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Abstract :  The ESP32 microcontroller, featuring integrated Wi Fi and Bluetooth connectivity, presents an optimal solution for 

modern IoT applications requiring efficient processing, wireless communication, and energy management. This paper provides a 

comprehensive evaluation of ESP32’s architectural features, performance characteristics, and practical implementation strate gies 

across diverse IoT domains. Through systematic analysis of hardware specifications, communication protocols, power con 

sumption patterns, and real-world deployment scenarios, this study demonstrates the ESP32’s effectiveness in smart homes, 

industrial automation, healthcare monitoring, and environmental sensing applications. Experimental validation confirms superior 

cost-performance ratios and operational reliability under varying environmental conditions. Index Terms—Index Terms—ESP32, 

Internet of Things, Mi crocontroller, Wireless Communication, Edge Computing, Embedded Systems 

 

I.INTRODUCTION 

 

The growing need for integrated calculation miniaturization, connectivity, and power efficiency, coupled with affordability, has 

prompted microcontroller demand since 2025. Current es timates predict 75 billion IoT devices by 2025. This advance ment in the 

design of embedded systems is tremendous, with the ESP32 by Espressif Systems offering a design solution with 32 integrated on 

a dual-core Tensilica LX6 processor, with wireless features and having a versatile range of periph erals. Traditionally, processing, 

wireless communication, and sensor interfacing integrated for a single IoT device required multiple discrete components, whic h 

drove up complexity and cost. The designed multifunction systems- on- chip ESP32 catered for the need of flexibility to support 

different appli cations. Having multiple communication protocols, access to MQTT, HTTP, CoAP, and WebSocket, to seamlessly 

interface to various cloud systems and mobile applications. This work focuses on a more detailed study of the ESP32. I range 

various IoT applications to ESP32 and examine its various implementations and designed use as outlined in the various relevan t 

literature. I study and analyze the hardware along lines of its specifications, energy use,  communication stack and its scale, and 

operational loss in assessment during real operational deployments  

 

II. RELATED WORK 

  

Previously conducted research examined the performance and use cases. Gupta et al. [1] demonstrated reliable data transmission 

and mesh networking capabilities. This empha sized the use of the device in distributed sensor networks. Their results 

demonstrated consistent delivery rates of over 98% during normal usage scenarios. The research conducted by Sharma and Gupta 

[2] on energyefficiency confirmed ultra low power dissipation during deep-sleep states with current draw less than 10 µA. This 

level of power consumption will allow servicing of battery operated IoT nodes in remote monitoring systems on a monthly basis , 

a crucial aspect for remote monitoring applications. 

Security solutions have been thoroughly studied by Patil et al. [3] who evaluated secure boot systems and built in encryption 

accelerators. Their results confirmed safeguards against firmware tampering and unauthorized access, both of which are critic al 

for industrial and healthcare applications. 

 

III. SYSTEM ARCHITECTURE AND DESIGN 

 

 An architecture based on the ESP32 as a central processing module is able to coordinate and integrate all the sensing, 

computation, communication, and control capabilities and functions (see Fig:block). This modular design supports  the provision 

of specific application needs while preserving sys tem coherence. Figure 1. ESP32 based IoT system architecture illustrating 

modular sensor integration, dual-core processing, wireless communica-tion, and actuator control interfaces. A. Sensing Module 

The subsystem sensing module is designed with various environmental sensors and encompasses digital and analog interfacing: 

DHT22 sensors read temperature (±0.5°C) and relative humidity (±2MQ), and gas sensors (MQ135) check air quality parameters  

such as CO2, ammonia, and other pollutants through an analog voltage output proportional to the level of concentration. Using 

the I2C interface, BMP280 barometric pressure sensors measure atmospheric pressure with a high accuracy of (±1 hPa) in the 

range of 300 to 1100 hPa. More sensors can be added like the accelerometers, and optical sensors, and communication interfaces  

http://www.ijnrd.org/


 © 2025 IJNRD | Volume 10, Issue 10 October 2025 | ISSN: 2456-4184 |IJNRD.ORG 
 

IJNRD2510255 International Journal of Novel Research and Development (www.ijnrd.org) 
 

 

c502 

 

 

    

                                         
 Fig. 1. ESP32 based IOT system architecture module  

B. Processing Module 

 With Linux FreeRTOS and LX6 architecture, sensor data acquisition and communication tasks can be executed simul taneously, 

signals processed in parallel with real-time com munication. Core 0 is responsible for Wi-Fi and Bluetooth stacks, while Core 1 

runs application-specific code, which sensor fusion, filtering algorithms, and control logic comprise. Preprocessing entails 

recalibration, moving averaging for noise suppression, and statistical methods for outlier detection. Final data is prepared for 

efficient packaging and storage in JSON format 

 

C. Communication Module 

 Wireless communication is based on various protocols and standards, including Bluetooth Classic and BLE 4.2 which support 

local device pairing and proximity-based interaction and support. Wi-Fi 802.11 b/g/n is on 2.4 GHz ISM with +20 dBm 

transmission power and 97 dBm receiver sensi tivity. MQTT supports post and subscribe messaging, while HTTP/HTTPS 

RESTful APIs and WebSocket real-time bidi rectional communication. 

 

 D. Control Module 

 Based on sensor readings and threshold conditions or remote commands, Actuator interfaces manage various output devices. For 

relay control, General Purpose Input/Output (GPIO) pins provide digital output, and for motor speed regulation, rotary contro l is 

executed through Pulse Width Modulation (PWM) signals 

 

IV. HARDWARE IMPLEMENTATION AND SPECIFICATIONS  

 

A. Core Processing Unit  

The ESP32 incorporates two Tensilica LX6 32-bit pro cesor cores with frequencies up to 240 MHz. Each core includes 

independent instruction and data. caches, arithmetic logic units, and floating-point units. The dual-core architecture supports 

symmetric multipro- cessing with shared memory access and inter-processor communication mechanisms.  

 

B. Memory Architecture  

Internal memory consists of 520 KB SRAM distributed across data RAM, instruction RAM, and cache memory. External Flash 

memory up to 16 MB provides non- volatile storage for program code, configuration param- eters, and data logging. The memory 

management unit supports virtual addressing and protection mechanisms  

 

C. Input/Output Interfaces  

The ESP32 provides 34 programmable GPIO pins sup Porting multiple functions: • Analog-to-Digital Converters (ADC): two 12-

bit SAR ADCs with 18 input channels and pro- Grammable at tenuation. • Digital-to-Analog Converters (DAC): two 8-bit DACs 

to provide precise analog output. • Serial Communication: Multiple UART, SPI, and I2C interfaces for sensor and actuator 

connectivity. • Pulse Width Modulation: 16 independent PWM channels for motor control and LED dimming. • Capacitive Touch 

Sensing: 10 touch-sensitive pins for user interface implementation. 

 

 D. Power Management  

The integrated power management unit supports multiple operational modes: • Active Mode: Full processing capability with both 

cores operational, 80-260 mA consumption. • Modem Sleep: CPU active, wireless interfaces dis- en abled (15-20 mA 

consumption). • Light Sleep: CPU suspended, peripherals active (0.8 mA consumption. operational (¡10 A consumption). • Deep 

Sleep- minimal active circuitry, wake-up timers operational (¡10 A consumption). 

 

 

 

http://www.ijnrd.org/


 © 2025 IJNRD | Volume 10, Issue 10 October 2025 | ISSN: 2456-4184 |IJNRD.ORG 
 

IJNRD2510255 International Journal of Novel Research and Development (www.ijnrd.org) 
 

 

c503 

V. IMPLEMENTATION METHODOLOGY AND TESTING  

 

A. Prototype Development Construction of the experimental prototype followed the de signs of standard breadboards and modular 

sensor assemblies. For the power supply and peak operational mode, I used 3.3V linear regulators of the appropriate current r ating 

and feedback regulation. For the antennas, I followed the manufacturer’s guidelines on placement for optimum wireless  

performance. 

 

B. Software Development Environment  

For the firmware, I used the ESP-IDF software environment, which is integrated with the hardware real-time operating system 

and provides access to various features. The incorpo rated development tools include cross-compilation, the FreeR TOS kernel 

and task scheduling with synchronization, Wi-Fi and Bluetooth and the additional wireless stack, peripheral drivers, and over-the-

air updates. The use of Arduino IDE and MicroPython as alternative development platforms was for educational purposes and 

rapid prototyping. Alternative development platforms include Arduino IDE and MicroPython were considered for rapid 

prototyping and educational purposes.  

 

C. Communication Performance Evaluation For the wireless communication part, I evaluated it under various environmental 

conditions. For Wi-Fi, I evaluated it on a distance of 5-50 meters and on a different configuration of obstacles. For the Bluetooth 

evaluation, I assessed it on range, connection stability, and data throughput on paired devices. I checked the network latency 

against the time synchronization method.  

 

D. Power Consumption Analysis Power consumption measurements used high precision mul timeters that were data logging 

capable. Current draw was monitored across all operational modes. These include active processing, wireless transmission, sensor 

sampling, and sleep states. When assessing battery life, we also incorporated duty cycle analysis and capacity derating factors. 

 

 E. Environmental Stress Testing During temperature cycling, we assessed the system’s ac curacy, sensor operational, and overall 

system stability within the performance range of-40 °C to +85 °C. These included high and low humidity conditions. 

Combination of moisture resistance tech and reliability were also tested. Vibration and shock testing simulated conditions of 

industrial deployment. 

 

VI. EXPERIMENTAL RESULTS AND ANALYSIS 

A. Communication Performance  

Wi-Fi latency measurements were taken at a range of 15 meters. The measurements averaged 28 ms with a standard deviation 

of 5 ms. Packet delivery ratio was above 99.5 and sustained data throughput levels reached 2.5 Mbps for TCP connections and 

3.2 Mbps for UDP protocols. Bluetooth performance was reliable across connections with a 10-meter range and latency under 

50 ms for small data packets. The BLE advertising and discovery processes were completed in 2-3 seconds 

 

B. Power Consumption Characteristics 

The detailed power analysis has unaverage- Bluetooth op eration: 120-140 mA active, 40-60 mA. Power consumption 

patterns, difficulty with operational mode: Wi-Fi transmission: 170-200 mA. Peak: 80-100 mA. Average- Bluetooth operation: 

120-140 mA active, 40-60 mA. Idle- sensor sampling: 10-15 mA additional per active. 

 

C.   Sensor Accuracy and Stability  

Sensor Accuracy and Stability. Temperature sensors main tained ±1.2°C accuracy across the full operating range. The 

humidity measurements showed ±1.8 sensors demonstrated the ±0.8 hPa accuracy with excellent long-term stability. Drift 

analysis over the 60-day test period revealed minimal sensor degradation, with temperature drift below 0.1°C per month and 

humidity drift under 0.3  

 

D. System Reliability Assessment 

Continuous operation testing confirmed 99.4 uptime over the evaluation period. Primary failure modes included network      

connectivity issues (0.4 and sensor communication errors (0.2. There were hardware failures during the test period. Memory 

fragmentation analysis showed stable heap uti ization with periodic garbage collection preventing memory leaks. Task 

scheduling latency remained below 1 ms under maximum load conditions. VII. Comparative Analysis  

 

VII. COMPARATIVE ANALYSIS  

 

Table 1.0 provides itemized comparisons against other mi crocontroller platforms. ESP32 shows higher integration of wireless 

connectivity and processing capability at competi tive prices. Performance benchmarks show ESP32’s compu tational 

superiority in floating point operations, cryptographic functions, and multi-tasking execution. Wireless capabilities integrated 

end 
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Parameter ESP32 Arduino UNO STM32F4 

Architecture LX6 Dual-Core AVR ARM Cortex-M4 
Clock Speed (MHz) 240 16 168 
SRAM (KB) 520 2 192 
Flash (MB) 16 0.032 1 
Wi-Fi Native None External Module 
Bluetooth BLE 4.2 None External Module 
GPIO Count 34 14 82 
ADC Channels 18 6 16 
PWM Channels 16 6 14 
Power (Active mA) 80-260 50-70 100-150 
Power (Sleep µA) <10 15000 1.7 
Cost (USD) 3-5 8-12 12-15 

Development Ecosystem Excellent Excellent Very Good 

 

Performance benchmarks indicate ESP32’s computational advantage in floating-point operations, cryptographic func- 

tions, and concurrent task execution. Integrated wireless capa- bilities eliminate external component requirements, 

reducing system complexity and cost. 

 

VIII.APPLICATION CASE STUDIES 

A. Smart Agriculture Implementation  

        An extensive irrigation management system was imple mented over a 5-hectare farm using 12 ESP32 nodes for distributed 

monitoring and control. Soil moisture sensors, weather stations, and valve actuators were put together in a central management 

platform. Implementation outcomes showed 35water usage than conventional irrigation practices. 18-22optimized watering 

schedule and timing of nutrient de livery. Payback period for the system was worked out at 1.8 years with hardware, installation, 

and maintenance expenses. LoRa communication modules extended coverage of sensor network to distant field locations beyond 

Wi-Fi reach. Mesh networking feature offered redundant communication lines for enhanced system reliability 

 

B. Industrial Monitoring and Predictive Maintenance  

       For equipment monitoring in manufacturing, we used ESP32 nodes with vibration sensors, temperature probes, and current 

transducers monitors. Abnormal configurations and sensor data indicating equipment failures were predicted using machine 

learning algorithms. Predictive maintenance unsched uled downtimes. Early predictive maintenance unscheduled downtimes by 

42Predictive maintenance unscheduled down times by offered Early diagnostic tools offered predictive maintenance unscheduled 

downtimes by scheduled mainte nance within 42 Early diagnostic tools offered predictive maintenance unsched uled downtimes 

by scheduled mainte nance within 42 Early diagnostic tools offered predictive maintenance unscheduled downtimes by scheduled 

mainte nance. Enterprise resource planning systems automated work order generation and parts procurement enhancing 

operational efficiency. Order generation and parts procurement enhanced operational resource planning systems automated work 

order generation and parts procurement enhancing operational effi ciency with order generation and parts procurement enhanced  

operational resource planning systems automated work order generation enhancing operational efficiency  

 

 

IX. CONCLUSION  

This detailed study into the ESP32 microcontroller and its use for IoT applications shows a systematic analyzation of its suite of 

hardware capabilities, different deployment methods, and performance indicators in actual environments.. The ar chitecture 

features of the ESP32 such as dual-core processing, embedded Wi-Fi and Bluetooth interfaces, and ultra-low power processing 

capabilities make it a potential champion for the most power efficient cutting edge IoT solutions. Experimental validation secure 

operation in smart agricul ture, industrial monitoring, and residential energy management disproportinately high energy costs and 

low financial return. The extensive performance metrics across multiple applica tions 

 

REFERENCES 

[1] A. Gupta et al., “Comprehensive Performance Analysis of ESP32 Microcontroller,” IEEE Access, vol. 11, pp. 45231–45248, 

2024. 

[2] K. Sharma and P. Gupta, “Energy Efficient IoT System Design Using ESP32,” International Journal of Smart Systems, vol. 8,  

no. 3, pp. 127–142, 2022.  

[3] S. Patil et al., “Edge Computing on ESP32 for Healthcare Applications,” IEEE Embedded Systems Letters, vol. 15, no. 4, pp. 

89–95, 2021. 

[4] P. Deshpande et al., “Secure Protocol Implementation on ESP32 Mi crocontroller,” in Proc. Int. Conf. IoT and Smart Systems, 

pp. 234–241, 2020. 

[5] R. Kumar and V. Singh, “Comparative Study of ESP32, STM32, and Raspberry Pi Pico for IoT Applications,” IEEE Internet 

of Things Journal, vol. 11, no. 8, pp. 13456–13467, 2024. 

[6] L. Chen et al., “Machine Learning Integration with ESP32 for Environ mental Monitoring,” Sensors and Actuators A: 

Physical, vol. 345, article 113789, 2023. 

[7] H. Lee and J. Park, “IoT Power Management Strategies Using ESP32 in Smart City Applications,” IEEE Sensors Journal, vol. 

24, no. 6, pp. 1012–1023, 2023. 

[8] M. Rodriguez et al., “Wireless Mesh Networks Implementation Using ESP32 for Industr ial IoT,” IEEE Trans. Ind. Electron., 

vol. 70, no. 4, pp. 3456–3467, 2023. 

[9] Y. Zhang, H. Kim, and S. Park, “Performance Optimization of ESP32 for Low-Power IoT Devices Using Dynamic Clock 

Scaling,” IEEE Internet of Things Journal, vol. 10, no. 5, pp. 4503–4512, 2024.  

[10] T. Nguyen and D. Lee, “Secure Data Transmission Framework for ESP32-Based IoT Systems,” IEEE Access, vol. 12, pp. 

77890–77902, 2024. 

http://www.ijnrd.org/


 © 2025 IJNRD | Volume 10, Issue 10 October 2025 | ISSN: 2456-4184 |IJNRD.ORG 
 

IJNRD2510255 International Journal of Novel Research and Development (www.ijnrd.org) 
 

 

c505 

[11] R. Patel and M. Joshi, “Cloud Integration and MQTT-Based ESP32 IoT Systems for Smart Homes,” IEEE Consumer 

Electronics Magazine, vol. 13, no. 2, pp. 56–63, 2024. 

[12] A. Das and K. Banerjee, “Real-Time Environmental Monitoring Using ESP32 and Machine Learning,” IEEE Sensors 

Letters, vol. 8, no. 7, pp. 1–4, 2023. 

[13] N. Ali, F. Ahmad, and S. Malik, “Comparative Study of ESP32 and Raspberry Pi Pico W for Wireless IoT Networks,” IEEE 

Trans. Instrum. Meas., vol. 73, article 4512108, 2024. 

[14] C. Wang et al., “Energy Harvesting for ESP32 IoT Nodes in Remote Sensing Applications,” IEEE Trans. Sustain. Comp ut., 

vol. 9, no. 1, pp. 112–123, 2024. 

[15] P. Singh and V. Arora, “AI-Enabled Predictive Maintenance Using ESP32 and TensorFlow Lite,” IEEE Trans. Ind. 

Informatics, vol. 19, no. 8, pp. 8120–8132, 2023. 

[16] L. Santos et al., “BLE Mesh Network Implementation Using ESP32 for Smart Lighting Systems,” IEEE Access, vol. 11, pp. 

124509–124520, 2023. 

[17] D. Kumar and S. Reddy, “Design of a Low-Cost IoT Weather Station Using ESP32 and BME280 Sensors,” in Proc. IEEE 

TENCON, pp. 2314–2319, 2023. 

[18] J. Moreno and A. Torres, “ESP32-Based Smart Grid Node with Wi-Fi and LoRa Dual Connectivity,” IEEE Internet of 

Energy Journal, vol. 2, no. 1, pp. 67–75, 2024. 

[19] S. Wagh, A. Tapadiya, M. Saner, and P. Gawande, “Innovative Waste Collection System: ESP32 and IoT with ML Module 

Integration in Smart Dustbins,” National Conference on Recent Technologies and Innovations in Electronics, 2024. 

[20] P. Gawande, R. Salunkhe, S. Naik, and S. Limkar, “Enabling Remote Healthcare: A Smart IoT-Based Health Monitoring 

System Integrating ESP32 and MAX30100Pulse Oximeter,” National Conference on Recent Technologies and Innovations in 

Electronics, 2024. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

http://www.ijnrd.org/

