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Abstract

In an era where urban ecosystems grapple with escalating waste management chal- lenges, this paper unveils a
groundbreaking FPGA-based smart dustbin system that redefines hygiene and sustainability through cutting-edge
automation. Harnessing the unparalleled processing prowess of the Xilinx Artix-7 FPGA, integrated with an HC- SR04
ultrasonic sensor and a precision servo motor, this innovation enables seamless, contactless waste disposal. The system
detects objects within a 5 cm to 40 cm prox- imity, triggering real-time lid actuation via sophisticated Verilog-
programmed logic, achieving sub-millisecond response times. Unlike conventional microcontroller-based solutions,
the FPGA’s parallel processing and reconfigurability unlock unprecedented scalability, paving the way for advanced
features like waste level monitoring, 10T in- tegration, and Al-driven waste sorting. This design not only enhances
public health by minimizing physical contact but also champions environmental stewardship by pro- moting efficient
waste disposal. Experimental results validate the system’s reliability, with the ultrasonic sensor accurately gauging
distances and the servo motor executing precise lid movements. The FPGA’s low-power architecture ensures energy
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efficiency, while its modular design supports future enhancements for smart city frameworks. This project transcends
traditional waste management paradigms, offering a cost-effective, responsive, and adaptable solution that aligns with
global sustainability goals. By leveraging FPGA technology, this smart dustbin system sets a new benchmark for
intelligent urban infrastructure, poised to transform public and private spaces into cleaner, smarter environments. With
potential applications in hospitals, campuses, and metropolitan areas, this innovation marks a pivotal step toward a
zero-waste future, demonstrating the synergy of hardware acceleration and environmental consciousness in
revolutionizing waste management practices.

Keywords: FPGA, Smart Dustbin, Verilog HDL, Artix-7, Ultrasonic Sensor, Servo Motor, Contactless
Waste Management, 10T Integration, Embedded Systems, Smart City Infras- tructure

1 Introduction

The escalating global waste crisis, driven by rapid urbanization and population growth, demands innovative
solutions to ensure hygiene, efficiency, and environmental sustainability

(1; 2). Traditional waste management systems, reliant on manual operation, often fail to meet the demands of
modern urban environments, leading to sanitation issues and inefficient waste handling (3; 4). The advent of
smart technologies, particularly Field-Programmable Gate Arrays (FPGAS), offers a transformative approach
to address these challenges through real-time processing and reconfigurability (5; 6).

1.1  Background

Waste management systems have evolved from basic mechanical bins to sensor-based auto- mated solutions
(7; 8). Recent advancements incorporate ultrasonic sensors for proximity detection and servo motors for
automated actuation, as seen in smart bin prototypes (9; 10). FPGAs, with their parallel processing
capabilities, have been increasingly adopted in em- bedded systems for applications requiring high-speed
data processing (11; 12). The Artix-7 FPGA, used in this project, exemplifies this trend with its robust logic
resources and low power consumption (28).

1.2 Motivation

The motivation for this project stems from the need to enhance hygiene in public spaces, where manual bin
operation poses health risks, particularly in high-traffic areas (13; 14). Existing smart bins, often
microcontroller-based, suffer from limited processing speed and scalability (15; 16). FPGAs offer superior
performance for real-time applications, making them ideal for integrating sensors and actuators in a compact,
efficient system (17; 18).

1.3 Objectives

This project aims to design an FPGA-based smart dustbin that leverages the Artix-7 FPGA, HC-SR04
ultrasonic sensor, and servo motor to achieve contactless operation. Specific objec- tives include implementing
Verilog-based control logic, ensuring reliable proximity detection, and enabling precise lid actuation (19; 20).
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The system seeks to demonstrate scalability for future enhancements like 10T connectivity (21; 22).

1.4 Contributions

This work contributes a novel FPGA-based smart dustbin system that outperforms tradi- tional solutions in
speed and flexibility (23; 24). By integrating advanced hardware and soft- ware design, it offers a scalable
platform for smart city applications, promoting sustainable waste management (25; 26). The system’s open-
source Verilog implementation facilitates further research and development (27).

2 Introduction

The escalating global waste crisis, driven by rapid urbanization and population growth, demands innovative
solutions to ensure hygiene, efficiency, and environmental sustainability. Traditional waste management
systems, reliant on manual operation, often fail to meet the demands of modern urban environments, leading
to sanitation issues and inefficient waste handling. The advent of smart technologies, particularly Field-
Programmable Gate Arrays (FPGAS), offers a transformative approach to address these challenges through
real-time processing and reconfigurability.

2.1 Background

Waste management systems have evolved from basic mechanical bins to sensor-based auto- mated solutions.
Recent advancements incorporate ultrasonic sensors for proximity detection and servo motors for automated
actuation, as seen in smart bin prototypes. FPGASs, with their parallel processing capabilities, have been
increasingly adopted in embedded systems for applications requiring high-speed data processing.

2.2 Motivation

The motivation for this project stems from the need to enhance hygiene in public spaces, where manual bin
operation poses health risks, particularly in high-traffic areas. Existing smart bins, often microcontroller-
based, suffer from limited processing speed and scalabil- ity. FPGAs offer superior performance for real-
time applications, making them ideal for integrating sensors and actuators in a compact, efficient system.

2.3 Objectives

This project aims to design an FPGA-based smart dustbin that leverages the Artix-7 FPGA, HC-SR04
ultrasonic sensor, and servo motor to achieve contactless operation. Specific objec- tives include implementing
Verilog-based control logic, ensuring reliable proximity detection, and enabling precise lid actuation. The
system seeks to demonstrate scalability for future enhancements like 10T connectivity.

2.4 Contributions

This work contributes a novel FPGA-based smart dustbin system that outperforms tradi- tional solutions in
speed and flexibility. By integrating advanced hardware and software design, it offers a scalable platform for

smart city applications, promoting sustainable waste management. The system’s open-source Verilog
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implementation facilitates further research and development.

3 Related Work

The development of smart waste management systems has gained significant attention due to the increasing
need for efficient and hygienic waste disposal in urban environments. Several studies have explored
automated dustbin systems, primarily using microcontrollers, sensors, and 10T technologies.

Early smart dustbin designs utilized microcontrollers like Arduino or Raspberry Pi to integrate ultrasonic
sensors for proximity detection and servo motors for lid actuation. These systems achieved contactless
operation but were limited by sequential processing, resulting in slower response times (typically 50-100 ms)
and limited scalability for additional features like waste segregation or remote monitoring. For instance,
Arduino-based systems often rely on simple threshold-based algorithms, lacking the flexibility to handle
complex real-time tasks efficiently.

More advanced systems incorporated loT frameworks, enabling remote monitoring of waste levels via cloud
platforms. These solutions used Wi-Fi or GSM modules to transmit data to centralized servers, suitable for
smart city applications. However, they often suffered from high power consumption and dependency on
stable network connectivity, making them less reliable in low-infrastructure settings.

FPGA-based approaches, though less common in waste management, have been explored in other real-time
applications like robotics and sensor interfacing. FPGAs offer parallel pro- cessing and reconfigurability,
achieving response times below 1 ms and supporting modular designs for future upgrades. Unlike
microcontrollers, FPGAs can handle multiple sensor inputs simultaneously, making them ideal for
integrating advanced features like waste clas- sification or real-time analytics.

The proposed system distinguishes itself by leveraging the Artix-7 FPGA’s high-speed processing and
Verilog-based modular design. It achieves precise proximity detection (within 5 cm to 40 cm) and automated
lid control with minimal latency. Compared to microcontroller- based systems, it offers lower power
consumption and greater scalability, positioning it as a robust solution for smart city waste management.

Table 1: Comparison of Smart Dustbin Systems
Feature Arduino- Based Raspberry Pi- IoT-Based FPGA-
Based Based

Processing Platform ~ Microcontroller ~ Microcontroller Microcontroller FPGA
+ loT

Response Time (ms) 50-100 20-50 100-200 < 1 Power Consumption
Medium High High Low Scalability
Low Medium High Very High Contactless
Operation Yes Yes Yes Yes
10T Integration Limited Yes Yes Future Scope Cost
Low Medium High Medium
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Figure 1: Literature survey comparison of smart dustbin technologies based on performance metrics.

The comparative analysis is further illustrated by a bar graph comparing response time, power consumption,
and scalability across the systems. The x-axis represents the system types (Arduino, Raspberry Pi, 10T,
FPGA), while the y-axis quantifies performance met- rics. The FPGA-based system shows a significantly
lower response time (<1 ms) and high scalability score, with moderate power consumption, outperforming
others.

4 System Architecture

The system architecture integrates the Artix-7 FPGA, HC-SR04 ultrasonic sensor, and servo motor to achieve
automated, contactless waste disposal. The design is modular, with Verilog

modules handling sensor interfacing, distance processing, and motor control.

4.1 Ultrasonic Sensor Interface

The HC-SRO04 ultrasonic sensor measures distance using sound waves, with a range of 2 cm to 400 cm. It
emits eight 40 kHz pulses upon receiving a 12 pus trigger pulse. The echo pulse duration is proportional to the
distance, calculated as:

Echo pulse duration (us)
58 uscm™

Distance (cm) =

Given a 50 MHz clock, the distance in centimeters is:

Number of clock cycles
2900

Distance (cm) =

The UltrasonicSensor module generates the trigger pulse and measures the echo duration using a 21-bit
counter, ensuring high accuracy.
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4.2 FPGA Processing Unit

The Artix-7 FPGA (XC7A35T) features 33,208 logic elements and 1.84 Mbit of block RAM. It processes
sensor data in real time using Verilog modules. The SmartbinControl module converts raw echo duration to
distance and generates an angle_sel signal (1 for open, 0 for closed) based on a 5 cm to 40 cm threshold.

4.3 Servo Motor Control

The servo motor uses Pulse Width Modulation (PWM) with a 20 ms period. Pulse widths of 1 ms (0°,
closed) and 1.5 ms (907, open) are generated using:

0
. EEH)OOO if angle_sel = 0
Pulse width (cycles) =

5,000 if angle_sel =1

The ServoControl module uses a 20-bit counter to generate the PWM signal, ensuring precise lid movement.

Tragper, ECnd "M Signal

Uhltrasonic Sensor Artix-7 FPGA [ Servo Motor

LED Alert

Figure 2: Block diagram of the smart dustbin system.

4.4 Block Diagram

The block diagram shows the ultrasonic sensor sending trigger and echo signals to the FPGA, which processes
the data and outputs PWM signals to the servo motor and control signals to an LED for user feedback.

4.5 Finite State Machine (FSM)

The UltrasonicSensor module uses an FSM with five states:

= IDLE: Waits for 60 ms before initiating a trigger.

= TRIG: Generates a 12 us trigger pulse (600 cycles at 50 MHz).
= WAIT_ECHO_UP: Waits for the echo pin to go high.

= MEASUREMENT: Counts clock cycles while echo is high.
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- MEASURE__OK: Stores the measured echo duration.

The FSM ensures accurate timing, with transitions driven by a 50 MHz clock and a timeout of 3 ms (150 000
cycles).

Echo High

Timeout

Finite state machine for ultrasonic sensor control.

Figure 3: Finite state machine for ultrasonic sensor control.

4.6 Flowchart

The flowchart outlines the system’s operation: triggering the sensor, measuring echo dura- tion, calculating
distance, and controlling the lid based on the distance threshold.

5 Hardware Components

The smart dustbin system comprises the following key components:

5.1 Edge Artix-7 FPGA Board

The Edge Artix-7 FPGA development board, built around the Xilinx Artix-7 XC7A35T FPGA, serves as the
core processing unit. It features 33,208 logic elements, 1.84 Mbit of block RAM, 32 MB of SDRAM, and
64 MB of flash memory. The board supports high- speed parallel processing, making it ideal for real-time
sensor interfacing and motor control. Additional features include a USB JTAG interface, a 50 MHz clock,
and peripherals like a 4-digit 7-segment display, a 2 X 16 character LCD, 16 SPDT switches, 16 LEDs, and
5 push buttons. The board’s reconfigurable architecture, programmed using the Xilinx Vivado Design Suite,
enables custom logic design in Verilog, ensuring flexibility and scalability.
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Flowchart of the smart dustbin operation.
Figure 4: Flowchart of the smart dustbin operation.

5.2 HC-SRo04 Ultrasonic Sensor

The HC-SRO04 ultrasonic sensor measures distances from 2 cm to 400 cm using high-frequency sound waves. It
consists of four pins: Vcc, Ground, Trigger, and Echo. The sensor operates by emitting eight 40 kHz
ultrasonic pulses upon receiving a 12 ps trigger pulse from the FPGA. The echo pin goes high when the pulse
is sent and low when the reflected wave is received. The duration of the high echo pulse is proportional to
the distance.

5.3 Servo Motor

The servo motor, controlled via Pulse Width Modulation (PWM), enables precise lid move- ment. It has
three pins: Vcc (5 V), Ground, and Signal. The motor expects a PWM signal every 20 ms, with pulse widths
of 1 ms for O° (closed lid) and 1.5 ms for 90° (open lid). The FPGA generates these PWM signals based on
sensor data, ensuring accurate and automated lid operation.

6 Implementation

The smart dustbin system was implemented in three phases: simulation, RTL design, and hardware
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prototyping, ensuring robust functionality and reliable performance.

6.1 Simulation

The Verilog modules (UltrasonicSensor, SmartbinControl, ServoControl, LEDControl) were simulated
using Xilinx Vivado’s simulation environment. A testbench was developed to emulate the HC-SR04 sensor’s
behavior by generating synthetic echo pulses corresponding to distances between 2 cm and 400 cm. The
UltrasonicSensor module was tested for accurate trigger pulse generation (12 ps) and echo duration
measurement, achieving a resolution of 0.0345 cm. The SmartbinControl module correctly converted echo
durations to distances, triggering angle_sel for distances between 5 cm and 40 cm. The ServoControl module
produced PWM signals with pulse widths of 50,000 and 75,000 cycles, corresponding to 0" and 90"
Simulation waveforms confirmed that the FSM transitioned correctly through IDLE, TRIG,
WAIT_ECHO_UP, MEASUREMENT, and MEASURE_OK states, with no

timing violations.

Figure 5. Simulation waveform showing trigger pulse, echo response, distance calculation, and PWM
generation.

6.2 RTL Design

The Register Transfer Level (RTL) design was synthesized using Xilinx Vivado, target- ing the Artix-7
XC7A35T FPGA. The top-level module (Smartbin) integrated the sub- modules, connecting the ultrasonic
sensor’s trigger and echo signals to FPGA 1/O pins and the servo’s PWM signal to a designated output
pin. The RTL schematic revealed a streamlined data path: the UltrasonicSensor module’s 21-bit
distance_raw output fed into the SmartbinControl module, which produced a 16-bit distance_cm and a
binary angle_sel. The ServoControl module used angle_sel to generate the PWM signal, while the
LEDControl module activated an LED for distances within the threshold. Synthesis reported a maximum clock
frequency of 100 MHz, well above the required 50 MHz, with 10% logic utilization and minimal power
consumption (approximately 0.2 W).
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Figure 6: RTL schematic of the FPGA-based smart dustbin system generated in Xilinx Vivado.

6.3 Hardware Prototype

The hardware prototype was assembled using the Edge Artix-7 FPGA board, HC-SR04 ultrasonic sensor,
and a 5V servo motor, connected via jumper wires to a physical dustbin. The FPGA was programmed using
a USB JTAG interface, with pin constraints mapping the trigger, echo, PWM, and LED signals to the
board’s /0O ports. The prototype was tested in a controlled environment, with objects placed at varying
distances from 2 cm to 50 cm. The system reliably opened the lid for objects within 5 cm to 40 cm, with a
response time of approximately 0.5 ms. The LED illuminated during lid actuation, providing visual feedback.
The prototype demonstrated robust performance, with no missed detections or mechanical failures over 100
test cycles.

Figure 7: Hardware prototype of the smart dustbin system with Artix-7 FPGA, ultrasonic sensor, and servo
motor mounted on a dustbin.

7 Testing and Results

The FPGA-based smart dustbin system underwent rigorous testing to validate its function- ality, reliability,
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and performance across simulation and hardware environments. The testing process encompassed unit testing
of individual Verilog modules, system-level simulation, and real-world hardware evaluation, with results
analyzed quantitatively and qualitatively.

7.1 Unit Testing

Each Verilog module was tested independently using Xilinx Vivado’s simulation environment. The
UltrasonicSensor module was subjected to a testbench simulating echo pulses for distances ranging from 2
cm to 50 cm. The module consistently generated a 12 ps trigger pulse (600 clock cycles at 50 MHz) and
measured echo durations with an accuracy of +0.1 cm, verified by comparing calculated distances to expected
values using the formula:

Number of clock cycles
2900

Distance (cm) =

The SmartbinControl module accurately converted raw echo durations to distances, setting angle_sel to 1 for
distances between 5 cm and 40 cm. The ServoControl module produced PWM signals with pulse widths of
50,000 cycles (1 ms) for 0" and 75,000 cycles (1.5 ms) for 90°, achieving precise servo positioning within
£1°. The LEDControl module correctly activated the LED for valid distance ranges.

7.2 System-Level Simulation

System-level simulation integrated all modules within the Smartbin top-level module. A comprehensive
testbench simulated 200 test cases, varying echo durations to emulate objects at distances from 2 cm to 50 cm.
The system correctly triggered lid opening for 95% of cases within the 5 cm to 40 cm range, with a mean
response time of 0.3 ms. Timing analysis confirmed no violations, with the FSM transitioning smoothly
across states (IDLE, TRIG, WAIT_ECHO_UP, MEASUREMENT, MEASURE_OK). The simulation
achieved a 100% success rate for detecting objects within the target range and generating corresponding
PWM signals.

7.3 Hardware Testing

The hardware prototype was tested in a controlled environment using a physical dustbin equipped with the
Artix-7 FPGA board, HC-SR04 sensor, and servo motor. Testing involved 150 trials with objects (e.g., hands,
paper) placed at distances from 2 cm to 50 cm. The system achieved a 98% success rate in opening the lid
for objects within 5 cm to 40 cm, with a mean response time of 0.5 ms. The servo motor consistently
moved the lid to 90° and returned to 0" after a 2 s delay. The LED provided reliable visual feedback during
lid actuation. Power consumption was measured at 0.22 W, confirming the system’s energy efficiency.
Environmental robustness was tested under varying lighting conditions, with no impact on sensor
performance.

7.4 Performance Metrics

Table 2: Testing Results Summary
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Metric Simulation Hardware
Success Rate (%) 100 98
Mean Response Time (ms) 0.3 0.5
Distance Accuracy (cm) +0.1 +0.2
Servo Angle Accuracy (") +1 +2
Power Consumption (W) N/A 0.22

The results demonstrate high reliability, with minor discrepancies in hardware due to mechanical tolerances
and sensor noise. The system’s low latency and power efficiency highlight the FPGA’s superiority over
microcontroller-based alternatives.

8 Future Scope

The FPGA-based smart dustbin system offers significant potential for enhancements to ad- dress advanced
waste management needs:

< Waste Level Monitoring: Integrating additional ultrasonic sensors to measure bin fill levels,
enabling real-time waste capacity tracking and optimized collection schedules.

< IoT Connectivity: Incorporating the Artix-7’s Wi-Fi module (ESP-12F) to transmit bin status data
to a cloud platform, facilitating remote monitoring and integration with smart city frameworks.

- Waste Segregation: Adding infrared or camera-based sensors for material identi- fication, coupled
with machine learning algorithms implemented on the FPGA for automated waste sorting into recyclables
and non-recyclables.

< Solar Power Integration: Equipping the system with solar panels to power the FPGA and
sensors, enhancing sustainability for outdoor deployments.

= Multi-Bin Systems: Scaling the design to control multiple bins for segregated waste disposal,
leveraging the FPGA’s parallel processing capabilities.

These enhancements would transform the system into a comprehensive waste management solution, suitable
for smart cities, hospitals, and educational campuses, further promoting environmental sustainability.

9 Conclusion

The FPGA-based smart dustbin system successfully integrates an Artix-7 FPGA, HC-SR04 ultrasonic sensor,
and servo motor to achieve contactless waste disposal, addressing critical needs for hygiene and efficiency in
waste management. The system’s Verilog-based mod- ular design ensures precise proximity detection within
5 cm to 40 cm, with sub-millisecond response times and low power consumption (0.22 W). Testing
demonstrated a 98% success rate in hardware, with accurate lid actuation and robust performance across
diverse condi- tions. The FPGA’s parallel processing and reconfigurability provide a significant advantage
over microcontroller-based systems, offering scalability for future enhancements. This project contributes a
cost-effective, reliable, and adaptable solution that enhances cleanliness in pub- lic and private spaces,
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aligning with global sustainability goals. By laying the foundation for advanced features like 10T integration
and waste segregation, the system represents a promising step toward intelligent urban waste management
infrastructure.
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