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ABSTRACT 

Background. Cloud-integrated spectrometric laboratories face communication 
challenges in achieving real-time data access and analysis. This study compares two 
wireless protocols, MQTT (Message Queuing Telemetry Transport) and ESP-NOW 
(Espressif NOW), for LED control in such environments. MQTT offers lightweight, 
bandwidth-efficient, publish-subscribe messaging [1–3], while ESP-NOW provides energy-
efficient direct communication without a Wi-Fi router. The objective is to evaluate their 
performance and suitability. 

Materials and Methods. An experimental setup involved a StellarNet spectrometer, 
LED light sources, and ESP32 microcontrollers. Two architectures were tested: 1) direct 
MQTT Communication, where each ESP32 connected directly via Wi-Fi to an MQTT broker; 
and 2) an edge device with ESP-NOW relay, using an edge ESP32 for MQTT/Wi-Fi 
communication, then relaying commands via ESP-NOW to other ESP32s. Response times 
for LED control were measured over 100 cycles, and data were analyzed using descriptive 
statistics and an independent samples t-test. 

Results and Discussion. Direct MQTT Communication exhibited significantly lower 
latency (median ~60 ms) and tighter distribution compared to the Edge Device with ESP-
NOW Relay (median ~170 ms). A t-test confirmed a statistically significant difference (t=-
46.28), with MQTT demonstrating faster response times. However, the ESP-NOW relay 
system offers architectural advantages: reduced Wi-Fi dependency for individual nodes, 
enhanced deployment flexibility in areas with poor Wi-Fi coverage, improved scalability [4], 
and energy efficiency, making its higher latency a practical trade-off for large-scale 
laboratory integration. 

Conclusion. Direct MQTT Communication provides superior low-latency performance. 
However, the edge device with ESP-NOW relay, despite higher latency, is a highly 
acceptable solution due to its flexibility, scalability, and reduced Wi-Fi dependency  
for distributed spectrometric laboratories. This highlights a critical trade-off between 
absolute speed and architectural benefits for robust, smart, cloud-enabled analytical 
laboratories. 

Keywords: MQTT, ESP-NOW, spectrometric laboratory, Internet of Things, latency, 
embedded systems hardware 

INTRODUCTION 

Spectrometric laboratories are crucial in various scientific and industrial domains, 
generating vast amounts of data essential for research, quality control, and process 
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optimization. The increasing complexity of analytical processes and the demand for real-
time data access and analysis have driven the adoption of cloud integration within these 
laboratory environments [5]. Cloud-based systems offer significant advantages by 
providing a centralized infrastructure for data storage, archiving, and analysis, thereby 
supporting knowledge acquisition from analytical data [5, 6]. However, the integration of 
diverse analytical instruments and systems into a cohesive cloud-integrated framework 
presents considerable communication challenges [7]. 

The analytical laboratory often comprises numerous computer-assisted tools and 
software applications, yet communication constraints frequently impede the seamless 
sharing of scientific data [7]. Traditional wired data acquisition systems, while reliable, can 
limit accessibility and mobility, leading to higher installation and troubleshooting costs [8]. 
The shift towards wireless communication offers benefits such as reduced system size, 
lower costs, enhanced flexibility, and simplified deployments [8]. However, the diverse 
requirements of laboratory automation, including real-time data acquisition, scalability, 
energy efficiency, interoperability, and security, pose significant hurdles for selecting 
appropriate communication architectures [9]. 

In the context of the Internet of Things and smart laboratories, various wireless 
communication protocols have emerged to address these challenges. Among these, 
Message Queuing Telemetry Transport (MQTT) and ESP-NOW are prominent for their 
distinct characteristics. MQTT is a lightweight messaging protocol well-suited for IoT 
applications due to its low power consumption and bandwidth efficiency, often implemented 
on microcontrollers like the ESP32 [2]. It facilitates communication through a publish-
subscribe model, enabling devices to connect and exchange data efficiently [10]. 
Conversely, ESP-NOW offers an energy-efficient, connectionless communication protocol 
that allows devices to directly exchange data without requiring a Wi-Fi router, making it 
ideal for scenarios requiring fast, local data exchange with minimal delay [11, 12]. It utilizes 
MAC addresses for device addressing and has a maximum message size of 250 bytes, 
offering an alternative when parallel Wi-Fi communication is not feasible [13]. 

This paper presents a comparative analysis of ESP-NOW and MQTT as 
communication architectures for cloud-integrated spectrometric laboratories. By examining 
their respective strengths and weaknesses in terms of performance, reliability, and 
suitability for the unique demands of laboratory environments, this study aims to provide 
insights into optimizing data flow and connectivity. The findings will contribute to the 
development of more efficient and robust communication strategies for the next generation 
of smart, cloud-enabled analytical laboratories. 

MATERIALS AND METHODS 

This section details the experimental design and methodologies employed to compare 
two distinct communication architectures for remotely controlling LED light sources 
(CHANZON 3V 5mm 30°: LED#1 – White, 12-14 cd; LED#2 – Warm White, 14-16 cd) and 
a miniature StellarNet GREEN-Wave VIS-50 fiber-optically coupled spectrometer within a 
cloud-enabled laboratory environment. The primary objective was to assess the 
performance, particularly in terms of command response times, and identify the pros and 
cons of each architecture. 

Experimental Setup 
The experimental setup was configured to simulate a practical cloud-integrated 

spectrometric laboratory, where LED light sources are controlled remotely, and their 
spectral data can be acquired. 

The core hardware elements utilized in this study included: 

• Spectrometer: A StellarNet spectrometer was used to acquire spectral data from 
the various LED light sources. This spectrometer served as the data collection point 
for the light emitted by the remotely controlled LEDs. 
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• LED Light Sources: Multiple LED light sources were implemented, each connected 
to an individual ESP32 microcontroller for remote control. 

• Microcontroller Units: ESP32 development boards served as the primary control 
units for each LED light source. These boards are widely used in IoT applications 
[14–16]. An additional ESP32 board functioned as an edge device for one of the 
proposed communication architectures. 

Two distinct communication architectures were designed and implemented for 
comparison. 

Architecture 1: Direct MQTT Communication 
In this architecture, each ESP32 device controlling a LED light source was directly 

connected to the local Wi-Fi network (Fig. 1). These individual ESP32 devices were 
configured as MQTT clients and subscribed to a specific topic on the HiveMQ MQTT 
broker. The HiveMQ MQTT broker served as the central message broker, facilitating the 
remote transmission of commands from a central control system to the individual LED-
controlling ESP32s. This architecture required each ESP32 to maintain an active Wi-Fi 
connection and an MQTT client subscription. 

 

Fig. 1. Architecture 1 with direct MQTT connections 

The LattePanda Single-Board Computer serves as the central control unit in this 
system, integrating both hardware-level control and high-level data processing capabilities. 
Its hybrid architecture, which combines a Windows-based computing environment with an 
embedded Arduino Leonardo microcontroller, makes it ideal for IoT applications requiring 
both GPIO pin access for direct hardware manipulation and Python-based spectral 
analysis. 

Architecture 2: Edge Device with ESP-NOW Relay 
This architecture introduced an intermediary "edge" ESP32 device (Fig. 2). This edge 

device was connected to the local Wi-Fi network and functioned as an MQTT client, 
subscribing to HiveMQ MQTT broker to receive commands. Upon receiving a command 
from the broker, the edge ESP32 identified the target LED and forwarded the command to 
the corresponding LED-controlling ESP32 device using the ESP-NOW protocol. Crucially, 
the individual ESP32 devices connected to the LED light sources in this architecture were 
not required to have a direct Wi-Fi connection, relying instead on the ESP-NOW 
communication link with the edge device. 
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Fig. 2. Architecture 2 with ESP-NOW connection 

Architecture 2 distinguishes itself from Architecture 1 by introducing an intermediary 
ESP32 edge device. This edge device is the sole component requiring a Wi-Fi connection 
and MQTT subscription, relaying commands via ESP-NOW to the individual LED-
controlling ESP32s, thereby freeing them from direct Wi-Fi dependency. 

Communication Protocol Implementation 
The MQTT protocol was implemented using standard client libraries on the ESP32 

platforms [17]. The HiveMQ MQTT broker served as the central message broker, facilitating 
communication between the control system and the ESP32 devices. In Architecture 1, each 
LED-controlling ESP32 is directly connected to this broker. In Architecture 2, only the edge 
ESP32 maintained a connection to the HiveMQ broker. Commands were structured as 
JSON payloads containing the target LED identifier and the desired action (turning on/off, 
adjusting intensity). Quality of Service levels could be varied during experiments to assess 
their impact on reliability and latency [18]. 

In Architecture 2, the edge ESP32 was configured as the sender for ESP-NOW mes-
sages, and the LED-controlling ESP32s were configured as receivers. Each LED-control-
ling ESP32 was registered with the edge device using its unique MAC address. Upon recei-
ving an MQTT command, the edge ESP32 encapsulated the command into an ESP-NOW 
packet and transmitted it directly to the MAC address of the target LED-controlling ESP32. 
A callback function was implemented on both the sender and receiver sides to confirm 
message delivery. The connectionless nature of ESP-NOW was leveraged for fast, local 
data exchange without the overhead of establishing and maintaining Wi-Fi connections 
[19]. 

Command Transmission and Response Time Measurement 
Commands for controlling the LED light sources were initiated from a central control 

application. The primary data collected for analysis was the response time, defined as the 
duration from when a command was issued by the central control application until the 
corresponding LED light source executed the command (e.g., changed its state or 
intensity). For both architectures, timestamps were recorded at the point of command 
issuance and at the point of command execution by the LED-controlling ESP32. 



Comparative Analysis of Communication Architectures…  

Електроніка та інформаційні технології • 2025 • Випуск 33 47 

Performance Metrics and Measurement 
The performance evaluation primarily focused on the response time, defined as the 

time taken for a data packet (command) to travel from the command source to the target 
LED-controlling ESP32 and be executed. This was measured by embedding timestamps 
at the origin and recording them upon reception and execution. The ability to measure and 
compare latency is crucial for evaluating communication systems [20]. 

Measurement tools included internal timers on the ESP32 devices for precise timing 
of command reception and execution, as well as timestamps recorded by the central control 
system for command issuance. 

The use of MQTT QoS 2 (Exactly Once delivery) is particularly significant for the 
reliability discussion in this study. QoS 2 is the highest assurance level in the MQTT 
protocol, employing a four-step handshake (PUBLISH, PUBREC, PUBREL, PUBCOMP) 
to guarantee that each message is delivered exactly once to the subscriber, eliminating 
both message loss and duplication. In a spectrometric laboratory context, this is critical 
because duplicate LED commands could trigger redundant state changes during a spectral 
acquisition sequence, while lost commands could leave a light source in an incorrect state, 
compromising measurement integrity. The fact that QoS 2 was used in this study means 
the latency figures reported for both architectures already include the overhead of this four-
step handshake, which inherently adds processing time compared to QoS 0 or QoS 1. This 
has two important implications: first, the MQTT leg of both architectures benefits from 
protocol-level delivery guarantees, providing a strong reliability baseline; second, the 
latency values presented represent a conservative (i.e., worst-case) scenario for MQTT 
performance, and lower latencies could be achieved if a less strict QoS level were 
acceptable for a given application. 

In Architecture 2, to compensate for the absence of built-in reliability guarantees 
comparable to MQTT QoS levels, a programmatic retry mechanism was implemented on 
the ESP-NOW communication leg based on the protocol's delivery callback functionality. 
ESP-NOW provides a send callback (on_data_sent) that reports whether a transmitted 
packet was successfully received by the target peer at the MAC layer. When this callback 
indicated a delivery failure, the edge ESP32 device automatically re-attempted 
transmission of the command to the target LED-controlling ESP32, up to a predefined 
number of retries before reporting an error. This approach effectively introduces an 
application-layer reliability mechanism that mirrors, to a degree, the acknowledgment logic 
inherent in MQTT QoS levels, ensuring that transient interference or momentary 
unavailability of a receiver node does not result in a permanently lost command. 

Experimental Procedure 
Experiments were conducted to compare the response times of Architecture 1 and 

Architecture 2. Each experimental run involved: 
1. System Initialization: All ESP32 devices and the StellarNet spectrometer were 

powered on and initialized. The HiveMQ MQTT broker was confirmed to be 
operational. 

2. Command Execution: A series of predefined commands - sequential ON/OFF 
toggling of LEDs - were issued from the central control application. 

3. Data Logging: Response times for each command were recorded for both 
architectures. This involved logging the timestamp of command issuance and the 
timestamp of command execution on the target ESP32. 

4. Repetition: Each experimental scenario was repeated 100 times to ensure 
statistical significance and minimize the impact of transient network fluctuations. 
Experiments were conducted under consistent environmental conditions to ensure 
comparability. 

Experiments were conducted under consistent environmental conditions to ensure 
comparability. Wi-Fi channel congestion was monitored; no other devices shared the 
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network, and tests were run at specific times to avoid interference. A dedicated access 
point with no competing traffic was used, along with fixed physical distances between 
devices. 

A follow-up study measuring delivery success rates under varying network loads and 
interference conditions would substantially complement the latency analysis and provide a 
more complete basis for recommending one architecture over the other. 

Data Analysis 
Raw response time data, collected from the experimental runs, were processed using 

custom scripts developed in the Python programming language. For statistical analysis, 
Python was also utilized, incorporating relevant statistical libraries such as Pandas for data 
manipulation, Scipy.stats for inferential statistics, and Matplotlib.pyplot and Seaborn for 
data visualization. 

Descriptive statistics, including mean, median, and measures of spread, were 
calculated for the response times of both the Direct MQTT Communication and Edge 
Device with ESP-NOW Relay architectures. 

To determine if the observed differences in mean response times between the two 
architectures were statistically significant, an independent samples t-test was performed. 
This inferential statistical test is specifically designed to compare the means of two 
independent groups. A significance level of p < 0.05 was considered statistically significant 
for all comparisons. This conventional threshold was initially proposed by R. Fisher and 
remains a widely accepted standard in many scientific fields [21–23]. 

Data visualization techniques, including histograms and scatter plots, were employed 
to illustrate the distribution characteristics, variability, and overall comparison of response 
times for both architectures. These visualizations complemented the statistical analysis by 
providing a clear graphical representation of the performance differences. 

RESULTS AND DISCUSSION 

This section presents empirical results obtained from the comparative analysis of 
Direct MQTT Communication and Edge Device with ESP-NOW Relay. The measured 
response times for LED control commands are analyzed, followed by a statistical 
comparison and a discussion of the practical implications and acceptability of each 
architecture within a cloud-integrated spectrometric laboratory. 

Latency Analysis 
The performance of both communication architectures was evaluated based on 

command response times over 100 experimental cycles. In practice, 100 repeated 
measurements per ESP device (yielding n=200 per architecture per device and n=400 
overall) provided sufficient statistical power to detect the large effect size observed — the 
t-statistic of –46.28 reflects an enormous difference relative to within-group variance, 
meaning even a smaller sample would have reached significance. The central limit theorem 
also ensures that with n=400, sampling distributions of the means are well-approximated 
as normal, supporting the validity of the t-test. 

The Direct MQTT Communication architecture consistently demonstrated lower 
latency (Fig. 3). As illustrated in the Histogram of MQTT Latency (Fig. 4), the response 
times were heavily concentrated at the lower end of the spectrum, indicating quick 
command execution. 

Median response time was approximately 60 ms. The interquartile range for MQTT 
latency was tight, spanning roughly from 55 ms to 75 ms, suggesting consistent 
performance for the majority of command cycles. However, a few outliers were observed, 
with one significant spike approaching 440 ms. These transient peaks could be attributed 
to network congestion, Wi-Fi interference, or processing delays within the MQTT broker or 
the individual ESP32 Wi-Fi stack. 
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Fig. 3. MQTT architecture latency over 100 cycles plot. 

 

Fig. 4. Histogram of MQTT architecture. 

 
In contrast, the edge device with ESP-NOW relay architecture exhibited generally 

higher response times (Fig. 5). The histogram of NOW Latency (Fig. 6) reveals a broader 
distribution of latencies, with the peak shifted towards approximately 170 ms. 
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Fig. 5. ESP-NOW architecture latency over 100 cycles plot. 

 

Fig. 6. Histogram of ESP-NOW architecture. 

Median response time was around 170 ms. The interquartile range for ESP-NOW was 
wider than that of MQTT, indicating greater variability in response times. Furthermore, the 
NOW Latency Over 100 Cycles plot highlighted more frequent and higher magnitude 
outliers compared to MQTT, with some response times reaching approximately 580 ms 
and a maximum of about 790 ms. These increased latencies and variability are likely a 
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consequence of the added processing time at the edge device for translating MQTT 
commands to ESP-NOW messages, the additional communication hop, and potential 
overheads in the ESP-NOW protocol itself. 

Statistical Comparison 
A qualitative statistical comparison of the two architectures reveals distinct 

characteristics (Table 1). MQTT consistently provided lower median latency and a tighter 
distribution of response times, suggesting superior real-time performance and greater 
consistency for command execution. The spread of data, as represented by the IQR, was 
considerably smaller for MQTT, indicating less variability. While both protocols experienced 
latency spikes, those observed in the ESP-NOW architecture were generally of higher 
magnitude and occurred with greater frequency. 

The results of the independent samples t-test, comparing the two datasets, yielded a 
t-statistic of approximately –46.28. This t-statistic, with its large absolute value, indicates a 
substantial difference between the mean latencies of the two communication architectures. 
The negative value suggests that the mean latency for Architecture 1 was significantly 
lower than that for Architecture 2. 

This statistically significant result allows us to confidently reject the null hypothesis, 
which posits that there is no difference in the mean response times between the two 
architectures. 

Therefore, the statistical analysis confirms that there is a highly significant difference 
in the command response times, with architecture 1 demonstrating a statistically 
significantly lower latency compared to architecture 2. This quantitative finding supports 
the qualitative observations made during the initial latency analysis, solidifying the 
conclusion that MQTT provides faster and more consistent command execution in this 
experimental setup. 

Table 1. Summary of latency statistics 

Statistics  

Latency, ms 

Architecture 1 
(MQTT → ESP) 

Architecture 2 
(MQTT → EDGE → ESP-NOW → ESP) 

ESP1 
(n = 200) 

Min 51.76 153.22 

Max 165.91 789.92 

Average  62.97 179.52 

ESP2 
(n = 200) 

Min 52.96 149.39 

Max 444.03 332.91 

Average  64.91 173.44 

OVERALL 
(n = 400) 

Min 51.76 149.39 

Max 444.03 789.92 

Average  63.94 176.48 

 

Discussion of Architectural Implications and Acceptability 
The choice between architectures involves a trade-off between absolute latency 

performance and architectural flexibility, scalability, and deployment ease. 
While direct MQTT communication clearly demonstrates lower latency, making it ideal 

for applications requiring almost real-time, highly consistent communication, its deployment 
necessitates that every single ESP32 device controlling an LED light source maintains an 
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active Wi-Fi connection and an MQTT client subscription. This approach can lead to several 
challenges in a large-scale spectrometric laboratory or institutional setting: 

• Wi-Fi Network Load: Many Wi-Fi-connected devices can strain the access point's 
capacity and bandwidth. 

• Configuration Overhead: Managing Wi-Fi credentials and MQTT subscriptions for 
numerous individual devices can be complex. 

• Coverage Limitations: Devices in areas with poor Wi-Fi coverage would struggle to 
maintain connectivity. 

Despite its higher latency, architecture 2 offers compelling advantages that make it 
highly acceptable, and in many scenarios, a more practical solution: 

• Reduced Wi-Fi Dependency: Only the central edge ESP32 device requires a Wi-
Fi connection to the MQTT broker. The individual LED-controlling ESP32s 
communicate directly with the edge device via ESP-NOW, eliminating their need 
for a dedicated Wi-Fi connection. 

• Enhanced Deployment Flexibility: This architecture allows for the "spreading" of 
ESP-NOW nodes throughout an institution or laboratory space, even in areas with 
limited or no Wi-Fi connectivity. This is particularly beneficial for experimental 
setups that are physically dispersed or located in difficult-to-reach areas. 

• Scalability: ESP-NOW can support numerous devices without each consuming a 
Wi-Fi connection resource, simplifying network management and potentially 
scaling better in terms of Wi-Fi access point load. The ability to deal with resource-
constrained devices and support frequent connection/disconnection also 
contributes to scalability [4]. 

• Energy Efficiency: ESP-NOW is designed as a low-power, connection-less 
communication protocol, making it suitable for sensor nodes where energy conser-
vation is critical, as they do not need to maintain a constant Wi-Fi connection. 

• Acceptable Latency for Application: For the specific application of remotely 
controlling LED light sources in a spectrometric laboratory, the observed median 
latency of approximately 170 ms, even with occasional spikes, is generally well 
within acceptable limits. Commands such as turning LEDs ON/OFF or adjusting 
intensity are typically not time-critical to the sub-millisecond level. Human operators 
or automated scripts can easily tolerate response times within a few hundreds of 
milliseconds, or even up to a second, without significant impact on the experimental 
workflow or data integrity. The primary requirement is reliable execution, which 
ESP-NOW provides through its packet delivery mechanisms [19]. 

In summary, it should be noted that while architecture 1 offers superior raw latency 
performance, architecture 2 presents a highly acceptable and often preferred solution for 
building a cloud-integrated spectrometric laboratory due to its significant architectural 
advantages. The flexibility to deploy numerous devices without individual Wi-Fi 
connections, coupled with its scalability and energy efficiency benefits, outweighs the 
higher, yet application-acceptable, latency for many practical laboratory automation 
scenarios. 

CONCLUSION 

This study meticulously compared two distinct communication architectures – direct 
MQTT communication and an edge device with ESP-NOW relay – for their suitability in 
cloud-integrated spectrometric laboratories, focusing on command response times for LED 
light source control. The increasing complexity of analytical processes and the demand for 
real-time data access and analysis have driven the adoption of cloud integration within 
these laboratory environments. This research aimed to evaluate their performance, 
reliability, and practical implications within this specialized environment. 
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The empirical analysis, reinforced by a rigorous independent samples t-test, 
conclusively demonstrated a statistically significant difference in latency between the two 
architectures. Direct MQTT Communication exhibited a significantly lower mean latency, 
indicating superior speed and consistency in command execution when each ESP32 
device maintained a direct Wi-Fi and MQTT connection. MQTT's lightweight nature, low 
power consumption, and bandwidth efficiency make it well-suited for IoT applications [1–
3]. The t-test results, with a t-statistic of approximately –46.28, unequivocally support this 
finding. 

However, the research also highlighted that absolute latency is not the sole 
determinant of an architecture's practical utility. While the edge device with ESP-NOW relay 
presented a higher, though application-acceptable, latency, it offered substantial 
advantages in architectural flexibility, scalability, and reduced Wi-Fi dependency. ESP-
NOW is an energy-efficient, connectionless protocol that allows devices to directly 
exchange data without requiring a Wi-Fi router and utilizes MAC addresses for device 
addressing. This architecture is particularly beneficial for large or geographically dispersed 
laboratory setups where direct Wi-Fi connectivity for every node is impractical or creates 
excessive network load. By centralizing the Wi-Fi connection through an edge device, the 
ESP-NOW relay system enables the deployment of numerous sensor nodes in areas with 
limited or no Wi-Fi infrastructure, simplifying network management and enhancing energy 
efficiency for individual devices. The shift towards wireless communication, in general, 
offers benefits such as reduced system size, lower costs, enhanced flexibility, and 
simplified deployments compared to traditional wired systems [8, 24]. 

In conclusion, the choice between these two architectures necessitates careful 
consideration of the specific demands of the spectrometric laboratory. For applications 
demanding the absolute lowest latency and where pervasive Wi-Fi coverage is guaranteed, 
direct MQTT communication is the preferred choice. Conversely, for scenarios prioritizing 
architectural flexibility, broad deployment across an institution, scalability (due to less strain 
on Wi-Fi resources), and reduced individual device Wi-Fi dependency - even with slightly 
elevated but still acceptable latencies – the edge device with ESP-NOW relay stands out 
as a highly effective and practical solution. This comparative analysis provides valuable 
insights for optimizing communication strategies in the development of more efficient and 
robust smart, cloud-enabled analytical laboratories. 
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СПЕКТРОМЕТРИЧНИХ ЛАБОРАТОРІЙ: ПОРІВНЯННЯ ESP-NOW ТА MQTT 
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АНОТАЦІЯ 

Вступ. Хмарно-інтегровані спектрометричні лабораторії стикаються з проблемами 
зв'язку в забезпеченні доступу до даних та їх аналізу в режимі реального часу. У цьому 
дослідженні порівнюються два бездротові протоколи, MQTT та ESP-NOW, для 
керування світлодіодами в таких середовищах. MQTT пропонує легкий, ефективний з 
точки зору пропускної здатності обмін повідомленнями публікації та підписки [1–3], тоді 
як ESP-NOW забезпечує бездротовий енергоефективний прямий зв'язок без 
маршрутизатора Wi-Fi. Метою є оцінка їхньої продуктивності та придатності. 

Матеріали та методи. Експериментальна установка включала спектрометр 
StellarNet, світлодіодні джерела світла та мікроконтролери ESP32. Було протестовано 
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дві архітектури: 1) Прямий зв'язок MQTT, де кожен ESP32 підключався безпосередньо 
через Wi-Fi до брокера MQTT; та 2) Керуючий пристрій з ESP-NOW, використовуючи 
керуючий ESP32 для зв'язку по MQTT/Wi-Fi, а потім передаючи команди через ESP-
NOW іншим ESP32. Час відгуку для керування світлодіодами вимірювався протягом 
100 циклів, а дані аналізувалися за допомогою описової статистики та t-тесту 
незалежних вибірок. 

Результати. Прямий зв'язок MQTT продемонстрував меншу затримку (медіана ~60 
мс) та щільніший розподіл порівняно з ESP-NOW (медіана ~170 мс). T-тест підтвердив 
статистично значущу різницю (t = –46,28), при цьому MQTT продемонстрував 
швидший час відгуку. Однак ESP-NOW пропонує архітектурні переваги: меншу 
залежність окремих вузлів від Wi-Fi, гнучкість розгортання з поганим покриттям Wi-Fi, 
кращу масштабованість [4] та енергоефективність, що робить її вищу затримку 
практичним компромісом для інтеграції масштабної лабораторії. 

Висновки. Прямий MQTT забезпечує кращу продуктивність з низькою затримкою. 
Однак, керуючий пристрій з ESP-NOW, незважаючи на вищу затримку, є прийнятним рі-
шенням завдяки своїй гнучкості, масштабованості та меншій залежності від Wi-Fi для 
розподілених лабораторій. Це підкреслює компроміс між абсолютною швидкістю та ар-
хітектурними перевагами для надійних аналітичних лабораторій, що працюють у хмарі. 

Ключові слова: MQTT, ESP-NOW, спектрометрична лабораторія, Інтернет речей, 
бездротовий зв'язок, затримка. 
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