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Abstract—Long-Range (LoRa) technology holds tremendous
potential for regulating and coordinating communication among
Internet of Things (IoT) devices due to its low-power consumption
and cost-effectiveness. However, LoRa faces significant obstacles,
such as reduction in coverage area, a high packet drop ratio
(PDR), and an increased likelihood of collisions, all of which
result in substandard data rates. In this article, we present a
novel approach that employs a relaying node capable of allocating
resources dynamically based on signal parameters. In particular,
the geometric placement of the relay node is determined by
a genetic algorithm that maximizes signal-to-noise ratio (SNR)
and signal-to-interference ratio (SIR) success probabilities. Using
equal-area-based (EAB) spreading factor (SF) distance allocation
scheme, the coverage area is sliced into distinct regions in order
to derive the success probabilities for different communication
stages. Furthermore, we present a frequency channel shuffling
algorithm to prevent collisions between end devices (EDs) with-
out increasing the complexity of the relaying nodes. Through
extensive simulations, we demonstrate that our proposed scheme
effectively expands the coverage area, conserves transmission
resources, and enhances the system’s throughput. Specifically,
our approach extends the range by up to 40%, increases the
throughput by up to 50% compared to conventional methods, and
achieves a 40% increase in success probability. To validate the
practicality of our approach, we implement our algorithm in an
active LoRa network utilizing an ESP32 LoRa SX1276 module,
showcasing its compatibility in real-world scenarios.

Index Terms—Genetic algorithm (GA), Long-Range (LoRa),
LoRaWAN, relays, scalability, spreading factor (SF), Time on Air
(ToA).

I. INTRODUCTION

LOW-POWER wide-area network (LPWAN) architectures
have emerged as a promising technologies to facilitate

Long-Range (LoRa) communication amongst low-bandwidth
Internet of Things (IoT) devices. LPWANs are specifically
designed to minimize the overall system cost while enabling
seamless connectivity among IoT sensors [1]. As the vision
for sixth-generation (6G) wireless networks emphasizes key
attributes, such as mass connectivity, energy efficiency, and
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network scalability [2], the development of network paradigms
capable of addressing these demands is of critical importance.
Therefore, establishing infrastructures that can support large-
scale deployments of IoT devices in an energy-efficient and
scalable manner represents a significant research priority.

To meet the stringent requirements of LPWANs, LoRa tech-
nology emerges as the most frequently adopted solution among
a variety of challengers. Its inherent simplicity, resilience, and
compatibility with industrial, scientific, and medical (ISM)
bands contribute to its pervasive adoption [3], [4]. LoRa
employs a star-of-stars topology to link the distributed end
devices (EDs) and the gateway (GW). Notably, the EDs initiate
transmission by sending an uplink (UL) signal to the GW
using a grant-free ALOHA scheme [5]. Subsequently, the
GW forwards these frames to the application server through
the network. To ensure successful reception of these UL
transmissions, the GW sends an acknowledgment signal back
to the ED [6]. Various parameters and factors influence the
communication process at every phase, including transmis-
sion initiation, signal propagation, environmental influences,
and reception followed by deciphering of the transmitted
frame. The transmission power (TxPower), coding rate (CR),
frequency channels (FCs), and most importantly the use of
spreading factor (SF) are crucial factors. More precisely, their
importance lies in the following.

1) SF and Time on Air (ToA): The SF determines the
number of bits per symbol, discernible through either
frequency shifts or temporal discontinuities [7]. Higher
SFs result in prolonged symbol duration and expanded
communication ranges, at the expense of diminished
data rates and increased collisions probabilities [8].
Conversely, ToA signifies the elapsed time from the
start of a LoRa frame to the receipt of the last symbol,
influenced by various factors, such as SF, CR, and band-
width (Bw) [9]. ToA is regulated by regional institutions,
mandating efficient utilization of the allocated time for
successful transmission of data payloads [10].

2) Communication Initiation and Range: LoRa devices typ-
ically adopt default transmission parameters (TxParams)
during the initial connection with the GW [6]. Within
close proximity to the GW, these default settings suffice
successful communication. However, for EDs positioned
at considerable distances, those default parameters may
prove inadequate. In such cases, the ED needs to
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gradually adapt its TxParams, primarily the SF, to an
optimal value resulting in an inefficient resource utiliza-
tion, elevated packet drop ratio (PDR), and increased
collision probabilities. Despite the potential of achieving
communication ranges of up to 10 km in line-of-
sight scenarios, LoRa suffers from a substantial range
limitations when sensors are located outside of the
GW’s coverage area or within wireless unfriendly zones
(WUZs) [11], [12]. Consequently, reliable transmission
distances are confined to a mere 200–600 m [13].

A. Motivation

The feasibility, practicality, and real-world implementa-
tion of the previous solutions remain challenging. Primarily
due to constraints in resources, transmission channels, and
compatibility with existing standards and deployed networks.
Consequently, it becomes evident that any proposed solution
must not only improve performance and mitigate existing
issues but also seamlessly integrate with current networks and
adhere to regulations. In this context, this study introduces an
adaptive decentralized relaying mechanism for LoRa systems,
leveraging the concept of network smart repeaters [14]. This
mechanism specifically addresses the inherent constraints of
LoRa networks, particularly those related to communication
range, resource allocation, and transmission efficiency while
ensuring compatibility with LoRaWAN standards and regional
regulations.

B. Contributions

The proposed relaying process involves a device that is
indiscernible to the network, concurrently emulates itself
as both a GW for sensor nodes and an ED for the pri-
mary GW. A geometrically efficient positioning of the relay
node is determined through a signal-to-noise ratio (SNR)
and signal-to-interference ratio (SIR) maximization process
using a genetic algorithm (GA) to explore optimal solutions
within network constraints. Then, the smart relay effectively
categorizes EDs into three groups based on received signal
characteristics, enabling tailored adaptive relaying operations.
The main contributions of this work are summarized as
follows.

1) Relay Placement: A novel positioning algorithm which
maximizes SNR and SIR levels while optimizing success
probability within each SF region is developed. The
coverage area is divided into SF-specific discs using the
equal-area-based (EAB) method. Then, we develop a
stochastic geometric model reflecting the success prob-
ability variations based on distance, SF value, received
signal strength indicator (RSSI) threshold, and SF per
SIR orthogonality conditions.

2) Adaptive Relaying Mechanism: We propose a dynamic
forwarding technique that categorizes EDs based on
RSSI, SF, and FC extraction, and a predetermined
lookup table into three categories.

a) Reachable EDs: Devices which communicate
directly and reliably with the GW. The relay does

not interfere with their communication to save the
resources.

b) Unreachable Sensors: Those devices cannot reach
the GW whatever their TxParams are, they benefit
from relay signal amplification while locking them
into the same SF to optimize the data rate.

c) Adjustable EDs: These devices fall within the GW
coverage area, but their TxParams must be adjusted
to enable direct communication. Their TxParams
are optimized by the relay for direct GW communi-
cation, managed through adaptive data rate (ADR)
MAC commands.

3) Success Probability: The success probabilities of
the system’s various communication links are
analyzed. Specifically, we investigate the com-
munication probabilities between the relay–GW,
relay–adjustable/unreachable EDs, and the overall
system, to optimize the network’s throughput. Likewise,
an affordable FC shuffling algorithm is adopted to
address the issue of collisions that may occur when
identical SF are transmitted simultaneously on the same
FC.

4) Performance Evaluation and Validation: A profound
analysis of the proposed relay system is conducted, con-
sidering critical performance indicators. Consequently,
extensive simulations and real-world testing validate
the relay system’s performance, covering positioning
algorithm convergence, success probabilities, ToA and
power savings, and practical functionality using USRP
E310 and SX1276 LoRa modules.

The remainder of this article is organized as follows.
Section II provides a comprehensive review of relevant liter-
ature. In Sections III and IV, we present our novel algorithm
for relay placement and describe the underlying system model.
Then, the adaptive relaying scheme is elaborated upon along
with the FCs shuffling algorithm. Section V conducts a thor-
ough analysis of the proposed relaying mechanism. Section VI
then presents the simulation and experimental results for
validation. Finally, Section VII concludes this article.

II. RELATED WORKS

Several approaches have been proposed in the literature to
enhance, adapt, and compensate the faults and shortcomings of
LoRa networks. These methods generally fall into two major
categories.

A. Signal Enhancement

Those methods mainly focus on increasing the data rates,
SNR-SIR levels and decreasing the collision probabilities. A
common approach involves using relays to amplify weaker
signals. However, these relays typically amplify all sig-
nals indiscriminately, which can lead to power constraints
and interference issues within the unlicensed bands [15].
Addressing these concerns, an optimization solution is sug-
gested in [16], where a two-hop amplify-and-forward relaying
LoRa network as the GW allocates optimal SF and power
values to maximize data rates based of the feedback of the

Authorized licensed use limited to: Istanbul Medipol Universitesi. Downloaded on July 02,2024 at 11:21:43 UTC from IEEE Xplore.  Restrictions apply. 



HAIF et al.: DECENTRALIZED DYNAMIC RELAYING-BASED FRAMEWORK 22185

relaying nodes. Additionally, the LoRa alliance proposes a
system relaying mechanism [17], which activates relays via
wake-on-radio signals from EDs, thereby modifying both UL
and downlink (DL) frames. Alternatively, deploying more
GWs in the network is a primitive solution, since in addition
to its high cost and the requirement for Internet connectivity,
a single GW can accommodate a large number of nodes if an
appropriate transmission scheme is employed. Building upon
this concept, [18] presents a comprehensive mathematical
model that adjusts the distance ring exponential stations
generator in which intermediate GWs are distributed in rings
based on the Fibonacci distance propagation model, allowing
efficient packet forwarding to the primary GW. To coordinate
transmissions effectively, [19] proposes a synchronization
scheme wherein a central entity encodes time-slot assignments
using a probabilistic data structure. Furthermore, a two-
step lightweight scheduling approach is proposed in [20] to
improve scalability and reliability, by dynamically identifying
the allowed TxPowers and SFs on each channel.

B. Multihop Networks

Mesh topologies are based on multiple central retrans-
mission nodes to extend range and reroute signals if direct
links encounter unfavorable channel conditions. Mesh con-
figurations have been extensively studied due to their ability
to interconnect EDs transmissions, providing scalability and
resilience to packet loss by routing signals through the
most secure and reliable links [21], [22], [23], [24], [25],
[26], [27]. A technique proposed by [25] partitions nodes
into high and low SF groups, with the GWs and relays
selecting clusters using the naive Bayes algorithm to achieve
fairness and high data rate in multihop LoRa networks. To
avoid collisions caused by mesh topologies, a novel LoRaHop
protocol [26] extends LoRaWAN specifications by forming a
mesh network that enables concurrent transmissions to relay
UL and DL packets without collision, allowing any node to
transmit to the GW without interference using coordination
between different nodes. To improve the packet delivery
success ratio (PDSR), [27] proposes an implicit overhearing
node-based multihop communication (IOMC) scheme which
chooses relaying nodes with low SF to perform overhear-
ing and forwarding while adhering to duty cycle constraint.
Similarly, A scalable relay control scheme in [28] employs
GAs to maximize the coverage probability while jointly
minimizing ED’s SF and adhering to duty cycle regulations.
However, despite their advantages, these architectures face
challenges. They often conflict with existing LoRaWAN reg-
ulations, as they require EDs to remain continuously active
for signal reception and forwarding, draining the sensors’
power and consuming their ToA allocation. Additionally, mesh
topologies pose security concerns since sensor cryptography
keys are shared among multiple nodes forming the routing
path [29]. Furthermore, concurrent transmissions and multihop
techniques may not adequately account for the propagation
environment, resulting in constraints on time window synchro-
nizations and alignments, particularly as the number of EDs
increases. Moreover, selectively allocating low SFs to EDs to
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Fig. 1. System model. (a) ED’s classification based on communication link.
(b) Coverage area as seen per relay.

TABLE I
NOTATIONS AND MATHEMATICAL SYMBOLS

increase data rates may lead to high collision probabilities,
impacting overall system performance negatively, especially
when multiple sensors share these resources.

III. SYSTEM MODEL

Assume a UL scenario in a LoRa network where a single
GW is located at the center of a coverage area C with a
radius of Rc, yielding an area denoted as S = πR2

c . Let
{ED = EDi|i ∈ {1, . . . , N}} defines the set of EDs, where N
represents the total number of EDs. C is divided effectively
into multiple disks on the basis of EAB SF-distance allocation
scheme [30], as illustrated in Fig. 1(a). These disks comprise
EDs distributed according to the Poisson point process with
an intensity denoted by λ [31]. The notations used for the
following derivations are listed in Table I.
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TABLE II
LORA PARAMETERS AT BW = 125 KHZ CR = 4/8

LoRa employs a physical-layer communication system that
utilizes frequency-shifted chirps for establishing communica-
tion between the GW and EDs. In LoRa specification [6],
a predefined set of pseudo-orthogonal SFs is defined as
{SF = SFk|k ∈ {7, . . . , 12}}. Due to the spread spectrum
nature of LoRa signals, each SF has a distinct minimum
SNR (γ ) required for successful decoding at the receiver,
as shown in Table II. Generally, as the distance from the
GW increases, the SNR of the transmitted signal decreases.
Consequently, EDs located farther away from the GW are
assigned higher SFs to ensure reliable connectivity. Within
each disk of C, the distributed EDs must use a specific SF to
establish communication with the GW. The average surface
between each SF region is denoted as λSSF = λπ(d2

SF −
d2
SF−1). Another crucial parameter associated with SF is

the transmission rate, measured in bits per second (bps),
defined as

RSF = SF
2SF
× Bw× CR. (1)

By assuming that each ED transmits the same packet length
LSF , the packet duration for each SF is given by TSF �
LSF/RSF . The packet duration determines the number of
ED transmissions under the constraint of limited duty cycle
(defined to be 0.1% or 1% by LoRaWAN specification [6]).
Assume that the transmitted power Pi of the EDi which is
bounded by Pmax and the transmitted signal between the GW
and ED encounters a Raleigh fading channel, therefore the
received signal strength at each end is given as [28]

Rx = Pi × |hi,g|2 × l(d) (2)

where |hi,g|2 and l(d) are the small-scale fading coefficient
between EDi and the GW, and the large-scale fading model,
respectively. In this article, the Hata model presented in [32]
is considered.

In the following sections, the relay model and its parameters
are going to be defined along with the analysis of the proposed
relay success probability. Finally, a problem definition is
formulated with a proposed GA.

A. Relay Model

Assuming that it has a reliable communication link with
the GW. The proposed relay model categorizes EDs based
on their received signal parameters, namely, RSSI, SF , and
FC into three types. The first category consists of EDs
that can reliably reach the GW directly without modifying
their TxParams. The second category contains EDs that must
modify their TxParams upon each wake-up to establish a

direct communication link with the GW. Finally, the last one
includes EDs located outside C and are unable to reach the
GW even with maximum TxParams, as illustrated in Fig. 1(a).
The relaying mechanism’s details are further explained in
Section IV.

B. Relay Parameters

Let {Zr|r ∈ SF} denote the region in C where the relay
is going to be positioned. To perform optimally, the relay is
geometrically efficiently placed at a position which satisfies
the following constraints.

1) Ensures a reliable communication link with the GW.
2) Can receive the adjustable EDs signals before they reach

the optimum TxParams.
3) Can reach the maximum number of unreachable EDs.
The relay TxPower Pr ∈ [Prmin , Prmax ] is bounded by ISM

band maximum TxPower restriction [33]. Pr is adjusted such
that the ED signal reaches with minimum decodable SNR level
at the GW (Table II). Moreover, since there is no coordination
between the relay and GW, the relay has no information
when the other EDs are transmitting. Therefore, a limit on the
relaying capacity (i.e., maximum relayed EDs within duration
T) is required. In particular, to incorporate the proposed relay
into a network, the optimum relay position Zr that maximizes
the success probability of the received signal at the GW
should be determined while considering increasing the joint
probability of SNR and SIR [34].

C. SNR and SIR Analysis

In order to derive the success probability in the proposed
system model, the SNR and SIR analysis of single-hop LoRa
transmission are performed.

1) SNR Analysis for Single-Hop LoRa: To model the SNR,
we consider a system without interference between inter-SF
or co-SF. For both UL or DL, a received signal is dropped
or not received if it falls under the threshold γSF = N0 +
NF + 10 log10 B + SNRSF , where N0 = −174 dBm is the
noise power density, NF is the noise figure, and SNRSF is the
minimum value where the signal is demodulated [30]. For a
received signal power in (2), the SNR success probability of
EDi located at a distance di,g from the GW is given by

PSNR
(
di,g, γSF

) = P
[
Pi|hi,g|2l

(
di,g
)

> σ 2γSF
]

= exp

(

− σ 2γSF
Pil
(
di,g
)

)

(3)

where the channel gain |hi,g|2 is modeled as an exponential
random variable with a unit mean, i.e., |hi,g|2 ∼ exp(1) for all
the channel links in the system and σ 2 is the variance of the
additive white Gaussian noise (AWGN).

2) SIR Analysis for Single-Hop LoRa: Considering signal
intensity and its interference in the absence of noise, the sum
of instantaneous is defined as [31]

I�i =
∑

q∈�i

Pq|hq,g|2l
(
dq,g
)

(4)
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where �i is the set of interferes and dq,g is the distance
between the interfering ED and the GW. Therefore, the SIR
of a signal transmitted from EDi to the GW is defined as

ξ(EDi −→ GW|�i) = Pi|hi,g|2l
(
di,g
)

I�i

. (5)

According to [35], the EDi signal is successfully received if
the SIR is greater than an established threshold ρ (Table II).
Based on (5), the SIR success probability of EDi located at a
distance di,g from the GW encountering an interference �i is
given as

PSIR
(
di,g, ρ

)

= P

[
Pi|hi,g|2l

(
di,g
)

I�i

> ρ

]

= exp

(

− ρ

Pil
(
di,g
) I�i

)

= exp

(

−2παSFλ

∫ dSF

dSF−1

ρl(x)

l
(
di,g
)+ ρl(x)

xdx

)

(6)

where αSFλ is the transmission intensity of the PPP dis-
tributed in the LoRa network, and αSF is the regulated
maximum duty cycle transmission.

D. Relay Analysis

Relay analysis is represented by two; the first involves the
examination of SNR and SIR during the receiving phase of
the relay, and the second pertains to the SNR and SIR of the
signal phase forwarding.

1) Receiving Phase SNR and SIR: The relay position
allows to receive signals from reachable EDs, unreachable
EDs, and adjustable EDs. For unreachable devices which can
communicate only with the relay, they are denoted differently
{ED′ = {EDm|m ∈ {1, . . . , M}}, where M � N since it is not
realistic to have more EDs outside C area than within.

Let the relay SNR success probability of ED located at
distance di,r far from the relay denoted by Pr

SNR, which is
calculated based on (11), as shown at the bottom of the page,
and is given by

Pr
SNR

(
di,r, γSF

) = P
[
Pi/m|hi/m,r|2l

(
di,r
)

> σ 2γSF
]

= exp

(

− σ 2γSF
Pi/ml

(
di,r
)

)

. (7)

The notation i/m means that the received signal is from an
ED within the area C or from outside the coverage area. Both
|hi/m,r|2 and l(di,r) represent the small-scale fading and the
large-scale attenuation between ED and the relay, respectively.

For the relay interference model, the SIR and ED encounter
while transmitting to the relay is given by

ξ r(EDi/m −→ Relay|� ′) = Pi|hi/m,r|2l
(
di,r
)

I� ′
(8)

where � ′ represent the set of interfering signals from both EDi

and EDm, and I� ′ is the sum of instantaneous signal power,
defined as

I� ′ =
∑

q∈�i

Pi|hq,r|2l
(
dq,r
)+

∑

q′∈�m

Pk|hq′,r|2l
(
dq′,r

)
. (9)

Based on (6), the SIR probability of success Pr
SIR of ED

located dx,r far from the relay taking into account the set � ′
is formulated as

Pr
SIR

(
di,r, ρ

)

= P

[
Pi|hi/m,r|2l

(
di,r
)

I� ′
> ρ

]

= exp

(

− ρ

Pil
(
di/m,r

) I� ′

)

= exp

(

− ρ

Pil
(
di,r
) I�i

)

× exp

(

− ρ

Pil
(
dm,r

) I�m

)

. (10)

Let the disk region of the unreachable ED bounded by an
interval [dSF ′−1, dSF ′ ], where {SF′ = SF ′n|n ∈ {7, . . . , 12}}.
Using this notation, (10) can be expanded further to (11).

2) Transmission Phase SNR and SIR: For a signal for-
warded from a relay that is located at a distance dg,r from the
GW, the SNR success is given by

Pt
SNR

(
dg,r, γSF

) = P
[
Pr|hg,r|2l

(
dg,r
)

> σ 2γSF | a < 
SF
]

= exp

(

− σ 2γSF
Prl
(
dg,r
)

)

exp

(

− σ 2
SF
Pi/ml

(
di,r
)

)

(12)

where a = Pi/m|hi/m,r|2l(di,r) indicates that the received signal
by the relay is under the RSSI threshold and it requires
forwarding. The SNR success probability of the relay DL to
the EDs is beyond the scope of this work as it is assumed that
the relay DL can reach to the EDs.

To reduce the potential of a collision occurring between
the forwarded signal of the relay and the UL signals con-
veyed by other EDs, the relay employs a distinct channel
frequency shuffling mechanism as explained in Section IV-C.
Another aspects that should be taking into consideration
is the mutual interference between the GW and the relay
DL signals. Interference only affects EDs within area C, as
the GW DL signal to unreachable EDs is weak enough to
interfere on the relay’s DL signa. So, the SIR of a DL signal
from relay encounters while it is broadcasted to the ED is
given as

ξ r(Relay −→ EDi/m|�g
) = Pr|hi/m,r|2l

(
dg,r
)

I�g

(13)

where �g represents the set of interfering DL signals from the
GW, and I�g is the sum of instantaneous signal power which
is defined as I�g = Pg|hi,g|2l(di,g). Therefore, the SIR success

Pr
SIR

(
di,r, ρ

) = exp

(

−2παSFλ

∫ dSF

dSF−1

ρl(x)

l
(
di,r
)+ ρl(x)

xdx

)

exp

(

−2παSFλ

∫ dSF ′

dSF ′−1

ρl(x)

l
(
di,r
)+ ρl(x)

xdx

)

(11)
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probability of relay DL signal while encountering DL from
GW is given by

PSIR
(
di,r, ρsf

)

= P

[
Pr|hi,r|2l

(
dg,r
)

I�g

> ρ

]

= exp

(

− ρ

Prl
(
dg,r
) I�g

)

= exp

(

−2παg

(
dg,r
)

l
(
dg,r
)+ (dg,r

)

)

(14)

where αg is the regulated maximum duty cycle of the GW.

E. Relay Capacity Analysis

The relay’s capacity, denoted as �, defines the maximum
count of EDs the relay can manage within a time period T . In
addition to relaying unreachable signals to the GW, the relay
actively transmits DL signals to the EDs for acknowledgment.
This assigns it the role of an active network device adhering
to duty cycle restrictions. Functioning on the same channel
as the GW for DL signals, limited to a 10% duty cycle, the
relay’s handling capacity within period T is restricted by the
maximum number of DL packets it can transmit. According
to [28], the maximum forwarded packets by the relay ED,
satisfying the duty cycle are determined by

� ≤ αgT

ToASF

�max =
⌈

αgT

ToASF

⌉
. (15)

F. Problem Formulation

Within this section, we present the formulation of an
optimization problem aimed at maximizing the coverage prob-
ability and success probability of both the GW and the relay,
by finding the optimum relay region as a Pareto solution.

In order to determine the coverage probability of either the
GW or the relay, we begin by establishing the average success
probability of an ED communicating with either the relay or
the GW. To accurately model the success probability of the
proposed system, the combined influence of SNR and SIR
requirements is evaluated. Following the methodology outlined
in [31], the success probability is derived based on calculating

the joint probability of achieving both the specified SNR and
SIR conditions, as expressed in

Psuc
SF (x) = PSNR(x)× PSIR(x). (16)

Based on (16), the success probability of both relay Pr
SF and

GW Pg
SF is given below by (17) and (18) as shown at the

bottom of the page, respectively.
Formulas (17) and (18) are going to be denoted as Pr

SF (Zr)

and Pg
SF (Zr), respectively, for the sake of simplicity and to

highlight that {Zr} is the optimization variable.
Let A(x) = 1/(dSF − dSF−1) be the probability density

function (PDF) of the likelihood of finding an ED in its
corresponding SF region and B(x) = 2πx/S be the likelihood
of finding a certain number of EDs in area S. Using A(x)
and B(x), we define the average success probability and the
average coverage probability as in [28]. First, the average
success probability for the relay is expressed as

Pr
SF |ZSF =

∫

ZSF
Pr
SF (Zr)A(x)dx

=
∫ dSF

dSF−1

Pr
SF (Zr)

1

dSF − dSF−1
dx (19)

next the average success probability for the GW is given as

Pg
SF |Zj =

∫

Zi

Pg
SF (Zr)A(x)dx

=
∫ dSF

dSF−1

Pg
SF (Zr)

1

dSF − dSF−1
dx. (20)

The respective average coverage probability expressions for
relay and GW are given in (21), as shown the bottom of the page,
and (22), as shown the bottom of the next page, respectively.

Based on the analysis models done in (19)–(22), a relaying
mechanism is proposed which increases 1) the average success
probability given in (17) and (20) and 2) along with the average
coverage probability given by (21) and (22). Thus, the proposed
system model’s maximization problem is structured as

argmax
Zr

Er(Zr) = ζ1ϕ
r
Zk

+ (1− ζ1) min
({

Pr
SF |Zk | ∀Zk ∈ SF

})
(23)

argmax
Zr

Eg(Zr) = ζ2ϕ
g
Zk

+ (1− ζ2) min
({

Pg
SF |Zk | ∀Zk ∈ SF

})
(24)

Pr
SF
(
di,r
) = exp

(

− σ 2γSF
Pi/ml

(
di,r
)

)

exp

(

−2παSFλ

∫ dSF

dSF−1

ρl(x)

l
(
di,r
)+ ρl(x)

xdx

)

exp

(

−2παSFλ

∫ dSF ′

dSF ′−1

ρl(x)

l
(
di,r
)+ ρl(x)

xdx

)

(17)

Pg
SF
(
di,j
) = exp

(

−
[

σ 2γSF
Pil
(
di,g
) + σ 2γSF

Prl
(
dg,r
) + σ 2


Pi/ml
(
di,r
)

])

exp

(

−2παg
ρl
(
di,g
)

l
(
di,r
)+ ρl

(
di,g
)

)

exp

(

−2παSFλ

∫ dSF

dSF−1

ρl(x)

l
(
di,g
)+ ρl(x)

xdx

)

(18)

ϕr
Zk
= E|∀Zk

[
Pr
SF (Zr)

] =
∑

∀Zk∈SF

[∫ dSF−1

dSF
Pr
SF (Zr)B(x)dx

]

=
∑

∀Zk∈SF

[∫ dSF−1

dSF
Pr
SF (Zr)

2πx

SSF
dx

]

(21)
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s. t. C1 : Z7 < Zr < Z12

C2 : � < �max

C3 : Pr ≤ Pmax ISM band constraint (25)

where Er and Eg are the relay and GW objective functions,
respectively. The used weight factors in this optimization
problem are indicated by ζ1 and ζ2 where they indicate the
tradeoff between the success probability of each SF region and
coverage probability.

Based on [36] and the objectives defined in (21) and (24), a
multiobjective optimization problem is formulated with a set
of constraints. The first constraint C1 indicates that the relay
must be located within regions from Z7 to Z12 region; the
second constraint is the limited number of relayed devices �;
and the last constraint C3 is related to the maximum power of
ISM band relay devices restriction.

According to [37], the structured problem is a discrete
nonconvex multiobjective problem, in which we are going
to apply a GA to find the optimal Pareto solution, which is
represented in the next section.

G. Proposed Genetic Algorithm

Multiobjective optimization problems present unique chal-
lenges due to their complex nature and inherent tradeoffs
between objectives. Unlike single-objective approaches that
seek a single optimal solution, multiobjective methods
aim to identify a set of Pareto-optimal solutions that
optimize all objectives simultaneously. Various techniques
have emerged to tackle this challenge, including evolution-
ary algorithms like nondominated sorting genetic algorithm
(NSGA)-II, which effectively explores diverse optimal
solutions through genetic operators and dominance-based
ranking [37].

In order to implement the NSGA-II in the suggested system
model, it is important to clearly specify both the variables
and objectives of the optimization problem. Let P be the
collection of variables, defined as P � {Zr}. Additionally,
let PoP represent the population size that will be tested
under various selection ratios in order to determine the
optimal performance while minimizing complexity. As depicted
in Algorithm 1, the NSGA-II’s overall methods encompass
multiple steps, with the following steps being of utmost
significance.

1) Objective Functions: Building on (23) and (24), the
fitness functions of the NSGA-II that optimize both the success
probability of each ED and the coverage probability of both
the relay and GW. These combined goals drive the NSGA-II
algorithm are expressed as

Fx1 = ζ1ϕ
r
Zk

+ (1− ζ1) min
({

Pr
SF |Zk | ∀Zk ∈ SF

})
(26)

Algorithm 1: Optimize Relay Parameters Using NSGA-II
Output: Fi,g,Popt

Initialization: Counter t = 0; Maximum generation= M,
Random Population
P ← Pi|∀i ∈ {1, . . . , PoP}

1 Define the fitness functions:
2 Fx1 ← {Er(Pi)|Pi ∈ P}
3 Fx2 ← {Eg(Pi)|Pi ∈ P}
4 Procedure steps:
5 while t ≤ M do
6 P̂ ← Selection

(
Pi,Fi,g, PoP

)

7 P ← P̂
8 for k = 1 . . . PoP do
9 Pk ← Crossover

(Pp1;Pp2
)

10 Pk ← Mutation
(Pk
)

11 Pk ← Evaluation
(Pk
)

12 P̃ ← Merge
(P;Pk

)

13 P(t + 1)← Survivor
(P̃;P)

14 t = t + 1

15 (Fi,g,Popt)← (maxFi,g, argmax
P

Fi,g):

Fx2 = ζ2ϕ
g
Zk

+ (1− ζ2) min
({

Pg
SF |Zk | ∀Zk ∈ SF

})
. (27)

2) Crossover: Following the randomized selection of the
population size, the binary tournament selection algorithm is
utilized to extract parent individuals from the current population,
PoP, and generate a new generation for breeding [37].
Subsequently, a crossover operation is performed on this new
population to foster diversification and potentially enhance the
solution space exploration.

3) Survivor: After applying the mutation to the offspring
solutions, evaluate their values using the fitness functions. Next,
a survivor mechanism is applied to choose between the offspring
solutions and the parent solutions based on Pareto dominance
ranking.

IV. RELAYING MECHANISM

Upon determining the placement of the relay, an essential
task is performed comprising the computation of RSSI, SF ,
and the FC of the EDs received signals. In the case of
class A LoRa sensors (which are considered in this article),
two reception windows are activated for a limited duration
subsequent to each UL transmission. Hence, it becomes crucial
to capture one of these windows effectively. To accomplish
this, it is necessary to ascertain the aforementioned parameters
without the need for decoding the transmitted frame, prioritizing
efficiency and speed, particularly in relation to SF . In our

ϕ
g
Zk
= E|∀Zi

[
Pg
SF (Zr)

] =
∑

∀Zk∈SF

[∫ dSF−1

dSF
Pg
SF (Zr)B(x)dx

]

=
∑

∀Zk∈SF

[∫ dSF−1

dSF
Pg
SF (Zr)

2πx

SSF
dx

]

(22)

Authorized licensed use limited to: Istanbul Medipol Universitesi. Downloaded on July 02,2024 at 11:21:43 UTC from IEEE Xplore.  Restrictions apply. 



22190 IEEE INTERNET OF THINGS JOURNAL, VOL. 11, NO. 12, 15 JUNE 2024

Fig. 2. Correlation results between the received signal and bank of preambles. (a) Simulated signal. (b) SX1276 generated signal with SNR = −24 dBm.
(c) SX1276 generated signal with SNR = −63 dBm.

approach, we employ a correlation-based technique to infer
the SF . This technique involves correlating the received signal
with a collection of parallel preambles associated with the six
potential SF values. In the following subsections, parameters
extraction and the proposed adaptive relaying mechanism which
is summarized in Fig. 3 are explained thoroughly.

A. Parameters Extraction

The preamble is composed of eight up unmodulated chirps
which can be represented as

PSF j̃(t) =
8∑

m=1

1
√

T
SF j̃
s

e
j2π

(
fc+ Bt

2
(SF j̃+1)

T

)
t
rect

⎛

⎝ t − mT
SF j̃
s

T
SF j̃
s

⎞

⎠

(28)

where fc is the starting frequency, the symbol duration is

T
SF j̃
s = 2SF j̃ T and T = [1/(Bw)] with Bw ∈ {125, 250} kHz.

From [38], the received LoRa signal can be written as

S
SF ĩ
r (t) =

NP∑

n=1

1
√

T
SF ĩ
s

ej2πφk̃
n(t) rect

(
t − nT

SF ĩ
s

T
SF ĩ
s

)

(29)

where NP is the number of symbols in the received signal,
φ ĩ(t) represents the instantaneous phase of symbol ĩ given by

φk̃(t) =

⎧
⎪⎪⎨

⎪⎪⎩

1√
Ts

e
j2π

(
fc+ B

2
SF j̃

(
t−t0
2T +k̃

))
(t−t0)

, for 0 ≤ t − t0 ≤ tk̃

1√
Ts

e
j2π

(
f1+ B

2
SF j̃

(
t−t0
2T +k̃−2

SF j̃

))
(t−t0)

, for tk̃ ≤ t − t0 ≤ Ts.

(30)

The cross-correlation of the received signal with the preamble
of SF j̃ is written as

RSF j̃,ĩ(τ ) =
∫ NPT

SF ĩ
s

τ

S
SF ĩ
r (t)PSF j̃(t − τ)∗dt (31)

thus, the transmitted SF ĩ is the maximized correlation output
represented as follows:

SF ĩ = arg max
{j̃}

∥∥∥RSF j̃,ĩ

∥∥∥. (32)

Note that since the preamble length for SF = 12 is larger than
the transmitted signal length for SF = 7, the whole transmitted
frame must be associated with the preamble.

Fig. 2(b) depicts the results of a received signal (SF = 11)

that is associated with a bank of preambles provided by (28).
The correlation-based technique continually shows consistency
in properly estimating the sent SF , as evidenced by simulation
results [Fig. 2(a)] and when examining received real transmitted
signals [Fig. 2(b) and (c)]. Notably, even at low SNR values
(−63 dBm), the relay accurately detects the SF of the
signal.

The assessment of FC requires employment of suitable
frequency filters. Likewise, the RSSI is accurately determined
by utilizing a cost-effective implementation of filtered samples
RSSI reporting integrated into SX1276 SEMTECH chips.

B. Link Budget

After computing the RSSI, FC, and the SF ĩ, the relay
node categorizes the EDs into three groups: 1) reachable;
2) nonreachable; and 3) adjustable. The relay is strategically
positioned to establish a dependable connection with the GW
utilizing various SFs. Then, the path loss (PL) denoted as l(d),
between the GW and the relay is accurately determined while
accounting for an uncertainty margin of δSF ĩ associated with
SF ĩ. The relay node performs link budget calculations to assess
the feasibility of communication between the GW and the EDs,
such as

LSF ĩ
= RSSISF ĩ

+ l
(
dg,r
)+ δSF ĩ

. (33)

For a given LSF ĩ
, the relay classifies the EDs as

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

∣∣∣SBwk
SF ĩ

∣∣∣ ≥
∣∣∣LSF ĩ

∣∣∣, Reachable ED
∣∣∣SBwk

SF12

∣∣∣ <
∣∣∣LSF ĩ

∣∣∣, Unreachable ED
∣
∣∣∣SSFBwk

12

∣
∣∣∣ ≤

∣
∣∣LSF ĩ

∣
∣∣ <

∣∣
∣∣∣
S
SFBwk

ĩ

∣∣
∣∣∣
, Adjustable ED

(34)

where SBwk
SF ĩ

corresponds to the sensitivity of SF ĩ transmitted
at Bwk, in the rest of this article, Bwk is chosen to be 125 kHz.
The operational behavior of the relay with respect to reachable
and unreachable EDs is illustrated in Fig. 3. In scenarios where
sensors are within the communication range of the GW, the
relay remains passive and does not participate in the data
transmission. Conversely, for EDs located beyond the GW‘s
reach, the relay behaves as a conventional repeater device,
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Fig. 3. Flowchart of the proposed relaying mechanism.

Fig. 4. Timeline of adjustable class A EDs TxParams tuning through
relaying node.

continuously forwarding the data packets between the ED and
the GW. In the last scenario, the relay confines the sensor to
the lowest possible SF which allows it to detect the signal
from the out-of-reach ED.

In the case of configurable nodes, the relay selects the
best SF for the next transmission window, denoted as SFopt.
After that, the ADR bit is enabled in the DL frame to allow
the TxParams adjustment MAC instructions to be sent, as
illustrated in Fig. 4. The relay uses a lookup table to find
the suitable SFopt and calculates the link budget using (33).
SFopt is chosen as the minimal SF that assures the signal
reaches the GW while meeting the link budget requirements,
such as

SFopt = min
{
SF ĩ| |SBw

SF ĩ
| ≥ |LSF ĩ

|
}
. (35)

C. FC Assignment

EDs typically store data and transmit it in multiple packets
sequentially within a time interval T . Then, once the relay
receives the first UL frame from a particular node, it assumes
that the same node will transmit subsequent data packets within

Algorithm 2: FCs Shuffling Algorithm

Input : {FC = FCj|j �= j̄ ∈ {1, . . . , 8}},
{ED = EDi|i ∈ {1, . . . , N}},
{SF = SFopt

k |k ∈ {7, . . . , 12}},
Initialization: Counter t = 0; T; j = 1.

1 Arrays assignment:
2 SF← (ED1,SFopt

k,1)

3 FC← (ED1,FC1)

4 Frequency assignment:
5 while t ≤ T do
6 for i = 2:N do
7 if SF(EDi−1,SFopt

k,i−1) = SF(EDi,SFopt
k,i )

then
8 FC← (EDi,FC[j+1]|FC|)
9 else

10 FC← (EDi,FCj)

11 end
12 end
13 end
14 t→ t = 0;

the following T seconds. Thus, when a group of EDs are
assigned with the same SFopt within T , the relay shuffles their
FCs in the coming transmissions to prevent collisions, this
procedure is described in Algorithm 2.

As the signal forwarding by the relay is more frequent, a
nondefault transmission channel, FC j̄, is reserved exclusively
for the relay’s transmissions. This ensures that the signals from
the relay will not interfere with the normal operation of other
EDs either at the initial or post-adaptation phase.

V. PERFORMANCE ANALYSIS

In this section, the proposed positioning algorithm and the
relaying mechanism are analyzed in terms of convergence,
throughput, power, and ToA savings.

A. Algorithm Convergence

The evaluation of the NSGA-II algorithm’s efficacy involves
monitoring its convergence toward Pareto-optimal solutions.
This convergence is assessed by tracking changes in the
fitness function as the number of generations progresses [39].
Fig. 5 illustrates the convergence of the fitness function across
varying mutation rates, μ, and intensity of EDs, λ, while
maintaining ζ at a value of 0.5 for algorithmic simplicity.
A lower μ corresponds to a gradual convergence rate due
to constrained exploration of the search space. This cautious
approach may result in the algorithm being trapped in local
optima. Conversely, employing a higher μ facilitates faster
convergence but may impede thorough investigation of the
most favorable regions due to rapid random movements.
Hence, selecting an optimal μ necessitates balancing the
convergence rate and the extent of exploration in the search
space. Additionally, from Fig. 5, it is observed that an increase
in λ drives the fitness function toward reduced values owing to
heightened network interference. Optimal selection of the pair
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Fig. 5. NSGA-II fitness function convergence.

μ, λ ensures that the fitness function of the proposed algorithm
consistently converges to two Pareto solutions, specifically in
the regions where SF = 9, 10. Consequently, the subsequent
discussion in this article confines the relay’s position to these
two regions.

B. Throughput

The throughput of a single ED is modeled as a function of
the probability of success Pr

SF and the duty cycle αSF along
with the data rate of each SF RSF [34], so the throughput of
single ED is given by

�SF ,i � RSF × αSF × Psuc
SF . (36)

Based on (36), the total network throughput is defined as the
average sum of all EDs that can establish a communication
with the GW and is given as

�T � 1

S′
E

⎛

⎝
∑

EDi∈S′
�SF ,i

⎞

⎠ (37)

where S′ is the union set of the reachable, adjustable, and
unreachable EDs in the network.

C. Adaptive Relaying

Let SF init
i denote the SF at which the relay can detect

the signal from EDi, and SFopt
i represent the minimum SF

determined by the relay for the ith ED to communicate directly
with the GW. The degree difference between the initial and
optimum SFs is given by

Linit
i = SFopt

i − SF init
i (38)

utilizing the adaptive relaying mechanism, the relay conserves
∑Linit

i −1

ī=0
TSF init

i +ī of the ToA for the ith node. Similarly, let
Punit
SF k

denote the power consumed per symbol using SFk. The
power saving for device i can be expressed as

Psavings
i =

Linit
i −1∑

ī=0

N̄Punit
SF k+ī

(39)

where N̄ represents the number of symbols transmitted in a
frame using SFk.

D. Amplification Ratio

Rather than indiscriminately amplifying the forwarded signal,
the relay dynamically adjusts the amplification power ratio A

in accordance with a predetermined value derived from (33).
This ensures that every transmitted signal achieves an optimal
RSSI at the GW, allowing it to be successfully decoded. The
optimal RSSI, denoted by RSSIopt, is defined as

∣∣RSSIopt
∣∣ ≤

∣∣∣SBw
SF k

∣∣∣− ∣∣l(di,r
)+ δSF k

∣∣. (40)

Since (40) is presented in logarithm form, its linear form is
presented as

linear
(∣∣RSSIopt

∣
∣) ≤

linear
(∣∣∣SBw

SF k

∣∣∣
)

linear
(∣∣l
(
di,r
)||δSFk

∣∣) . (41)

The amplification ratioA is defined as the ratio between RSSIopt

and the calculated RSSI

A = linear
(∣∣RSSIopt

∣
∣)

|RSSI| + κ. (42)

Due to variation of attenuation levels and hardware impairments
(low-end devices), an offset value of κ is added to ensure
the signal is amplified to a level where it can be decoded
by the GW, while achieving the highest possible power
efficiency.

VI. SIMULATION RESULTS

This section validates the accuracy of analytical models
through MATLAB simulation within a 30-km radius cell with
an intensity of 300 EDs per square kilometer. The simulations
consider European Union regional parameters, including fc =
868 MHz, Bw = 125 kHz, and Txpowers of Pi = 14 and
Pr = 25 for the EDs and relay, respectively. The packet length
is set to 115 Bytes to accommodate various data rates (DR0,
DR1, DR2, and DR3) along with CR, duty cycle, and noise
figure of 4/8, 0.1%, and −117 dBm, respectively. Throughout
the simulation, the EDs are distributed using PPP distribution
and EAB-SFs-based allocation.

A. Impact on Success and Outage probability

Fig. 6 illustrates Psuc
SF as a function of the ED distance;

the periodic abrupt change in the decreasing behavior of Psuc
SF

is due to the change of γ from SF to another (Table II).
Additionally, the relay positioning at the region SF = 9 results
in the convergence of Psuc

SF to a better value compared to the
single-hop network [31] in which the network Psuc

SF tends to
decay rapidly affected by the transmitted packet SNR and SIR
levels degradation due to the PL increase for larger cell radius
associated with the interference generated by longer packet
length as higher SF are adopted. In contrast, the proposed
scheme exploits the joint maximization SNR and SIR using
the amplification feature (42) and the FCs shuffling algorithm,
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Fig. 6. Success probability under different SIR conditions per SF region,
for N = 200.

Fig. 7. Outage probability performance inside GW coverage area per SF
region, for N = 200.

respectively. Furthermore, the network reliability is assessed
in terms of the outage probability as

Poutage = 1− Psuc. (43)

The proposed relaying mechanism exploits its ability to
adjust the TxParams of EDs, where Fig. 7 depicts that a gain
of 40% in Poutage is achieved compared to the single-hop
network [31].

Since the relay can only forward the signals of the unreachable
devices without altering their TxParams, the Psuc of these EDs
is expected to behave as the Psuc of a single-hop network,
which is confirmed in Fig. 8 that illustrates also the network
coverage area is extended up to 50%, approximately.

B. Impact on ToA and Data Rate

Fig. 9 shows that as the relay adjust the TxParams of
the adjustable EDs during the initialization process, it avoids
wasting ToA and optimizes the data rate. For instance, when
the relay assigns an optimal SF of 11 to a received signal
with an SF of 9, it results in a fourfold increase in saved ToA

Fig. 8. Success probability under different SIR conditions per SF region
for unreachable devices.

Fig. 9. ToA and data rate saving based on different SF adaptation scenarios.

Fig. 10. Average network throughput for different SF allocation schemes.

for a single ED. When applied to a larger number of EDs,
this method drastically reduces the total amount of wasted
ToA.
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Fig. 11. Total coverage probability with respect to average number of
interferers per SF region.

Fig. 12. Network collision probability with and without the FCs shuffling
algorithm.

C. Impact on Throughput

The assessment of the network throughput is directly
related to Psuc as indicated in (36). So, by projecting the
ability of the proposed relaying scheme to enhance the Psuc

SF ,
Fig. 13 illustrates that starting from SF = 9 where the relay
is positioned the throughput among the adjustable devices
is doubled compared to single-hop network, making the
throughput distribution more uniform across the network in
contrast to standard LoRa networks that suffer from nonuniform
throughput distribution among SF regions.

Based on (37), the increase of EDs number in the network
directly affects the total throughput in the network due the
degradation of the SIR level. In Fig. 10, the throughput
performance under the different SF allocation schemes (EAB
scheme and EIB scheme) of the proposed scheme is depicted
where it reaches a maxima approximately 25 kb/s, unlike the
single-hop network in [40] that is saturated at a total throughput
maximum of 5 kb/s. This margin gain of 20 kb/s is attributed
to the ability of the proposed scheme to keep a reliable level
of SIR through the FC shuffling mechanism and the feature
of scheduling along with power amplifying. In addition, the

Fig. 13. Average throughput per SF region with and without the relaying
scheme, for N = 200.

slower decrease rate of throughput compared to [40] is projected
on to the uniform and gradual rise in collision probability, as
demonstrated in Fig. 12.

D. Impact on Coverage Probability

The suggested relay mechanism forms its decision-making
process by integrating a PL model denoted as l(d). This model
necessitates fine-tuning, a process contingent upon the specifics
of the deployed network environment. Referring to Fig. 11,
the impact of varying η values becomes apparent in relation
to the coverage probability outlined in (21) and (22). As
anticipated, rural locales characterized by lower η values exhibit
superior coverage while encompassing a greater number of
EDs when compared to urban areas characterized by higher
η values.

E. Experimental Results

Within this part, an assessment is conducted on the execution
of the relay scheme that has been put forward. The GW and
LoRa nodes employ an ESP32 LiLyGo T-beam integrated
with an SX1276 LoRa module, and the relay algorithm is
implemented on a USRP E310 device. For the experiment
setup, the equipment are distributed on the top of Istanbul
Medipol university campus as shown in Fig. 14(a). Three
nodes A, B, and C (red dots) are used as EDs distributed
with different distances and different heights from the GW
(orange dot). While the relay (black dot) is positioned in a
line of sight with GW and in a reliable position with the other
nodes.

To investigate the impact of initial LoRa network commu-
nication stage. First, a conventional network without relay
is established, where each node transmits one thousand
transmissions per each SF and the packet reception ratio (PRR)
measurements are taken for each ED node at the GW node as
seen in Fig. 14(b). Node A leverages a PRR greater than 95%
for all SFs due to its direct link communication with GW. In the
other side, node B has a PRR less than 20% for SF = 7, 8 and
more than 90% for other SFs, mainly due to blockage induced
by the campus buildings. In addition, node C is attached with
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Fig. 14. Experimental setup. (a) Test equipment and location. (b) PRR without relay at different nodes. (c) PRR with the proposed relay at different
nodes.

a 30-dB attenuator to simulate harsh environment scenarios,
resulting only in a reliable communication with SF = 12 at
PRR level greater than 60%.

In the second part of the experiment, the relay is incorporated
in the network to test its ability to schedule the transmitting
nodes. Fig. 14(c) illustrates the PRR at the relay for the three
nodes (blue). Both node A and node B ensure more than
90% PRR and since the relay can detect signal it successfully
forwards it to the GW. For the scheduling process the relay
holds whenever it receives the node A signal. But for node B
it alters it transmission SF to 9. For node C, the relay is only
able to reliably receive its signal at SF = 9 where it schedules
it to change its SF to 12. The obtained results in this part of
experiment directly aligns with the obtained results in the first
part.

VII. CONCLUSION

This article presented the design, implementation, and
performance examination of a novel decentralized dynamic
relaying mechanism for LoRaWAN is proposed, which
integrates harmoniously with the constraints of the existing
specifications. The network-invisible smart relay obviates the
need for adjustments to network topology or standards, allowing
smooth incorporation into industrial deployments. In order
to optimize the success probability based on SNR/SIR, a
positioning algorithm is developed to determine the most
efficient placement for the relay. On top of that, the coverage
area is divided into EAB-SF discs, and the dynamic allocation of
TxParams is determined by the observed success probabilities
at each communication phase. Through this adaptive relaying
mechanism, the data rate and coverage area are substantially
improved. Furthermore, an FC shuffling mechanism is proposed
to mitigate the limitations arising from collisions, while
minimizing the complexity of the overall relaying block. The
experimental results indicate that the proposed mechanism
achieves a remarkable 40% extension in coverage area and
success probability, along with a 50% increase in throughput
due to ToA savings and collision reduction. Future research
endeavors will explore novel techniques for adaptive sharing
of different activation keys, catering to both over-the-air
activation (OTAA) and authentication by personalization (ABP)
mechanisms.
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