'.) Check for updates

International Journal of Communication Systems

WILEY

| RESEARCH ARTICLE CEIEED

M-SADR: Mobile Self Adaptive Data Rate for Enhanced
LoRa End-Device Connectivity on the Move

Vasileios Moysiadis! | Panagiotis Radoglou-Grammatikis? (' | Evangelos Mourikis? | Maria Zevgara? |
Dimitrios N. Skoutas® | Charalabos Skianis® | Panagiotis Sarigiannidis!

!Department of Electrical and Computer Engineering, University of Western Macedonia, Kozani, Greece | 2Department of Research and Development,
K3Y, Sofia, Bulgaria | 3Department of Information and Communication Systems Engineering, University of the Aegean, Samos, Greece

Correspondence: Vasileios Moysiadis (bmoisiadis@uowm.gr)
Received: 27 November 2024 | Revised: 27 July 2025 | Accepted: 29 July 2025

Funding: This project has received funding from the European Union's Horizon Europe Research and Innovation Programme under grant agreement no.
101097122 (ACROSS).

Keywords: ADR | Localization | LoRa | LPWAN | Mobility | RSSI

ABSTRACT

Mobility is a critical aspect of the Internet of Things, reflecting the diverse and dynamic nature of potential applications. LoRa, a
low power wide area network, is a promising wireless technology suitable for a wide range of applications. In this paper, we pro-
pose mobile self adaptive data rate (M-SADR), a method designed to handle LoRa-enabled mobile end devices, aiming to reduce
energy consumption while maintaining a high packet delivery ratio. M-SADR operates on the end device side by selecting the
spreading factor and transmission power for the next packet based on previous attempts. The proposed method stands out from
similar solutions by enabling mobile LoRa end devices to determine transmission parameters efficiently, using a simple approach
that requires minimal processing and storage resources. We evaluated our method in two distinct scenarios: the first involves
three mobile gateways following a moving group of end devices, while the second uses a single static gateway with multiple mo-
bile end devices moving arbitrarily around it. The evaluation of the two simulation scenarios showed that our method achieves
better results, with up to 2.4% higher packet delivery ratio and 5.7% lower energy consumption per successfully delivered packet
compared with other methods (ADR-MIN, BADR, and HADR) for LoRa mobile end devices. Furthermore, a small-scale test-
bed was implemented, demonstrating that the proposed algorithm performs better than its competitors in real-world scenarios.
Finally, in the first simulation scenario, we present a methodology uses RSSI-based position estimation to reposition the mobile
gateways and maintain proximity to the moving group of end devices.

1 | Introduction smart healthcare, aging population support, fleet monitoring,

and wildlife or animal tracking [1]. In more detail, mobility is

Mobility is one of the main characteristics of end devices in
the Internet of Things (IoT). A high percentage of end devices
operate autonomously without human intervention and need
to be connected to send or receive data. Currently, numerous
IoT applications rely on or incorporate mobility. Examples in-
clude smart cities, connected vehicles, bike rental systems,

a core component of smart city solutions. Connected vehicles,
smart traffic lights, and public transportation systems leverage
IoT mobility features to reduce congestion, improve safety, and
enhance urban planning [2]. Furthermore, mobility enables IoT
devices to gather and transmit data in real-time, facilitating
timely decision-making. For instance, in fleet management, IoT
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devices continuously update vehicle locations, allowing com-
panies to make more informed decisions and improve logistics
efficiency [3].

In parallel with research focused on mobile end devices, consid-
erable attention has been given to sink mobility in wireless sensor
networks, where mobile sinks (or gateways) are used to collect
data from static or semi-static sensor nodes. This approach aims
to reduce energy consumption and balance communication
loads by minimizing the number of multi-hop transmissions
required from distant nodes [4, 5]. Notable protocols, such as
E2SR2 [6], Ring Routing [7], and Railroad Routing [8], have
been proposed to optimize data gathering through planned or
adaptive sink movements. While these protocols have demon-
strated significant improvements in network performance, they
address a fundamentally different set of challenges compared
with scenarios involving mobile end devices, which are inher-
ently more unpredictable and decentralized in their behavior.

Beyond ground-based mobility, unmanned aerial vehicles
(UAVs) can play a significant role in the IoT due to their ver-
satility and ability to collect and transmit data from otherwise
inaccessible or challenging environments. For example, UAVs
can collect data from remote or hard-to-reach areas, such as di-
saster zones, agricultural fields, and construction sites [9, 10]. In
addition, Self Organised Networks (SONs) have gained signifi-
cant importance in recent years, playing a crucial role in various
IoT applications and aiming to transform multiple technological
areas. Some of the main SON models include improving mobil-
ity, balancing network traffic, reducing interference, and opti-
mizing capacity and coverage [11].

AsIoT ecosystems expand, mobility will play a key role in scaling
solutions across smart cities, industrial automation, and emerg-
ing technologies such as autonomous drones and robotic deliv-
ery systems. IoT devices must remain connected regardless of
movement. Technologies like 5G, low power wide area networks
(LPWANS5), and edge computing enhance connectivity, ensuring
seamless data transmission even in mobile environments.

Additionally, reducing energy consumption is another crucial
factor for autonomous end devices, particularly when using
LPWANSs like LoRa, where minimizing energy consumption is
a significant advantage. LoRa's long-range capabilities and low-
power design are well-suited for mobile applications, but opti-
mizing these features for dynamic environments is essential.
Efficient energy management and advanced protocols for mo-
bile LoRa devices can significantly enhance performance and
extend battery life, ensuring reliable connectivity while main-
taining low energy consumption.

Research on LoRa (long range) technology has primarily fo-
cused on stationary applications, leaving a notable gap in the
optimization of mobile end devices. As self-organized networks
become more prevalent, optimizing LoRa for mobility is crucial
for reducing energy consumption. Advances in low-power de-
sign, efficient communication protocols, and scalable network
management are essential for enhancing the battery life and
performance of mobile LoRa devices. Understanding how mo-
bility affects connectivity can lead to more energy-efficient solu-
tions while maintaining reliable operation.

In this work, we focus on a self-organized network of mobile
LoRa end devices supported by mobile LoRa gateways mounted
on UAVs. The aim of our work is two-fold. First, we introduce
the mobile self adaptive data rate (M-SADR), an alternative
adaptive data rate (ADR) method adapted for mobile end de-
vices. Secondly, we propose a methodology for repositioning the
LoRa gateways to ensure they remain in close proximity to a
moving group of mobile LoRa end devices.

More specifically, the proposed methodology for supporting
mobile LoRa end devices with mobile gateways is an improved
version of our previous work [12]. The mobile LoRa end devices
move arbitrarily as a group within a large area, while mobile
gateways, adapted to UAVS, follow the movement of the group of
end devices. The actual position of the end devices are directly
known but are estimated based on RSSI values of their transmit-
ted signals. In this work, we have improved our previous meth-
odology to support end device movement up to 24 mps (meters
per second). Moreover, gateways must move at twice the speed
of the moving group of nodes to maintain proximity to the end
devices. This constitutes a significant improvement compared
with our previous work.

The proposed methodology can be valuable in various applica-
tions, such as disaster scenarios or situations where autonomous
cooperative mobility, is crucial. In many disaster scenarios,
supporting operational teams in the field of operation is criti-
cal to ensuring effective response and coordination. Knowing
the exact location of each person or piece of equipment enables
the leadership team to efficiently coordinate available resources
during the critical first hours of a disaster. Moreover, there is
significant interest in developing disaster management systems
that can save lives, protect property, and minimize the substan-
tial economic costs associated with such events. In this context,
LoRa technology has emerged as a promising solution [13].

In addition, the proposed M-SADR algorithm performs bet-
ter than existing approaches for mobile LoRa end devices. We
compare its performance against three alternative methods
suggested for mobile end devices, namely BADR [14], HADR
[15], and ADR-MIN [16]. The results demonstrate that M-SADR
achieves a high packet delivery ratio (PDR), even when the net-
work traffic is considerably high. This is achieved by efficiently
allocating the LoRa parameters, resulting in lower energy con-
sumption per successfully transmitted packet. More specifically,
M-SADR consistently demonstrates lower energy consumption
than competing methods across all tested speeds and network
traffic conditions.

Moreover, the proposed M-SADR approach has the advantage
of retaining recent transmission conditions in the terminal de-
vice's memory through a simplified algorithm with minimal
processing power and storage requirements. This allows the ter-
minal device to independently decide on transmission parame-
ters without consuming significant processing power or energy,
which is crucial for LoRa devices with energy constraints.

In contrast, the compared algorithms, BADR and HADR, also
employ simple, low-requirement algorithms, but they send pack-
ets without considering current conditions, except for HADR,
which depends on commands from the network server when the
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TABLE1 | Comparison of methods for efficient data rate management.

Network End Machine
Mobile server device learning Features

ADR — v v — SF, TP
ADR+ [26] — v v — SF, TP
ADR-MIN [16] — v v — SF, TP
DDQN-PER [27] — v/ v/ v SF, TP
BADR [14] v — v — SF, TP
HADR [15] v v v — SF, TP
LR+ADR [28] v v v/ v SF, TP
G-ADR [29] v v/ v/ SF, TP
EMA-ADR [29] v v v — SF, TP
CA-ADR [30] v v v v SF
RADR [31] v v v v SF
PST [32] — v v v/ Scheduling
C-ADR [33] — v v v SF, Channel
ASA [34] — v v v Scheduling
EARN [35] — v — — SF, TP, CR
ADR-CC [36] — v v v SF, backoff
E-ADR [37] v v v — SF, CR, BW

terminal device is designated as static at a particular moment.
Additionally, the ADR-MIN algorithm continuously relies on
commands from the network server, making it less effective in
networks with high traffic.

The contribution of our work is summarized as follows:

« We propose a new M-SADR algorithm that consumes less
energy per successfully delivered packet.

« We compare the proposed M-SADR method with com-
petitor algorithms for mobile end devices, demonstrating
advantages in PDR and energy consumption, particularly
under high network traffic conditions.

« We improved our previous methodology for autonomous
mobile gateways to better support mobile end devices. The
mobile gateways can now support end devices moving at
speeds up to 24 mps. In addition, they must move at no
more than twice the speed of the end devices to maintain
proximity.

The rest of this paper is organized as follows: In Section 2, we dis-
cuss the key features of LoRa and the theoretical background of
localization techniques in wireless sensor networks. Additionally,
we present the most relevant research efforts on mobile LoRa end
devices and localization methods. In Section 3, we provide an in-
depth analysis of the proposed M-SADR algorithm and present
the detailed methodology for repositioning mobile LoRa gateways
to maintain proximity to mobile end devices. We also outline the

main parameters used in the two simulation scenarios. Next, in
Section 4, we present an evaluation of our proposed M-SADR
mechanism compared with three other alternatives: ADR-MIN,
BADR, and HADR, designed to support mobility in LoRa net-
works. Section 6 discusses the evaluation results, highlighting the
advantages and acknowledging the potential limitations of the
proposed method. Finally, Section 7 concludes this paper.

2 | Background

In this section, we present the main features of LoRa and pro-
vide a brief review of ADR methods and similar approaches for
LoRa end devices. Furthermore, we discuss the most common
localization techniques used with LoRa.

21 | LoRa

LoRa belongs to the category of LPWANSs, which is one of
the main categories of wireless networks utilized in the IoT.
LPWANSs are often used in IoT applications not only in urban but
also in rural areas, where they excel over alternative solutions.
The main features of this category are the low energy consump-
tion and the long-distance transmission. However, the main dis-
advantage is the low data rate. Despite this, LPWANS are widely
used in many IoT applications, such as Smart Farming [17, 18],
Smart Cities [19], Smart Metering [20], and Industry 4.0 [21]
applications.
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LoRa is one of the most popular wireless networks in LPWAN
category, offering several advantages over its competitors, such
as SigFox and NB-IoT. More specifically, it uses a free license
band with no licensing fee, is easy to deploy, provides an ac-
ceptable data rate, and consumes low energy. Additionally, end
device costs are relatively low, and no additional hardware is
needed if a LoRa network is already deployed in the area. It op-
erates in the unlicensed band of 868 MHz in Europe, 915 MHz
in America, and 430 MHz in Asia. LoRa can reach distances up
to 20 km with a maximum data rate of 50 kbps per channel. It
operates with a duty cycle of 1% to ensure fairness between de-
vices, enabling support for numerous end devices that work si-
multaneously in the same area. This makes it suitable for a wide
range of applications. LoRa uses Chirp Spread Spectrum (CSS)
modulation, which facilitates the transmission of messages over
long distances.

Despite its technical advantages and growing adoption in vari-
ous sectors, LoRa-based applications also face important chal-
lenges, particularly in the area of security. Due to their open,
resource-constrained, and decentralized nature, these systems
face significant threats, including Sybil attacks, wormhole at-
tacks, jamming, and selective forwarding, all of which com-
promise data integrity, availability, and confidentiality. These
vulnerabilities are particularly severe in LoRa systems, where
long-range, low-power communication increases the attack sur-
face while limiting the ability to implement strong cryptographic
defenses. The authors in [22, 23] provide comprehensive surveys
of such attacks in WSNs, highlighting the need for lightweight,
adaptive countermeasures tailored to constrained IoT environ-
ments like LoORaWAN.

2.1.1 | LoRa Main Parameters

The main parameters of LoRa are the spreading factor (SF) and
the transmission power (TP). More specifically, the SF parame-
ter defines the time required for a symbol to transmit over the
air. It typically ranges from SF7 to SF12, or from SF6 to SF12
in newer chipsets. A message sent with SF7 takes less time to
transmit and consumes less energy but cannot reach long dis-
tances. In contrast, a message sent with SF12 requires signifi-
cantly more transmission time and energy but can reach much
longer distances.

The TP parameter defines how much energy is used to trans-
mit a signal. Higher TP values consume more energy and en-
able transmission over longer distances, while lower values
conserve energy but limit the transmission range to shorter
distances. Most devices support TP values up to 20 dBm, al-
though the maximum allowed is subject to local regulations.
For example, in Europe, the maximum allowed limit is re-
stricted to 14 dBm.

Another parameter defined by LoRa is the coding rate (CR),
which determines the additional bits included in the packet for
error detection. For example, the default value is 4/5, meaning
that one extra bit is added for every four useful bits. Including
more extra bits enhance error detection, especially in noisy en-
vironments, but also increases energy consumption.

LoRa also defines three different values for the channel band-
width (BW): 125, 250, and 500 kHz. The BW used depends on
local regulations. For example, in Europe, only BW125 and
BW250 are used. Additionally, BW and SF jointly define the data
rate of packet transmission. For instance, BW250 provides dou-
ble the data rate of BW125 for the same SF.

Furthermore, SF and BW determine the time on air (ToA) re-
quired to transmit a packet over a channel with a given band-
width and SF. A higher SF leads to a longer ToA, which can be
a significant drawback, especially in high-traffic scenarios. The
ToA calculation is thoroughly explained in [24].

Moreover, LORaWAN defines three different classes for end de-
vices: Class A, Class B, and Class C [25]. Class A devices are
designed for those with restricted energy consumption capabil-
ities. They are usually in deep sleep mode and wake up only to
transmit messages, while they can only receive messages after a
successful transmission. In contrast, Class B devices can receive

ALGORITHM1 | M-SADR algorithm on end device.

Algorithm 1 M-SADR algorithm on end device

> Array with probabilities of all SFs (SF7-SF12)
> Selected SF, TP

Input: P
Output: SF, TP
: Procedure: ReceivingAcknowledgement
: cntACK <= Update from last 10 packets
1 b <= 0.05 * (10 — cntACK)
: if b < 0.05 then
b < 0.05
: end if
: if ACK received then
Rack <=1
else
Rack <= 0
: end if
: P[SF] <= (1-b) - P[SF] + (b - Rack)

> counter for ACKs

W N OO WN =

e el
CA)MHOS‘.J.

-
i

: Procedure: SendingPacket
¢ SF, Pyay <= max(P)

-
o

> Find the maximum of P and
> select the corresponding SF

=
~N O

: if SF equal to previous SF then
if two consecutive successfully delivered packets then
if TP > 10 then > Decrease TP if possible
TP <= TP -2
else > Decrease SF if possible
if SF > 7 then
P[SF - 1] < P[SF]
SF < SF-1
TP <= 14
end if

N NN NNNDNDRE =
o U P WN R O O

N N
0 ~

end if
end if
if two consecutive unsuccessfully delivered packets then
if TP < 14 then > Increase TP if possible
TP <= TP+ 2
else
Rack <=1
for SF # current SF do
P[SF] <= (1 =) - P[SF] + (b - Rack)

end for

W W wwwwwwnNn
N O s WP OO

end if

w
00

end if

w
©

: else > We have new selected SF
TP <= 14

: end if

: Send packet with SF, TP

N
N = O
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or transmit messages at any time, but only within specific time
slots, requiring a mechanism to ensure synchronization be-
tween all end devices and gateways. Finally, Class C devices can
transmit messages at any time and receive messages only when
they are not transmitting.

2.1.2 | Efficient Data Rate Management

LoRaWAN includes the ADR mechanism, which optimizes
transmission parameters to enhance efficiency. ADR dynam-
ically adjusts the SF and TP to balance energy consumption
and ensure reliable data delivery. Designed for stationary de-
vices, the default ADR mechanism is divided into two parts:
one running on the end device and the other on the network
server.

The network server part of the default ADR algorithm calcu-
lates the maximum signal-to-noise ratio (SNR) from the last
20 received packets, which is then used to estimate the optimal
parameters for SF and TP. In practice, the network server only

decreases SF and TP to reduce energy consumption while main-
taining reliable data delivery. On the end device side, the mecha-
nism follows a simple approach, increasing SF and TP only after
consecutive packet losses to regain connectivity.

Many alternatives to ADR have been proposed for static end
devices. One such example is ADR+ [26], which calculates the
average SNR from the last 20 packets. This method provides a
more stable estimate of signal quality by equally considering all
SNR values rather than focusing on just one maximum value.
While this approach helps maintain connection reliability, it
may not be as sensitive to changes in signal quality compared
with other dynamic methods.

ADR-MIN [16] is another one alternative based on the default
ADR algorithm, but calculates the minimum SNR from the
last 20 packets, instead of the maximum value used in the
standard ADR. This approach can be more conservative, ad-
justing parameters based on the worst network conditions.
While ADR-MIN achieves excellent results in terms of PDR,
it often results in excessive energy consumption, even when

loRaNodes[

FIGURE1 | Close-up of the moving group of nodes with the three gateways in the simulation area.
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TABLE 2 | Simulation parameters.

Number of nodes

Number of gateways

Simulation area
Node altitude
Gateway altitude
Node speed
Gateway speed
Initial SF

Initial TP

Number of retries

Node mobility

Group wait time

Node wait time

Time for first packet

Time for next packet

Path loss model

do

14

20,100, 200, 300, 400
3
50 km X 50 km
0m
150 m
1,8, 16, 24) mps
(2,16, 32,48) mps
12 or algorithm depended
14 or algorithm depended
1
SuperpositioningMobility
AttachedMobility
RandomWaypointMobility
0-1200s
0-600 s
uniform (0 s, 120 s)

60 s + exponential (60 s)
ShadowLogNormal
400
2.08
3.57

(>

not necessary, due to its conservative nature. This can lead to
inefficient resource usage, as the device may continue using
higher SF and TP values even when the connection does not
require such strict parameters.

In [27], the authors present the DDQN-PER reinforcement
learning algorithm for optimizing network transmission pa-
rameters, specifically SF and TP. The algorithm effectively
balances energy consumption and PDR by prioritizing criti-
cal transmissions and accelerating optimal parameter selec-
tion. It consistently outperforms ADR and RL-based methods,
particularly in large-scale networks with 1000 devices, main-
taining superior performance in both obstacle-laden and open
environments.

Regarding mobile end devices, Semtech proposes the blind adap-
tive data rate (BADR) [14], a method designed to work efficiently
than default ADR. BADR operates by repeatedly transmitting
packets using only SF7, SF10, and SF12, without requiring feed-
back from the network server. This approach is particularly
beneficial in mobile scenarios, where frequent changes in signal
strength and interference occur.

Similarly, the authors in [15] introduce the hybrid adaptive data
rate (HADR), which is suitable for both mobile and static end
devices, as it combines ADR+ and BADR. Specifically, when the
network server detects that the device is static, the ADR+ mech-
anism is activated. Otherwise, the end device transmits packets
sequentially, using SF7 through SF12. The main drawback of
HADR is that it requires additional bytes in the packet header to
transmit the position of the end device.

FIGURE2 | Three gateways received the packet and all circles intersect in one common point.
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Moreover, in our previous work [28], we proposed LR-ADR and
LR+ADR, which are designed for mobile end devices with static
LoRa gateways. These ADR methods leverage linear regression
to predict the next expected SNR, enabling the calculation of op-
timal SF and TP parameters for the node.

The authors in [29] propose G-ADR and EMA-ADR, two mecha-
nisms designed to optimally assign SF and TP for both static and
mobile end devices. These methods aim to reduce the conver-
gence period of end devices, thereby enhancing data transmis-
sion efficiency and improving energy management by enabling
faster adaptation to changing network conditions.

The authors in [30] present the contextual aware ADR (CA-
ADR) to improve LoRaWAN's ADR mechanism through a
two-phase approach. In offline mode, it compiles and refines a
dataset using contextual rule-based learning (CRL) before train-
ing a hybrid CNN-LSTM model. In online mode, the pre-trained
model is deployed for efficient resource allocation to both static
and mobile end devices. Implemented using TinyML for low-
power devices, CA-ADR improves packet success ratio (PSR)
and energy efficiency, making it a promising solution for IoT
applications.

The authors in [31] propose an Al-driven LoRaWAN system
with the robust ADR (RADR) transmission strategy for mobile
location-based services. RADR initially selects the highest data
rate (i.e., the lowest SF) for energy efficiency, then employs an AI
model to determine the lowest stable data rate (i.e., the highest
SF) based on uplink history, ensuring reliable packet delivery.
This approach provides a more stable mobile IoT service without

excessively lowering the data rate, making the AI-driven RADR
effective for mobile applications.

Furthermore, methods not related to the ADR mechanism have
been proposed to increase network efficiency and reduce energy
consumption. For example, the authors in [32] introduce a dy-
namic transmission priority scheduling technique (PST) utiliz-
ing an unsupervised learning clustering algorithm to minimize
packet collisions and improve network transmission delay and
energy efficiency. Specifically, the LoRa gateway categorizes
nodes into distinct transmission priority clusters. The dynamic
PST enables the gateway to adjust transmission intervals based
on the priority levels of these clusters. This approach supports
network scalability while maintaining a low packet collision
rate (PCR) and significantly enhancing transmission delay and
energy efficiency.

The authors in [33] introduce cluster ADR (C-ADR), a mech-
anism designed to reduce collisions and packet loss in dense
LoRa-based Industrial IoT networks. By leveraging signal or-
thogonality, C-ADR strategically allocates SFs and clusters end
devices based on estimated path loss. The approach assigns
different channels to each cluster and optimally distributes SFs
among devices to enhance network performance. The effective-
ness of C-ADR is validated through simulations and testbed
implementation, assessing packet success rate, power consump-
tion, and convergence time.

In [34], the authors focus on optimizing delay in LoRaWAN
through an adaptive scheduling algorithm (ASA) combined
with an unsupervised probabilistic approach, the Gaussian

FIGURE 3 | Three gateways received the packet and all circles intersect forming a common area.
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mixture model (GMM). This approach minimizes retransmis-
sions, leading to improved delay performance in LoRaWAN.
The results demonstrate that their method significantly reduces
the PCR compared with conventional LoRaWAN. Additionally,
the PSR is notably increased compared with both conventional
LoRaWAN and the dynamic PST.

The authors in [35] propose an enhanced ADR (EARN), a
server-side mechanism that extends the standard ADR by jointly
optimizing the SF, TP, and CR. Unlike traditional ADR schemes,
EARN introduces a performance-driven selection strategy
based on analytical models that estimate collision probability,
frame error rate, and energy-per-packet. It operates entirely at
the network server without requiring any additional computa-
tion at the end-device side, preserving the low-power operation
of constrained nodes. It uses deterministic models and exhaus-
tive evaluation of parameter combinations to find the most
energy-efficient configuration. Simulation results show that
EARN significantly improves energy efficiency and delivery re-
liability, especially in dense deployments with fluctuating link
conditions.

The authors in [36] propose an adaptive data rate with con-
gestion classifier (ADR-CC), a machine learning-based ADR
scheme that enhances network performance under congestion.
The approach employs a logistic regression classifier trained at
the network server, using features such as data rate, RSSI, num-
ber of connected devices, and acknowledgment reception ratio.
The trained model is then transmitted to end devices, which
perform local inference to determine the presence of conges-
tion and accordingly adjust either the data rate or the backoff
time. ADR-CC combines centralized learning with lightweight
device-side execution, offering adaptability with minimal com-
putational overhead. The method targets static deployments and
does not address mobility scenarios.

The work presented in [37] proposes Enhanced ADR (E-
ADR), a rule-based mechanism that extends the standard
ADR to support mobile end-devices. By estimating the de-
vice's position using trilateration and RSSI-based displace-
ment models, the network server dynamically adjusts key
transmission parameters, such as SF, CR, and BW, in order
to reduce energy consumption and packet loss. Unlike many
recent approaches, E-ADR does not rely on machine learning
techniques, which keeps complexity low and enables real-time
operation. Experimental results in mobile smart farming sce-
narios demonstrate significant improvements in time-on-air,
energy efficiency, and reliability compared with the baseline
ADR scheme.

Table 1 summarizes the main features of the methods discussed
earlier. More specifically, it indicates whether each method was
tested with mobile end devices and whether it employs a ma-
chine learning approach. It also specifies whether components
of the method are executed on the network server and/or the end
device. Finally, the last column highlights the specific parame-
ters that are adjusted to enhance performance.

In addition, there are some research efforts on mobile LoRa
end devices that are application specific. For example, the

authors in [38] propose an improved ADR for agricultural mo-
bile sensors.

Furthermore, other approaches for collecting data from LoRa
devices have been proposed. The authors in [39] propose
MLoRaDrone, which uses multiple UAVs equipped with LoRa
gateways flying near nodes. Their work aims to minimize the
energy consumption of end devices by shortening transmission
distances. In [40], the authors introduce an innovative architec-
ture to ensure reliable data collection in pristine environmental
sites, utilizing a mobile, vehicle-mounted LoRaWAN gateway.

2.2 | Localization
The most common localization method is utilizing the Global
Navigation Satellite System (GNSS), which includes four dif-

ferent constellations: Global Positioning System (GPS) (USA),
Galileo (Europe), GLONASS (Russia), and BeiDou (China). All

ALGORITHM 2 | Estimate node position with three gateways.

Algorithm 2 Estimate node position with three gateways

> All GWs received the packet
> Distances sorted ascending
> Estimated position of node

> Distance Go,G1

Input: Go(x0,v0),G1(x1.y1),Ga2(x2,y2)
Input: do,d1,d2 with (do > di > d2)
Output: (Py,Py)
2 dor = /(¥ -%0)% + (1 -y0)?
: d{l) <= dp
H dl <= d
: if do1 > (do + d1) then
temp <:/d01 —(do + dv)
d9 <= dy + temp/2
dy <=d + temp/2
else
if do1 < abs(dyp —dy1) then
temp < abs(do —d1) —do1
if dp < dl/ then
ds) <~ dp + temp/2
dy <= dy —temp/2
else
dy < d, —temp /2
dy <= dy + temp/2
end if

© 00N O U W N

L e e e
W N O W N O TN

end if

e
©

: end if/ ,

2 1 <= (dg —dy +d?)/(2do1)

: b= 1/(d%—l)2

+ X <= l(x1 —x0)/do1 + x0 + b(y1 —yo)/do1
Yo <= 1(y1 —y0)/dor + yo —b(x1 = x0)/do1
2 xp <= l(x1 —x0)/dor + x0 —b(y1 —yo)/dor
: yp <= I(y1 —y0)/dor + yo + b(x1 —x0)/do1
tday &= (Xa _X2)2 + (,Vu _)'2)2

s dap = /(0 —x2)% + (b —y2)?

: if do, > dop then

X <= Xp

Y=Y

d2 <= dop

: else

X < X,

Y <= Ya

dby <= dag

: end if

L diff <= (dz —dy) /2

: factor <= diff/dy + 1

s temp <= \/(x2 —x)% + (y2 - y)?

1 Py < xo —temp - factor

1 Py <= yo —temp - factor

N
o

BB W W W W W WWWWNNNNDDNNDNDNDNN
B O WO NP WNEFE O OOWNOOO D WN =
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FIGURE 4 | Two gateways received the packet, and the two circles intersect in two different points.

FIGURE5 | Two gateways received the packet, but the two circles do not intersect.



ALGORITHM 3 | Estimate node position with two gateways.

ALGORITHM 4 | Estimate node position with one gateway.

Algorithm 3 Estimate node position with two gateways

Algorithm 4 Estimate node position with one gateway

Input: Go,G1,G2 > Assuming only Go, G; received the packet

Input: do.d:1 > Calculated distance
Output: P > Estimated position of node
1: Cy < Circle(Go,do) > Circle with centre Gy and radius dop
2: C1 < Circle(G1,d1) > Circle with centre G; and radius d;
3: Lo1 < Line(Go, G1) > Line comes from Go, G
4: if Intersect(Cy,Cy) then > Circles intersect
5: A, B <= IntersectionPoints(Co, C1)

6: if Distance(A, G2) > Distance(B, G2) then

7: P<=A > Farthest point from G2 is A
8: else

9: P<B > Farthest point from G2 is B
10: end if

11: else > Circles does not intersect
12: A < IntersectionPoint(Co, Lo1)

13: B <= IntersectionPoint(C1, Lo1)

14: F<:d1/(do +d1)

15: P, <= A+ F- (B.-Ay)
16: Py <= A, + F-(By—-Ay)
17: end if

> Calculate an intermediate point

FIGURE 6 | One gateway received the packet.

additional hardware and energy consumption is not substan-
tial, but becomes considerable when dealing with low-cost end
devices with restrictions like LoRa devices. For these reasons,

Input: Go,G1,G2 > Assuming only G received the packet

Input: do > Calculated distance
Output: P > Estimated position of node
1: Co < Circle(Go,do) > Circle with centre Gy and radius dj
2: M <= (G1 + G2)/2 > Find median of Gi, G2
3: Lyo < Line(M, Go) > Line comes from M, Go
4: A, B < IntersectionPoints(Co, Lyo)

5: if Distance(A, M) > Distance(B,M) then

6: P<=A > Farthest point from M is A
7: else

8: P<«<B > Farthest point from M is B
9: end if

some alternative methods have been proposed for positioning in
wireless sensor networks.

The two main categories are based on the received signal
strength indicator (RSSI) and the time difference of arrival
(TDoA). Both methods can be used to estimate the distance of
the end device from the gateway, and subsequently, to determine
its position in 3D or 2D space.

Regarding LoRa, most research uses RSSI, while some studies
also test TDoA [41]. Additionally, most of the research efforts in
LoRa are applied to static end devices, with only a few attempt-
ing to estimate the position of mobile end devices [42].

More specifically, TDoA relies on the time at which the signal is
received by the gateways. Therefore, an additional mechanism
is required to synchronize the clocks of all gateways, which can
be challenging. Nevertheless, some research uses this method to
determine the position of LoRa end devices [43], [41].

Regarding RSSI-based methods, research efforts are divided
into two subcategories: those that use the fingerprinting
method [44], [45] and those that use trilateration or multilat-
eration to calculate the position of the end device [46], [47]. Of
course, in both methods, it is important to address accuracy
challenges and apply mitigation techniques, as RSSI measure-
ments are inherently noisy due to signal attenuation, mul-
tipath effects, interference, and weather conditions. To tackle
this issue, numerous research efforts have proposed various
techniques to improve accuracy. The simplest and most com-
mon approach is averaging RSSI values from multiple previous
messages, which works well for static end devices. Another
popular method is using the Kalman filter [48], which is a well
known algorithm used to estimate the state of a dynamic sys-
tem from noisy measurements. Most advanced methods are
based on machine learning techniques [49], [50]. The accuracy
of the applied methods is quantitatively evaluated using met-
rics such as mean absolute error (MAE) and root mean square
error (RMSE).

After refining the RSSI values, the first step is to estimate the
distance between the transmitting end device and the gate-
ways, followed by estimating its position. The distance can be
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estimated using the log-distance path loss model, which re-
lates RSSI to distance by considering factors such as TP, path
loss at a reference distance, and the environmental path loss
exponent.

In the fingerprinting method, a reference map of known
positions and their corresponding RSSI values is initially
constructed. This map serves as a database for positioning,
allowing the system to estimate the location of end devices
by comparing real-time RSSI measurements with the stored
reference data.

On the other hand, when applying trilateration or multilatera-
tion to estimate the position of an end device in 2D space, signals
must be received from at least three gateways. For 3D position-
ing, a minimum of four gateways is required to ensure accurate
localization.

For example, the most common approach in 2D space is to solve
(1), where G, G,, G, are the three gateways and d,, d;, d, are
the estimated distances from the end device. For 3D space, an
additional equation is required based on the signal from the
fourth gateway.

X =X P +(Y =Yg ) =dg
X=X P +(Y -Yg Y =d] @
X=XV +(Y =Y ) =d]

TABLE 3 | Simulation parameters.

Number of nodes
Number of gateways
Simulation area
Node altitude
Gateway altitude
Node speed

Gateway speed
Initial SF

Initial TP

Number of retries
Node mobility

Node Wait Time
Time for First Packet
Time for Next Packet
Path loss model

do

14

20, 100, 200, 300, 400
1
6 km X 6 km
0m
150 m
(1, 8, 16, 24) mps
0 mps
12 or algorithm depended
14 or algorithm depended
1
RandomWaypointMobility
0-1200 s
uniform (0 s, 120 s)

60 s + exponential (60 s)
ShadowLogNormal
400
2.08
3.57

FIGURE 7 | Simulation with a static gateway and mobile nodes around it.
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Of course, such an approach introduces significant errors, as
transmitted signals often contain substantial interference and
noise. As mentioned earlier, factors such as signal attenuation,
multipath effects, and environmental variability further impact
accuracy. Consequently, solving the problem using (1) is un-
likely to yield a unique solution.

3 | Materials and Methods

In this section, we provide detailed information on the method-
ology we followed. First, we introduce the proposed algorithm
for mobile end devices, named M-SADR. Then, we provide in-
formation on the software and parameters used to implement
our simulations, along with a detailed explanation of the two
simulation scenarios used to evaluate the proposed algorithm.
Regarding the first simulation, we provide a comprehensive de-
scription of the position estimation process for end devices using
RSSI, which is used to move the mobile gateways and maintain
proximity to the moving group of end devices. In the remainder
of the manuscript, the term “end devices” will be used inter-
changeably with “nodes.”

3.1 | Mobile Self Adaptive Data Rate (M-SADR)

To select the optimal values for SF and TP, we propose the M-
SADR, which aims to increase the PDR and reduce the energy
consumption of mobile end devices. In our method, only the end
devices are responsible for adjusting SF and TP, using a light-
weight algorithm with low memory requirements and computa-
tional complexity.

This approach is particularly important for LoRa end devices, as
they are typically constrained in terms of memory and computa-
tional capabilities. Furthermore, because most of these devices
operate on batteries, it is essential to minimize computational
demands and reduce transmission time to extend their lifetime.

In particular, each node maintains an array P of floating-point
values, with each element corresponding to one of the available
SFs. Each value in the array, ranging from 0 to 1, represents the
estimated probability of successful packet delivery when using
the associated SF. More precisely, these values are computed
as moving averages, continuously updated to reflect the recent
success rate of transmissions for each specific SF. Initially, all

i
o
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o
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Speed (mps)

FIGURE 8 | Distance error for various numbers of nodes and speeds. Utilizing M-SADR and RSSI localization.
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FIGUREY9 | Distance error comparison for M-SADR using RSSI or GNSS localization.
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values in P[SF] are set to 1. The sending node always transmits
packets with the ACK flag enabled, requiring acknowledgement
from the network server. After receiving or not receiving a con-
firmation, the node updates the table of floating-point values
using (2).

P[SF] =(1-b)X(P[SF]) + b * Rycx 2

where P[SF] is the floating-point value corresponding to the
SF, and R, is a boolean value equal to 1 when the sending
node receives a downlink message and 0 when it does not. The
parameter b can be adjusted to control the influence of recent
receptions. Lower values of b result in a more stable but slower
response, while higher values make it more reactive to changes.
Therefore, it is useful to adjust its value based on the success or
failure of recent transmissions. In this vein, we define parame-
ter b as shown in equation 3, where its value is set to the mini-
mum of 0.05 or the number of failed transmissions in the last ten
packets, multiplied by 0.05.

0.05,
b =min { 3

0.05 X Number of R, =false

More specifically, the equation returns a value for b between
0.05 and 0.50. Thus, when there are many successful trans-
missions in the last ten packets, the value of b is lower, leading
to slower changes in P[SF]. Conversely, when there are many
failed transmissions, the value of b is close to 0.50, resulting in
faster changes to P[SF].

When a node needs to send a packet, it selects the SF by finding
the maximum value of P. This ensures that the packet is sent
with the most appropriate SF based on recent transmissions. In
addition, to further reduce energy consumption while aiming to
maintain the PDR, the sending node can also adjust the TP. More
specifically, it reduces the TP by 2 dBm after two consecutive
successfully delivered packets with the same SF, or increases the
TP by 2 dBm after two consecutive undelivered packets with the

15 20 25

Speed (mps)

(2)

:\g 0.8
i)
)
S 0.7
>
g —— ADR-MIN
g 0.6 —< BADR
o —»— HADR
< —— M-SADR
E 051~ ADR-MIN (G)
o -+ BADR (G)
-+ HADR (G)
-+ M-SADR (G)
0.4 1 . :
0 5 10
0.7

0.6

0.5 1

ADR-MIN
BADR
HADR
M-SADR
ADR-MIN (G)
BADR (G)
HADR (G)
M-SADR (G)

Packet Delivery Ratio (%)
o
S

Pttt

0 5 10

15 20 25

Speed (mps)

(b)

FIGURE 10 | Packet delivery ratio (PDR) for (a) low traffic scenario (20 nodes) and (b) high traffic scenario (400 nodes).
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same SF. The minimum TP value used is 10 dBm, and the maxi-
mum TP value is 14 dBm.

Additionally, when two consecutive transmissions fail at the same
SF with a TP of 14 dBm, equation 2 is applied to all P[SF] with
an SF different from the current one, assuming that a successful
transmission (R,qx = 1) would occur with a different SF. This
process helps avoid the continued use of the same SF more quickly
in cases where no successful transmissions have occurred.

Finally, to achieve a reduction in the SF value for consecutive
successful packets, when TP is 10 dBm for two consecutive suc-
cessful transmissions with the same SF, the node reduces the
SF by 1, unless it already has the minimum value, and updates
P[SF — 1] with the value of P[SF].

The proposed M-SADR algorithm is shown in Algorithm 1.

As stated earlier, the M-SADR algorithm is designed with com-
putational and memory efficiency in mind, making it highly

suitable for deployment on resource-constrained end devices. Its
memory usage is minimal, requiring storage for a small set of
variables, including a probability array for the SFs, a few inte-
gers for state-tracking counters, and auxiliary variables. In par-
ticular, the array P[SF] consists of six floating-point numbers,
requiring 24 bytes of memory. Other variables, such as the in-
teger counter cntACK, the parameter b, and the variable P,,,,.,
require only a few additional bytes. Thus, the total estimated
memory footprint is less than 50 bytes, ensuring compatibility
with memory constrained devices.

In terms of computational complexity, the algorithm operates
in constant time, O(1), with only a few steps required for each
packet transmission. All operations, for selecting the optimal SF
and adjusting TP, are performed over fixed-size data structures
and do not scale with network size or other system conditions.
This ensures constant and low energy consumption, which
is critical for energy-constrained devices, particularly those
using LoRa wireless technology, which is designed for low en-
ergy usage.

: ot
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g 7] M-SADR
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FIGURE 11 | Average consumed energy per transmitted packet (ETP) for (a) low traffic scenario (20 nodes) and (b) high traffic scenario (400

nodes).
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3.2 | Simulation Environment

For the simulation environment, we use OMNET++ v6.0.2,
a discrete event simulator designed for building and evaluat-
ing networks. Additionally, we use INET v4.4.0, a model li-
brary for OMNET++ that provides multiple protocols, agents,
and other features to construct wired, wireless, or mobile
networks. Finally, we use the FLoRa v1.1.0 framework [26],
which is suitable for implementing simulations for LoRa net-
works. More specifically, FLoRa v1.1.0 implements a single-
channel LoRaWAN network and offers features such as the
configuration of key LoRa parameters, including SF, TP, CR,
and bandwidth. In addition, it includes an energy consump-
tion module as well as multiple models for path loss. We have
updated the original version to comply with the LoRaWAN
v1.1 specifications.

We conducted two different simulations to evaluate the proposed
M-SADR algorithm. The first simulation involves a moving
group of end devices and three mobile LoRa gateways, mounted
on UAVs, following their movement to support connectivity. The

second simulation includes a static gateway and multiple mobile
end devices moving arbitrarily in the surrounding area.

3.3 | Moving Group of Nodes With Mobile
Gateways

The first simulation includes a group of nodes moving arbi-
trarily within an area of 50 km x 50 km. We assume the nodes
are moving on a flat area with an altitude of 0 m. The num-
ber of nodes in our simulations varies from 20 to 400. To im-
plement the movement, we use the RandomWaypointMobility
model for the first node, while the other nodes follow its move-
ment using the SuperpositioningMobility model. This model
combines two mobility submodels: AttachedMobility and
RandomWaypointMobility. In addition, all nodes are placed in a
circle with a radius of 3 km, centered on the first node.

The RandomWaypointMobility model for the first node is con-
figured to move arbitrarily within the 50 km X 50 km area,
making random stops with durations between 0 and 1200 s. The
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FIGURE12 | Average consumed energy per delivered packet (EDP) for (a) low traffic scenario (20 nodes) and (b) high traffic scenario (400 nodes).
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speed is fixed for each simulation, varying between from 1 to
24 mps, as described in the following paragraphs. For the other
nodes, the RandomWaypointMobility model is adjusted to move
around the group's center with a relative speed of 0.5 mps and
random stops lasting between 0 and 600 s.

Regarding the mobile LoRa gateways, we assume they are
mounted on UAVs and flying at a height of 150 m above the
ground. We use three LoRa gateways, whose movements are
managed by the network server. After receiving a packet from
a node and calculating the new center of the moving group, the
network server sends orders to the gateways to move to their
new positions.

Figure 1 illustrates a close-up of the moving group consisting of
twenty nodes and the three gateways.

For the path loss model, we use the generic ShadowLogNormal
model included in the FLoRa framework, which is suitable
for rural areas. Equation (4) describes the ShadowLogNormal
model in relation to the distance between the sending node and
the gateway.

PL; =PL,+ 10ylogwdi +X, @)
0

where PL, is the path loss for distance d, PL, is the path loss at
a reference distance d,,, y is the path loss exponent and X, fol-
lows a normal distribution and represents the noise between the
transmitter and the receiver.

We have to note that the ShadowLogNormal model, and other
similar models, includes factors like free space path loss, envi-
ronmental effects (such as terrain, buildings, and trees), mul-
tipath fading, and obstructions like walls or mountains.

Furthermore, we use SF12 as the initial SF and set the TP to
14 dBm unless specified otherwise by the method. To evaluate
network performance under heavy load, only one transmission
channel is used, although the LoRaWAN specifications define
multiple channels. Additionally, we set the number of retries per
packet to one, which is the default value in the LoRaWAN v1.1
specifications. The simulation parameters used are summarized
in Table 2.
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FIGURE 13 | Packet delivery ratio (PDR) for different number of end devices at (a) speed = 1 mps and (b) speed = 24 mps.
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3.4 | Movement of Gateways

As described previously, managing the movement of the gate-
ways requires calculating the center of the moving group of
nodes. The network server is responsible for this task. More spe-
cifically, each time the network server receives a packet from
one or more gateways, it first estimates the position of the send-
ing node and then calculates the center (X, C,) of the moving
group based on equation 5.

z
z

1 1
< R )
TN, N &

i=1 i

where X,, Y, are the calculated coordinates of the center of the
moving group, X;, Y; are the most recent estimated coordinates
of each end device, and N is the number of end devices.

Of course, not every packet is received by all three gateways,
so the estimation depends on the number of gateways involved.
Additionally, due to interference, RSSI values include signifi-
cant errors. However, by using information from multiple pack-
ets sent by different nodes over short periods, the overall error

tends to decrease. Moreover, the methodology does not require
a highly precise estimation of the center of the moving group.

In summary, the steps we follow to estimate the position of the
sending node are as follows. First, we calculate the distance of
the sending node from each gateway that received the packet,
using RSSI and (4). We then estimate the position of the sending
node based on the number of gateways that received the packet,
as described in the following paragraphs.

If the packet is received by all three gateways, we can estimate
the position of the sending node using trilateration or similar
methods. Due to the errors inherent in RSSI measurements, it
is impossible to determine a single precise position; instead, we
may obtain a set of possible positions or none at all. For exam-
ple, Assuming that the calculated distances of the node from the
three gateways G,, G,, and G, are d,, d,, and d,, Figure 2 dis-
plays the ideal case where the circles, based on these distances,
intersect at a single point. As described above, this is highly
unlikely to occur. Figure 3 shows a scenario where all circles
intersect, forming a common overlapping area. In this case, the
possible position of the sending node could be anywhere within
this common area. Of course, other scenarios are also possible.
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FIGURE 14 | Average consumed energy per transmitted packet (ETP) at (a) speed = 1 mps and (b) speed = 24 mps.
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For example, it is possible that all circles intersect but do not
form a common overlapping area, or that only two circles inter-
sect, forming a common area. Finally, there may be no intersec-
tion among the circles.

To estimate the position of the sending node when the packet is
received from three gateways, we have chosen the approach de-
scribed in [51]. The proposed range error minimization (REM)
method is characterized by low computational complexity and
offers position estimation with reduced error compared with

at two points, A and B. In this case, we select the position of the
sending node P as the intersection point that is farthest from
the third gateway, which, in our example, is point B. Although
this is the most pessimistic choice, it helps to keep the gateways
closer to the moving group. Of course, it is possible that the cir-
cles do not intersect, as illustrated in Figure 5. In this scenario,

TABLE 4 | Results for high speed and high traffic for mobile
gateways.

other methods. Algorithm 2 displays the selected REM method PDR ETP EDP
adapted to three gateways for our example. ADR-MIN 10.7% 130.39 1223.72
In case the packet is received by only two gateways, trilateration BADR 37.7% 91.81 243.48
or similar methods cannot be used to estimate the position of the HADR 44.6% 93.81 210.13
sending node. Additionally, due to errors in RSSI values, some
of the following situations may arise. Assuming that only G, and M-SADR 49.7% 98.57 198.24
G, received the packet of the sending node, and the correspond- ADR-MIN (G) 46.0% 141.36 307.31
ing calculated distances are d, and d,, the two circles with these
radii may intersect at a single point A. In this case, the estimated BADR (G) 42.6% 98.83 232.01
position P of the node is the intersection point A. However, this HADR (G) 46.9% 101.52 216.56
ideal scenario is highly unlikely due to errors in RSSI values. M-SADR (G 49.0% 107.54 219,54
Figure 4 displays the situation where the two circles intersect i © o : :
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FIGURE 15 | Average consumed energy per delivered packet (EDP) at (a) speed = 1 mps and (b) speed = 24 mps.
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we first calculate the intersection points of the circles with the
line passing through points A, and B, which is drawn from the
centers of the circles, and then select the intermediate point P.
It is also possible that one circle is entirely within the other, but
this situation is handled in the same way.

The algorithm 3 displays the procedure for estimating the po-
sition of the sending node based on RSSI measurements from
two gateways. In this example, we assume that only G, and G,
received the packet from the sending node.

The last case is when the packet is received by only one gate-
way. For example, assuming that the packet is received by
gateway G, and the calculated distance is d,,, Figure 6 displays
the method used to estimate the position of the sending node.
First, we calculate the midpoint M between the positions of
the other two gateways, G, and G,, and then we use the line
defined by M and G,. The intersection of this line with the
circle centered at G, with radius d, yields two points, A and
B. The point farthest from M is chosen as the estimated po-
sition P of the sending node. As before, this is also the most
pessimistic selection as it is the farthest point from the other
two gateways, but it helps to keep the gateways closer to the
moving group.

The algorithm 4 displays the procedure to estimate the position
of the sending node based on RSSI measurements only from one
gateway. In this example, we assume that only G, received the
packet from the sending node.

After estimating the position of the sending node, we calculate
the center of the moving group by finding the average of the
positions of the last N/2 nodes that successfully sent a packet,
where N is the number of nodes of the moving group. We prefer
to use only the most recent N /2 packets, as information from
older packets may lead to an inaccurate position estimate at the
current time.

Next, we use the calculated position of the center of the mov-
ing group to calculate the new positions of the mobile flying
gateways. The specified positions form an equilateral triangle
around the center of the moving group, with each gateway posi-
tioned at a distance depending on the speed of the moving group
of nodes. Thus, the new positions of the gateways are given by
(6), (7), and (8).

2R
G, = <cx, C,— T“‘”) (6)

50000 4

N
o
o
o
o

Received Packets
N w
o o
o o
o o
o o

100001 | ‘
0 A=

ADR-MIN BADR HADR

14

SF7
SF8
SF9
SF10
SF11
SF12

i

M-SADR  ADR- MIN (G) BAD;R (G) HADR (G) M-SADR (G)

ADR methods

FIGURE 16 | Spreading factor (distribution) across all ADR methods (speed = 24 mps, N = 400).

1000 A

800 A

Latency (ms)

o

o

o

600 1
400 A
200 A

DR-MIN M-SADR  ADR-MIN (G) BADR (G) HADR (G) M-SADR (G)
ADR Methods

FIGURE 17 | Average latency for all ADR methods (speed = 24 mps, N = 400).

19 of 38

85U8017 SUOWILLOD 3ATe81D 3(dedldde 8y} Aq peusenob ae Sapoie YO ‘88N JO S9InJ Joj Akeid18UlUQ A8]IM UO (SUOTPUOO-pUe-SWSI WD A8 | ImAleIq 1 U1 |UO//SANLY) SUORIPUOD PUe SWB | 81 88S *[6202/60/7T] U0 ARIqITaUIUO AB|IM ‘838819 BURII0D Ad 2220. Iep/Z00T OT/I0p/Wod A8 | Arelq1jeuljuo//Sdiy Wwolj pepeojumod ‘ST ‘620z ‘TETTE60T



TABLE 5 | Packet delivery ratio per spreading factor for mobile gateways.

SF7 SF8 SF9 SF10 SF11 SF12 Total
ADR-MIN SP — — — 9796 5260 140,820 155,876
RP — — — 1586 1051 13,992 16,629

PDR — — — 16.2% 20.0% 9.9% 10.7%
BADR SP 124,813 — — 83,201 — 41,630 249,644
RP 17,304 — — 49,733 — 27,096 94,133

PDR 13.9% — — 59.8% — 65.1% 37.7%
HADR SP 46,508 46,788 46,590 46,248 28,397 33,404 247,935
RP 5915 11,596 20,505 28,825 20,508 23,290 110,639

PDR 12.7% 24.8% 44.0% 62.3% 72.2% 69.7% 44.6%
M-SADR SP 39,736 40,177 40,311 40,102 39,439 39,266 239,031
RP 5829 11,220 19,433 27,120 28,613 26,640 118,855

PDR 14.7% 27.9% 48.2% 67.6% 72.6% 67.8% 49.7%
ADR-MIN (G) SP — — — 54,680 8494 115,277 178,451
RP — — — 36,650 7118 38,425 82,193

PDR — — — 67.0% 83.8% 33.3% 46.1%
BADR (G) SP 124,712 — — 83,129 — 41,599 249,440
RP 20,287 — — 56,562 — 29,403 106,252

PDR 16.3% — — 68.0% — 70.7% 42.6%
HADR (G) SP 46,604 46,929 47,296 46,564 28,511 32,668 248,572
RP 6585 12,844 22,588 30,800 21,279 22,426 116,522

PDR 14.1% 27.4% 47.8% 66.1% 74.6% 68.6% 46.9%
M-SADR (G) SP 39,757 40,187 40,317 40,004 39,389 39,301 238,955
RP 5917 11,314 19,477 26,932 28,001 25,407 117,048

PDR 14.9% 28.2% 48.3% 67.3% 71.1% 64.6% 49.0%

Abbreviations: PDR, packet delivery ratio; RP, received rackets; SP, sent packets.
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FIGURE 18 | Packet delivery ratio (PDR) for different CR values (N = 200, speed = 8 mps).

20 of 38 International Journal of Communication Systems, 2025

85U8017 SUOWILLOD 3ATe81D 3(dedldde 8y} Aq peusenob ae Sapoie YO ‘88N JO S9InJ Joj Akeid18UlUQ A8]IM UO (SUOTPUOO-pUe-SWSI WD A8 | ImAleIq 1 U1 |UO//SANLY) SUORIPUOD PUe SWB | 81 88S *[6202/60/7T] U0 ARIqITaUIUO AB|IM ‘838819 BURII0D Ad 2220. Iep/Z00T OT/I0p/Wod A8 | Arelq1jeuljuo//Sdiy Wwolj pepeojumod ‘ST ‘620z ‘TETTE60T



R2 R
gw gw
G, =|C, + T,Cy+T @)
R2 R
G2= Cx_ %:w’cy_k%:w (8)

where C,, C, defines the center of the moving group. Ry, is the
distance selected from the center of the moving group of nodes,
calculated from (9) and depends on the speeds of the moving

group.

speed

Rgy = (1+( ) %R ©

maxSpeed

where R is the radius of the moving group, and maxSpeed is set
to 24 mps in our experiment. Thus, in different simulations,
the value of R, varies and depends on the speed of the mov-
ing group. The minimum value of R, is close to R, which is the

radius of the moving group. The maximum value of R, is equal
to 2R.

3.5 | Mobile Nodes With a Static Gateway

The second simulation we used to evaluate the effective-
ness of the proposed M-SADR algorithm is simpler than the
first one. It consists of one static gateway and several end
devices moving arbitrarily around it. The static gateway is
positioned in the center of the simulation area of 6 km X 6
km. The number of nodes in the simulation varies from 20
to 400. In this simulation, the mobile end devices follow the
RandomWaypointMobility model, with speeds ranging from 1
to 24 mps. Figure 7 illustrates the setup of the simulation area,
with twenty nodes and one gateway.

For the path loss model, we use the generic ShadowLogNormal
model included in the FLoRa framework, which is suitable for
rural areas. The simulation parameters we use are summarized
in Table 3.
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FIGURE19 | Average consumed energy per transmitted packet (ETP) for different CR values (N = 200, speed = 8 mps).
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4 | Results

In this section, we present the results of the simulation of our
proposed method.

In the scenario with mobile gateways and the moving group
of nodes, we use all algorithms (ADR-MIN, BADR, HADR,
M-SADR) using both RSSI position estimation and GNSS in-
formation of the end devices. We must remind the reader that
when using GNSS the packet size is larger by 8 bytes as it in-
cludes additional information for the position of end devices.
On the other hand, as mentioned previously, using RSSI for
position estimation may consist of important errors, which
may cause difficulties in accurately following the moving
group of end devices.

In the scenario with the static gateway and the mobile end de-
vices, we use GNSS information only with the HADR algorithm,
while the others do not use it. This is because this scenario does
not utilize the position of the end devices, making the inclusion
of position information for ADR-MIN, BADR, and M-SADR an

unnecessary increase in packet size. However, in the case of
HADR, the additional information is used to define the node as
static or mobile, which is part of the algorithm to select the ap-
propriate behavior.

In the rest of this section, we refer to the algorithms as ADR-
MIN, BADR, HADR, and M-SADR when they do not include
GNSS information when sending packets over the LoRa net-
work. Moreover, when including GNSS information, we refer
to these methods as ADR-MIN (G), BADR (G), HADR (G), and
M-SADR (G), indicating that an additional 8 bytes are included
in the packet header.

4.1 | Evaluation for the Moving Group of Nodes
With Mobile Gateways

First, we present the results of the method used for controlling
the movement of gateways based solely on RSSI signals from the
end devices. Second, we present the results of the proposed M-
SADR method and compare it with alternative ADR methods,
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FIGURE 21 | Packet delivery ratio (PDR) with a static gateway for (a) low traffic scenario (20 nodes) and (b) high traffic scenario (400 nodes).
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namely ADR-MIN, BADR, and HADR. We also compare the
same algorithms (ADR-MIN (G), BADR (G), HADR (G), and M-
SADR (G)) when including GNSS information.

Figure 8 displays the error between the calculated center of
the moving group of nodes and its actual center. The graph
illustrates the error for varying numbers of nodes and speeds,
with results based on the simulation using M-SADR. The
error tends to increase as the speed of the moving group in-
creases. This is expected because the position estimates are
based on previous information, with older positions poten-
tially introducing higher error. This is not only due to errors
in position estimation by RSSI, but also the fast movement of
end devices. Consequently, the error in the estimated center of
the group ranges from about 400-1000 m at low speeds to up
to 1.4-1.7 km at high speeds.

To evaluate the effectiveness of the proposed method using
the RSSI values, we provide Figure 9, which compares the
estimated position of the moving group based on the RSSI

information with that using the GNSS information. The
graphs are based on simulations with 20 and 400 end devices.
Although the GNSS position information is more accurate, it
represents an ideal scenario that requires additional hardware
for each end device. In addition, it adds an extra 8 bytes to
the packet header, resulting in additional power consumption
during transmission. In low traffic scenarios (e.g., N = 20),
GNSS information provides better position estimation, typi-
cally around 250 m for low speed (1 mps) and around 500 m
at high speed (24 mps). However, the larger packet size for
GNSS results in more collisions in higher traffic scenarios
(e.g., N =400), leading to slightly worse position estimation
for the moving group. This is because it relies only on pack-
ets that were successfully delivered but are further back in
time. Consequently, the difference between RSSI and GNSS
position estimation is around 200 m at low speed (1 mps) and
around 300 m at high speed (24 mps). Thus, the RSSI-based
estimation, though less precise, is sufficiently accurate for our
experiment, as the mobile gateways remain in proximity to
the moving group of end devices.
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FIGURE 22 | Average consumed energy per transmitted packet (ETP) with a static gateway for (a) low traffic scenario (20 nodes), and (b) high

traffic scenario (400 nodes).
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Furthermore, to evaluate the effectiveness of the proposed
M-SADR method, we compare it with alternative ADR meth-
ods, namely ADR-MIN, BADR, and HADR. Figure 10a and
Figure 10b compare these methods in terms of PDR. All al-
gorithms are used both with RSSI position estimation (ADR-
MIN, HADR, BADR, M-SADR) and with GNSS position
information (ADR-MIN (G), BADR (G), HADR (G), M-SADR
(G)). More specifically, Figure 10a displays a comparison of
the algorithms at different speeds of the moving group with
20 nodes, while Figure 10b presents a comparison with 400
nodes. From Figure 10b, it seems that the M-SADR and M-
SADR (G) methods achieve better PDR than the competing
methods using RSSI in high-traffic scenarios, and similar to
ADR-MIN (G) and HADR (G), which utilize GNSS informa-
tion. It also performs well in low-traffic conditions, as illus-
trated in Figure 10a, because only ADR-MIN and ADR-MIN
(G) give higher results.

When dealing with LPWANS, evaluating the energy consump-
tion of end devices is crucial, especially the consumed energy

200

per delivered packet (EDP). For that reason, in Figure 11a and
Figure 11b, we provide a comparison of the average consumed
energy per transmitted packet (ETP) for 20 and 400 nodes,
respectively. Moreover, Figure 12a and Figure 12b present
the consumed EDP for 20 and 400 end devices, respectively.
In essence, Figure 12a is a combination of Figure 10a and
Figure 11a, while Figure 12b is a combination of Figure 10b
and Figure 11b. The comparison indicates that M-SADR
achieves lower energy consumption per successfully delivered
packet compared with its competitors across all tested speeds.
We have to note that the y-axes in Figure 12a and Figure 12b
are in logarithmic scale.

To illustrate this more clearly, we present Figure 13, Figure 14,
and Figure 15, which display a comparison of the algorithms at
speeds of 1 and 24 mps for different numbers of end devices.
More specifically, Figure 13 shows a comparison of the PDR, in-
dicating that only ADR-MIN and ADR-MIN (G) perform better
than M-SADR in some cases, but they fall short in energy con-
sumption. Figure 14presents the average energy consumption
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FIGURE 23 | Average consumed energy per delivered packet (ETP) with a static gateway for (a) low traffic scenario (20 nodes) and (b) high traffic

scenario (400 nodes).
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per transmitted packet, where M-SADR shows lower energy
usage compared with ADR-MIN and HADR, and is comparable
to BADR. However, when considering the energy consumption
per delivered packet (Figure 15), M-SADR outperforms all com-
petitors by achieving the lowest values in both low and high traf-
fic scenarios. We have to note that the y-axes in Figure 12a and
Figure 12b are in logarithmic scale.

Table 4 displays the results for PDR, average ETP, and the aver-
age EDP for the simulation with high speed (24 mps) and high
traffic (N = 400). The results show that M-SADR achieves a
PDR of 49.7%, with M-SADR (G) in second place and HADR (G)
in third place with a PDR of 46.9%. Moreover, M-SADR demon-
strates better energy consumption per successfully delivered
packet (198.24 mJ), while HADR (G) ranks third at 216.56 mJ.
Thus, M-SADR outperforms its best competitor by 2.8% in PDR
and 9.2% in energy consumption (EDP).

The effectiveness of the proposed M-SADR method is attributed
to its optimal distribution of SFs and its ability to adapt rap-
idly based on network traffic and the positions of end devices.

Figure 16illustrates the distribution of SFs for all ADR methods
at a speed of 24 mps with 400 end devices.

As observed, M-SADR achieves better distribution by using SFs
that are more likely to result in successful transmissions. This
approach also helps avoid collisions at the gateway, as it can
effectively demultiplex packets with different SFs. In contrast,
ADR-MIN tends to use a limited number of SFs for most trans-
mitted packets, leading to a high percentage of collisions at the
gateway, especially under high network traffic. BADR, which
uses only three SFs (7, 10, and 12), results in increased collisions
during high traffic and can also cause a significant number of
lost packets when using SF7, or increased energy consumption
with SF12, even when not necessary. Lastly, HADR gives com-
parable results, as it switches through all SFs sequentially, but
falls behind in successfully using larger SFs, which results in
higher energy consumption and more collisions at the gateways
in high traffic networks.

Furthermore, Figure 17 presents the average latency of the deliv-
ered packets for all compared ADR methods at a speed of 24 mps
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FIGURE 24 | Packet delivery ratio (PDR) for different number of end devices at (a) speed = 1 mps and (b) speed = 24 mps.
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with 400 end devices. The latency calculation is equal to ToA as
only one transmission per packet is considered. It appears that
ADR-MIN has the highest packet delivery latency. Regarding M-
SADR, it demonstrates a comparable average latency to BADR,
while only HADR achieves better average packet latency.
However, both BADR and HADR perform worse in other met-
rics discussed above. Additionally, HADR is not the officially
proposed algorithm, as the official method is HADR (G), which
incorporates GNSS information. Moreover, all methods tested
with GNSS information in this scenario exhibit higher average
packet latency, which was expected due to the additional 8 bytes
in the packet header.

Additionally, Table 5 presents the results per SF for all evalu-
ated algorithms in high traffic scenario. More specifically, for
each SF, displays the number of sent packets (SP), the number
of received packets (RP), and the PDR. Finally, it displays the
summary results for all SFs per algorithm. From that table, we
can see the details where M-SADR prevails over the other algo-
rithms. For example, ADR-MIN and ADR-MIN (G) use larger
SFs, results in lower PDR due to collisions over the air. In ad-
dition, this also results in sending significantly fewer packets
due to duty cycle (1%) limitations. BADR and BADR (G) utilize

the transmission more effectively as they send a lot of packets
with SF7, but this also works as a drawback, as it leads to a low
PDR with SF7. Regarding HADR and HADR (G), the distribu-
tion of SFs is almost equal, and the difference is attributed to
a feature of the algorithm to transmit with the same SF after a
lost transmission. Finally, M-SADR and M-SADR (G) achieve
better distribution of the SFs, they select the optimal one when
needed based on the last transmissions. Moreover, compared
with HADR, M-SADR achieve better PDR in almost all SFs.

Finally, to evaluate the effectiveness of the proposed method
from a different perspective, we compare it with the alternative
methods across all CR values. It is worth noting that CR can
take one of the following values: 4/5, 4/6, 4/7, or 7/8, which cor-
respond to the use of 1, 2, 3, or 4 additional bits per 4 useful bits,
respectively. The comparison is based on simulations involving
200 end devices moving at a speed of 8 mps. The results for the
PDR are presented in Figure 18, where it can be observed that
only ADR-MIN achieves a better ratio than M-SADR. Moreover,
the PDR slightly decreases for all methods as the CR increases,
which is expected, because higher CR values lead to larger
packet sizes and, consequently, an increased likelihood of colli-
sions or content corruption.
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FIGURE 25 | Average consumed energy per transmitted packet (ETP) at (a) speed = 1 mps and (b) speed = 24 mps.
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Moreover, Figure 19 presents the average energy consumption
per transmitted packet, where M-SADR demonstrates lower
energy usage compared with ADR-MIN and HADR, and is
comparable to BADR. In contrast, Figure 20 illustrates the
average energy consumption per delivered packet, where M-
SADR outperforms all competing methods by achieving the
lowest values. Furthermore, as the CR increases, M-SADR
exhibits a more pronounced relative advantage in energy effi-
ciency compared with the other methods. It is also important
to note that the y-axes in Figure 19 and Figure 20 are pre-
sented on a logarithmic scale.

4.2 | Evaluation for the Mobile Nodes With a Static
Gateway

The results of the evaluation of M-SADR with a single static
gateway are presented in the following paragraphs.

More specifically, to evaluate the effectiveness of the proposed
M-SADR method, we compare it with alternative ADR meth-
ods, namely ADR-MIN, BADR, and HADR (G). Only HADR

(G) includes position information based on GNSS, as it is
critical for the algorithm to define the end device as static or
mobile. Moreover, position estimation using RSSI is not em-
ployed in this simulation, as it is not feasible with only a static
gateway. It is also important to note that position estimation
was used in the previous simulation to reposition the mobile
gateways.

Figure 21a and Figure 21b provide a comparison of these meth-
ods regarding the PDR. More specifically, Figure 21a displays a
comparison of the algorithms at different speeds of the moving
group with 20 nodes, while Figure 10b presents a comparison
with 400 nodes. From Figure 21b, it seems that the M-SADR
method achieves better PDR than the competing methods in
high-traffic scenarios. It also performs well in low-traffic con-
ditions, as illustrated in Figure 21a. In essence, only ADR-MIN
achieves better results in low traffic scenarios, but it consumes
more energy.

Figure 22a and Figure 22b compare the average consumed ETP
for 20 and 400 nodes, respectively. Moreover, Figure 23a and
Figure 23b present the average consumed EDP for 20 and 400
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FIGURE 26 | Average consumed energy per delivered packet (EDP) at (a) speed = 1 mps and (b) speed = 24 mps.
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end devices, respectively. In essence, Figure 23a is a combina-
tion of Figure 21a and Figure 22a, while Figure 23b is a com-
bination of Figure 21b and Figure 22b. The comparison shows
that M-SADR achieves a lower energy consumption per suc-
cessfully delivered packet compared with its competitors across
all tested speeds.

To illustrate this more clearly, we present Figure 24, Figure 25,
and Figure 26, which display a comparison of the algorithms
at speeds of 1 and 24 mps for different numbers of end devices.
More specifically, Figure 24 compares the PDR, showing that
M-SADR outperforms its competitors as the number of nodes
increases. Figure 25 presents the average energy consumption
per transmitted packet, where M-SADR demonstrates lower
energy usage compared with ADR-MIN and HADR (G), and
is comparable to BADR. However, when considering the en-
ergy consumption per packet successfully transmitted packet
(Figure 26), M-SADR outperforms all competitors, by achieving
the lowest values in both low and high traffic scenarios.

Table 6 displays the results for PDR, average ETP, and the aver-
age EDP for the simulation with high speed (24 mps) and high
traffic (N =400). The results show that M-SADR achieves a PDR
of 42.0%, while HADR (G) ranks second with a PDR of 40.0%.
Moreover, M-SADR demonstrates better energy consumption
per successfully delivered packet (234.89 mJ), with HADR (G)
in second place at 240.16 mJ. Thus, M-SADR outperforms its
best competitor by 2.0% in PDR and 2.2% in energy consump-
tion (EDP).

Figure 27 illustrates the distribution of SFs for all ADR meth-
ods at a speed of 24 mps with 400 end devices. It appears that
M-SADR and HADR (G) achieve better distribution of SFs com-
pared with the other algorithms.

TABLE6 | Resultsforhighspeed and high traffic for a static gateway.

PDR ETP EDP
ADR-MIN 31.0% 127.92 413.16
BADR 35.8% 91.84 256.72
HADR (G) 40.0% 96.12 240.16
M-SADR 42.0% 98.61 234.89

Moreover, Table 7 also displays the distribution of SFs for all
algorithms. From the table, we can notice that the M-SADR
achieves better PDR for most SFs compared with HADR (G).
Moreover, considering that HADR (G) uses an additional 8 bytes
for GNSS information to determine whether the device is mobile
or static, we can recognize that M-SADR is self-adaptive to any
situation of the end device without requiring additional infor-
mation in the packet, resulting in lower energy consumption.

Finally, Figure 28 presents the average latency of the delivered
packets for all compared ADR methods at a speed of 24 mps with
400 end devices. Because only one transmission per packet is
used, the latency calculation is equal to ToA. ADR-MIN exhib-
its the highest packet delivery latency, while M-SADR achieves
performance comparable to BADR and HADR.

Finally, to further evaluate the effectiveness of the proposed
method, we compare it with the other alternative approaches
across all CR values. The comparison is conducted using simu-
lations that involve a single static gateway and 200 mobile end
devices moving at a speed of 8 mps. The PDR results are shown
in Figure 29, where it can be observed that only ADR-MIN
achieves a higher ratio than M-SADR. Additionally, the PDR ex-
hibits a slight decline for all methods as the CR increases, which
is expected because higher CR values result in larger packet
sizes and, consequently, a greater likelihood of collisions or con-
tent corruption.

Moreover, Figure 30 presents the average energy consumption
per transmitted packet, where M-SADR demonstrates lower en-
ergy usage compared with ADR-MIN and HADR, and is close to
BADR. In contrast, Figure 31 illustrates the average energy con-
sumption per delivered packet, where M-SADR outperforms all
competing methods by achieving the lowest values. Notably, as
the CR increases, the relative improvement of M-SADR becomes
more pronounced compared with its competitors. It is also im-
portant to note that the y-axes in Figure 30 and Figure 31 are
presented on a logarithmic scale.

Overall, M-SADR demonstrates better performance com-
pared with its competitors in terms of power consumption
per successfully delivered packet. More specifically, based on
Table 4 and Table 6, it achieves 2.4% better in PDR and 5.7%
lower power consumption per successfully delivered packet,
respectively.
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FIGURE 27 | Spreading factor (distribution) across all ADR methods (speed = 24 mps, N = 400).
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TABLE 7 | Packet delivery ratio per spreading factor for a static gateway.
SF7 SF8 SF9 SF10 SF11 SF12 Total
ADR-MIN Sp — — — 49,542 8673 117,849 176,064
RP — — — 27,483 6187 20,851 54,521
PDR — — — 55.5% 71.3% 17.7% 31.0%
BADR SP 124,802 — — 83,190 — 41,621 249,613
RP 26158 — — 44,534 — 18,610 89,302
PDR 21.0% — — 53.5% — 44.7% 35.8%
HADR (G) SP 51,521 52,225 53,566 51,968 29,662 20,498 259,440
RP 9996 17,117 24,769 26,028 15,838 10,086 103,834
PDR 19.4% 32.8% 46.2% 50.1% 53.4% 49.2% 40.0%
M-SADR Sp 39,822 40,097 40,177 39,890 39,406 39,431 238,823
RP 7847 13,463 19,600 22,688 20,930 15,727 100,255
PDR 19.7% 33.6% 48.8% 56.9% 53.1% 39.9% 42.0%
Abbreviations: PDR, packet delivery ratio; RP, received packets; SP, sent packets.
ADR-MIN BADR HADR (G) M-SADR
ADR Methods
FIGURE 28 | Average latency for all ADR methods (speed = 24 mps, N = 400).
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FIGURE 32 | The hardware used for the small scale testbed. A LoRa gateway and seven Arduino MKR 1310.
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5 | Small Scale Testbed

To evaluate the effectiveness of the proposed M-SADR method,
we deployed a small-scale testbed with two different scenarios.
The first scenario involves a single mobile end device moving
arbitrarily within an area with one gateway and no other end
devices. The second scenario includes additional stationary end
devices that continuously transmit messages to simulate net-
work congestion.

For the end device, we used the Arduino MKR1310 with a 2 dBi
gain 868 MHz antenna, powered by an external Li-Ion 18650
3.7V battery. It features the powerful Murata CMWX1ZZABZ
module, integrated with the SX1276 chipset from Semtech for
LoRa modulation. To unlock the full capabilities of the Murata
module, we updated the official firmware with the Open
LoRaWAN Modem [52]. The firmware was updated using the
Arduino IDE and the script provided on the GitHub page. The
updated firmware provides an AT command interface that is
backward-compatible with Murata's proprietary LoRaWAN
firmware. Additionally, it complies with the LoRaWAN v1.1

specifications and removes many of the limitations present in
the official firmware.

In our testbed implementation, we disabled the 1% duty cycle
limit and used a single channel (868.5 MHz) for transmissions.
Although this configuration does not comply with LoRaWAN
vl.1 specifications, it was essential for testing the compared
ADR methods under heavy load with only a few end devices.
We acknowledge that this could impact power consumption and
network capacity in a real-world deployment, but this setup was
critical for controlled testing of ADR performance. Additionally,
the initial SF was set to 10 or depended on the method, and the
initial TP was set to 14 dBm for all compared methods. Finally,
the number of retransmissions per packet was set to one, in line
with the default value in the LoRaWAN v1.1 specifications.

For the LoRa gateway, we used a Raspberry Pi 4 (4 GB model)
with the RAK 2287 LoRa module and an antenna with 3 dBi
gain. The RAK 2287 is based on the SX1302 chip from Semtech
and is connected via a Pi HAT to the Raspberry Pi 4. It supports
up to 10 programmable parallel demodulation paths and can
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FIGURE 33 | Packet delivery ratio (PDR) in Testbed: (a) low traffic and (b) high traffic.
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demodulate up to 16 packets simultaneously. The Raspberry
Pi 4 was set up using the official RAK Wireless image, which
comes with Raspberry Pi OS pre-installed, along with the nec-
essary software for operating a LoRa gateway. We updated the
operating system to the latest version (Raspberry Pi OS v12) and
upgraded all included software to their latest stable releases. We
configured the LoRa packet forwarder to operate in the EU868
regional band. For the network server, we selected ChirpStack
v3.16.8, pre-installed on the RAK Wireless image. It was con-
figured via the configuration file to receive packets on a single
channel at 868.5 MHz, which was the designated transmission
frequency for the end devices. Additionally, the default ADR
method was disabled, and to implement the ADR-MIN and
HADR (G) methods on the network server side, we used an
MQTT broker to receive packets from the end devices and re-
spond when necessary, adjusting the SF and TP as required. An
MQTT broker can be easily implemented in Python using the
Paho MQTT library.

The experimental area was located in a park within an urban
environment, with dimensions of 250 m x 200m. The area con-
tained several obstacles, such as trees and other objects. The

LoRa gateway was placed on a building near the experimental
area. It is important to note that no other LoRa networks or com-
peting radio frequency signals were present in the area, min-
imizing external interference during the tests. We used seven
Arduino MKR1310 devices as the end devices. One device was
used as the mobile testing end device, which ran the compared
ADR methods (MINADR, BADR, HADR (G), M-SADR), and it
was configured to send packets every 8 to 12 s. The remaining
six end devices were used exclusively in the second scenario
and placed as stationary devices within the experimental area.
These stationary devices sent packets periodically at random in-
tervals between 4 and 10 s, each assigned a specific SF ranging
from SF7 to SF12. The hardware used in the testbed is shown
in Figure 32.

The data for each ADR method was collected across two distinct
experimental scenarios. In both scenarios, for each ADR method
tested, 400 packets were transmitted from the mobile end device.
The mobile end device followed a predefined path within the ex-
perimental area, moving slowly between designated points. At
each point, the device made a brief stop for approximately one
minute to simulate real-world intermittent communication and
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FIGURE 34 | Average consumed energy per transmitted packet (ETP) in testbed: (a) low traffic and (b) high traffic scenario.
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to assess the performance of the ADR methods under various
conditions. The mobile device followed a consistent path across
all methods to ensure fair comparison, with carefully controlled
movement and stops at locations with varying signal conditions,
including obstructions and open spaces.

In the first experimental scenario, only the mobile end device
was used to measure the effectiveness of the methods, with no
other devices present. Because no other LoRa networks or com-
peting radio frequency signals were present in the area, there
were no collisions from external transmissions. Any packet loss
observed was due to interference from obstacles or the distance
from the gateway. In the second scenario, the six stationary end
devices were placed within the experimental area, continuously
sending packets, each with a specific SF. The placement of each
device was such that it could easily send packets to the gateway
using its assigned SF. The movement of the mobile end device
was the same as described in the first scenario.

In both scenarios, the mobile end device transmitted packets
periodically at random intervals, ranging from 8 to 12 s, to sim-
ulate typical network behavior under varying traffic conditions.

In the second scenario, the six stationary end devices also
transmitted packets at random intervals between 4 and 10 s.
Additionally, as mentioned previously, all end devices were con-
figured to send packets on a single channel, specifically in the
868.5 MHz band. This setup was designed to simulate a more
congested environment, even with a limited number of devices,
by creating packet traffic on the same channel.

The results for the PDR are shown in Figure 33. We can observe
that ADR-MIN performs better than the other methods in low-
traffic scenarios but underperforms in high-traffic conditions.
On the other hand, M-SADR consistently delivers the best
performance in terms of PDR across both low and high-traffic
scenarios.

Figure 34a compares the average consumed ETP for the low
traffic scenario, while Figure 34b compares the average con-
sumed ETP for the high traffic scenario. Moreover, Figure 35a
presents the average consumed EDP for the low traffic scenario,
and Figure 35b for the high traffic scenario. The comparison in-
dicates that in the implemented testbed, M-SADR achieves sig-
nificantly lower energy consumption per successfully delivered
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FIGURE 35 | Average consumed energy per delivered packet (EDP) in testbed: (a) low traffic and (b) high traffic scenario.
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packet than its competitors for both low traffic and high traffic
scenarios.

The results regarding the SF distribution are displayed in
Figure 36. It appears that ADR-MIN cannot distribute packets
across all SFs, as it selects the worst signal to make decisions,
which leads to increased congestion in high-traffic scenarios.
Additionally, BADR is limited to selecting only SF7, SF10, and
SF12, which also becomes a drawback in high-traffic scenarios.
Both HADR (G) and M-SADR achieve better SF distribution,
leading to lower congestion in high traffic situations, as the gate-
way can simultaneously demultiplex packets with different SFs.
Moreover, M-SADR performs better at lower SFs than HADR
(G), which helps further reduce congestion in high-traffic
scenarios.

Finally, Figure 37 presents the average latency of the delivered
packets for all compared ADR methods in both low and high
traffic scenarios. It appears that ADR-MIN significantly lags
behind the other methods in terms of latency. In contrast, M-
SADR demonstrates a notable improvement over the other
methods, which can be attributed to its better selection of SFs,
particularly the use of lower SFs. It is worth noting that HADR
(G) does not perform well in terms of latency, as it includes an
additional 8 bytes for GNSS information.

Overall, in the implemented testbed, M-SADR presents bet-
ter results than its competitors across all evaluated metrics.

Moreover, it appears to perform even better in real-world envi-
ronments. This can be attributed to the fact that, although the
simulation includes a path loss model accounting for factors
like interference, obstacles, and shadowing effects, the shad-
owing component typically follows a log-normal distribution,
which may influence the results. In contrast, in real-world
scenarios—especially on a small scale-different propagation
effects follow various statistical models, and their combined
impact does not necessarily conform to a single predefined
distribution.

6 | Discussion

The presented M-SADR method proves to be an effective solu-
tion for mobile LoRa end devices, maintaining a high PDR while
keeping energy consumption lower than that of its competitors.
Additionally, it performs well even at higher speeds.

Additionally, the M-SADR method is compatible with ex-
isting LoRaWAN v1.1 specifications and can be integrated
into current deployments without any modifications. This is
because all changes take place on the end-device side, with
the only requirement for the network server being the deac-
tivation of ADR. Specifically, on the network server side, the
existing ADR mechanism is triggered every 20 packets or
when a downlink packet with the ADR bit enabled is received.
However, the ADR mechanism can be disabled on most
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FIGURE 36 | Spreading factor distribution in testbed across ADR methods: (a) low traffic and (b) high traffic.
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FIGURE 37 | Average latency for all ADR methods: (a) low traffic and (b) high traffic.

well-known network servers, such as The Things Network and
ChirpStack. Furthermore, in the proposed M-SADR method,
end devices do not send packets with the ADR bit enabled.
Moreover, the M-SADR mechanism on the end-device side is
significantly modified compared with the original ADR, but
it retains the same packet structure, ensuring compatibility
with current deployments.

Furthermore, the M-SADR mechanism, which operates on the
end device side, is designed with low complexity while requiring
minimal computational and memory resources, an essential factor
for energy constrained end devices where efficiency is paramount.
In many IoT applications, such as environmental monitoring, in-
dustrial automation, and smart agriculture, end devices operate on
battery power for extended periods. As a result, optimizing compu-
tational efficiency and minimizing energy consumption are crucial
to extending device lifespan and ensuring reliable performance.
Additionally, to keep costs low, most LoRa end devices are designed
with limited processing power and memory, making them unsuit-
able for handling complex algorithms or high computational loads.

By maintaining a lightweight design, M-SADR ensures seamless
integration into existing LoORaWAN deployments without impos-
ing additional hardware requirements, making it an ideal solution
for resource-constrained environments.

Although M-SADR adjusts only the SF and TP, changes to
other parameters such as CR and bandwidth are not expected
to significantly impact its relative effectiveness, as these pa-
rameters influence all comparative ADR schemes in a similar
manner. In our evaluation, we have already assessed the im-
pact of varying CR and observed that while higher CR values
increase packet length and the risk of collisions, this effect is
consistent across all ADR strategies. Similarly, variations in
bandwidth affect all approaches uniformly. While increasing
bandwidth can reduce ToA and potentially lower the likeli-
hood of collisions, it also decreases receiver sensitivity, which
may degrade performance in environments with poor signal
quality. However, as these effects apply consistently across
ADR approaches, the relative performance benefits of M-
SADR remain largely unaffected.
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In addition, while this research evaluates the performance
of M-SADR using a single transmission channel, utilizing
all available channels is not expected to result in significant
performance gains. This is because, with an equal distribu-
tion of packet transmissions across channels, the overall
network load remains the same, even as the number of end
devices increases. Thus, the performance would remain com-
parable in scenarios with more end devices, as long as the
packet distribution across channels is uniform. However, to
optimize network performance, future research could explore
intelligent channel selection mechanisms, where end devices
dynamically choose transmission channels based on factors
such as signal strength, interference, and network conges-
tion. This would help reduce packet collisions and improve
overall throughput. Additionally, optimizing transmission
timing could further enhance efficiency, allowing devices to
adapt their transmission windows based on real-time network
conditions and minimizing congestion. Notably, none of the
evaluated ADR methods implement specific channel selection
strategies, instead relying on the default random channel se-
lection as specified by the LoRaWAN standard. By incorpo-
rating adaptive or prioritized channel selection techniques
alongside optimized transmission timing, future versions of
M-SADR could provide even better performance, particularly
in dense networks with higher device counts.

Furthermore, the proposed M-SADR mechanism may en-
counter challenges in scenarios where transmissions are in-
frequent. For example, in this study, we examine the proposed
algorithm in the context of continuous packet transmission
with short intervals between consecutive packets. However,
many scenarios involving LoRa end devices do not require
frequent transmissions. Instead, packets are often sent at in-
tervals of 15 to 20 minutes, or even longer. In such cases, mo-
bile end devices may have moved significantly because their
last transmission, which could impact the effectiveness of
the M-SADR mechanism. The device's location and channel
conditions may have changed considerably, making it more
difficult for the algorithm to maintain optimal performance.
To address these challenges, future research could explore
alternative strategies, such as adaptive retransmission meth-
ods, which could re-evaluate transmission parameters based
on device movement and environmental changes. These ap-
proaches could help ensure that M-SADR remains effective
in scenarios with less frequent transmissions, where mobility
and environmental factors play a more prominent role.

Additionally, continuous packet acknowledgment represents a
potential limiting factor for the performance of the M-SADR
mechanism. Acknowledging each transmitted packet individu-
ally can lead to unnecessary delays and congestion, especially
in environments with high transmission frequencies or heavy
network traffic. To improve efficiency, one potential solution is
to implement an aggregated feedback acknowledgment mecha-
nism. Instead of acknowledging each packet individually, this
mechanism would evaluate the success of packet delivery over
a series of transmissions or within specific time intervals. By
reducing the frequency of acknowledgments, this approach
minimizes overhead and network congestion, while still en-
suring reliable communication. Furthermore, such an aggre-
gated acknowledgment scheme could significantly enhance the

scalability of the network, enabling it to handle larger volumes
of data without compromising performance. This would ulti-
mately help maintain the quality of service in scenarios where
network resources are constrained, ensuring optimal perfor-
mance even under heavy load conditions. Future research could
focus on developing adaptive acknowledgment strategies that
vary based on traffic patterns, packet delivery success rates, or
network congestion levels, further enhancing the overall effi-
ciency of the system.

7 | Conclusions

In this paper, we propose the M-SADR algorithm, an innova-
tive method designed to reduce energy consumption in mo-
bile LoRa end devices. We compare M-SADR with three other
ADR methods: ADR-MIN, BADR, and HADR. The proposed
method was evaluated in two distinct scenarios: one involving
three mobile gateways tracking a moving group of end devices
and another involving a single static gateway with multiple
mobile end devices moving arbitrarily around it. A small scale
testbed was also implemented to evaluate the results in real
world scenarios.

The results demonstrate that M-SADR improves the PDR and
energy efficiency per successfully delivered packet across vari-
ous end-device speeds, reaching up to 24 mps. More specifically,
based on both simulation scenarios, M-SADR achieves better
performance by 2.4% in PDR and 5.7% in power consumption
per successfully delivered packet. Furthermore, the conducted
testbed proves the effectiveness of the proposed method, show-
ing significant performance against its competitors.

Additionally, a key aspect of our work is the innovative meth-
odology introduced in the first simulation scenario, where we
dynamically adjust the positions of three mobile gateways to fol-
low the movement of a group of end devices, ensuring that they
remain in close proximity to the end devices in real time. Our
methodology relies on RSSI-based position estimation, a low-
cost yet effective technique that enables accurate repositioning
of the mobile gateways.

For future work, we plan to explore M-SADR in more complex
scenarios involving additional gateways and longer transmis-
sion intervals. Enhancing robustness may involve direct re-
transmissions for greater reliability in infrequent transmissions.
Moreover, reducing the frequency of acknowledgments may
help minimize network traffic and improve overall efficiency.
Further research could also focus on optimizing transmission
timing and channel selection to prevent collisions and enhance
throughput in dynamic environments.
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