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Abstract—This research details the development of a radar
system for vehicle speed detection and license plate recognition,
integrating an IR sensor, ESP32 microcontroller, Arduino Uno,
and MATLAB software. The system’s primary objective is to
accurately measure vehicle speeds and extract number plates
using a combination of hardware and software components. The
hardware setup includes an IR sensor for vehicle detection and
an ESP32 with a Wi-Fi module for data transmission, while an
Arduino Uno interfaces these components and collects sensor
data. Software aspects involve Arduino IDE for programming
the Uno and MATLAB for advanced image processing and
analysis, facilitating efficient extraction of number plates. Optical
Character Recognition (OCR) algorithms are then employed
to recognize alphanumeric characters. By analyzing sequential
images captured at specific intervals, the system estimates vehicle
speed. This automated system has potential applications in traffic
management, law enforcement, and parking enforcement, offer-
ing a comprehensive solution for monitoring traffic, detecting
license plates, and estimating vehicle speed.This research directly
supports SDG 9 (Industry, Innovation and Infrastructure) by cre-
ating innovative technological infrastructure, and also contributes
to SDG 11 (Sustainable Cities and Communities) by enhancing
road safety and traffic management.

Index Terms—Radar system, vehicle speed detection, license
plate recognition, IR sensor, ESP32, Arduino, MATLAB, image
processing, OCR, traffic management.

I. INTRODUCTION

The enforcement of traffic laws and the enhancement of road
safety have long been critical objectives for authorities world-
wide. A significant aspect of these efforts involves accurately
measuring vehicle speeds and identifying vehicles for various
purposes, including law enforcement and traffic management.
The history of using radar for vehicle speed detection dates
back to the early 1950s, with the prototype Speed Copsdevice
introduced in the United Kingdom in 1952 marking a pivotal
moment [1]. This early adoption of Doppler radar technology
laid the groundwork for widespread implementation of speed
enforcement systems [2].
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Over the decades, radar technology for speed detection
has undergone substantial evolution. Initial systems were
bulky and stationary, requiring manual adjustments and being
susceptible to calibration errors. However, advancements in
solid-state electronics, digital displays, and automatic tuning
significantly improved efficiency and reliability [3]. More
recently, the integration of digital signal processing (DSP)
has further enhanced accuracy, noise reduction, and multi-
target tracking capabilities, even in challenging conditions [4].
These technological strides have made radar-based systems
indispensable tools for monitoring and controlling vehicle
speeds globally [5].

Beyond speed detection, the ability to identify vehicles
through automatic license plate recognition (ALPR) has be-
come equally crucial. ALPR systems, often leveraging optical
character recognition (OCR) techniques, enable the extraction
of alphanumeric characters from vehicle plates [6]. The com-
bination of speed detection and ALPR offers a comprehensive
solution for modern traffic management, parking enforcement,
and security applications [7], [8]. This paper presents a novel
radar system that integrates an IR sensor, ESP32 microcon-
troller, Arduino Uno, and MATLAB software to achieve both
accurate vehicle speed detection and efficient license plate
recognition. The subsequent sections detail the methodologies,
results, and broader implications of this integrated approach.

II. METHODS

This section outlines the methodology employed in the
development of the radar system for vehicle speed detection
and license plate recognition. The system integrates both
hardware and software components to achieve its objectives.

A. Hardware Components

The core hardware components utilized in this research
include two IR sensors, an ESP32-CAM module, an Arduino



Uno, and power supply units. The interaction and config-
uration of these components are crucial for the system’s
functionality.

1) IR Sensors: Two IR (Infrared) sensors are strategically
placed to detect passing vehicles. These sensors operate on the
principle of detecting infrared radiation emitted by objects.
When a vehicle passes, the IR sensor detects it and sends
a digital signal to the Arduino Uno. The primary purpose of
using two sensors is to enable the calculation of vehicle speed.
The distance between these two sensors is a fixed parameter,
denoted as X. The output pins of the IR sensors are connected
to digital pins D7 and D8 of the Arduino Uno, while their
power pins are connected to the Arduino Uno’s 5V pin and
ground.

2) ESP32-CAM Module: The ESP32-CAM is a low-cost,
small-sized camera module based on the ESP32 chip, inte-
grating a camera sensor (OV2640), an SD card slot, and Wi-
Fi/Bluetooth connectivity. It is powered by 5V, supplied via
a 7805 voltage regulator. The ESP32-CAM’s main objective
is to capture images of vehicle license plates upon receiving
a command from MATLAB, facilitating subsequent image
processing and OCR. Communication between the ESP32-
CAM and MATLARB is established using the HTTP protocol,
allowing for live video streaming access and snapshot capa-
bilities via its IP address.

3) Arduino Uno: An Arduino Uno, based on the AT-
mega328P microcontroller, serves as the central control unit
for interfacing the IR sensors and transmitting data. It reads the
digital signals from the IR sensors, calculates the time taken
for a vehicle to travel between them, and subsequently deter-
mines the vehicle’s speed. The Arduino Uno communicates
with MATLAB using the TCP/IP protocol, sending a string
signal that triggers the ESP32-CAM to capture an image when
a high-speed vehicle is detected.

4) Power Supply: The system utilizes four 3.3V batteries:
two for powering the ESP32-CAM (regulated to 5V by a 7805
voltage regulator) and two for the Arduino Uno (also regulated
to 5V by a separate 7805 voltage regulator). These regulators
ensure a stable 5V output for the respective components.

B. Software Implementation

The software aspect of the research involves programming
the Arduino Uno using Arduino IDE and developing image
processing and control logic in MATLAB.

1) Arduino IDE Programming: The Arduino code contin-
uously monitors the digital pins connected to the IR sensors.
When the first IR sensor (D7) is triggered, a timer starts. When
the second IR sensor (DS) is subsequently triggered, the timer
stops. The elapsed time is then used to calculate the vehicle’s
speed. If the calculated speed exceeds a predefined threshold
(e.g., 5 cm/sec), a signal is sent to MATLAB via TCP/IP to
initiate image capture.

2) MATLAB Software: MATLAB is used for several critical
functions:
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2)

3)

Speed Calculation: Upon receiving signals from the
Arduino, MATLAB calculates the vehicle speed using
the formula:

Distance between sensors

Speed =
pee Time elapsed

where the distance between sensors (X) is a predefined
constant. This calculation is triggered when both IR
sensors have detected the vehicle and the time elapsed
is recorded.

Image Capture: If the calculated speed is above
the threshold, MATLAB uses the ipcam() func-
tion to access the ESP32-CAM’s live stream and the
snapshot () function to capture an image of the
vehicle’s license plate. The camera’s IP address is used
for this communication.

Image Processing for OCR: The captured image un-
dergoes a series of preprocessing steps in MATLAB
to prepare it for Optical Character Recognition. These
steps are crucial for enhancing the clarity and contrast
of the license plate characters and reducing noise. The
sequence of operations includes:

e imcrop(x, [17.5 106.5 287 78]): Crops
the image to a specific region of interest (ROI)
where the license plate is expected to be located.
The ROl is defined by its top-left corner coordinates
(X, y), width, and height.

e rgb2gray (x): Converts the cropped image from
RGB to grayscale, eliminating hue and saturation
information while retaining luminance. This simpli-
fies the image for further processing.

e medfilt2(x, [1 1]1): Applies a 2D median
filter to reduce noise. Each output pixel contains
the median value in a 3x3 neighborhood around
the corresponding pixel, effectively smoothing the
image while preserving edges.

e adapthisteqg(x): Performs Contrast-Limited
Adaptive Histogram Equalization (CLAHE) to en-
hance the local contrast of the grayscale image,
making characters more distinguishable from the
background.

e imadjust (x): Adjusts the image intensity values
to increase the contrast, typically by saturating the
bottom 1% and top 1% of pixel values.

e x=imbinarize (x, threshold);
Converts the image to a binary format using Otsu’s
method for thresholding, followed by inversion to
ensure text is white on a black background. This
step isolates the characters.

e imclearborder (x): Suppresses light structures
connected to the image border, helping to remove
artifacts that might interfere with OCR.

e imresize (x, 2):Resizes the image to twice its
original size, which can improve OCR accuracy by
providing larger characters.

X=X;:



e bwareaopen (x,400): Removes small con-
nected components (objects) with fewer than 400
pixels, effectively removing small noise particles
while retaining larger license plate characters.

e g = strel(disk/4); X =
imclose (x,q) ;: Creates a  disk-shaped
structuring element and applies morphological
closing (dilation followed by erosion). This
operation helps to close small holes and gaps
within characters and smooth their outlines.

4) Optical Character Recognition (OCR): After prepro-
cessing, the image is passed to an OCR function. The
OCR is configured to specifically look for words and
uses a character set limited to capital letters and numbers
to expedite the extraction process. A loop then checks if
the extracted number consists of exactly six characters
without spaces, ensuring accuracy. A try-catch block
handles potential errors during this validation.

5) Email Notification: Finally, a sendEmail function is
invoked, taking the extracted license plate text, speed,
and the captured image as inputs. This function is
designed to send an email to the car owner, based
on a predefined mapping of license numbers to email

addresses.
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Fig. 1. Proposed System Architecture. This figure illustrates the overall
system architecture, showing the interaction between the IR sensors, Arduino
Uno, ESP32-CAM, and MATLAB. It details the data flow from vehicle detec-
tion to speed calculation, image capture, image processing, OCR, and finally,
email notification. The diagram would visually represent the connections and
communication protocols (TCP/IP, HTTP) used between different modules.

This integrated approach ensures robust vehicle detection,
accurate speed measurement, and reliable license plate recog-
nition, forming a comprehensive traffic monitoring system.

III. RESULTS

The integrated radar system successfully demonstrates its
capability in vehicle speed detection and license plate recog-
nition through a series of operational tests. The system’s
performance is evaluated based on its ability to accurately
detect vehicles, measure their speed, and extract license plate
information under controlled conditions.

Upon a vehicle traversing the detection zone, the dual IR
sensor setup effectively triggers the timing mechanism. The
Arduino Uno, programmed to monitor the digital inputs from
the IR sensors, accurately records the time elapsed between
detections. This time difference, combined with the known
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Fig. 2. Image Processing Workflow. This figure provides a detailed flowchart
of the image preprocessing steps performed in MATLAB before OCR. It starts
with the captured image and sequentially shows the application of cropping,
grayscale conversion, median filtering, CLAHE, intensity adjustment, bina-
rization, border clearing, resizing, small object removal, and morphological
closing, culminating in the processed image ready for OCR.

fixed distance (X = 5 cm) between the sensors, allows for
the real-time calculation of vehicle speed using the formula
previously presented in Section II. For instance, if a vehicle
triggers the first sensor and then the second sensor after T’
seconds, its speed is calculated as % cm/sec. The system
was configured to identify speeds exceeding 5 cm/sec as ’high

speed’ events, triggering subsequent actions.

When a high-speed event is detected, the MATLAB in-
terface initiates the image capture process from the ESP32-
CAM. The ‘ipcam()‘ and ‘snapshot()‘ functions reliably ac-
quire images of the vehicle. These captured images, often
containing varying degrees of noise, lighting inconsistencies,
and background clutter, then undergo a comprehensive im-
age preprocessing pipeline within MATLAB. The sequen-
tial application of functions such as ‘imcrop()‘, ‘rgb2gray()‘,
‘medfilt2()°, ‘adapthisteq()‘, ‘imadjust(), ‘imbinarize(), ‘im-



clearborder()‘, ‘imresize()‘, ‘bwareaopen()‘, and ‘imclose()*
effectively transforms raw images into a format optimized for
Optical Character Recognition (OCR).

Specifically, the ‘imcrop()‘ function isolates the region
of interest, significantly reducing computational overhead
and focusing the OCR on the relevant area. Conversion to
grayscale via ‘rgb2gray()‘ simplifies pixel data, while ‘med-
filt2()* effectively mitigates impulse noise. The ‘adapthisteq()*
and ‘imadjust()‘ functions are critical for enhancing local
contrast and overall intensity, making the characters on the
license plate stand out from the background. Binarization
using ‘imbinarize()‘ with Otsu’s method, followed by inver-
sion, creates a clear black-and-white representation of the
characters. Subsequent operations like ‘imclearborder()‘ and
‘bwareaopen()‘ remove extraneous elements and small noise
particles, ensuring that only significant character-like struc-
tures remain. Finally, ‘imresize()‘ and ‘imclose()‘ refine the
character shapes, making them more discernible for the OCR
engine.

The OCR algorithm, specifically configured to recognize
alphanumeric characters (capital letters and numbers), demon-
strated high accuracy in extracting license plate numbers from
the preprocessed images. The post-OCR validation loop, which
checks for a predefined character count (e.g., six characters)
and absence of spaces, further refines the output, contributing
to the system’s reliability. In cases where the OCR output did
not meet the validation criteria, the system’s error handling
mechanism (try-catch block) prevented interruptions and al-
lowed for continuous operation, albeit with a potential flag
for review.

Upon successful extraction and validation of the license
plate number, the system triggers an automated email notifica-
tion. This functionality, facilitated by the ‘sendEmail function,
successfully dispatches emails containing the detected speed,
extracted license plate, and the captured image to the cor-
responding vehicle owner. This demonstrates the end-to-end
operational capability of the system, from detection to data
processing and actionable output.

In summary, the experimental results confirm the feasi-
bility and effectiveness of the proposed integrated system.
The combination of IR sensors for robust detection, Arduino
for precise timing, ESP32-CAM for image acquisition, and
MATLAB for advanced image processing and OCR, provides
a functional and automated solution for traffic monitoring
and enforcement applications. The modular design allows for
potential enhancements and adaptations to various operational
environments.

IV. DISCUSSION AND FUTURE WORK

The developed radar system for vehicle speed detection and
license plate recognition presents a robust framework for traffic
monitoring and enforcement. The integration of readily avail-
able and cost-effective components like IR sensors, ESP32-
CAM, and Arduino Uno, coupled with the powerful processing
capabilities of MATLAB, demonstrates a practical approach
to addressing contemporary traffic challenges. The system’s

ability to accurately measure speed and extract license plate
information automatically offers significant advantages over
manual methods, enhancing efficiency and reducing human er-
ror in traffic management and law enforcement operations[8].

One of the key strengths of this system lies in its modular
design. The clear separation of hardware components (sen-
sors, microcontrollers, camera) and software functionalities
(timing, image processing, OCR, communication) allows for
independent development, testing, and potential upgrades[9].
The use of standard communication protocols like HTTP and
TCP/IP ensures interoperability and ease of integration with
other systems. Furthermore, the detailed image preprocessing
pipeline in MATLAB is crucial for the successful application
of OCR, effectively mitigating issues arising from varying
environmental conditions and image quality.

However, the current implementation also presents several
areas for discussion and future enhancement. The reliance on
two IR sensors for speed calculation, while effective, might be
sensitive to the precise placement and environmental factors
such as direct sunlight or heavy rain, which could affect
sensor accuracy. Future work could explore more advanced
sensor fusion techniques, potentially incorporating Doppler
radar modules for more precise and robust speed measurement,
especially in adverse weather conditions [10].

The image processing and OCR components, while func-
tional, could benefit from advancements in machine learning
and deep learning. The current OCR approach, which specifies
a character set and a fixed number of characters, might be
less adaptable to variations in license plate formats across
different regions or to partially obscured plates. Implementing
deep learning models, such as Convolutional Neural Networks
(CNNs) for license plate detection and character recognition,
could significantly improve accuracy and generalization capa-
bilities [11], [12]. Research into robust ALPR systems often
highlights the benefits of advanced neural network architec-
tures that can handle diverse lighting, angles, and occlusions
[13], [14].

Another aspect for future consideration is the scalability
and real-time performance of the system. While MATLAB
provides powerful tools for image processing, deploying the
entire system on embedded platforms for real-time, high-
volume traffic monitoring might require optimizing the algo-
rithms or transitioning to more resource-efficient programming
environments (e.g., C++ with OpenCV). Edge computing
solutions could process data closer to the source, reducing
latency and bandwidth requirements for data transmission [15],
[16].

Finally, the email notification system, while functional,
could be expanded to include more sophisticated alert mech-
anisms, such as integration with cloud-based databases for
vehicle registration and automated fine issuance. Enhancing
the security and privacy aspects of data handling, especially
concerning personal vehicle information, would also be a
critical consideration for real-world deployment. The potential
for integrating this system with broader Intelligent Transporta-
tion Systems (ITS) for adaptive traffic control, congestion



management, and incident detection represents a significant
avenue for future research and development [17], [18].

V. CONCLUSION

This research successfully developed and demonstrated an
integrated radar system for automated vehicle speed detection
and license plate recognition. By synergistically combining
an IR sensor for vehicle presence detection, an Arduino Uno
for precise timing and control, an ESP32-CAM for image
acquisition, and MATLAB for sophisticated image processing
and Optical Character Recognition (OCR), the system provides
a comprehensive solution for traffic monitoring. The hard-
ware components effectively capture real-time data, while the
software algorithms accurately process this information, from
calculating vehicle speed to extracting alphanumeric characters
from license plates.

The system’s ability to perform these functions automati-
cally signifies a substantial improvement in efficiency and ac-
curacy compared to traditional manual methods. The detailed
image preprocessing pipeline, including cropping, grayscale
conversion, noise reduction, contrast enhancement, binariza-
tion, and morphological operations, proved instrumental in
preparing images for reliable OCR. The successful integration
of these technologies underscores the potential for deploying
such systems in various applications, including law enforce-
ment, traffic management, and parking enforcement.

While the current system offers a robust foundation, future
enhancements could focus on incorporating more advanced
sensor technologies for improved environmental resilience and
exploring deep learning models for enhanced ALPR accuracy
and adaptability to diverse license plate formats. Optimizing
the system for real-time performance on embedded platforms
and integrating it with broader Intelligent Transportation Sys-
tems would further amplify its utility. Ultimately, this research
contributes a viable and effective solution towards safer and
more efficiently managed road networks.
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