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ABSTRACT

Reliable indoor real-time data transmission is essential for biomedical and loT monitoring
applications; however, wireless link quality can vary significantly with distance and the
presence of common building materials. This study presents an experimental comparison of
ESP32-based Wi-Fi (2.4 GHz) and LoRa RA-02 communication (433 MHz) under indoor
conditions, with a focus on the effects of propagation distance and physical obstacles on link
performance. In addition to communication analysis, the study also demonstrates the
acquisition of analog biomedical signals and environmental data, their wireless transmission,
and real-time visualization at the receiver side. To ensure a consistent comparison, both
technologies were tested under identical indoor procedures using received signal strength
indicator (RSSI) as the primary evaluation metric. Four experimental scenarios were
considered, including short-range reference measurement, straight-corridor distance tests,
non-line-of-sight L-shaped corridor measurements, and obstacle-based attenuation tests
involving commonly encountered construction materials. The experimental results show
that ESP32-based Wi-Fi provides satisfactory performance in short-range and relatively
unobstructed indoor environments, where higher data exchange capability is advantageous.
However, its signal strength decreases more noticeably as transmission distance increases
and when obstacles are introduced. In contrast, LoRa exhibits greater resistance to
attenuation caused by both distance and indoor obstacles, maintaining more stable RSSI
behavior across medium- and longer-range scenarios. Overall, the study provides a practical
indoor performance evaluation of two widely used wireless communication technologies
and demonstrates that protocol selection should not depend solely on nominal
communication range, but also on obstacle sensitivity and application-specific monitoring
requirements. The findings offer useful guidance for the design of indoor biomedical and loT
monitoring systems operating in realistic built environments.

Keywords: ESP32, LoRa, Indoor Wireless Communication, Obstacle Attenuation,
Biomedical Data Transmission
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I INTRODUCTION

Recent advances in embedded systems and the widespread
availability of low-cost wireless modules have significantly
facilitated real-time data acquisition from physical and
biomedical environments. Wireless communication
technologies, in particular, enable compact and modular
monitoring systems capable of operating under practical
indoor conditions. Among the commonly used options, Wi-
Fi-based solutions and sub-GHz long-range technologies are
preferred due to their accessibility and integration
convenience in loT-oriented designs [1].

Indoor wireless communication remains challenging
because signal propagation is strongly influenced by
distance, obstructions, and material properties. As carrier
frequency increases, signals typically become more
sensitive to attenuation and shadowing effects, which can
degrade link reliability in multi-room and obstacle-rich
environments. Wi-Fi-based platforms such as ESP32 are
therefore often used in short-range or same-room
scenarios, whereas sub-GHz technologies such as LoRa are
frequently considered more robust for longer distances or
non-line-of-sight conditions due to their lower operating
frequency [4], [14].

In biomedical and health-monitoring contexts, these
propagation effects become particularly important because
reliable data delivery is essential for continuous observation
and timely decision-making. A practical monitoring system
often requires both real-time visualization and stable
transmission performance under indoor constraints.
Accordingly, this study investigates two wireless
communication technologies -ESP32-based Wi-Fi at 2.4 GHz
and the LoRa RA-02 module at 433 MHz- within a
transmitter—receiver architecture designed for indoor
measurement and monitoring. The transmitter unit
acquires temperature and humidity data using a DHT22
sensor and biomedical pulse-related signals using an
AD8232 analog front-end module, while the receiver unit
visualizes sensor readings and RSSI values in real time on a
1.3-inch ST7789 TFT display (240 x 240 pixels) [6].

Although latency and data transmission rate were also
observed during system operation, they were not used as
the primary comparison metrics in this study. Since the
LoRa-based configuration employed a fixed 200 ms packet
transmission interval, RSSI provided a more direct and
consistent basis for comparing the effects of distance and
physical obstacles under identical indoor conditions.
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In this context, the main contribution of this work is an
experimental comparison of ESP32 and LoRa RSSI behavior
under controlled and repeatable indoor scenarios. The
study evaluates distance-dependent attenuation and
obstacle-induced  effects using  multiple indoor
measurement configurations, with repeated sampling to
support stable comparisons. The contributions of this study
can be summarized as follows:

e A controlled indoor experimental framework for
comparing ESP32 (2.4 GHz) and LoRa (433 MHz)
RSSI performance under identical conditions.

e Distance-based evaluation of RSSI trends for
both technologies across multiple indoor

ranges.

e Obstacle-based evaluation using commonly
encountered  building and  furnishing
materials,  highlighting how  material

characteristics influence RSSI behavior.

e Apractical monitoring-oriented system setup that
supports real-time visualization of sensor data
and RSSI values, enabling technology selection
insights for indoor biomedical/loT applications.

Overall, the results provide guidance for selecting
appropriate wireless technologies depending on indoor
distance requirements, obstacle density, and reliability
constraints, and they offer an experimentally grounded
reference for future indoor propagation and monitoring
system studies.

1. METHOD AND PROCEDURE

Two hardware circuits were designed and implemented for
this study: a transmitter unit and a receiver unit. The overall
system architecture was developed to acquire analog and
digital signals from real-world biomedical and
environmental sources and to transmit these data
wirelessly under indoor conditions using two different
communication technologies. The receiver and transmitter
circuit schematics are presented in Figure 1 and Figure 2,
respectively.

https://doi.org/10.53525/jster.1892489
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Figure 1. Receiver Circuit Schematic
(ESP32 — LoRa — ST7789)
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Figure 2. Transmitter Circuit Schematic
(ESP32 — LoRa — DHT22 — AD8232)

2.1. Transmitter Unit

The transmitter circuit was designed to collect sensor data
and transmit the processed information wirelessly.
Temperature and humidity measurements were obtained
using a DHT22 sensor, while biomedical pulse signals were
acquired through an AD8232 analog front-end module [10],
[12]. These analog signals were digitized using an ESP32-
based microcontroller [2], which performed the necessary
signal conditioning and packet formation prior to
transmission. Depending on the selected communication
mode, the data packets were transmitted either via the
ESP32’s integrated 2.4 GHz Wi-Fi interface or through a
LoRa RA-02 module operating at 433 MHz [7], [9]. The
physical prototype of the transmitter circuit is presented in
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Figure 3.

Figure 4. Technical Drawing of the Transmitter Enclosure

To ensure consistent and comparable measurements,
sensor data were transmitted at predefined time intervals.
This periodic transmission structure enabled reliable
observation of received signal strength indicator (RSSI)
values at the receiver side while maintaining stable
communication behavior across different experimental
scenarios. The technical drawing of the transmitter
enclosure used to house the circuit components is shown in
Figure 4.

2.2. Receiver Unit

The receiver circuit consisted of an ESP32 microcontroller
interfaced with either Wi-Fi or LoRa communication
modules, as well as a 1.3-inch ST7789 TFT display with a
resolution of 240 x 240 pixels [13]. Incoming data packets
were decoded by the microcontroller and visualized on the
display, allowing real-time observation of sensor readings
and RSSI values. This configuration facilitated continuous
monitoring of wireless communication performance during
the experiments. The physical prototype of the receiver
circuit is presented in Figure 5, and the technical drawing of
the receiver enclosure is shown in Figure 6.

https://doi.org/10.53525/jster.1892489
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Figure 5. Physical Prototype of the Receiver Circuit

Figure 6. Technical Drawing of the Receiver Enclosure

2.3. Wireless Communication Characteristics

The two wireless technologies investigated in this study
exhibit fundamentally different characteristics. ESP32-
based Wi-Fi communication at 2.4 GHz provides higher data
rates and is suitable for short-range indoor applications.
However, it is more sensitive to distance and physical
obstacles. In contrast, LoRa communication at 433 MHz
offers lower data rates but demonstrates greater
robustness and stability in obstacle-rich indoor
environments due to its lower carrier frequency and
propagation characteristics [14].

To obtain baseline theoretical reference values for the
distance-dependent signal attenuation, the free-space path
loss (FSPL) model was used. FSPL represents the ideal
propagation loss between a transmitter and receiver under
line-of-sight conditions in free space and is commonly used

JSTER - No. 01 (2026)

as a first-order reference in link-budget analyses.

The theoretical values computed with FSPL were used as
baseline references for comparison with the measured RSSI
trends under the same distance conditions.

2.4. Experimental Environment and Preliminary Tests

All experiments were conducted exclusively in indoor
environments. Initial long-range tests revealed that signal
reliability degraded significantly beyond certain distances;
therefore, subsequent experiments were performed within
optimized distance ranges to ensure stable communication.
Additional preliminary tests demonstrated that the relative
height and positioning of the transmitter and receiver units
affected signal stability, with improved performance
observed when both units were positioned centrally within
the experimental environment.

Specific attention was given to corridor-based and L-shaped
scenarios, where signal propagation involved direction
changes and partial obstruction. In such cases, elements
such as aluminium door frames and metallic structures
were observed to cause noticeable signal attenuation.
Furthermore, environmental factors including floor, wall,
and ceiling materials influenced RSSI behavior. Based on
these observations, experimental locations were carefully
selected to minimize uncontrolled reflections and material-
induced interference, allowing the measured results to align
more closely with theoretical propagation expectations.

1l. EXPERIMENTAL SCENARIOS

This section describes the experimental setups and the
rationale behind their selection. All scenarios were
designed to enable a fair and repeatable comparison
between ESP32-based Wi-Fi and LoRa communication
under identical indoor conditions. Each experiment was
conducted using the same hardware, antenna
configurations, transmission intervals, and measurement
procedures for both communication technologies.

3.1. Experimental Setup and Repeatability

To ensure compatibility across different measurement
scenarios, custom enclosures and holders were developed
for the transmitter and receiver units. These holders were
designed to protect the circuits from mechanical
disturbances while minimizing any potential impact on
antenna radiation characteristics. The lower profile of the
enclosure provided mechanical stability without
obstructing signal propagation.

https://doi.org/10.53525/jster.1892489



All measurement scenarios were repeated for both ESP32
and LoRa communication. To guarantee that measurements
were taken at precisely the same locations, reference
markings were used at each contact point with the floor.
This approach ensured that repositioning the devices -such
as after code modifications or module changes- did not
introduce positional bias. The same procedure was applied
when adjusting distances or replacing physical obstacles
between the transmitter and receiver. As a result, all
experimental conditions were kept identical for both
communication protocols, enabling a direct and reliable
comparison.

All experiments were conducted in indoor environments.
Measurements were performed with antenna orientations
arranged to maintain line-of-sight (LOS) wherever
applicable, wunless the scenario explicitly involved
directional changes or obstacle placement.

3.2. Scenario 1: Short-Distance Reference Measurement

The first experiment was conducted at a short distance of
30cm with the transmitter and receiver antennas facing
each other. Measurements were carried out in an
unobstructed indoor space with a width of approximately
4m and a ceiling height of 240cm. For each communication
technology, five measurements were recorded over two-
minute intervals, and average RSSI values were calculated.
The results obtained from this scenario were used as
reference values for subsequent experiments. The diagram
and physical view of this experimental setup are presented
in Figure 7 and Figure 8, respectively.

Sensor
Circuit

Display
Circuit

30cm

Figure 7. Diagram of Experimental Setup 1
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p

Figure 8. Experimental Setup 1 (Physical View)
3.3. Scenario 2: Straight Corridor Distance Measurements

The second experiment was performed in a straight corridor
with a width of 360 cm and a height of 240 cm. The
transmitter and receiver units were positioned at the
geometric center of the corridor’s width and height to
reduce environmental asymmetry. Measurements were
taken at three distances -5 m (near), 25 m (mid-range), and
50 m (far) - with five measurements recorded at each
distance for both ESP32 and LoRa communication. The 5 m
measurements served as reference values for the initial
conditions of the third experimental scenario. The diagram
of the second experimental setup is shown in Figure 9, while
the physical measurement configurations for 5 m, 25 m, and
50 m are presented in Figure 10, Figure 11, and Figure 12,
respectively.

Sensor

Cireuit [ —~°7777TTTT @--------e- O-----mmmmme- 2

Figure 9 Diagram of Experimental Setup 2
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Figure 12. Setup 2: 50m Long-Range Measurement Scenario

3.4. Scenario 3: L-Shaped Corridor Measurements

JSTER - No. 01 (2026)

The third experiment was conducted in an L-shaped
corridor configuration to evaluate signal behavior under
directional changes. The main corridor section measured
approximately 5 m x 20 m, with measurement points
incremented in 5 m steps. The transmitter unit was placed
in a corridor section with a width of 520 cm and a height of
240 cm, and the initial measurement point was located 5 m
directly  opposite  the  transmitter.  Subsequent
measurements were obtained by moving the receiver unit
along the perpendicular corridor section, which had a width
of 360 cm and a height of 240 cm. Measurements were
recorded up to a distance of 20 m, capturing the effects of
non-line-of-sight (NLOS) propagation. The diagram of the L-
shaped corridor measurement setup is shown in Figure 13.

The first measurement point, where the circuits were
positioned directly facing each other with a separation
distance of 5m, was defined as Om(L). Subsequently,
additional measurements were taken along the corridor at
the following points:

e 5m(L): 10m from the sensor circuit and 5m from
the Om(L) point.

e 10m(L): 15m from the sensor circuit and 10m
from the Om(L) point.

e 15m(L): 20m from the sensor circuit and 15m
from the Om(L) point.

The physical views of the measurement points at 0 m(L), 5
m(L), 10 m(L), and 15 m(L) are presented in Figure 14, Figure
15, Figure 16, and Figure 17, respectively. Since direct line
of sight is absent at most points in this non-line-of-sight
(NLOS) scenario, the effects of wall diffraction and
multipath reflections on RSSI behavior and communication
continuity were evaluated.

1 I
i

:

Om(L) ! Sm(L) 10m(L) 15m(L)
Sm @mmsmmmmmmemme@e s mmmm———— @---mmmmmmeee @ mmmmmmmnae
[ S |
S
10m 15m 20m

Figure 13. Diagram of Experimental Setup 3
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Figure 14. Setup 3: O0m(L) Point

3.5.

Scenario 4:

JSTER - No. 01 (2026)

Figure 17. Setup 3: 15m(L) Point

Obstacle-Based

Attenuation

Measurements

The fourth experiment was conducted in the same
environment as the short-distance reference scenario to
isolate the effects of physical obstacles. Using the reference
RSSI values obtained in Scenario 1, various obstacles were
placed between the transmitter and receiver at a distance
of 15 cm from the midpoint between the devices. Seven
different obstacle materials were tested: stainless steel,
aluminium composite, double-glazed glass, drywall,
oriented strand board (OSB), particle board, and plexiglass.
For each obstacle type, five measurements were recorded,
and average RSSI values were calculated to evaluate
material-dependent attenuation effects. The diagram of the
obstacle-based experimental setup is shown in Figure 18,
while the receiver-side view, transmitter-side view, and the
tested obstacle materials are presented in Figure 19, Figure
20, and Figure 21, respectively.

Sensor
Circuit

Display
Circuit

|/
2
7
7
7
7
7
7
2
Z

30 cm

Figure 18. Diagram of Experimental Setup 4
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Figure 20. Setup 4 and Obstacles (Transmitter Side View)

o Stainless Aluminium Plexiglass Chipboard Oriented Strand ~ Drywall ~ Double Layer
i Steel Composite Board (OSB) Glass

. \‘5 ‘7:-.
Figure 21. Identification of the Obstacles Used in
Experimental Setup 4

IV.  FINDINGS AND RESULTS

The experimental results obtained for both communication
protocols were recorded and comparatively analyzed.
Overall, ESP32-based Wi-Fi communication exhibited more
negative RSSI values than LoRa under identical conditions.
For both technologies, RSSI values decreased as the
transmission distance increased; however, the rate of
degradation differed significantly between the two systems.
In terms of latency, ESP32’s high-throughput design
provides a major advantage for real-time applications, while
LoRa generates higher delays due to low data rates, longer
packet durations, and duty-cycle constraints, consistent
with prior studies [14]. Nevertheless, LoRa’s long-range and
low-power characteristics make it preferable in many
remote monitoring scenarios, despite this latency
disadvantage.

In the present prototype, this distinction was also reflected
in the system design. Whereas ESP32 communication
showed timing variations depending on instantaneous link
quality, the LoRa-based structure was configured to
transmit packetized data at fixed 200 ms intervals.
Accordingly, the delay behavior observed in LoRa was
influenced primarily by the predefined transmission cycle
rather than solely by environmental channel variations. For
this reason, although latency and transmission speed were
monitored during operation, they were regarded as
supplementary observations rather than the principal
comparative metrics of the present analysis. ESP32 (2.4
GHz) — FSPL and RSSI

Assumptions:
e Frequency: 2400.0 MHz

e Transmitter and receiver antenna gains neglected
(Gt = 0dBi, Gr = 0dBi)

JSTER - No. 01 (2026)

e Environment: Free space; obstacles and multipath
reflections neglected

Formulation:

The Free-Space Path Loss (FSPL) is given by:
FSPL(dB) = 20logy(d) + 20logyo(f) + 20logyo (%”)m

Where,
d is meaning of distance (m)
f is meaning of frequency (Hz)
¢ is meaning of speed of light (= 3x10% m/s)

First Calculation (d = 30 cm)
d=30cm, f=2400.0 MHz

FSPL(dB) = 20log,,(0,3) + 20log,,(2,4x10%)

s
+20l0g1, (W) ~ 29.59 dB

RSSI (dBm) = -FSPL(dB) = -29.59 dBm @)

RSSI (dBm)

0 10 20 30 40 50 60
Distance (m)

Figure 22. RSSI vs. Distance (Theoretical, ESP32)

Figure 22 illustrates the FSPL-based theoretical RSSI trend
for ESP32 communication at 2.4 GHz as a function of
distance. The predicted RSSI decreases sharply at short
ranges, dropping from approximately -29.59 dBm at 30 cm
to -54.03 dBm at 5 m, which reflects the rapid increase in
path loss when moving from very close proximity to typical
indoor operating distances. As distance increases further,

https://doi.org/10.53525/jster.1892489



the rate of decrease becomes more gradual, consistent with
the logarithmic distance dependence of the FSPL model. For
example, the theoretical RSSI is approximately —-60.05 dBm
at 10 m, -63.57 dBm at 15 m, -66.07 dBm at 20 m, and
about -68 dBm at 25 m, indicating incremental losses of
only a few dB over each additional 5 m step in this range. At
50 m, the predicted RSSI reaches approximately -74.03
dBm, and the overall trend shows that doubling the
distance leads to an additional loss on the order of ~6 dB
(e.g., 5-10 m and 25-50 m), which is characteristic of free-
space propagation behavior.

0]
-10
~
e
m
=
)
%)
[a g
72
=€ 74,03
0 10 20 30 40 50 60

Distance (m)

—@— RSSI Theoretical (dBm) —@—RSSI Experimental (dBm)

Figure 23. Theoretical vs. Experimental RSSI Comparison for
ESP32

Figure 23 compares the theoretical (FSPL-based) and
experimental RSSI values for ESP32 at 2.4 GHz across
increasing distances. Both curves exhibit the same overall
behavior: RSSI decreases rapidly at short distances and then
declines more gradually as distance increases, which is
consistent with the logarithmic distance dependence
predicted by the FSPL model. At 30 cm, the theoretical RSSI
is approximately —29.59 dBm while the experimental value
is close to —31 dBm, indicating very good agreement at the
reference short range. At 5 m, the theoretical prediction is
-54.03 dBm and the measured RSSI is around -52 dBm,
again showing a small deviation of only a few dB. At 25 m,
the theoretical value is approximately -69 dBm and the
experimental measurement is about -68 dBm,

JSTER - No. 01 (2026)

demonstrating near-overlap between the curves at mid-
range distances. At 50 m, the theoretical RSSI is
approximately -74.03 dBm, whereas the experimental
value is around -72 dBm, meaning the measured signal
remains slightly stronger than the theoretical baseline by
roughly 1-2 dB. Overall, the close alignment between the
theoretical and experimental curves suggests that distance-
dependent attenuation in this scenario follows the
expected free-space trend, while small deviations can be
attributed to indoor environmental factors such as
reflections and multipath propagation.

LoRa RA-02 (433 MHz) — FSPL and RSSI

Assumptions:

e Frequency: 433.0 MHz

e Transmitter and receiver antenna gains neglected
(Gt = 0dBi, Gr = 0dBi)

e Environment: Free space; obstacles and multipath
reflections neglected

RSSI (dBm)

0 10 20 30 40 50 60
Distance (m)

Figure 24. RSSI vs. Distance (Theoretical, LoRa)

Figure 24 presents the FSPL-based theoretical RSSI trend for
LoRa communication at 433 MHz as a function of distance.
Similar to the ESP32 case, the curve follows a logarithmic
decay pattern, where the RSSI decreases rapidly at short
ranges and then gradually flattens as distance increases. At
30 cm, the theoretical RSSI is approximately -14.71 dBm,
indicating a strong received signal at very close proximity.

https://doi.org/10.53525/jster.1892489
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As distance increases to 5 m and 10 m, the RSSI drops to
roughly -39.15 dBm and -45.17 dBm, respectively, showing
the largest attenuation occurring in the near-field-to-short-
range transition. Beyond this region, the decrease becomes
more incremental: the theoretical RSSI is about -48.69 dBm
at 15 m, -51.19 dBm at 25 m, and approximately -53.13
dBm around 30 m, reflecting smaller additional losses per
distance step. At 50 m, the predicted RSSI reaches
approximately -59.15 dBm, and the overall trend is
consistent with the expected ~6 dB reduction for distance
doubling at longer ranges (e.g., 25—-50 m). This theoretical
behavior provides a baseline reference for evaluating the
experimentally observed LoRa RSSI performance under the
same distance conditions.

RSSI (dBm)

-59,15
-70
0 10 20 30 40 50 60
Distance (m)

—@—RSSI Theoretical (dBm) —@—RSSI Experimental (dBm)

Figure 25. Theoretical vs. Experimental RSSI Comparison for
LoRa

Figure 25 compares the FSPL-based theoretical and
experimentally measured RSSI values for LoRa at 433 MHz
over increasing distances. Both curves show the same
overall attenuation behavior: RSSI decreases sharply at
short distances and then declines more gradually at longer
ranges, consistent with the logarithmic distance
dependence of the FSPL model. At 30 cm, the theoretical
RSSI is approximately —14.71 dBm, while the experimental
value is close to —15 dBm, indicating very strong agreement
at the reference short range. At 5 m, the theoretical value is
about -39.15 dBm and the measured RSSI is around -40
dBm, again showing only a minor deviation of roughly 1 dB.
At 25 m, the theoretical RSSI is approximately -53.13 dBm,
whereas the experimental value is around -51 dBm,
meaning the measured signal is slightly stronger than the
theoretical baseline by about 2 dB. At 50 m, the theoretical
prediction is -59.15 dBm and the experimental
measurement is approximately =56 dBm, indicating a larger

JSTER - No. 01 (2026)

positive deviation of around 3 dB at the longest distance.
Overall, the close alignment between theoretical and
experimental LoRa curves suggests that distance-
dependent attenuation follows the expected baseline
trend, while the small positive deviations in the
measurements-particularly at longer distances-can be
attributed to indoor multipath effects and constructive
reflections that may locally enhance received signal levels.

Distance-based measurements from the first, second, and
third experimental scenarios demonstrate that ESP32
experiences a more rapid increase in RSSI loss as distance
increases. This behavior follows an approximately linear
trend, indicating higher sensitivity to distance in indoor
environments. In contrast, LoRa exhibits a slower and more
gradual RSSI degradation, with only minor variations
observed beyond certain distance thresholds. These
findings indicate that ESP32 loses signal strength more
rapidly than LoRa as distance increases, supporting the
conclusion that LoRa provides more stable long-range
indoor communication. The numerical results obtained
from the first, second, and third experimental scenarios are
presented in Table 1, Table 2, and Table 3, respectively.

Table 1. Results of Experiment 1

— -
; < 2 T
g Q ¥ < Q
3 3 s 2 S
Q Q 17 S 0\
S S a S &
1 ESP32 30 cm 4m diameter, -31
no obstacle,
ceiling height
2.40m
1 LoRa 30cm 4m diameter, -15
RA-02 no obstacle,
ceiling height
2.40m

Table 2. Results of Experiment 2
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Steel
Aluminium -57 26 -27 12
Composite
Double -37 6 -15 0
Layer Glass
Plexiglass -33 2 -15 0
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0SB -32 1 -15 0
(Oriented
Strand Board)
Chipboard -32 1 -15 0
Drywall -33 2 -15 0

Based on these observations, ESP32 is well suited for short-
distance and high-speed communication scenarios,
whereas LoRa offers clear advantages for longer distances
where signal stability is critical. The results obtained from
the third experimental scenario further emphasize this
distinction. In the L-shaped corridor configuration, where
line-of-sight conditions were partially or completely lost,
ESP32 showed a pronounced decrease in RSSI values. LoRa,
on the other hand, maintained communication at lower
RSSI levels and demonstrated greater resilience under non-
line-of-sight conditions, as show in Table 1, Table 2, Table 3.

The fourth experimental scenario focused on evaluating the
impact of physical obstacles on signal attenuation. The RSSI
results obtained under different obstacle conditions are
presented in Table 4. In this experiment, obstacles with
dimensions of approximately 45-50 cm were placed
between the transmitter and receiver. For both
communication technologies, materials with high electrical
conductivity resulted in more severe signal attenuation.
Stainless steel caused a significant reduction in RSSI values,
while aluminium composite materials-consisting of dual
aluminium layers with an insulating core-produced
attenuation levels comparable to or slightly higher than
those observed with stainless steel, as shown in Table 4.

For ESP32 communication, non-metallic obstacles produced
relatively small RSSI variations that remained within
tolerable limits. In contrast, LoRa communication exhibited
minimal sensitivity to most obstacle types, often producing
RSSI values similar to those observed in unobstructed
conditions. These results highlight the superior penetration
capability of LoRa signals in indoor environments containing
physical obstructions.
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Figure 26. RSSI Variation with Obstacle Materials

Figure 26 presents the measured RSSI values for ESP32 (2.4
GHz) and LoRa (433 MHz) under different obstacle materials
placed between the transmitter and receiver, allowing a
direct comparison of obstacle-induced attenuation effects.
Overall, LoRa maintains consistently higher (less negative)
RSSI levels than ESP32 across all tested materials, indicating
stronger link robustness under obstructed indoor
conditions. For non-metallic obstacles such as drywall,
chipboard, 0SB, and plexiglass, ESP32 RSSI remains
clustered around approximately -32 to -33 dBm, while
LoRa stays near —15 dBm, suggesting that these materials
introduce limited additional loss within the tested setup. In
contrast, conductive materials produce the most
pronounced degradation for both technologies. Aluminium
composite leads to a major RSSI reduction, with ESP32
dropping to about -57 dBm and LoRa to approximately -27
dBm, while stainless steel also causes substantial
attenuation (ESP32 = -51 dBm; LoRa = -26 dBm). Double-
layer glass shows a moderate impact compared to metals
(ESP32 = -37 dBm), whereas LoRa remains close to its
baseline level (= -15 dBm). Taken together, the figure
highlights that obstacle material properties -particularly
electrical conductivity-strongly influence RSSI, and that
LoRa exhibits greater resilience than ESP32 in metal-rich or
obstacle-dense indoor environments.
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Considering all experimental scenarios collectively, the
findings indicate that ESP32 provides efficient and reliable
communication for short-range and unobstructed indoor
applications, whereas LoRa is more suitable for short-,
medium-, and long-range scenarios involving physical
obstacles. The primary limitation of LoRa communication
lies in its lower data rate and payload capacity, which
restrict its applicability in high-throughput applications
despite its robustness in challenging propagation
environments.

V.  DISCUSSION

The experimental results can be interpreted primarily
through the fundamental differences between the carrier
frequencies used by the two communication technologies.
In this study, ESP32-based Wi-Fi operates at 2.4 GHz, which
lies in the super high frequency (SHF) band, whereas LoRa
communication operates at 433 MHz within the ultra-high
frequency (UHF) band. Due to the inherent differences in
wavelength and propagation characteristics between these
frequency bands, a meaningful comparison of distance -and
obstacle- related performance becomes possible. Had the
two systems operated at similar frequencies, the observed
results would likely have converged, limiting the validity of
a comparative analysis.

It is well established that higher-frequency signals are
generally more sensitive to distance and physical
obstructions than lower-frequency signals. This behavior
explains why ESP32 communication demonstrates more
stable performance at shorter distances but experiences
faster signal degradation as distance increases or obstacles
are introduced. In contrast, LoRa communication benefits
from its lower carrier frequency, which enables improved
penetration through walls and other obstacles, as well as
more stable propagation over longer distances. The
experimental findings obtained under identical indoor
conditions confirm this theoretical expectation and provide
empirical support for previously reported propagation
characteristics [14], [16].

The results further indicate that low-frequency
communication protocols exhibit superior robustness
against both distance-induced path loss and obstacle-
related attenuation. However, this advantage comes with
an inherent trade-off. As carrier frequency increases, higher
data rates and larger payload capacities become achievable,
allowing more information to be transmitted within a given
time interval. Consequently, ESP32-based  Wi-Fi
communication is better suited for applications requiring
higher throughput over short and unobstructed distances.
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In contrast, LoRa communication, while offering greater
stability and extended range in indoor and outdoor
environments, is constrained by lower data rates and
smaller payload sizes, necessitating the use of compact data
packets for reliable long-distance transmission.

Overall, the findings of this study highlight the importance
of frequency selection in indoor wireless system design. The
experimental results demonstrate that communication
performance is strongly influenced by frequency-
dependent propagation behavior, and that the choice
between high-frequency and sub-GHz technologies should
be guided by application-specific requirements, such as
transmission range, obstacle density, and data volume.
The indoor results obtained in this study should be
interpreted in relation to the characteristics of the
measurement environment. In corridor-based indoor
spaces, signal propagation is influenced not only by
separation distance but also by wall geometry, reflections
from the floor and ceiling, door openings, metallic frames,
and directional changes along the propagation path. In
particular, in the L-shaped corridor scenario, the transition
from line-of-sight to non-line-of-sight propagation
introduces additional attenuation mechanisms, such as
corner diffraction, partial shadowing, and multipath
reception. Under such conditions, the received signal level
may not decrease uniformly; instead, local increases or
decreases may occur depending on the constructive or
destructive interaction of reflected components. In
practical deployments, these effects may become even
more pronounced in buildings containing elevators, metallic
doors, dense furniture, reinforced concrete structures or
simultaneously operating wireless systems. Therefore, the
results presented here should be regarded as controlled
indoor measurements obtained under repeatable test
conditions, rather than as universal limits applicable to all
indoor environments.

Another important factor underlying the observed
performance difference is the spectrum occupancy of the
selected operating bands. ESP32-based Wi-Fi operates at
2.4 GHz, one of the most widely used frequency bands in
daily life, and is typically shared by routers, mobile devices,
smart appliances, and many other short-range wireless
systems. As a result, this band is more likely to experience
congestion, interference, and channel competition in
practical indoor environments. In contrast, the LoRa RA-02
module used in this study was configured to operate at 433
MHz. Compared with the heavily utilized 2.4 GHz band, the
433 MHz band was considerably less occupied in the tested
environment, which may have contributed to the more
stable reception behavior observed during the experiments.
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Although other sub-GHz systems may also operate in
neighbouring bands, the lower spectrum density at 433
MHz in the present setup provided a practical advantage for
obstacle-rich and distance-sensitive indoor transmission.

The reliability of the acquired biomedical and
environmental data was also considered during prototype
development. For the AD8232-based ECG acquisition unit,
preliminary verification was carried out through calibration-
oriented comparisons with hospital ECG monitoring outputs
and waveform observations. In addition, the pulse
calculation logic implemented in the software was refined
in light of manual pulse assessment principles discussed
with healthcare personnel. For environmental sensing,
temperature and humidity values were compared with
those obtained from commercially available measurement
devices, and calibration adjustments were applied
accordingly. It should also be noted that the initial
prototype employed a DHT11 sensor; however, because its
measurements were not sufficiently stable, the design was
revised and the DHT22 sensor was adopted in the final
system. Accordingly, the final experimental setup reported
in this study is based on the DHT22 configuration.

With respect to data security, access to the transmitter-side
interface was controlled at the network access level. To
reach the system interface and monitor the transmitted
data, the user first had to connect to the device’s wireless
network, which was protected by password authentication.
Accordingly, direct access to the transmitted data was
restricted to authorized users who were able to join the
protected network. This indicates that a basic access-
control mechanism was implemented in the prototype.
However, advanced encryption, user-specific authorization,
and end-to-end data protection mechanisms were not
incorporated in detail in the present system and remain
important considerations for future development.

A detailed power-consumption analysis was not carried out
in this study. However, practical observations during the
experiments indicated that a 10,000 mAh power bank was
sufficient to operate the system continuously for
approximately 18 hours without depletion. Based on this
observation, the average system consumption can be
estimated to have remained below the nominal full-
capacity limit of the power source, corresponding roughly
to an average operating range of less than 2 W under the
tested conditions. Although this estimate does not replace
direct current and power measurements, it suggests that
the prototype can sustain extended operation in practical
monitoring scenarios.
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From a real-time monitoring perspective, the proposed
system showed stable operation throughout the
experiments. Sensor data acquired at the transmitter were
packetized, transmitted wirelessly, decoded at the receiver,
and displayed on the ST7789 TFT screen in a continuous
loop. This enabled real-time observation of both sensor
outputs and RSSI values during the measurements. In the
ESP32-based configuration, update behavior depended
more strongly on connection quality and environmental
conditions, whereas in the LoRa-based configuration,
communication followed fixed packet intervals. Therefore,
the real-time performance of the system should be
interpreted not only in terms of raw delay, but also in terms
of update regularity and communication continuity.
Although detailed timing analyses, such as end-to-end
delay, jitter, and packet-level latency, were beyond the
scope of this study, the system maintained continuous
monitoring functionality throughout the tested indoor
scenarios.

This study has several practical limitations that should be
acknowledged. First, the experiments were conducted
using a single transmitter and a single receiver, and the
hardware comparison was limited to the ESP32 and LoRa
RA-02 modules. Second, the system architecture was
developed within the constraints of the available prototype
circuits and budget; therefore, a multi-node communication
structure could not be implemented in the present study. In
principle, both ESP32- and LoRa-based systems can be
extended to support communication among multiple
devices by increasing the number of nodes and adapting the
circuit topology accordingly. However, the present thesis
and article were intentionally limited to a one-to-one
communication framework in order to ensure repeatability
and enable a controlled comparison.

VL. CONCLUSIONS AND RECOMMENDATIONS

This study presents a comparative evaluation of ESP32-
based Wi-Fi and LoRa communication under indoor
conditions, focusing on the effects of distance and physical
obstacles on RSSI behavior. The experimental results
confirm an expected yet important performance difference
between the two technologies. While both systems enable
reliable indoor data transmission, their effectiveness varies
significantly depending on distance, obstacle presence, and
application requirements.

The findings indicate that ESP32 provides efficient and
stable communication over short distances, particularly in
unobstructed environments where higher data rates are
desirable. However, as transmission distance increases,
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ESP32 exhibits a rapid increase in RSSI degradation, leading
to weakened link reliability. In contrast, LoRa demonstrates
greater tolerance to distance-related path loss, maintaining
more stable RSSI values beyond certain distance thresholds.
This behavior makes LoRa a more suitable option for
medium- and long-range indoor communication scenarios.

Obstacle-based experiments further emphasize this
distinction. Materials with high electrical conductivity, such
as stainless steel and aluminium composite, caused
noticeable signal attenuation for both communication
technologies. Nevertheless, LoRa consistently
outperformed ESP32 in these conditions, exhibiting
superior resilience against obstacle-induced signal loss. The
selection of obstacle materials in this study reflects
commonly used components in modern buildings, including
metallic structural elements, drywall, glass, wood-based
furniture materials, and plexiglass. As a result, the
experimental outcomes provide practical insights into how
different construction materials influence indoor wireless
communication performance and guide protocol selection
during system design.

Based on these results, ESP32 is recommended for short-
range, high-throughput applications within single rooms or
unobstructed indoor spaces, whereas LoRa is more
appropriate for systems spanning multiple rooms, longer
distances or environments with significant physical
obstructions. In hybrid system architectures, a combined
approach may be advantageous. For example, multiple
ESP32 nodes can communicate locally within a networked
environment, while LoRa links can be used to transmit
aggregated data to remote or obstacle-rich locations,
enabling scalable and flexible monitoring systems.

Future work on the proposed system may focus on
improving portability, integration, and scalability. Although
the socket-based circuit design offered flexibility during the
prototyping phase, it also increased the overall device size.
More compact modular configurations, integrated battery
operation, and expanded data aggregation structures may
further enhance the practicality of the system for
continuous indoor monitoring applications.

The findings of this study indicate that the indoor
performance difference between ESP32-based Wi-Fi and
LoRa communication should be interpreted not only in
terms of communication range, but also in relation to
obstacle sensitivity, operating frequency, transmission
structure, and practical monitoring requirements. Under
the tested indoor conditions, ESP32 demonstrated
satisfactory performance at short distances and in relatively
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unobstructed spaces, particularly in cases where faster data
exchange and higher throughput are desirable. However,
the measurements also showed that ESP32 was more
sensitive to increasing distance and to conductive or
partially blocking materials, leading to a steeper decline in
RSSI.

In contrast, LoRa maintained stronger and more stable
reception behavior across both distance-based and
obstacle-based scenarios, particularly in the corridor and
NLOS measurements. This suggests that LoRa constitutes a
more robust solution for indoor monitoring systems
operating across multiple rooms, around corners or in the
presence of construction materials that may attenuate
higher-frequency signals. At the same time, its lower data-
rate structure makes it more suitable for compact and
periodic monitoring data rather than continuous high-
throughput transmission. Future studies may build on the
present work by incorporating multi-node architectures,
more detailed analyses of delay and packet loss, direct
energy-consumption measurements, enhanced data-
security mechanisms, and validation under different
building and interference conditions.
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