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ABSTRACT Although LoRa (radio) technology offers customization of different physical layer transmission
parameters such as bandwidth, spreading factor (SF), transmission power, and coding rate to obtain the
desired data rate and coverage, the currently preferred single-hop transmission mode cannot simultaneously
achieve both. The LoRaWAN community is therefore focusing on multi-hop networks to increase network
longevity while extending coverage. In this paper, a detailed mathematical model for a multi-hop network
that modifies the Distance Ring Exponential Stations Generator (DRESG) framework is presented. The
relay operation is carried out through intermediate gateways, and a distance-based adaptive transmission
configuration approach is used. On the basis of the performance metrics, i.e., packet delivery ratio (PDR)
and energy usage of end nodes, we compare and contrast the performance characteristics of several
routing schemes, including single-hop (SH), next-ring-hop (NRH), and variable-hop (VH) routing. The
research covers some core issues, including interference, environmental conditions, and transceiver power
constraints, and sets the stage for evaluating various multi-hop LoRa solutions as well as optimizing several

implementation factors.

INDEX TERMS Energy efficiency, interference, LoRaWAN, packet delivery rate, routing.

I. INTRODUCTION

The Internet of Things (IoT) promises to facilitate intercon-
nection and collaboration across various types of devices to
provide smart services for various environments in a seamless
manner [1]. There will be billions of IoT devices in use over
the next several years, allowing for the development of smart
systems for a variety of purposes, including smart cities,
farms, hospitals, factories, and transportation systems, among
many others [2]. Whether in a city, a building, or a farm,
these applications are not feasible without wireless networks.
ZigBee, Bluetooth, and Wi-Fi are the three most common
wireless technologies employed for this purpose, and all have
a limited range. Low-Power Wide Area Networks (LPWANS)
are now used in many IoT deployment scenarios, which have
wider coverage, low operating costs, and long battery life in
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end devices. They use the unlicensed sub-1GHz industrial,
scientific, and medical (ISM) frequency spectrum to send
short packets at slow data rates, reducing exploitation costs.
Therefore, it is anticipated that LPWANSs will be appropri-
ate for supporting IoT services, which demand modest data
throughput and broad coverage.

The deployment density, whether sparse or dense, varies
depending on the specific application scenario. Numerous
real-world applications require the deployment of dense
LoRa networks. The LoRa Alliance claims that 1 million
connected devices are now part of the LoRaWAN. The
LoRaWAN network design makes it simple and affordable
to expand wireless network coverage without disrupting the
network. This design enables the network to be scaled as
needed to meet the requirements of any given application
or environment. For instance, Smart Harbors implemented
1000 nodes for asset and vehicle tracking [3]. In [4], the
author demonstrated the application of LoRaWAN in the
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flower industry, where numerous trolleys needed to be con-
nected to a server while moving around an auction floor
space, and the ability of a single gateway to support as many
as 6,000 nodes (trolleys). Furthermore, LoRa technology is
being studied for the deployment of industrial wireless net-
works suited for sensors and actuators of the Industry 4.0 era,
and it has been experimentally demonstrated that with proper
planning of time, frequency, and spreading factors, up to
6,000 nodes can be accessed up to one minute cycle time [5].
Massive scale evaluations of LoRa technology for indoor
remote health and wellbeing monitoring and vehicle commu-
nication are also presented in [6] and [7]. Real-world indus-
trial deployments have also benefited from LoRa technol-
ogy and improved business efficiencies. For example, Enthu
Technology Solutions India Pvt Ltd and Xorowin Mechatron-
ics recently collaborated with Semtech to develop SIPOAL
(Self-Powered Electromechanical Controller) [8]. It is an
Internet of Things (IoT)-based smart single-point lubricator
and self-powered electromechanical controller that automat-
ically provides the right amount of lubricant to machines
at user-programmed intervals. For IT and Operational Tech-
nology (OT) environments, Cisco created new IoT sensor
solutions employing LoRaWAN to improve visibility into
physical locations [8]. This sensor uses the LoRaWAN pro-
tocol to wirelessly connect the battery-operated Internet of
Things. For better logistics, theft prevention, and operational
efficiency, gateways utilizing the LoORaWAN protocol allow
geolocation capabilities to track and monitor asset locations.
In addition, LoRa-enabled sensors from Transco can be seam-
lessly integrated into existing mining infrastructure, such
as conveyor belts [8]. These compact, long-lasting sensors
communicate with private networks using the LoRaWAN
technology, which enables the constant transmission of real-
time data despite the harsh conditions underground. Recently
AIUT LLC. (a hardware and software company specializing
in Internet of Things (IoT)-based solutions in the oil and gas
markets) uses Semtech’s LoRa devices and the LoORaWAN
protocol to deliver reliable, continuous, and remote LPG
monitoring and deployment flexibility [8].

LoRaWAN has been developed to meet the large area
coverage and low data rate requirements of IoT-based ser-
vices. In a LoRaWAN network, a star topology is used by
end devices to connect with gateways [9], [10], [11], [12].
It has been discovered that LoRaWAN, especially in open
areas and rural settings, has a potential range of several
kilometers. However, this performance will be poorer in areas
with impediments like buildings or mountains. In congested
networks, interference and packet collisions also reduce per-
formance. The energy usage of the network consequently
rises as its dependability falls. Although the LoRaWAN spec-
ification only stipulates a single-hop between end devices
and the gateway [13], [14], [15], various studies have pro-
posed multi-hop solutions for network extension or improve-
ments [2], [16], [17], [18], [19], [20], [21], [22], [23], [24],
[25], [26], [27], [28], [29], [30], where some devices operate
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as relays, routers, or intermediate gateways. Most commonly,
multi-hop communication is employed to increase battery
life and network longevity by optimizing the wireless net-
work energy consumption and increasing the coverage. Other
research work has proposed multi-hop routing to address
scalability, capacity, and reliability issues in LoORaWAN net-
works [31], [32]. The majority of recent research on multi-
hop LoRaWAN has dealt with either real-life deployments of
such networks or network models that include relay nodes
or router nodes [2], [16], [17], [18], [19], [20], [21], [22],
[23], [24], [25], [26], [27], [28], [29], [30]. In this article,
we present a model to compare and contrast single-hop and
multi-hop networks. The use of intermediate gateways is
considered in multi-hop settings. We provide examples of
how our model benefits LoORaWAN networks. The findings
offer fresh perspectives on LoRaWAN multi-hop designs.
The main contributions of this paper follow:

1) A detailed mathematical framework is developed for
the realization of a multi-hop LoRaWAN system. This
permits the optimization of different parameters of this
system.

2) Further, this framework is adaptable to incorporate any
transceiver and path loss models. As a result, it estab-
lishes a context for assessing the system’s effectiveness
in user-specified situations.

3) We study the performance of Multi-Hop LoRaWAN
and asses its potential benefits through the analysis of
representative LPWAN scenarios. Various interference
issues such as inter-SF interference, intra-SF interfer-
ence, co-channel interference, and transceiver’s power
limitations are considered.

4) Finally, to reduce device energy consumption and
lengthen network lifetime, we have devised an adap-
tive energy-saving strategy that allows the transceiver
module to select the best configuration when delivering
a packet to its next destination. Since node and gateway
locations are known, the device selects the appropriate
configuration (transmission power, current, spreading
factor) based on its distance from the receiver.

The remaining sections of the paper are organized as fol-
lows: different related work pertaining to multi-hop are sum-
marized in section II. A description of the proposed system
model is provided in section III. An extensive mathemati-
cal model for the proposed multi-hop LoRaWAN system is
presented in section IV. Section V presents our evaluation
framework, including the algorithms we have developed. In
section VI, the system performance is evaluated, and analyses
are presented. Finally, the paper is concluded in section VII.

II. LITERATURE REVIEW

A. RELATED WORK

LPWANSs have emerged in recent years as a practical solution
for applications needing extensive range and low power con-
sumption [33]. LoRaWAN technology ensures long-distance
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TABLE 1. Comparison among various multi-hop LoRaWAN approaches.

Experiment-based research

Refs. | Objective Applications | Mathematical model Studied parameters Limitations

[2] Employed LoRaWAN mesh in IoT wide-area | Indoor and | Not provided Impact of node numbers, distances, | Simultaneous transmission
network to evaluate performance. Mesh devices | outdoor IoT SF settings, and number of hops on | is not implemented, impact
were set up around campus. application PDR of interference is not stud-

ied.

[16] | Employed an underground monitoring system. | Underground| Used some derived equa- | Battery capacity dependency on the | No insight into interfer-
An ad-hoc transmission technique optimized the | IoT tions to analyze data | node number during time synchro- | ence, retransmission, and
node’s wake-up time to reduce power usage. applications | from experiments nization. acknowledgment.

[17] | Proposed to link subsurface sensors to an exist- | Underground | Examined data by using | Analysis of Lora-mesh packet error | Maximum number of child
ing LoRaWAN using synchronous LoRa mesh. | IoT some derived equations rate, both with and without relay | nodes is limited, no analysis
Enhanced data quality and consistency. applications node. of energy consumption.

[18] | Proposed a multi-hop routing protocol for LoRa | Large rural | Not provided Demonstrated route construction | No insight into successful
mesh networking with both theoretical and ex- | sensor times based on intermediate gateway | reception of packets, energy
perimental results networks and hop numbers, and delay. consumption, and through-

and put.
urban  IoT
deployment

[19] | Designed, developed, and integrated TSCH- | Indoor and | Not provided Investigated the system’s depend- | Not enough insights regard-
over-LoRa into TSCH/6TiSCH networking | outdoor IoT ability (PDR) and radio duty cycle | ing multi-hop and TDMA-
stack of Contiki-NG operating system. application (a proxy for energy consumption) LoRa conjunction.

Simulator based research

[20] | Introduced JMAC, a multi-hop protocol for | Outdoor IoT | Provided mathematical | PDR, end-to-end delay and through- | No theoretical analysis of
smart cities and industry. JMAC uses wireless | applications | model for IMAC put were measured in terms of child | JMAC’s performance in
networks’ mesh nature to improve coverage. nodes LoRa’s physical modulation

and signal collision model.

[21] | Proposed a multi-hop protocol and SDN-based | Outdoor IoT | Provided algorithm for | Packet reception ratio (PRR) and | Did not study how relay
extension to match LoRa’s PHY layer coverage, | application | layer formation, gateway | network energy consumption de- | node and area radius affect
maximize coverage, and lower energy use. discovery, and forward- | pending on node density packet reception ratio and

ing paths construction. energy consumption.
Analytical model based work

[22] | Developed a mathematical model to general- | Indoor and | Developed mathematical | Investigated energy consumption, | Relay’s battery depleted
ize multi-hop behavior. Relay nodes reduced | outdoor IoT | model. throughput, delay, and packet deliv- | faster for heavy traffic,
energy consumption, enhanced packet delivery | applications ery ratio of single- and multi-hop | causing network separation
and throughput. relay networks. and limiting smart features.

[23] | Explored the influence of multi-hop uplink | Indoor and | Provided a mathemati- | Compared energy consumption for | Did not study interference
on LPWAN energy consumption, where nodes | outdoor IoT | cal model for DRESG | various ring distance spreading | issues and retransmission.
transmit packets at low power and high data | application | to evaluate optimal-hop | models to find the optimal ring-hop
rates to adjacent parent nodes. routing. combination

[24] | Proposed a scalable and energy-efficient so- | Smaller sen- | Presented a mathemati- | Analyzed nodes’ longevity, energy | Did not study interference,
lution (SEES) for green IoT wireless nodes. | sor data col- | cal model of the systems | cost and gain of the nodes, and | and the system is not com-
Studied the impact of energy-harvesting strate- | lection and provided an algo- | throughput. patible with LoRaWAN fea-
gies by using ambient energy-harvesting relay rithm for the processes. tures.
nodes.

[Our | Lay out a comprehensive and flexible frame- | Indoor and | A mathematical frame- | Performance evaluation is carried | Do not consider downlink

work] | work to evaluate multi-hop LoRaWAN’s per- | outdoor IoT | work is provided and a | out in terms of PDR and energy | communications and
formance considering key performance met- | applications | MATLAB simulator is | consumption. The impact of param- | retransmissions.
rics like packet delivery ratio and energy con- developed. eters like end node density, vir-
sumption. Determine the most suitable routing tual rings, deployment area cover-
scheme for different deployment scenarios. age, area type, intermediate gateway

density, and duty cycle are studied.
Related work

[25] | Designed a LoRaWAN-compliant multi-hop | Outdoor IoT | Not provided PRR and throughput for a linear | Did not study energy con-
uplink solution for existing gateways and eval- | application topology with a different number of | sumption, downlink com-
uated the routing protocol’s performance with a end relay nodes munication, and retransmis-
linear and bottleneck topology. sion.

[26] | Introduced epsilon multi-hop (EMH), a rein- | Indoor in an | Developed an RL al- | Measured energy consumption to | Did not consider packet re-
forcement learning (RL) technique based on | office build- | gorithm to find energy- | find the most energy-efficient rout- | ception rate, downlink com-
epsilon-greedy, to enable reliable multi-hop ty- | ing efficient routes. ing and compared the results with | munications, and retrans-
pologies. single-hop. mission.

[27] | Implemented parallel SF transmission on a | Outdoor IoT | Provided a Tree-based | Packet reception rate (PRR) and sys- | No consideration of intra-SF
multi-hop network. Performance was signifi- | application SF clustering algorithm | tem air time depending on different | interference, not an efficient
cantly enhanced by using a tree-based SF clus- (TSCA). SF allocation methods and different | approach in terms of energy
tering technique. hop. consumption.

[28] | Proposed a multiple-building area network us- | Multiple Equations to measure | Packet reception rate (PRR) depend- | No insight into relay node
ing low-power nodes. Proposed sub-GHz LoRa | buildings power margin and time | ing on node number, hop number, | dependency on packet re-
as the physical-layer standard and a concurrent- delay for concurrent | and delay time. ception ratio and energy
transmission multi-hop network. transmission. consumption.

[29] | Proposed an energy-efficient multi-hop commu- | All IoT ap- | Offered an algorithm for | Illustrated current consumption for | No insight into interfer-
nication solution (e2McH), which uses narrow- | plications E2MCH to optimize end- | both multi- and single-hop networks | ence, retransmission, and
band technology. node energy usage. for a variety of LoRa bandwidths. acknowledgment.

[30] | Described a multi-hop LoRa approach to sug- | Indoor and | Equations for RPL to | Ranks of the nodes in their multi- | No insight into the packet’s
gest an objective function for Low Power and | outdoor IoT | rank nodes in multi-hop | hop LoRa network. successful ratio and energy
Lossy Networks (RPL) facilitating selection of | applications | network. consumption of the system.
the ring-hop combination with the least air time.
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connectivity with a low data rate and minimal power require-
ments. However, due to its similarities with the ALOHA pro-
tocol, which uses an unrestricted access method to a shared
wireless frequency, LoRaWAN suffers from several draw-
backs and limitations. Since a LoORaWAN end device may
communicate data regardless of whether other end devices
are busy or idle, packet collision can become a critical con-
cern if many devices transmit signals at once. If numer-
ous devices communicate with the gateway simultaneously,
the average throughput might drop to less than 100 bits/s,
especially for LoRa channels with high SF and the furthest
nodes. Another contributing factor to the high packet col-
lision rate in LoRaWAN is the lack of a defined channel
evaluation method. Furthermore, according to the LoRa spec-
ifications [34], there can be only single-hop between the
end devices and the gateway. In comparison with single-hop,
multi-hop networks can enhance wireless network coverage
and improve energy efficiency by using less transmission
power. In addition, as mentioned in [35], multi-hop tech-
niques may help increase scalability, capacity, and reliabil-
ity. These multi-hop schemes also increase the technology’s
application reach, as it becomes a strong competitor in the IoT
sector. Several researchers have proposed routing methods
to allow multi-hop communication in LoORaWAN networks.
After reviewing a number of different studies that are dedi-
cated to evaluating the technology’s potential as a multi-hop
communication system, we categorized these articles into
four distinct groups: experiment-based work, simulator-based
work, analytical model-based work, and others. We present
an orderly synopsis of these articles in Table 1 regarding
research objectives, applications, studied parameters, and
limitations.

The review reveals that comprehensive mathematical
models dedicated to assessing corresponding multi-hop
LoRaWAN have been almost unexplored in the literature.
Moreover, in most cases, the approach devised in the liter-
ature is very specific as only a limited number of issues are
addressed, making the analysis inconclusive and the extent of
its application domain-bounded. Our work intends to address
all the core issues and formulate relevant closed-form expres-
sions to facilitate the systematic realization of the system
modeled and lay out the platform to optimize and accommo-
date the key parameters.

Ill. SYSTEM DESCRIPTION

A. NETWORK TOPOLOGY

In this paper, class-A functionality and the ALOHA protocol
are implemented on end devices for communication. Class A
devices preserve duty cycle constraints by only using chan-
nels when they have packets to broadcast; otherwise, they
are turned off. We suggest adopting inexpensive intermediate
gateways instead of some end nodes (class-A) for packet
forwarding [2]. For the intermediate gateway and end nodes,
the SX1272 transceiver’s capabilities are considered, while
the SX1301 chip’s capabilities are considered for the primary
gateway connected to the Internet. To get packets from the
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FIGURE 1. Multi-Hop LoRa-based network topology.

end nodes, eight of the chip’s ten adjustable reception chan-
nels can be used. As a result, the device may simultaneously
demodulate up to 8 packets [13].

The proposed approach is based on the extended-DRESG
framework utilized in [36], where a tree network topology
allows any kind of node positioning, and nodes are spread
in distance-rings. As exhibited in Fig. 1, the protocol imple-
ments a multi-hop network structure based on LoRa. The
end nodes are randomly deployed, and the main gateway is
placed at the center. Utilizing a non-linear distance-spreading
model, virtual rings are deployed around the main gateway
in the system. The end nodes fall between two subsequent
rings, and each network node is linked with its closest virtual
ring. Afterwards, several clusters are devised in the system
where a cluster defines a set of nodes having the same hop
count to reach the main gateway. The cluster formation is
contingent on the distance from nodes to the main gateway.
The intermediate gateways are stationed in a suitable location
of each ring (depending on the application scenario). In this
paper, they are placed on the ring periphery.

The devices (end nodes or intermediate gateway) are
employed with two options: they can send their packet
directly to the main gateway if placed in any ring, or they can
do so by using intermediate gateways close to the main gate-
way. However, the likelihood of each option occurring relies
on the chosen routing strategy. In single-hop (SH) routing, the
primary gateway and end nodes are in direct communication,
whereas the device interfaces with the intermediate gateway
of the immediate lower ring for the next-ring-hop (NRH)
routing. Variable-hop (VH) routing is the name given to any
other routing strategy that combines those two approaches.

The main gateway does not acknowledge packet receipt,
and the devices do not retransmit packets. However,
LoRaWAN permits up to eight re-transmissions, and it is
the network designer’s choice, along with the application’s
requirements, to determine how acknowledgment is used.

B. NETWORK ESTABLISHMENT
In the proposed communication system, a gateway forms a
subset of the overall network, so it is necessary to assign
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network addresses to each network produced by a gateway
to facilitate network construction and multi-hop communi-
cation. Fig. 1 depicts a multi-hop communication arrange-
ment with a main gateway and several intermediate gateways.
We proposed utilizing LoRaWAN’s standardized addressing
technique described in the LoRaWAN specifications [10]
with a few adjustments, which assigns a unique 3-byte net-
work identity (ID) to each node in a LoRaWAN network.
Also, LoRaWAN frames contain a “MessageType” field in
the frame header that specifies the message type. The authors
in paper [21] employed a similar approach. The routing pro-
tocol allows parallel collision-free transmission in this case.
It considers that the main gateway has a list of all the device
IDs (end node and intermediate gateways) and their locations
associated with the ring position in the network. Likewise,
the intermediate gateways and end nodes have a list of all the
gateway IDs and information regarding their location and ring
position.

1) INTERMEDIATE GATEWAYS NETWORK ESTABLISHMENT
The routing protocol defines two control messages: i) Inter-
mediate Gateway Discovery (IG_DIS) and ii) Intermediate
Gateway Response (IG_RES) [21]. The IG_DIS message
consists of 10 bytes: message-ID (Mjp) - 1 byte, source ID
(SGip) - 3 bytes, destination gateway ID (DGjp) - 3 bytes,
destination gateway ring ID (Rjp) - 1 byte, destination gate-
way hop count (Hcenr) - 1 byte and rebroadcast count (Reyt)
- 1 byte. Similarly, the /G_RES message is 7 bytes long: Mp
- 1 byte, SGip - 3 bytes and DGjp - 3 bytes. The message
formats for discovering and responding to intermediary gate-
ways are depicted in Fig. 2a and 2b.

The main gateway initiates the process of building a net-
work, finding intermediate gateways sequentially from the
list provided, and creating forwarding pathways. First, the
main gateway finds the intermediate gateways of the nearby
ring; later, it can utilize them to find the intermediate gate-
ways of the following rings. The main gateway broadcasts
the IG_DIS message and sets the Rcyr field equal to Ryp.
When any other intermediate gateway but the intended gate-
way receives the packet, it updates the SGjp and reduces the
Rcnr field by one before rebroadcasting the message. The
IG_DIS message is not retransmitted if the Rcyr field is set
to 0. When the targeted intermediate gateway receives the
IG_DIS message, it stores the ring ID and the hop count.
Afterward, it sends (back) an /IG_RES message where the
main gateway is set as the destination gateway. Then it stops
acknowledging the /G_DIS message. Thus, the intermediate
gateway connects with the nearest gateway of a particular
ring or the main gateway as instructed in the Hceyr, allowing
communications to proceed.

Once the main gateway receives the /G_RES message,
it includes the ID of the intermediate gateway in its list of
intermediate gateways which responded. The main gateway
then starts searching for the next intermediate gateway in its
list, which has yet to respond. This procedure is repeated until
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|RID ‘Hcrr|Rcrr|

3 bytes
| MD | SGD DGD

(a) Intermediate gateway discovery message format

1 byte 3 bytes 3 bytes
‘ MD | SGID | DGD |

(b) Intermediate gateway response message format

lbyte 1lbyte 1 byte
[ e o]

1 byte 3 bytes 3 bytes
l MD l SGD ] DND

(c) End node discovery message format

1 byte 3 bytes 3 bytes
‘ MD ‘ SNID ‘ DGD

(d) End node response message format
FIGURE 2. Multi-hop communication protocol messages format.

all intermediate gateways on the network have identified their
respective forwarding gateways to the main gateway.

2) END NODES NETWORK ESTABLISHMENT

During this process, each node connects with only one inter-
mediate gateway. The main gateway initiates this process,
similar to the process described in the previous section. This
protocol also employs two control messages: i) End node
discovery (N_DIS), and ii) End node response (N_RES).
The N_DIS message has a total size of 10 bytes: message-
ID (Mjp) - 1 byte, source gateway ID (SGp) - 3 bytes,
destination node ID (DNjp) - 3 bytes, destination node ring
ID - (Rip) - 1 byte, destination node hop count (Hcnr) -
1 byte and rebroadcast count (Rcyr) - 1 byte. Similarly, the
N_RES message is 7 bytes long: Mjp - 1 byte, source node
ID (SNjp) - 3 bytes and DGjp - 3 bytes. The message formats
for discovering an end node and its response are depicted in
Fig. 2c and 2d, respectively.

The main gateway broadcasts a N_DIS message. When
intermediate gateways receive this message, they reduce the
Rcnr by 1 and update the S;p with their ID before retransmit-
ting the packet. The gateways will not broadcast the N_DIS
message if the Reyr field is set to 0. Ring ID and hop count
are stored in the routing list when the end node receives the
N_DIS message. Afterward, it transmits a N_RES message
to the main gateway as a response. Upon receiving the N_DIS
messages, the end node decides which parent is optimal, per
the instruction in the Hcyr, favoring the one with the shortest
distance.

C. COMMUNICATION MODEL

For the proposed system, we use the 868 MHz ISM band,
which is the operating band for LoRa in Europe. According
to the standard, it operates on two sub-bands, one at 868 MHz
with three parallel sub-channels and the other at 867 MHz
with five parallel sub-channels [37]. In our proposed sys-
tem, downlink communications are not implemented. On the
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uplink, the end node and intermediate gateways arbitrarily
select one sub-channel among the maximum six we consider
for our system. The end nodes adhere to a duty cycle of 1 per-
cent utilizing the ALOHA channel access mechanism [38].
The intermediate gateway continuously listens to these six
channels when it is not transmitting [37]. LoRa offers six
orthogonal spreading factors (SF7 to SF12), and we introduce
a distance-based adaptive transmission configuration scheme
in each device in the system to utilize one of them. Fig.3
depicts the communication model considered for our system.

The packet format includes source node ID, destination
node IDs, and hop counts. When the intermediate gateway
picks a data packet at random from one of the six sub-
channels, it checks if it is the destination. If not, it discards
the packet. If it is, it forwards the data packet by using the
reserved channel to the intermediate gateway in the upper
ring or the main gateway, according to the routing scheme
utilized. Note that the intermediate gateway will not generate
a packet on its own. Any other data packet arriving will be
discarded when the intermediate gateway is in the transmit-
ting phase. The approach adopted in this work, unlike the
original model [39], considers that the intermediate gateway
forwards a data packet without any delay upon its successful
reception. Therefore, additional delays are not included in the
study. The main gateway always monitors the available uplink
channels and forwards any received packet to the network
server. However, when the main gateway is busy receiving a
transmission on a particular channel, another packet arriving
on the same channel is not decoded.

IV. MATHEMATICAL MODELING OF MULTI-HOP LoRa
NETWORK

A. ASSUMPTIONS

We make a number of assumptions in the establishment of
our model. First, all nodes and gateways are location and
distance aware, minimally of their location and their intended
receivers (intermediate gateways or the main gateway). Sec-
ond, the deployment of the nodes is made on a disc, which
can be decomposed into rings.
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B. RING PLACEMENT

In the DRESG framework, rings are placed using one of the
following selected distance spreading models: Equidistant,
Fibonacci, or Reverse Fibonacci (R-Fibonacci) [23]. The last
ring is positioned at the deployment area radius, denoted by
L. The equidistant spreading model positions the distance of
any ring m proportionally to the total number of rings M,
i.e., lequi(m) = m(L/M). Conversely, the Fibonacci spreading
model positions the rings so that the distance between rings
increases as the rings are further away from the gateway.
The R-Fibonacci model sets the distance between rings in
decreasing order. The Fibonacci model, adopted in our analy-
sis to set inter-ring distance, is expressed using the following
expression: [23],

FL
lfibo (m) = =222 ey
Fpii

where Fj, is the nth number of Fibonacci sequence.

C. DETERMINATION OF CHILD-PARENT RELATIONSHIP
A crucial concern in the multi-hop network is determining
the packet forwarding route. For a system constructed with
N, end nodes, the ring-hop combination is denoted as P, and
P; refers to the hop count for the nodes in a ring i, and the
number of nodes in a ring i is denoted as N,; where i €
[1, M]. The number of nodes under an intermediate gateway
of a ring i is expressed by CN; = TH where TH is the
maximum number of nodes that are set to be supported by an
intermediate gateway in the system. To be specific, consider
an example with M = 4 and a defined ring-hop combination
of P =[1, 1, 1, 3], where P; = 1 denotes that nodes of ring
1 forward packets to the main gateway while nodes of ring
2 transmit packets to IGs set at ring 1. In the same manner,
nodes of ring 3 send packets to IGs positioned at ring 2. The
nodes placed in ring 4 transmit their packets to IGs positioned
atring 1.

A child-parent relationship matrix, R, is developed to
find out the relationship between two rings in the sys-
tem according to any routing scheme using the following
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condition:

i<j&i=j—P o

rij = [ ! .
0 otherwise

Risa M x M (0, 1)-matrix. The (i, ) element, denoted
by r;;, indicates whether a child-parent relationship exists
according to the defined ring-hop combination between two
rings or not. If r; = 1, then it indicates that the jy, ring
forwards its data to the iy, ring. The connectivity matrix is
defined as:

010---0
001...0
R—|000---1
000---0

D. NUMBER OF INTERMEDIATE GATEWAYS

Depending on the routing mechanism, the end nodes in
a multi-hop network forward data packets to intermediate
gateways or the main gateway. Therefore, determining the
number of intermediate gateways in the system is crucial.
To facilitate the expression of the dynamic allocation of inter-
mediate gateways in the system, we introduce the following
symbols.

M

Nej
ig0i = Z(’”ij x czxi) 3)
J

J=1

igoi 1s the number of required intermediate gateways in a
ring i to relay the data from the end nodes of the upper ring.

d Ne'+. ol
ig = Z(nj x %) 4)

=1

ig; is the number of required intermediate gateways in a ring
i to support the intermediate gateways and nodes of the upper
ring.

Throughout the paper, we use Nj; to represent the total
number of intermediate gateways while N is the total number
of devices (end nodes and intermediate gateways) in the
system.

E. HOP DEPENDENT TRANSMISSION RANGE ESTIMATION
MODEL

A device adjusts its transmission power and current such
that its packets reach their intended receiver (gateway) while
avoiding unnecessary power consumption. First, the dis-
tances between an upper ring end node and the accessible
lower ring intermediate gateways are calculated, and then the
closest receiver is sorted out.

In our system, T is a N. x Nj, euclidean distance matrix
where element ¢, describes the distance between a node u
fromring j and an intermediate gateway v from ring i, if nodes
of the ring j forward their data to intermediate gateways of
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ring i. The matrix element 7, is computed using the following
expression:

tyy = rijj X duy ©)

where d,, is the euclidean distance between the node u and
intermediate gateway v, where u € [“}71 +1, u]’.f |+ Nej
andv € [V, + 1,v] +igi].

The expression ' is used to identify the nodes of the one
ring that can establish a link with the intermediate gateways
of another particular ring, and the expression V' is used to
determine those intermediate gateways if the two rings are
associated with each other according to r;;. The following
expressions are developed to compute the values of ' and

V'

-
—

u}_[ = Z (u;n + Nem) (6)
m=1
1
vi= D (Vi +igk-1) @)
k=2

wherej € [1,M]andi € [1, M].

Another Nj; x Nj, euclidean distance matrix W is devel-
oped where element w),, describes the distance between inter-
mediate gateway p from ring i and ¢ fromring j if intermediate
gateways of the ring j forward their data to intermediate
gateways of ring i. The matrix element wy,, is computed using
the following expression:

Wpq = Tij X dpq ®)

where dp, is the euclidean distance between the interme-
diate gateway p and intermediate gateway g, where p €
[pj’._l +1Lp + ing andq € [¢} + 1, ¢} + ig;]. The term p/
1s employed in specifying intermediate gateways of the one
ring that can set up a link with the intermediate gateways of
another particular ring, which are addressed by utilizing ¢’ if
a relationship exists between the two rings as determined by
rij. The following expressions are developed to compute the
values of p’ and ¢':

j—1
P = (Pl + igm) ©)
m=1
i
4= (qr +igk—1) (10)
k=2

whereje [I,M —1]andi e [I,M —1].

Then, the N euclidean distance vector DM is formulated
where element dm; denotes the distance between a device i
and the main gateway. To define the estimated transmission
range of each device in the system, a vector D is formulated
where component d; describes the distance between a device
i and its destination. The component d; is computed based on
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the following expressions:

Nig
min (tjk) s thk >0,j=1,
k=1
i€[l,N,]
di = 1 Nig
min (wjk) ,

D wik > 0.j = i—Ne,
k=1

i€ [1 + Ne, N, +Nig]
dmy;

(11)

F. APPLICATION MODEL

Devices are modeled to generate traffic randomly. After trans-
mitting the first packet randomly in a user-defined range, the
device waits for Ty seconds to transmit its next data packet
while respecting the duty cycle limitations, D.. Tyt is defined
by the following expression [40],

Tott = ToA x (100 — D.) + A (12)

where A; is the random delay parameter and ToA is Time-
on-Air defined as [31],

ZSF
ToA = ﬁ * ((l’lpreamb]e + 425) + 8

([(SPL —4SF +28 + 16 — ZOH)"
+ max

4(SF — 2DE)

x (CR+4), 0)) (13)

where 71,eqmpie denotes preamble size, PL is payload size, H
defines header mode, which is set to 1 or 0 to indicate implicit
or explicit header, and DE is set to 0 or 1 to enable or disable
low data rate optimization. Here, BW denotes bandwidth, SF
is the spreading factor, and CR is the coding rate ranging
from 1 to 4.

G. PERFORMANCE EVALUATION MODEL

1) PATH LOSS MODEL

For a successful packet reception, the received signal power
P, ought to be greater than the receiver’s sensitivity thresh-
old S,,. Transmit power Py, and all gains and losses along the
communication path [32] determine the received power:

Py =Py +GL — Ly (14)

P, denotes the received power in decibels, Py, is the trans-
mitted power in decibels, GL is the sum of all general gains,
such as transmitter antenna gain and receiver antenna gain,
and losses, such as transmitter loss and receiver loss, while
Ly denotes the path loss, which is based on the characteristics
of the environment in which the system is deployed. Initially,
we have considered 4 different cases regarding system envi-
ronments to characterize their impacts on the system’s per-
formance. The analysis includes urban, suburban, and rural
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TABLE 2. Transceiver's output power Py, and current consumption
I [14].

Model Setting | Piz(dBm) | Iiz(mA) | I,.-(mA)
1 20 125
2 17 90

SXI1272 = 13 73 10.5
4 7 18

settings as well as an outdoor scenario considering pico/hot
zone deployment.

We used the path loss model for 802.11ah to accurately
model the wireless channel in the outdoor environment. This
channel model provides a realistic representation of the char-
acteristics of signal propagation in outdoor environments,
making it well-suited for our study. Studies similar to our
approach, such as [23] and [36], have also employed the
802.11ah channel model to investigate the performance of
wireless networks in outdoor environments. For the open-
space scenario, Ly is calculated utilizing the outdoor path
loss model for 802.11ah pico/hot zone deployments adopted
from [41],

Lpitoutdoor) = 23.3 + 37.6log,o(d) + 21 log (9001{4 HZ)

15)

where f is the frequency in MHz and d is the distance in
meters between transmitter and receiver. For an urban sce-
nario, the Okumura—Hata model is utilized to calculate L,;
[42],

Lpi(urbany = 69.55+26.161og,o(f)—13.8210g, () — ci

d
Tooo) 19

For a suburban scenario, L, 1is calculated utilizing
Okumura—Hata model [42],

+ (44.9—6.5510g,( (h,))-log;(

2
Lpl(suburban) = Lpl(urban) -2 (10g1o ;_0) —-54 (17)

For arural scenario, Ly is calculated utilizing Okumura—Hata
model [42],

2
Lpl(rural) = Lpl(suburban) —4.78 (IOg]Of)
+ 18.331og,of — 40.97 (18)

where &, is the receiver antenna height (m) and ch is the
antenna height adjustment factor, which depends on the fre-
quency and the extent of the area concerned and is specified
by the following,

ch =08+ (L.111og,of — 0.7) b, — 1.561log o f  (19)

where h; is the transmitter antenna height (m). Expres-
sion (19) applies to medium and small-size areas. The
transceiver selects the optimum transmission configurations
from Table 2 accordingly to cover the distance d. Table 2
summarizes the relevant power and current consumption
specifications of the SX1272 transceiver [14].
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TABLE 3. Minimum SNR level for corresponding spreading factor
(SF) [15].

SF 7 8 9 10 11 12
SNR[dB] | -7.5 | -10 | -12.5 | -15 | -17.5 | -20

2) RECEIVER SENSITIVITY

The sensitivity of a radio receiver at room temperature is
computed using the following expression adopted from [11],

Spx = —174 + 10log,((BW + NF + SNR) ~ (20)

The receiver’s temperature is the primary factor that may
affect the first term, which defines thermal noise in a 1 Hz
bandwidth. NF denotes the constant receiver noise figure, and
SNR is the signal-to-noise ratio determined by the spreading
factor (Table 3).

3) INTERFERENCE

It is assumed that the interference can only originate from
other LoRa signals to evaluate how the LoRaWAN network
will behave in the multi-hop configuration. Therefore, a num-
ber of factors, including timing, transmission region, carrier
frequency (CF), spreading factor (SF), and power, must be
considered to analyze the interference in the multi-hop LoRa
network.

« Reception Overlap: For a packet i, a reception interval
€ (Tp;, T,i) denotes that Tp; marks the beginning of
packet reception while T,; = Tp; + ToA; defines the
end of reception. The midpoint is defined by m; =
(Tp; + T,i)/2 and the midpoint length by h; = (T —
T.i)/2. To determine the reception intervals overlap
of two packets, i and j, the following expression is
exploited [32]:

0, j) = |m; — mj| < hi + h; (21)

o Transmission Region:
To describe the event of whether two devices are utiliz-
ing the same transceiver (intermediate gateway or main
gateway) as the receiver, a N x N (0, 1) - connectivity
matrix A is constructed. Note that the mathematical
framework described in section IV-E is utilized to devise
the matrix. The matrix’s (i, j) element is represented
by the a;;, where a; = 1 refers to the same receiver
utilization by device i and device j and a; = 0 refers
to different receiver utilization. The matrix elements
are updated in each corresponding hop as the different
devices can utilize different gateways (intermediate or
main) in their corresponding hops. The matrix is defined

as follows:
010...1
101...0
A=|010...1
101...0
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o Intra-SF Interference and Intra-Channel Interfer-

ence:

The list of SF's utilized by the N devices in the system is
described by the set SFay = {SFy, ..., SFy}. Similarly,
CH,y = {CHy, ..., CHy} represents the set of chan-
nels utilized by the N devices. Note that the value of the
sets is updated depending on the selected transmission
parameter.

A connectivity matrix S, whichisa N xN (0, 1) - matrix,
is devised to describe the occurrence when the SF of
one device matches that of another. The matrix’s (i, j)
element is represented by the s;;, where s;; = 1 denotes
a match between SF; and SF; and s;; = 0 denotes a mis-
match. Similarly, the matrix Z specifies what happens
when two devices use the same channel, where the (i, j)
element is represented by the z;;. Below are two potential
values for the matrices S and Z [43].

010---1 0101
101---0 101---0
s—|010--1]|z_|010---1
101---0 101---0

Power:

When more than one packet is present at the receiver,
the interference condition based on power occurs. The
capture effect can affect LoRa networks. The stronger
signal suppresses the weaker signal when two signals
are present at the receiver, which is known as the
capture effect. As a result, the received signal inten-
sities could not vary significantly whenever the dif-
ference falls below a predetermined threshold and is
too small. However, the receiver repeatedly switches
between the two signals, making it impossible to decode
either transmission [32]. Thus, inter-SF interference
is evaluated. The following equation describes this
phenomenon [44]:

(Prxi - Prxj) < P (22)

where P,; is the receiving end power for the desired
packet transmitted by node i and P,,; is the receiving
power of the interfering packet sent by node j. Py, is the
corresponding SINR (signal-to-interference-plus-noise-
ratio) power in dB above which the received power
difference needs to be decoded by the receiver, described
by the Table 4 [44]. Based on the condition described
by expression (22), a connectivity matrix E is defined,
whichisa N x N (0, 1) - matrix, where (i, j) element of
the matrix is denoted by &;;.

001...1
001...0
Z_|110...0
100...0
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TABLE 4. SINR thresholds (dB).

Interferer | SF-7 SF-8 SF-9 SF-10 | SE-11 | SF-12
Desired

SE-7 6 -16 -18 -19 -19 -20
SE-8 -24 6 -20 22 22 22
SE-9 -27 =27 6 -23 -25 -25
SF-10 -30 -30 -30 6 -26 -28
SF-11 -33 -33 -33 -33 6 -29
SF-12 -36 -36 -36 -36 -36 6

« Interference Conditions:
Case I: Packets transmitted by the end nodes can inter-
fere on multiple occasions. The first scenario is when
two nodes share a gateway and the gateway simultane-
ously takes in transmitted packets. No packet is decoded
by the receiver when two packets i and j overlap in their
reception at the same receiver with the same SF, same
channel [32], [45], and the difference of their signal
strengths is lower than the cutoff set by Table 4. This
can be described by ajj A sij A zij A& = 1, which means
that neither packet i nor j is received if they overlap in
their reception.
Case II: Packets can collide even with different spread-
ing factors if they overlap at reception and the following
circumstance holds true: a; A zj; A & = 1.
Case III: A LoRa transmission is received if P,y >
Sy [32], [45]. Exploiting expression (14), (15), and (20),
it can be determined whether a transmission will be
decoded or not.
Based on the three cases discussed, we develop a
N x N(0, 1) connectivity matrix C. The (i, j) element
of the matrix is denoted by c;;, where ¢;; = 1 refers to
the potential interference event of iy, node with the j,
node while ¢;; = 0 refers to no interference between the
two nodes. Note that, ¢;; = 1 refers that P,y < Syyi.
The matrix is described as follows, and it might change
values depending on the context:

101---1

001...0

c=|111---1

101---0
Using this matrix, we derive a diagonal N x N(0, 1)
matrix U to describe the state of a data packet. The

diagonal elements u;; are set to O or 1 based on the
following condition:

Ujj =

N
1, cii >0

,:Zl ! (23)
0, otherwise

Then the total number of packets lost in the system is
calculated using the following expression:

T, { N
N, = / (Z u,»i) dt (24)
i \i=1

50938

where N. denotes the number of packets lost in the
network observation period. Observation starts at 7; and
ends at 7.

The packet delivery ratio is calculated using the follow-
ing expression:

Pgr = (Nx - Nc) /Ns (25)

where Nj is the number of the total sent packets in the
system during the whole network operation time.

o Energy Consumption: The transmission energy con-
sumed by the node or intermediate gateway can be cal-
culated using the following expression [23]:

ex = TOA;X X le X Vop (26)

where ey is the transmission energy consumed by the
device (end node or IG) during a transmission, ToA;, is
Time-on-Air of the transmitted packet, and I, is trans-
mission current according to the settings exploited by
the transceiver and V,, is the operating voltage of the
transceiver.

The energy consumed by an intermediate gateway dur-
ing the reception of a packet is calculated using the
following expression [23]:

erx = ToA;x X Iy X Vyp 27

where erx is the energy consumed by the intermediate
gateway during a reception, ToA,, is Time-on-Air of the
received packet, and I, is RX current consumption [23].
The total energy consumption of the network system is:

Ny ing Nrig
Eotal = Zetxi + erj+ Z €rxk (28)
i=1 =1 k=1

where Nsig is the number of total packets forwarded by
the intermediate gateways and Nrig is the number of
total packets received by the intermediate gateways in
the observation duration.

V. EVALUATION FRAMEWORK

For any combination of network design parameters, such as
the number of virtual rings, ring positions, or intermedi-
ate gateway deployment, the framework in Fig. 4 can be
utilized as a tool by network designers to assess the per-
formance of various routing processes and various setups.
This framework was built on the analysis in the previous
section.

The deployment of the nodes and gathering data on node
positions make up the first stage. In this research, end
nodes are uniformly distributed. The rings are positioned
using the Fibonacci distance-spreading-model in this paper.
Algorithm 1 shows the connectivity establishment procedure.
A ring-hop combination adaptive intermediate gateway allo-
cation scheme is then used to determine the required num-
ber of intermediate gateways. Transmission parameters like
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FIGURE 4. Evaluation framework.

Algorithm 1 Connectivity Establishment

Data: ring-hop combination P, Number of rings M
Result: Connectivity between rings

1 Initialization

2 rj < 0;

3forl <i<Mdo

4 for1 <j<Mdo

5 ifi <jAND i == j — P(j) then

6 rj <1, /* ring j forwards
data to ring i x/

7 end

8 end

9 end

return Connectivity between rings

transmission power, current and spreading factor are set uti-
lizing a distance-based scheme in which every network mod-
ule chooses the transmission configuration according to its
distance from the targeted receiver, described in Algorithm 2.
This scheme aims to keep the system’s energy usage to a
minimum.

To guarantee that the network’s connectivity is functional,
we built a packet reception check mechanism to make it
easier to determine whether a packet reaches the receiver end.
Several filtering mechanisms are devised as discussed in the
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Algorithm 2 Computation of Distance-Based Adap-
tive Transmission Parameters

Data: Transceiver’s available setting list=se,transmit
power list=Pj,, current list=/,

Data: User defined spreading factors list=SF,,
transceiver’s estimated coverage list=d,, - for
corresponding setting

Data: Transceiver’s targeted coverage=d, maximum
coverage=D,, ., setting =st, transmit
power=P;,, transmit current=/, ,spreading
factor=SF

Result: Py, I, SF

1 for 1 <j < length(se) do
2 if d < dg(j) then

3 | st < j terminate the loop;
4 elseif d > D,,,, then
5 st <— length(se);

6 terminate the loop;
7 end

8 P = Pye(st);

9 Iy = Lse(st);

10 SF = SF.(st);

11 return Py, I, and SF

previous section IV-G and are illustrated in the Algorithm 3.
The data from the transceiver and path-loss model are then
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Algorithm 3 Packet Reception

Data: Desired packet d, Interferer i, Corresponding
hop &
SF - spreading factor of packet
CH - channel utilized by packet
Route data - GWs utilized by the desired packet
P_ rx - power of the packet (transmitted by
node)
Data: P_rxg power of the packet (transmitted by IG)
Data: Duration - in which packet might be available
Result: receiving status = 0 if packet lost or receiving
status = 1 if delivered
1 Initialization
2 receiving status of the packet = 1;
3 for interferer €
packets that are available in the duration of desired packet
do

Data:
Data:
Data:
Data:

4 if interferer’s GW = packet’s GW AND
interferer’s SF = packet’s SF AND
interferer’s CH = packet’s CH AND
Prxdh — Prxin < Py, then

5 receiving status of the packet = 0;

6 terminate the loop;

7 end

8 if Prvan < Syxan then

9 receiving status of the packet = 0;

10 terminate the loop;

11 end if desired packet is forwarded by IG then

12 for interferer €

packets that are forwarded by IG do
13 if interferer’s GW = packet’s GW AND
interferer’s SF = packet’s SF AND
interferer’s CH = packet’s CH AND
Prxgan — Prxgin < Py, then

14 receiving status of the packet = 0;

15 terminate the loop;

16 end

17 end

18 if Prygan < Syxgan then

19 receiving status of the packet = 0;

20 terminate the loop;

21 end
22 end
23 end

24 return receiving status of the packet;

used to compute the energy consumption of the network
system during packet transmission and reception.

VI. SIMULATION RESULTS

Simulations were carried out in MATLAB. The parameters
adopted to simulate the multi-hop LoRa network for different
configurations considered in our simulations is summarized
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TABLE 5. Simulation parameters.

No. of nodes 50 to 500 Cell radius | 3to 11 [km]
Node distribu- | Uniform Duty cycle | 1 %
tion
No. of rings 1to3 Gain 0B
No. of channels | 6 Bandwidth | 125 kHz
Preamble 8 bytes Scenario Outdoor
length
Payload length | 20 bytes Simulation | 600 seconds
length
Operating volt- | 3V Transmit [7,13,17,20]
age of module power dB
Coding rate 1 Transmit [18,28,90,125]
current mA
Transmitter an- | 1 m Receiver 24 m
tenna height antenna
height
Ay [1,20] Battery ca- | [1000] mAh
seconds pacity
Spreading fac- | 7 to 12 Reception 10.5 mA
tors current

TABLE 6. Choice of transmission configurations based on distance-based
adaptive transmission parameter selection scheme.

Distances | P;, SF Iy Energy
(m) (dBm) (mA)| Consumption
(mJ)
7 [7891011 | 18 [2.7 5 10 17.8
770 12] 35.6 62.3]
13 [7891011 | 28 [4.37.715.527.6
12] 55.397]
17 [7891011 | 90 [13.8 25 50 89
12] 178 311.8]
20 [7891011 | 125 | [19.2 34.7 69.5
12] 123.6 247.3
433.1]
13 [1112] 28 [55.397]
2000 17 [10 11 12] 90 [89 178 311.8]
20 [9101112] | 125 | [69.5123.6247.3
433.15]
3100 20 [1112] 125 | [247.3433.15]

in Table 5. The key aspects evaluated are discussed in the
subsequent sections.

A. EVALUATION OF THE DISTANCE-BASED ADAPTIVE
TRANSMISSION PARAMETER SELECTION SCHEME

Table 6 presents the available options for transmission con-
figurations and the transmitter’s corresponding energy con-
sumption for transmitting a data packet to a specific distance.
The proposed algorithm allows for selecting the transmission
configuration that results in minimum energy expenditure
from the available options. To illustrate the algorithm’s effec-
tiveness, consider the first example case presented in Table 6.
In this case, several options are available for transmitting
data over a distance of 770 meters. The proposed algorithm
selects the configuration1 with P;,, = 7 dBm, SF = 7, and
I = 18 mA, leading to a minimal energy consumption of
2.77 m] for this case. This example highlights the ability of

ISelected parameters are highlighted with red color.
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TABLE 7. Impact of path loss model selection.

Type Model | Maximum | Cases | Distance| Path
Coverage (km) Loss
(km) (dB)
802.11ah 1 0.77 131.5
Outdoor 3.67 > ) 2709
Okumura- 1 0.77 124.53
Urban | ot 6.2 2 2 139.39
Okumura- 1 0.77 113.77
Suburban Hata 11.682 5 5 7363
Okumura- 1 0.77 84.414
Rural Hata 38.327 2 2 99.279

—— Single-hop (LoRaWANsim simulator)
—#A— Single-hop (Proposed framework)

=4 e 4
o ~ ™

Packet Delivery Ratio

I
o

1N
~

50 100 150 200 250 300 350 400 450 500
Number of Nodes

FIGURE 5. Protocol validation in terms of PDR.

the proposed algorithm to efficiently optimize the energy con-
sumption of LoRa devices, even in scenarios where multiple
transmission options are available.

B. COVERAGE RADIUS IN DIFFERENT ENVIRONMENT
SCENARIOS

The maximum coverage radius for devices deployed in the
network is analyzed for various environmental conditions
using the associated path loss models, as shown in Table 7 and
utilizing information about the SX1272 transceiver from [14].
The coverage is found to be maximum (of 38.327 km) in the
rural environment due to lower attenuation and 3.67 km in
the outdoor environment due to high attenuation [36]. The
path loss varies from one environment to another for a specific
distance. The outdoor path loss model for 802.11ah pico/hot
zone is employed for the rest of the simulations.

C. RELIABILITY OF THE PROPOSED FRAMEWORK

We employed the LoRaWANSim simulator developed
by [46] and widely used in similar studies related to
LoRaWAN to validate our proposed framework. We com-
pared the data obtained from our proposed framework with
the data extracted from the simulator. The evaluation is
restricted to the single-hop (SH) implementation since the
reference simulator does not employ multi-hop communica-
tion. We obtained data for packet delivery ratio and energy
consumption per packet transmission, which were found to
be close to the data retrieved from the reference simulator,
thus setting a reference baseline. This similarity between the
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FIGURE 8. Comparison of energy consumption for multi-hop and
single-hop LoRa networks in sparse and dense deployments.

two sets of data reflects the soundness of our framework
in accurately representing the performance of single-hop
LoRaWAN. The simulation parameters were the same for the
results presented in Fig. 5 and Fig. 6. Nonetheless, there were
certain inherent differences between the simulator considered
and our proposed framework. In this case, the deployment
region was set to 3 km.

D. PERFORMANCE EVALUATION IN SPARSE AND DENSE
DEPLOYMENTS

To evaluate the performance of the proposed framework
in both sparse and dense cases, we conducted an analysis
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considering a deployment region radius of 3 km with
100 nodes for sparse deployment and 300 nodes for dense
deployment scenarios. We considered TH = 6, A; = [1, 20],
and 3 virtual rings for the multi-hop cases. Our findings,
depicted in Fig. 8, demonstrate that multi-hop outperforms
single-hop for sparse and dense deployment scenarios in the
case of energy savings. The energy consumption per packet
transmission is reduced by 60% in sparse deployment and
70% in dense deployment, indicating the potential benefits
of multi-hop routing in both scenarios. However, single-hop
LoRaWAN performs better in delivering packets for the con-
sidered cases shown in Fig. 7 since it avoids packet loss due
to relaying and utilizes the LoRa node’s maximum coverage
of up to 3.67 km.

E. IMPACT OF NODE DENSITY

In Fig. 9, the impact of node density on the performance of the
proposed multi-hop LoraWAN is evaluated in comparison to
the standard single-hop LoRaWAN for A, = 3 km, TH = 6,
A; = [1, 20] and 3 virtual rings. As node density increases,
the PDR drops due to the increasing number of packets in
the system leading to more frequent collisions. The result
reveals that for dense deployment and areas less than 3.67 km,
single-hop LoRaWAN outperforms multi-hop LoORaWAN by
providing about 10% more PDR than VH routing. In this case,
NRH routing performs the worst because the frequency of
packet relaying is highest for NRH.

F. IMPACT OF DEPLOYMENT AREA RADIUS

For a system with 100 nodes, TH = 6, A; = [1, 20], and
3 virtual rings, it is observed that the performance of single-
hop LoRaWAN degrades as the deployment area radius is
extended (Fig. 10). The probability of packet loss due to
increased interference with more packet relays. However, for
the considered scenario, NRH routing still has the lowest
PDR. For area radii up to 3.67 km, SH routing performs the
best. The primary issue, despite interference issues in the
system, that is contributing to the sharp performance loss is
that as the region radius exceeds 3.67 km, an increasing num-
ber of nodes become unable to connect to the main gateway.
Findings implicate that VH routing outperforms NRH routing
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up to about 5 km by providing 80% PDR, about 20% more
than NRH routing in this case. Nevertheless, NRH routing
performs better than VH routing when the deployment range
is increased by more than 6 km.

NRH routing performs better with about 50% more PDR
than SH routing and 40% more than VH routing for a 9 km
radius. In NRH routing, there are fewer interfering nodes
in each node’s transmission area since the mean distance
between the nodes grows as the area radius is extended. The
problem of being unable to access either the intermediate or
main gateway is also addressed by NRH routing, which takes
into account three virtual rings for coverage radius greater
than 9 km.

The average energy consumption of an end node can be
observed in Fig. 11. As the system’s end nodes are only used
for data transmission, energy consumption during packet
transmission is calculated in this scenario. Nodes in SH
routing consume the most energy since they directly com-
municate with the main gateway and transmit using more
power and current than nodes in other routing schemes. As the
arearadius is extended, the energy consumption consequently
rises. For A, = 9 km, the battery lifetime is almost four times
higher in NRH routing than in VH routing.

G. IMPACT OF THE NUMBER OF VIRTUAL RINGS
The impact of the number of virtual rings on PDR and energy
consumption can be observed in Fig. 12 and Fig. 13. The
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simulation parameters are: N, = 100, TH = 6 and A; =
[1,20].

Fig. 12 depicts that for a coverage radius beyond 3.67 km,
the system with 3 rings outperforms others by providing PDR
around 70% up to 9 km. The higher number of rings improves
connectivity as the probability of a node finding a forwarding
IG increases. For 11 km radius, the system with 3 rings still
provides significantly more PDR.

From Fig. 13, it can be observed that the system with
3 rings is more energy efficient compared to others. The
battery life of an end node is almost doubled in 3 rings system
compared to 2 rings system. The more virtual rings there are
in the system, the more likely it is that a node will find a
forwarding IG nearby.

H. IMPACT OF INTERMEDIATE GATEWAY DENSITY

In this case, the analysis is performed for a system with
3 rings, 50 nodes, and A, = 9 km. Fig. 14 depicts that as the
number of nodes under an IG is reduced, more intermediate
gateways are required to support the nodes. It is observed that
NRH routing requires more IGs than VH routing.

Fig. 15 shows the impact of IG density in multi-hop
LoRaWAN. Itis observed that as the number of IGs is reduced
for NRH routing, PDR drops significantly. If the number
of nodes under an IG is adjusted to 2 instead of 8§, it is

VOLUME 11, 2023

30

1 —~—NRH

25

Number of IGs
n
o

o

A

2 3 4 5 6 7 8 9 10
Number of Nodes Under an IG

FIGURE 14. Intermediate gateway (IG) density: Ne = 50, A = 9 km,
Ag¢ =11,20].

0.9

1 —A—NRH

0.7

0.5

Packet Delivery Ratio

0.3

0.1

2 3 4 5 6 7 8 9 10
Number of Nodes Under an IG

FIGURE 15. Impact of intermediate gateway (1G) density on PDR: Ne = 50,
Ar =9 km, A =1, 20].

0.2

—4—NRH
—A—VH

0.1

Packet Forwarding Rate

0

2 3 4 5 6 7 8 9 10
Number of Nodes Under an IG

FIGURE 16. Impact of intermediate gateway (IG) density on PFR: Ne = 50,
Ar=9 km, At = [l, 20].

possible to save about 40% of packet loss in NRH routing
since additional IGs increase connectivity for the distributed
end nodes and enhance PDR. As a result, it directly affects
PDR in NRH routing. Due to the employed routing technique,
VH routing is less responsive to the variation in IG density.

As additional IGs are deployed to support the end nodes,
the packet forwarding rate (packets per second) of an IG
decreases, as seen in Fig. 16, suggesting that the likelihood of
packet loss due to the occurrence of the same gateway being
used at the same time is greatly reduced in the system.
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I. IMPACT OF DUTY CYCLE VARIATION

Figure 17 illustrates the impact of duty cycle variation on the
system performance. To observe the impact, the simulation
parameters are set as: N, = 50, A, = 6 km, A; = [1],
and channel numbers = 3. It has been observed that a high
duty cycle causes more packets to be sent in the uplink, which
increases collisions and eventually lowers PDR.

VII. CONCLUSION

The purpose of the paper is to close the performance evalua-
tion gap for multi-hop LoRaWAN. The majority of research is
undertaken with highly precise evaluation approaches and has
a small number of evaluation criteria. This study offers a com-
prehensive mathematical framework for analyzing the per-
formance of the suggested multi-hop network from multiple
perspectives. Connectivity between devices, the adoption of a
distance-based adaptive transmission configuration scheme,
and various types of interference were important consid-
erations. According to the investigation, the performance
of SH, VH, and NRH routing in terms of packet delivery
ratio and energy efficiency varies under different scenarios.
Furthermore, it is observed that the intermediate gateway
density has a major effect on multi-hop routing since a high
IG density guarantees a high level of connection for wide-
range deployment. The framework is flexible enough for
performance evaluation under various LoRaWAN application
scenarios and incorporates pertinent interference issues (i.e.,
inter-SF, intra-channel, capture effect, timing), environmental
impact, and random device deployment.
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