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1. INTRODUCTION

Communication infrastructure is a critical lifeline during natural disasters, yet it is often one of the
first casualties. For instance, the 2011 Eastern Japan earthquake resulted in the destruction of approximately
29,000 mobile base stations, severed fiber optic and submarine cables, and the shutdown of 120 television
stations and two radio stations [1], [2]. These events underscore the sensibility of centralized communication
systems in the face of large-scale disasters. When such systems fail, affected populations are left isolated,
hindering rescue and recovery efforts.

To address this sensibility, researchers are increasingly exploring off-grid communication solutions
that function independently of conventional infrastructure. These systems aim to ensure reliable
communication when power grids and networks fail. Long range (LoRa) technology [2]-[4] emerges as a
promising solution in these circumstances, known for its ability to transmit data over long distances with
minimal power consumption. Depending on each region’s regulations, LoRa operates in unlicensed
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industrial, scientific, and medical (ISM) frequency bands. i.e., 868 MHz in Europe, 915 MHz in North
America, and 433 MHz in Asia [5]. Based on the National Frequency Plan of Saudi Arabia, the 433.05—
434.79 MHz band is designated for ISM applications [6].

—  LoRa as a solution for disaster communication

LoRa has gained significant attention in wireless communication, particularly for its application in
internet of things (IoT) networks. Its low-power, long-range capabilities make it an attractive option for off-
grid communication in disaster-stricken areas. Augustin et al. [7] conducted a foundational study on LoRa’s
performance, demonstrating that it can reliably decode signals at power levels as low as —125 dBm using
chirp spread spectrum (CSS) modulation. Their experiments in suburban Paris revealed that LoRa can
achieve communication distances of up to 3.4 km, depending on the spreading factor (SF).

In addition to its range capabilities, LoRa’s adaptability in diverse environments has been explored
by Wixted er al. [8], who tested long range wide area network (LoRaWAN) in urban settings, and
Baumgartner ez al. [9], who evaluated it for environmental monitoring applications. Both studies confirmed
that LoRa remains reliable over distances ranging from 2.2 km in dense urban areas to 6.5 km in rural
environments. This adaptability positions LoRa as a versatile technology for disaster communication, given
the diverse terrain and conditions that must be taken into account.

Beyond basic LoRa deployments, several approaches have explored enhanced architectures for
disaster scenarios. Syed et al. [10] demonstrated mesh networking capabilities using Meshtastic-based
systems integrated with amphibious rovers, achieving reliable communication in flood-affected areas.
Vithayathil ez al. [11] proposed a hybrid wireless fidelity (Wi-Fi)/LoRa infrastructure with captive portal
functionality, enabling both local device connectivity and long-range data transmission. For highly disrupted
environments, Schmidt et al. [12] developed a delay-tolerant networking (DTN) system over LoRa,
demonstrating that store-and-forward mechanisms can maintain communication even when direct links are
unavailable. Performance considerations are critical in disaster deployments; Lopes et al. [13] identified key
network parameters, including collision handling, node density, and transmission intervals, that significantly
impact reliability under stress conditions, with data extraction rates (DER) dropping below 95% when certain
thresholds are exceeded.

—  Alternative low-power wide area network (LPWAN) technologies for disaster communication

Complementary to LoRa-based approaches, other LPWAN solutions have been explored for
emergency communication. Narrowband internet of things (NB-IoT) achieves a stable signal strength (RSSI:
-55.6 to -74.6 dBm) up to 458m with zero packet loss [14], but critically depends on functional cellular base
station infrastructure, which is frequently compromised during disasters. ZigBee offers low-power mesh
networking (2 mW transmission) but is severely range-limited, maintaining connectivity only up to 40 m on
the same floor, with complete failure beyond two floors [14], making it unsuitable for disaster zones
spanning hundreds of meters. Wireless smart ubiquitous network (Wi-SUN) provides robust mesh
capabilities with 298 m outdoor range [15], but requires complex multi-node deployment and mesh
coordination infrastructure. In contrast, LoRa combines long-range, low power consumption, and complete
infrastructure independence, characteristics essential for off-grid disaster communication.

—  Emergency communication challenges

Post-disaster communication poses unique challenges due to the potential for damaged
infrastructure and unreliable power sources. Deepak ef al. [16] identified three primary network scenarios in
post-disaster settings: congested networks, partial networks, and isolated networks. In isolated networks,
where traditional communication infrastructure is unavailable, mobile ad-hoc networks (MANETS) or drone-
assisted communication systems can be deployed to establish temporary wireless coverage. The redundancy
and fault tolerance offered by MANETs make them particularly suitable for these situations.

Furthering this idea, Lieser et al. [17] proposed a delay-tolerant communication network based on
MANET architecture, which enables resilient communication without relying on fixed infrastructure. This
approach is particularly relevant in disaster scenarios, where flexible, civilian-centered communication systems
are paramount. Mobile applications that integrate the public into emergency communication infrastructure have
also become increasingly common, as highlighted by Tan et al. [18], who noted that these apps are increasingly
focused on facilitating on-site collaboration between civilians and emergency responders.

—  Contributions

The primary contribution of this study is the design and evaluation of a bi-directional LoRa-based
texting communication system optimized for off-grid disaster scenarios. Despite leveraging an accessible
technology like LoRa, a well-known communication protocol in IoT applications, the presented walkthrough
analysis, along with the practical implementation, enriched the discussion on using LoRa for wireless
messaging while supporting collapsed infrastructure. The proposed prototype was evaluated through range
test experiments and software-defined radio (SDR) analysis. In addition, including the SDR in the analysis
adds another dimension to understanding the system’s functionality from the perspective of wireless
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communication principles, which links theoretical concepts with reality. The device is compatible with most
Windows and Android operating systems and supports communication among multiple users within the same
LoRa network through a custom addressing scheme. A key advantage of this design is that even if one device
is not connected to a mobile phone, the user can still trigger a buzzer to notify the recipient, ensuring critical
communication is maintained during emergencies. Starting with LoRa as the communication protocol, these
features were incorporated to provide a comprehensive solution that addresses disaster situations and
connectivity issues, thereby supporting rescue and relief operations.

2. METHODOLOGY

Our methodology comprises the following key steps: system design, range test experiment with data
collection, SDR analysis, and a discussion of the results, including the determination of the received signal
strength indicator (RSSI) equation. The goal of this work is to build a device utilizing LoRa technology to
facilitate bi-directional text messaging over long distances. Since the application of the system is to build
communication devices for emergency cases, the proposed design should have the following specifications:
—  The device operates with a minimum amount of power
—  The device is user-friendly in terms of prototyping and usage
—  The device is compatible with most operating systems, including Windows and Android

The evaluation of the communication system was made possible through range-test experiments
considering the environmental factors. RSSI and signal-to-noise ratio (SNR) measurements were performed,
and the data were collected and visualized for better understanding. We observed the transmitted LoRa
signals over the frequency spectrum using SDR. This gives more insight into the signal’s behavior.

A discussion of the results is as follows. The log-distance path-loss (LDPL) model is a propagation
model suitable for indoor and outdoor environments, which considers the path-loss value that occurs for the
distance between the transmitter (Tx) and receiver (Rx) [19].

PL(d) = PL(do) + 10n log (=) (1)
Where PL(d) is the path-loss at distance d (meters) in the outdoors, whereas PL(d,) is the
reference path-loss at distance d, with free space conditions obtained from measurements close to the Tx. It

is often considered to be 1 meter in various studies [20], [21]. Moreover, d is the distance between Tx and Rx
in meters, and n is the path-loss exponent (PLE) adjusted to the test environment, as summarized in Table 1.

Table 1. PLE for different environments [22]

Environment PLE, (n)
Free space 2
Urban area cellular radio 2.7-3.5
Shadowed urban cellular radio 3-5
In-building line of sight (LoS) 1.6-5
Obstructed in building 1.6-1.8
Obstruction in factories 4-6
Indoor office 2-3
So, the RSSI calculation is as follows [22]:
RSSI = Pr + PLo + 10nlog (3) + Xo ©)

Where RSSI and P, which refer to the Tx transmitted power, are both considered in dBm, respectively.

2.1. Proposed design

In this section, the design of the proposed system is discussed. The LoRa-based communication
system is made of two devices. These devices establish an off-grid LoRa-based network. Once the
smartphone is connected to one of the devices, the user can use the mobile phone for text messaging via the
LoRa network. This approach to off-grid communication demonstrates the practical application of LoRa
technology in overcoming the limitations of traditional GSM networks.

In our design, we used an Arduino Nano board with ATmega328P microcontroller, a LoRa
Transceiver (Ra-01) module with Semtech’s (SX1278) integrated circuit (IC), a Bluetooth module (HCO0S5), a
5 V buzzer, a switch, and a single 9 V AAA alkaline battery. The system block diagram is shown in Figure 1.
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After installing the Serial Bluetooth Terminal app, the user can connect to the device via Bluetooth using
their mobile phone. Each device has a predefined address, such as 0xBB and OxFF. Therefore, it is feasible
for multiple users to communicate within the same LoRa network. The messages are then sent via LoRa
transceiver to the recipient device, where the recipient can read them in the app, as shown in Figure 2. The
user can send a call signal that triggers the buzzer. Even if one of the devices was not connected to any
mobile phone, the user can still activate the buzzer to notify the recipient. In the presented work, for analysis
purposes, the “LoRa.h” library was used in the code, which provides physical-layer control for LoRa radio
chips (SX127x), such as sending/receiving raw packets and setting frequency, bandwidth, and SF. The library
supports Coding Rate, which is additional data added to the packet to allow for error correction. While the
“LoRa.h” library does not have built-in retransmission or routing mechanisms, it can still be hard-coded for
better scalability.

7
2 0-[@] gzt

i
0xBB T : Module
1 1
\ 2 |
] <=+ Data
9V Alkaline / Microprocessor [e===3 Buzzer Power
Battery

Figure 1. Block diagram of the proposed system design

Figure 2. Bluetooth terminal app showing the received messages

Figure 3 shows the device layout of the proposed design. A 433 MHz nickel-plated spring antenna is
used for signal transmission. The antenna is 36 mm in length, with a gain of 2.15 dBi [23]. Additionally,
computer-aided design (CAD) software is used to design the device’s enclosure. Based on the power demand
as discussed in Table 2, we choose a 9 V alkaline battery to power the circuit. It is an ideal choice since it
supplies up to 800 mA. This alkaline battery has high energy density and voltage stability. The LoRa devices
in this study utilize Bluetooth low-energy modules, allowing only one smartphone to pair with each LoRa
device at a time. However, the physical layer of LoRa operates independently of Bluetooth, which leverages
long-range communication. It enables multiple LoRa devices to coexist in the same network by
implementing a custom addressing scheme at the application layer. Each device is assigned a unique
identifier (ID) to manage data routing and avoid packet collisions [18]-[23].
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Figure 3. Device layout showing the front and side views (on the left); also highlighting the antenna, LoRa
module, Bluetooth module, Arduino Nano, and battery in the Zoomed-in version (on the right)

Table 2. Power requirements for the proposed system

Item name Voltage (V)  Stand-by current (mA)  Active current (mA)
HCO05 Bluetooth module [24] 33 8 25
LoRa module [25] 33 1.6 Tx=93,Rx=12.15
Arduino Nano [26] 5 19 200
Buzzer 5 0 25
Total 28.6 355.15

Within the context of emergency communication, hypothetical scenarios were considered, along
with active time assumptions, to provide a comprehensive picture of the situation. Firstly, the on-demand
scenario is a typical type where the user activates the device in response to active coordination or SOS
signals. This case assumes that there are four sessions, each lasting 30 minutes, with 12 messages/session. In
the code, the duration of the tone for the buzzer feature was set for 1 second. On the other hand, latency
increases with longer distances and under specific conditions, such as obstructions. Therefore, the active
communication time is approximately 12-20 seconds, depending on the scenario and the surrounding
environment. For example, the first scenario would have a total of 13 seconds, consisting of 12 seconds for
transmission and 1 second for the buzzer. The active time is obtained by multiplying the number of messages
by the total active time. Secondly, the device can be deployed to continuously listen for incoming emergency
messages, allowing it to remain idle and in standby mode. The third scenario involves coordination and
periodic updates, where the message frequency is six messages/hour. However, the worst-case scenario
occurs in high-activity mode. In search-and-rescue missions, intensive coordination among multiple rescue
teams is critical, with an average of 12 messages/hour. Battery life is a significant factor in designing
emergency communication systems. While the 9 V battery is replaceable and accessible, changing it can be
challenging at times, especially during stressful moments. Thus, a long battery life is advisable and
recommended. To assess the energy consumption of the developed LoRa device, calculating the duty cycle is
the first step. The duty cycle is driven by user behavior and how long the device is active. By following
hourly active time calculations, the cycle appears to be 3600 seconds. Hourly basis metrics are more relevant to
emergency applications. As the intensity of the activity increases, the active time duration becomes 0 seconds,
16 seconds, 78 seconds, and 252 Seconds, respectively. Once the active time of the device in each scenario is
known, the duty cycle and the average draw current can be calculated by using (3) and (4). Since the capacity of
the recommended 9 V alkaline battery is 580 mAh, the battery lifetime equation can be solved, as in (5) [27].

Duty Cycle (%) = % X 100%, TCycle = 3600 Sec 3)

Cycle
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(active X T Active )t Ustand-by X TStand—by) ) TCycle = 3600 Sec (4)

Average Current Draw(mA) = 7
Cycle

Battery Capacity (mAh)
Iapg(mA)

Battery Lifetime (Hr) = (5)

The results show that in the last four scenarios, battery life is less than a day, as shown in Table 3.
Switching the device off and using it only when necessary will save a significant amount of energy. The 28.6
mA standby current remains the dominant energy consumer, and such efficiency measures will extend
battery life to 8 days, as in the first scenario. Additionally, the medium activity mode sustains 16.2 hours of
operation with periodic emergency messaging, representing only a 20% reduction from idle mode. Even in
high-activity mode, the system spends 93% of its time in stand-by, making stand-by the current primary
determinant of battery life. Only a 37% reduction from idle to high activity mode, which is sufficient for
most emergency responses. In a nutshell, looking for other alkaline battery options with higher capacity is
expected to extend the lifetime of the battery. Nevertheless, the primary purpose is not to run the device
continuously, as the chemistry of the alkaline 9 V battery is optimized for long-term applications.

Table 3. Energy consumption analysis under various scenarios
Scenarios  Duty cycle/hour (%)  Average current draw (mA)  Battery life

On-demand 8.33 2.98 8.1 Days
Idle 0 28.6 20.3 Hr
Medium 2.17 35.7 16.2 Hr
Heavy 7 45.6 12.7 Hr

The efficiency of the proposed LoRa-based communication system and the maximum transmission
distance are determined by the SF and the bandwidth (BW), denoted by the RSSI and SNR parameters.
Moreover, better stable communication is determined by a higher value of SNR. Environmental factors can
affect LoRa communication. For instance, cold weather improves the SNR, while warm weather suggests
selecting lower SFs to minimize latency [28].

2.2. Network architecture and measurement settings

The long-range communication with low-power consumption between the two devices is the key
concern. The configuration of the data transmission line is point-to-point. When more users are exchanging
messages, the network shifts into a mesh topology. Due to the properties of LoRa modulation, a higher SF
leads to a longer communication range but a lower data transmission rate. The ideal LoRa configuration
depends on the application type. In fact, the transmission distance can be extended with a bandwidth of less
than 125 KHz, but at the cost of increased transmission latency. The receiver has a specified capture
frequency range, which is the allowable percentage difference between its frequency and the transmitter’s
frequency. This range determines how much the transmitter and receiver frequencies can differ while still
allowing the receiver to successfully detect the signal. Typically, the percentage is 25% of the bandwidth. To
illustrate, if the bandwidth were 10 KHz, the receiver would need to be on or between 433.9975 MHz and
434.0025 MHz. On the other hand, the SF defines the noise performance below. SF6 and SF12 give a -7.5 dB
and a -20 dB below noise performance, respectively. The larger SFs, therefore, provide a wider range; the
trade-off is that higher SF packets take longer to transmit. In the case of an SF of 12 and a BW of 125 KHz,
the maximum transmission distance is attained with the least package loss [28]. The coding rate can also
result in small signal gains at the limit of reception, and it varies between 4/5 and 4/8. Yet, the higher 4/8 rate
will result in longer packets [25]. A coding rate of 4/5 was chosen because it means that for every 4 bits of
data, 1 redundant bit is added for forward error correction. Hence, the proposed LoRa devices used in this
work were set at a frequency of 433 MHz, a bandwidth of 125 KHz, a coding rate of 4/5, and a transmitting
power of 17 dBm. Since these parameters can be adjusted in the software, the range test results are effective
in determining the optimal settings. A summary of these settings is shown in Table 4.

Regarding the network architecture, it can be described as a custom packet-based protocol over
LoRa at the physical layer. In the meantime, a serial-based application protocol is running over Bluetooth for
user chatting. In Figure 4, the Bluetooth link handles local communication between the user and the device,
while the LoRa link handles long-range wireless communication between devices. Together, they form a
two-hop system. Although mesh topology leads to an increase in network traffic, mesh networks can
reconfigure themselves in the event of a loss of connectivity to a node or group of nodes.
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Table 4. Measurement parameters and settings

Parameter name Parameter values
Frequency 433MHz
SF 12=4096 chips/symbol
Transmitter height Sm
Receiver height 1.2m
Transmitted power 17 dBm
Antenna gain 2.15 dBi
Bandwidth 125 KHz
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Figure 4. Diagram of the network architecture shows the potential of scalability, forming a two-hop mesh

topology network

On the other hand, the routing of messages is straightforward since every LoRa device sends a
message to a particular LoRa device using a specific address. Besides broadcasting, messages from different
addresses are ignored. The device username is what appears in the application layer, whereas the physical
layer addresses are represented in hexadecimal. For example, 0xBB is the actual address of User 1, as shown
in Figure 1, and OxFF is set for broadcasting. Additionally, the counter is reset at the start of every session,

making it useful for troubleshooting. Likewise, the message length in bytes

provides insight into cases of

mismatch and data corruption. Afterward, over-the-air transmission occurs once the packet is ended after

writing to the internal buffer, as shown in Figure 5.
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Figure 5. Flowchart of the LoRa communication protocol showing the data flow in the software
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During the experiments, the measurements were performed by fixing the Tx at a specific location,
and the Rx was placed at different distances. Tx was placed at a height of approximately 5 m. Measurements
were taken at several locations until the maximum distance was reached, or the Rx could no longer receive
the message sent by the Tx, as indicated by the RSSI level. Afterward, RSSI, SNR, and distance readings
were retrieved in CSV format for further analysis.

2.3. Range test experiment

The experiments were carried out in the Islamic University of Madinah (IUM) campus in Madinah,
Saudi Arabia. The location chosen for the range test was the university campus parking lot, as shown in
Figure 6. The site is flat with a complete LoS, and it is surrounded by some buildings. These experiments
took place in the Madinah environment during June. During this time of the year, the temperatures are in the
range of 40 °C with a humidity of 8%. The maximum transmission distance couldn’t exceed 80 m due to the
extremely high ground temperatures.

Figure 6. LoS range test with Tx and Rx for the maximum distance of 237.5 m

Therefore, another experiment was conducted in which the Tx was placed near a window on the
third floor of a building facing the direction of the Rx. The temperature was 30 °C, and the humidity was
13%. As a result, the research team achieved a maximum transmission distance of 237.5 m, as shown in
Figure 6. This implies that the transmission distance can be further increased as the transmitter altitude
increases. For empirical analysis, we conducted two range tests under a similar setup where RSSI and SNR
readings were recorded. While the first experiment was at a 5 m interval, the second test was for every meter
to capture the fine variations.

3. RESULTS AND DISCUSSION
The PLE value is used as a reference for calculating the LDPL. The linear regression is applied,
which is modeled with the path-loss equation empirically [13].

Y =a+bX (©)
PL(d) = PL(do) + 10n log () 7
PL =a+bX ®)

With the variable a as the initial value of path-loss, which is free-space loss at a reference distance, d, and b
is the PLE value multiplied by 10, and X is the logarithmic value of the receiver distance divided by the
reference distance, so that the PLE value is b/10.

The post-experiment datasets were merged, with overlapping data points averaged to mitigate
spatial sampling bias and enhance measurement accuracy. Figure 7 shows the RSSI and SNR values in LoS
conditions, where the signal from the transmitter is directed towards the receiver. The signal experiences
reflection, refraction, diffraction, absorption, and scattering, which affect the received signal strength. This
can be ascribed to the surrounding buildings or the dry, hot weather, as the latency is more [29]. In both
measurements and calculations, the received signal strength decreases logarithmically with distance. The
graphs demonstrate reliable communication up to 165 m, with consistent RSSI/SNR trends and minimal
packet loss. Beyond 165 m, the system can maintain connectivity for the maximum distance, but it exhibits
severe packet loss, which may affect the results.
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SNR degradation correlated strongly with RSSI decline, suggesting that the noise floor is a key
limiting factor at LoRas, as seen in Figure 7(a). However, SNR is a more accurate measure of signal quality
than RSSI. At distances greater than 100 m, the SNR approaches the LoRa demodulation threshold, typically
-20 dB, which explains the increased packet loss beyond this range [25].

The SNR plot follows a logarithmic-like trend, dropping sharply within the first 40 m, which
suggests that the environment introduces significant interference. This behavior is consistent with
fundamental wireless propagation theory, where the signal power typically decays logarithmically with
distance due to free-space path-loss. The RSSI plot exhibits a rapid logarithmic decay from -115 dBm at | m
to -126 dBm at 20 m, as shown in Figure 7(b). This steep decline aligns with free-space path-loss (n = 2) but
is mitigated by ground reflection and constructive interference in the near field, typical of open LoS
environments. RSSI converges to a noise-limited floor of -128 dBm to -129 dBm, persisting until
communication fails at a distance of 165 m. Typically, the noise floor represents the physical limit of
sensitivity; however, LoRa operates below this level [25]. This exemplifies resilience, unlike commonly used
communication protocols.
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Figure 7. The outdoor experiment measurements in LoS conditions of (a) SNR (dB) and (b) RSSI (dBm)

Figures 8(a) and (b) illustrates the standard deviation error bars, which underscore the variability of
readings caused by the multipath fading and interference. Each data point represents the mean value at a
specific distance, whereas the error bars indicate the standard deviation across repeated measurements. The
standard deviation decreases as the distance increases, making trends more observable. For example, the
standard deviation of SNR measurements goes as low as +£0.35. It implies that the signal should travel
enough distance for a better description and analysis of the path. By excluding the first value, the average
standard deviation of SNR is £2.3, while the average standard deviation of RSSI is +0.86.
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Furthermore, RSSI measurements collected outdoors display significant signal fluctuations, which
are common in outdoor scenes due to multipath fading. The signal in the outdoor environment suffers from
noise, resulting in increased interference and creating a challenging environment for testing and analysis.
Subsequently, the Kalman filter is utilized by isolating the true signal from the noise-induced variance, as
shown in Figure 9. In this research, Kalman filter parameters are tuned to fit the RSSI filtering application.
Firstly, noise within the system is examined through two parameters: R reflecting measurement noise, and Q
representing internal process noise.

Kalman Filter Results

-115

Raw Data
— — —Filtered Data

RSSI (dBm)

-130
0 20 40 60 80 100 120 140 160 180

Distance (m)

Figure 9. Kalman filter results that isolate the true signal from the noise-induced variance

Furthermore, as the height of Tx increases, the quality of communication would increase.
Additionally, when temperatures are low, the noise power is reduced. Thus, better SNR values are achieved.
Although hot weather may slow down processing due to overheating components, cold weather tends to drain
batteries more quickly than warm weather [29]. As shown in Figure 10 (a), the PLE is plotted as a function of
distance. The results show that when the distance is less for the LoS setup, the value of the PLE value is at its
highest, closer to n = 2. As expected, the research team found that when the Rx is displaced in outdoor
conditions, the PLE decreases, violating the idealized free-space value. This discrepancy arises from ground
reflection effects, which introduce constructive interference between the direct and reflected signal paths.

For meaningful results, the focus was placed on the pre-saturation region (1-20 m), where signal
dynamics dominate. The observed logarithmic decay aligns closely with the LDPL model. After averaging
RSSI raw data and applying a filtration technique, the LDPL model was estimated. The LDPL model relies
on the relationship between the RSSI and the logarithmic scale of distance, as shown in Figure 10(b). The
regression estimation line yields the following (9).

RSSI (dBm) = —12.6 log(=-) — 115 )

—  Estimated PLE (n) =1.26
—  Intercept (RSSI at reference distance) =-115 dBm

Path Loss Exponent vs. Distance Path Loss Model

115 r
° ® Actual Data
Log-Distance Model

IS
.

-120

o

RSS! (dBm)

o
@
.

-125 .

R*=0.78
RMSE = 1.69 dB
-130

20 40 60 80 100 120 140 160 180 10° 10!
Distance (m) Distance (m)

(@ (b)

Figure 10. Path-loss characterization of the environment for meaningful insights on the signal behavior:
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This mathematical analysis was explored using MATLAB. To assess the accuracy of the linear
regression, the coefficient of determination (r2) was employed, which is a useful statistical measure
representing the proportion of the variance in the dependent variable. It shows an acceptable value of 0.78,
which is close to 1.

3.1. Software-defined radio-based analysis

LoRa is defined within the physical (PHY) layer based on a chirp CSS modulation technique, which
allows long-range, low-power data transmission [30]. Additionally, the carrier frequency is swept linearly
over time, which improves signal resilience to interference [30]. This is illustrated in Figure 11. Recently,
computers have become powerful enough to perform the required mathematical calculations to decode and
process radio signals. This has led to advanced radios that previously required complicated analog hardware
now being easily implemented in software.

This has reduced the cost of advanced radio capabilities such as wideband tuning and waterfall
displays. For analysis purposes, the research team utilized an RTL-SDR dongle in conjunction with SDR#
software [31]. The RTL-SDR is a low-cost SDR that is based on DVB-T TV (Digital-HD TV) universal
serial bus (USB) receiver dongles [31]. Using a dipole antenna, we were able to observe the frequency
spectrum to validate the performance of the LoRa devices. The SDR dongle was set to a bandwidth of 225 KHz,
a central frequency of 433 MHz, narrowband frequency modulation (FM), and a 1.4 MS/s sample-rate. The
device was set up close to the antenna, while the research team captured the sent sequences. The complete
measurement setup is shown in Figure 12.

By observing the waterfall plot, the transmitted signal can be distinguished because its power is
higher than that of the noise signal. Hence, this experiment demonstrates that the devices are successfully
transmitting the signal at a frequency of 433 MHz. This is true since we are using an SX1278 LoRa module,
which operates at this frequency, as shown in Figure 13(a). LoRa messages are transmitted using the CSS
modulation scheme. To enable precise observation of the modulation dynamics, the sample-rate was adjusted
to 2.56 MS/s. This adjustment enabled real-time visualization, as shown in Figure 13(b).
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Figure 11. CSS scheme [18] Figure 12. Measurement setup of LoRa Tx with RTL-SDR Rx
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Figure 13. The waterfall results by the SDR showing LoRa signal transmission: (a) successful transmission at
433 MHz and (b) chirps were observed as the sample rate was adjusted
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3.2. Comparative study

The proposed design has several significant advantages over the other designs presented by other
researchers, as summarized in Table 5 (see in Appendix) [7]-[9], [14]-[17], making it especially suitable for
disaster mitigation and relief operations in off-grid emergency applications. It functions completely offline,
eliminating the need for internet or mobile networks, which is crucial for maintaining functionality in
emergency scenarios. To ensure that critical communications are received even when a device is not
connected to a mobile phone, the system features an emergency notification capability with buzzer alerts. Its
compact design and energy efficiency enable it to be deployed in off-grid or remote locations with minimal
infrastructure and low power consumption. Furthermore, the design has been validated through real-world
testing, including SDRs and range tests, which demonstrate its ability to sustain reliable communication in
various situations.

4. CONCLUSION

This paper aims to enhance the discussion on strengthening infrastructure during disaster situations by
utilizing off-grid solutions with LoRa protocol technology through engineered deployment. After designing the
prototype, LoRa devices were analyzed based on the principles of wireless communication. The authors
successfully proposed and developed a point-to-point communication system utilizing LoRa technology in the
Madinah, Kingdom of Saudi Arabia, environment. The findings of this research study indicate that the
maximum achievable distance is approximately 240 m when using a 2 dBi gain antenna. This limitation is
largely due to the presence of various buildings and trees along the signal propagation path, as well as the
proximity of the receiving (Rx) device, which is positioned 1.6 m above the ground. Using an SDR, we were
able to observe the transmitted signals of LoRa and validate the modulation process. This investigation led us to
explore CSS, a modulation technique used in LoRa technology. The PLE value of the measurement results was
determined using the readings of the RSSI value via the LDPL model, whose results closely match the RSSI
values of the measurement data. Through regression of RSSI measurements, the equation parameters were
defined. The range tests were conducted using 2.15 dBi gain antennas. Our work sheds light on the various
analysis techniques that can be implemented for LoRa devices. While LoRa has been around for a while in
several IoT applications, it is not conventional to use it for texting and human communication. The prototype
demonstrated in this work makes a practical contribution to disaster communication systems, utilizing
accessible technologies like LoRa. The innovation lies in creating custom hardware with features that address
the unique disaster challenges, namely, access to power, warning triggers, and user flexibility.

Using similar developed analysis, researchers can explore the capabilities of other novel wireless
protocols and their potential for rescue and relief. For future work, it is also necessary to conduct all useful
experiments in various environments to estimate the received signal power by varying the level of
transmitted power. Although the range tests of LoRa devices were conducted outdoors in an open
environment within the campus under line-of-sight conditions, it is advisable to carry out similar experiments
in indoor, rural, or obstructed terrain environments, or even under interference or out-of-sight conditions.
Different frequency ranges and the influence of certain types of walls can also be explored through further
range tests. This topic can also be discussed from a networking perspective, including the encryption of
messages, retransmission, redundancy recovery techniques, and overall architecture. Although the proposed
system features Coding Rate, message counter, and payload length indicator for reliable data handling, a
detailed discussion on failover logic and backup algorithms provides a significant contribution.
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APPENDIX

Table 5. Comprehensive performance comparison of the proposed LoRa-based system with alternative

LPWAN technologies and existing LoRa implementations

Ref. Technology/focus area Environment tested Key features and comparison to our design
[7] Performance analysis of Suburban (Paris) - Range: up to 3 km, data rate: low, power consumption: low,
LoRa cost: low

- Infrastructure requirements: minimal (LoRa only)

- Deployment complexity: low, latency: low, bandwidth: narrow
(~125 khz)

- Comparison to our design: our design adds real-world
deployment, mobile support, and practical usability, including a
buzzer for emergency notifications.

[8] Evaluation of Urban environments - Range: up to 2.2 km, data rate: low, power consumption: low,

LoRaWAN cost: low
- Infrastructure requirements: lorawan gateway
- Deployment complexity: moderate, latency: low, bandwidth:
narrow
- Comparison to our design: our prototype focuses on off-grid
disaster communication with buzzer support, ideal for emergency
response in isolated regions, without the need for external

gateways.
[9] Environmental Rural areas (up to 6.5 - Range: up to 6.5 km, data rate: low, power consumption: low,
monitoring km) cost: low

- Infrastructure requirements: none (infrastructure-less)

- Deployment complexity: low, bandwidth: narrow

- Comparison to our design: our system focuses on human-to-
human communication, providing more interactive functionality
for disaster scenarios, whereas theirs is sensor-based
deployments.

[14] NB-IoT (Quectel BC95) Multi-floor building - Range: 458 m (stable), data rate: 25.2 kbps downlink (DL), 15.6

(1%, 5™, 10" floors), kbps uplink (UL), power consumption: high (=199.5 mW @ 23
dBm)
- Infrastructure tequirements: cellular base stations and core
network
- Deployment complexity: high, latency: moderate, bandwidth:
wide (licensed long-term evolution/LTE spectrum)
- Comparison to our design: NB-IoT offers excellent coverage
and zero packet loss, but relies on cellular infrastructure, which is
often damaged during disasters. Our LoRa system operates
entirely off-grid, maintaining communication continuity when
cellular networks fail.
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Table 5. Comprehensive performance comparison of the proposed LoRa-based system with alternative
LPWAN technologies and existing LoRa implementations (continued)

Ref. Technology/focus area Environment tested

Key features and comparison to our design

[14] ZigBee (XBee series 2,

IEEE 802.15.4)

Multi-floor building
(8™M-10™ floors)

Outdoor LoS/ non-line
of sight (NLoS),
indoor LoS/NLoS

[15] Wi-SUN (IEEE
802.15.4g) mesh
network for smart city

IoT

[16] Post-disaster network Theoretical

scenarios

[17] Delay-tolerant mobile ad

hoc network (MANET)

Emergency
communication

Bi-directional LoRa
texting system

Proposed
design (this
work)

Madinah, Kingdom of
Saudi Arabia (urban
with obstructions)

- Range: 40 m (same floor), no link beyond 2 floors, data rate:
250 kbps, power consumption: low (30—-50 mA active)

- Infrastructure requirements: mesh coordinator nodes

- Deployment complexity: moderate, latency: low, bandwidth:
high (2.4 GHz band)

- Comparison to our design: ZigBee fails beyond 40 m indoors
and cannot cover multi-building zones. Our LoRa prototype
achieves 240 m range in urban LoS conditions, over six times
longer, providing a practical solution for campus-scale disaster
operations.

- Range: 298 m (LoS), 180 m (indoor NLoS), data rate: = 50 kbps,
power consumption: moderate (8 mA Rx, 14 ma Tx @ 10 dBm)
- Infrastructure requirements: mesh network with a border router
and multiple router nodes

- Deployment complexity: moderate to high, latency: very low (=
0.02 s), bandwidth: up to 300 kbps

- Comparison to our design: Wi-SUN provides self-healing mesh
and low latency, but needs multi-node infrastructure and mesh
configuration. Our point-to-point LoRa design is simpler,
consumes less power (28.6 mA standby vs. Wi-SUN mesh
overhead), and can be deployed within minutes for rapid disaster
response.

- Range: varies, data rate: varies, power consumption: moderate,
cost: high (due to drone/manet infrastructure),

- Infrastructure requirements: manets, drones

- Deployment complexity: high, latency: varies, bandwidth:
variable

- Comparison to our design: our work presents a simpler, real-
world-tested design with off-grid usability, focusing on low-cost,
low-complexity deployment for civilian use.

- Range: wide, data rate: low to moderate, cost: moderate

- Infrastructure requirements: none (ad-hoc MANETS)

- Deployment complexity: high, latency: high, bandwidth:
variable

- Comparison to our design: our system offers lower latency and
faster communication via buzzer alerts, ensuring faster response
during emergencies, with much lower deployment complexity.

- Range: up to 240 m, data rate: low, power consumption: very
low, cost: very low

- Infrastructure requirements: none (self-contained),

- Deployment complexity: very low, latency: low, bandwidth:
narrow

- Comparison to other designs: real-world tested in an urban
environment with sdr analysis; ideal for off-grid disaster zones,
with a buzzer for alerting and multi-user support. Unlike other
designs, it works completely offline without needing external
infrastructure.
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