network (LPWAN) technology that runs on a single battery and can last for years.
Therefore, energy usage must be taken into account when operating the Lora. In order to extend the network lifetime,
we discuss the energy consumption model for single-hop and multi-hop uplink transmission models in this section.

Each node in a ring sends its packet directly to the gateway in the single-hop uplink transmission, therefore it
does not receive packets from any other node in the network to be sent to the gateway. As a result, the single-hop
uplink's overall energy usage is the sum of three states: sending, sleeping, and idle. Thus, Equation 4 can be used to
compute total energy consumption.

€tot = €tx T €sieep T €idie 4)

The set of nodes in each ring plays two roles in the multi-hop uplink transmission scheme. The packet is only
sent straight to the gateway by the nodes in the furthest ring. In the meantime, the nodes in the other rings (save the
farthest ring) receive and transmit the packets to the gateway. As a result, the total energy consumption of the set of
nodes at the farthest ring is identical to that of the single-hop uplink model using the equation (3). The set of nodes in
the other rings, on the other hand, spend the energy that is equal to the sum of the energy consumed in transmitting,
receiving, sleeping, and idle states. As a result, Equation 5 can be used to calculate total energy consumption.

€tot = Ctx T €rx T Esicep T Cidie (%)

We devise an algorithm in each node to calculate the overall energy usage for both uplink transmission methods.
The energy consumption for each of the node's four states can be calculated using this approach. Thus, the total energy
(ewr) in line 13 will always increase based on the current state of the node. The difference time between the current
simulation and the last update time is used to calculate the duration of the idle and sleep states (lines 5 and 7).
Meanwhile, the Time on Air (ToA) of the packet, which is determined using Equations 6 to Equation 9, is used to
determine the duration of the packet transmission (Tpacket) (lines 9 and 11).

Algorithm Calculating the total energy consumption

Input: idle current: I;4;.; sleep current: Ig,,,; tx current: I,,.; rx current: L.,.; packet duration: T, ¢, CUrrent state: cs
Output: total energy consumption: e

1. e, < 0 (energy consumption for the current state)
2. Vp < 3.3 (supply voltage in volt)

3: switch csdo

4: case: IDLE

5: e.s = duration. GetSecond * Iz, * Vp

6: case: SLEEP

7 ecs = duration. GetSecond * Igeep * Vp

8 case: TX

9: esc = Tpacket * Iex * Vp

10: case: RX

11: esc = Tpacket * Irx * Vp

12: endSwitch

13: epor += €4

The Time on Air (ToA) of the packet is [29].

Tpacket = Tpreamble + npldSym + Tsym (6)

Where the preamble duration, symbol duration, and the number of payload and header symbols are represented
in Equations 7, Equation 8, and Equation 9 respectively [29].

Tpreamble = (npreamble + 4-25) * Tsym (7)
ZSF
Tsym - W (8)
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8PS — ASF + 28 + 16 — 20H
4(SF — 2DE)

Nplasym = 8 + max(ceil( )Y(CR + 4),0) 9

Where PS is payload size, SF is spreading factor, H is header mode setting (implicit mode = 1 and explicit mode
= 0), DE is low rate optimization setting (DE = 1 for enable, and DE = 0 for disable), and CR is coding rate (valuable 1
to 4).

A LoRa packet's header mode can be implicit or explicit [29]. The number of symbols in the packet is determined
by the LoRa packet formatting, as shown in Equation 9. When the header enable (H) value is set to 1, the implicit mode
is selected. The idle current (liae), Sleep current (lseep), @and rx current (Iix) (lines 5, 7 and 11) respectively are assigned
based on the datasheet of SX1276 LoRa Transceiver [29]. Furthermore, the tx cur rent is obtained from the transmission
power divided by the supply voltage (Pwx|wat/(Vbo|vor * 6), in which the transmission power is converted from dBm into
Watt.

3. Results and Discussion

In this study, performance evaluation refers to the process of analyzing the impact of the transmission model on
energy consumption and network longevity. The performance of the EAM-LoRaNet was analyzed using a network
simulator NS-3 version 3 that includes basic LoRaWAN modules developed by [10]. In addition, the fundamental
modules were extended to suit the needs of the LoRa transmission model in single-hop and multi-hop modes. The
transmission current model, propagation model, and radio energy model are among the enhanced modules. We built
two modules to replicate both single-hop and multi-hop uplink transmission.

3.1 Simulation Scenario

The configurations of LoRa packet structure, network structure parameters, and transmission configuration for
single-hop and multi-hop are all taken into account in this simulation. As stated in Table 1, in this study, the LoRa packet
structure uses the implicit model with the Header and Cyclic Redundancy Check (CRC) disabled. Table 2 shows the
network structure, which comprises two scenarios using the SX1276 Lora transceiver model. The LoRa transceiver
model, node's initial energy of joule, number of rings, number of branches, and number of children in each branch are
all required setup parameters for the EAM-LoRaNet network structure as shown in Figure 1.

Table 1. Configuration of LoRa Packet Structure

Parameter Value

Bandwidth (BW) 125 kbps

Uplink Frequency 915MHz

Coding Rate (CR) 1

Number of Preamble Symbols 8

Header Disable 0

Cycle Redundancy Check (CRC) Enable 0

Low Date Rate Optimization Enable 0

Table 2. Network Structure Parameter
Parameter Scenario 1 Scenario 2

Initial Energy 2.5 Joule 2.5 Joule
Number of rings (Rg) 6 6
Number of branches (Br) 2 3
Number of children (Ch) 2 2

Number of nodes (N) 126 189

3.2 Experimental Results

Three performance evaluations of the single-hop and multi-hop models are used in this investigation. The first is
a comparison of the single-hop and multi-hop ring's energy consumption, the second is an evaluation of increasing the
spreading factor by one against energy consumption, and the third is a measurement of the number of periods and the
amount of energy consumption of the network in the bottleneck.

3.2.1 Ring’s Energy Consumption
The first experiment compares the ring's energy consumption for single-hop and multi-hop models, using scenario
1. Even though this experiment only examines a condition from scenario 1, it can represent all conditions from both
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scenarios because it has the same characteristic for all of them. The energy consumed by a node in each ring of the
network is shown in this experiment for both single-hop and multi-hop models. Figure 2 demonstrates that each node
in the single-first hop's ring (closest ring) spends more energy than each node in the sixth ring (farthest ring), where the
energy consumed is the total of energy spent transmitting, sleeping, and standing by. The first ring, the nearest ring,
requires just 7 dBm of transmission power to send a packet to the GW, whereas the further ring requires 20 dBm of
transmission power to send a packet straight to the GW. Figure 3 depicts the multi-hop energy consumption, which
includes total energy (ewt), transmitting-state energy (ew), and receiving-state energy (er). The sum of energy used in
transmitting, receiving, sleeping, and standby is referred to as multi-hop consumption. As illustrated in Figure 3, e
appears to have no substantial influence on the total energy increase, even though the nodes at each ring (except the
farthest ring) conduct packet aggregation to be transmitted to the nodes at the GW's next-closer ring. Although
receiving-state energy is added, the overall energy of the multi-hop is lower than that of the single-hop. As a result,
compared to the single-hop model, the multi-hop model uses less energy.

B Single-hop @ Multi-hop

- n
o o
| |

Energy consumed by a node (mJoule)
[6)]
|

Ring (r)
Figure 2. Energy Consumed by a Node in Each Ring for Single-hop and Multi-hop

Energy consumed in multi-hop

W et @ex Oenx

Energy consumed by a node (mJoule)
S
1

Ring (r)

Figure 3. Energy Consumed by a Node in Each Ring for ewt, e and e in Multi-hop

3.2.2 Spreading Factor Effect

Using scenario 1, the second experiment evaluates the effect of raising the spreading factor by one on energy
consumption. The impact of increasing the SF by one versus increasing the energy consumption in each ring for single-
hop and multi-hop models can be shown in Figure 4(a) and 4(b). The increase in SF by one in the first model is
accompanied by a large increase in energy consumption in each node at each ring. In each ring, the greatest SF of 12
consumes more energy than the lowest SF of 7. The effect of increasing SF by one causes the Time on Air (ToA) to
increase, resulting in an increase in energy consumption, where energy consumption is multiplied by ToA and
transmission power. Furthermore, it appears that the outermost ring consumes more energy than the innermost ring. It
occurs because the ring, in order to transmit packets straight to the GW, requires the highest transmission power of 20
dBm. The multi-hop model, on the other hand, is similar to the single-hop model in that it increases the SF by one,
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causing each ring to consume more energy. However, it grows at a slower rate than the single-hop. The cause is that
nodes in each ring deliver packets to the next ring in one hop utilizing the lowest transmission power of seven dBm.
Furthermore, as the node root of their branch, the nodes spend the most energy in the closest ring. Clearly, the multi-
hop model consumes less energy than the single-hop model in each ring and across the entire network.

500 Scenario 1: Single-hop Scenario 1: Multi-hop
2 Mring1 Mring3 Mring5 21007 mying1 @rings mring5
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Figure 4. The Energy Consumed by Each Ring in the Network in Scenario 1 for Single-hop and Multi-hop

3.2.3 Network in a Bottleneck

In the third experiment, we measure the network bottleneck using two scenarios. The bottleneck is measured
using two performance parameters: the consumption of the bottleneck and the number of periods. The amount of energy
consumed by the network until it becomes a bottleneck is referred to as the bottleneck’'s consumption. Whiles, the
number of periods refers to the number of times each node in a ring successfully conducts data sensing, gathering, and
delivering packets to the GW before their energy is depleted. As we know, the single-hop’s bottleneck occurs in the last
ring (furthest ring), while the multi-hop’s bottleneck occurs in the first ring (closest ring).

The total energy that spent by all nodes in the network for scenarios 1 and 2 is shown in Figure 5(a) and 5(b). In
both instances, the multi-hop consumes significantly less energy than the single-hop. Figure 6(a) and 6(b) illustrate that
the multi-hop has a greater number of periods than the single-hop. With all assigned spreading factor settings, both
performance parameters appear in both cases. Furthermore, in the multi-hop, the number of periods decreases
dramatically while the spreading factor increases by one. Meanwhile, there is a decrease in the number of periods in
single-hop, although it is not as dramatic as in multi-hop. Clearly, the multi-hop network consumes far less energy and
has a significantly longer network lifetime than single-hop networks.
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Figure 5. Network's Total Energy Consumption of Scenario 1 and Scenario 2
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4. Conclusion

The Energy Aware Multi-Hop LoRa Network (EAM-LoRaNet) was developed in this paper as a multi-hop uplink
paradigm for LoRa Networks. The network performance was measured in terms of energy savings and network lifetime.
The simulation findings reveal that a node in each ring consumes less energy in the multi-hop model than in the single-
hop model. As a result, the multi-total hop's energy is lower than the single-hop's. While the influence of the spreading
factor in the network revealed that the multi-hop model consumed less energy than the single-hop model in both each
ring and the entire network. Finally, for the network lifetime that was assessed based on the network under bottleneck
situation, the multi-hop had a longer network lifetime than the single-hop. Multi-hop models, in average, have better
network performance in terms of energy savings than single-hop models.
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