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1. ABSTRACT

Real-time obstacle avoidance remains a critical capability for autonomous mobile robots operating in
unstructured environments. Ultrasonic sensors, owing to their low cost, simplicity, and robustness, have been
widely adopted for proximity detection. This manuscript presents a comprehensive study on designing and
evaluating an ultrasonic-sensor—based real-time obstacle avoidance system for mobile robots, using
microcontroller-driven data acquisition and embedded control loops. We describe the system architecture,
including sensor mounting strategies, signal conditioning, sampling algorithms, and reactive control methods.
A statistical analysis of sensor measurement noise and detection accuracy is provided in a table. Simulation
studies conducted in a custom MATLAB/Simulink environment validate the control strategy against static
and dynamic obstacles. Results demonstrate that the proposed approach achieves obstacle detection within 30
ms and avoidance trajectories with a mean deviation of less than 5 cm in controlled scenarios. The conclusions

highlight practical insights and future directions for integrating multi-sensor fusion.
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2. INTRODUCTION

Autonomous navigation is foundational to mobile robotics, enabling applications from service robots to
industrial automation. A fundamental requirement is the ability to detect and avoid obstacles in real time to
prevent collisions and ensure safe operation. While advanced sensors such as laser range finders and stereo
vision systems offer high accuracy, they are often cost-prohibitive and computationally intensive, limiting
their use in low-cost platforms [1]. Ultrasonic sensors, by contrast, provide distance measurements based on
time-of-flight of acoustic pulses, with reasonable precision (£1-2 cm) and rapid response times [2]. Their
immunity to lighting conditions and simple interface make them attractive for embedded applications.
However, challenges such as specular reflections, non-uniform beam patterns, and environmental noise
require careful system design and statistical characterization. This work focuses on developing a real-time

obstacle avoidance framework using multiple ultrasonic transducers interfaced to a microcontroller. We target
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low-speed indoor environments, where obstacles may be static (walls, furniture) or dynamic (pedestrians,
moving carts). The contributions include (a) a signal-processing pipeline to filter spurious readings; (b) a
reactive control algorithm for smooth trajectory adjustments; and (c) a quantitative evaluation through

statistical analysis and simulation.
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Fig: Ultrasonic Obstacle Avoidance System Development

3. LITERATURE REVIEW

Early research on ultrasonic-based navigation explored simple thresholding schemes to trigger avoidance
maneuvers [3]. Montgomery and Smith (2004) introduced a multi-beam ultrasonic array for dead-reckoning
correction but noted degraded performance near glass surfaces [4]. Suzuki et al. (2007) applied Kalman
filtering to ultrasonic measurements, reducing noise variance by 40 % [5]. In 2008, Chen and Lee implemented
an embedded system using an 8-bit microcontroller to sample four sensors at 50 Hz, achieving obstacle
detection within 20 cm accuracy [6]. Subsequent work by Patel et al. (2010) integrated ultrasonic sensors with
wheel encoders, demonstrating robust wall-following behavior in corridors [7]. However, most studies

focused on single-obstacle scenarios. Li and Zhao (2012) proposed a reactive-behavior architecture combining
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ultrasonic sensing with infrared sensors for diagonal obstacle detection [8]. In 2013, Hernandez et al. extended
this approach by incorporating fuzzy logic to handle sensor uncertainties, reporting a 25 % improvement in
collision avoidance rates [9]. Despite these advances, there remains a gap in systematic statistical
characterization of measurement performance and end-to-end evaluation of avoidance control in simulation

before hardware deployment.

4. METHODOLOGY

The proposed system consists of four ultrasonic transducers mounted at 90° intervals on the robot’s chassis,
each interfaced to an ATmega328P microcontroller. The methodology includes sensor calibration, signal
filtering, distance estimation, and control decision logic. Sensor Calibration: Each transducer’s time-of-flight
response was linearized by fitting a second-order polynomial relating echo time to distance, using a precision
target at 0.2 m to 2 m in 0.2 m increments. Signal Filtering: A median filter of window size three removes
spurious readings; outliers beyond +£3c of the calibrated model are discarded. Distance Estimation: Valid
readings are averaged over five successive samples to reduce variance. Control Logic: A finite-state machine
implements three behaviors—Move Forward, Turn Left, and Turn Right. If any front sensor reading falls
below 0.3 m, the robot selects the direction with the greater clearance (left or right) and executes a 90° turn at
15°/s until the path ahead is clear. Otherwise, it continues forward at 0.2 m/s. System Integration: All routines

run in a 50 ms control loop on the microcontroller, with timing enforced by a hardware timer interrupt.
5. RESEARCH OBJECTIVES

1. Quantitatively characterize the measurement noise and detection accuracy of commonly used
ultrasonic transducers in indoor environments.

2. Develop a real-time signal-processing pipeline on an 8-bit microcontroller to filter and estimate
obstacle distance.

3. Design and implement a reactive control algorithm that leverages multi-sensor data to generate
collision-free trajectories.

4. Perform simulation studies in MATLAB/Simulink to evaluate avoidance performance against static
and dynamic obstacles.

5. Analyze the impact of sensor sampling rate and filtering parameters on system response time and

avoidance accuracy.
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6. STATISTICAL ANALYSIS

The following table summarizes the calibrated measurement error statistics for one representative transducer

across ten trials at five distances.

Distance (m) | Mean Measured (m) | Std. Dev. (m) | Max Error (m) | Min Error (m)
0.2 0.198 0.004 0.005 —0.003
0.6 0.602 0.006 0.010 —0.008
1.0 0.995 0.008 0.012 —0.011
1.4 1.392 0.010 0.015 —0.014
1.8 1.810 0.012 0.018 —0.017

7. SIMULATION RESEARCH

A MATLAB/Simulink model was developed to emulate the robot’s kinematics and sensor responses. The
ultrasonic sensor model incorporates Gaussian noise with zero mean and ¢ equal to the calibrated values.
Simulation scenarios included: (a) corridor navigation with static obstacles placed at random lateral offsets;
(b) dynamic avoidance of a moving obstacle crossing the path at 0.1 m/s; and (c) cluttered environment with
multiple static objects. For each scenario, 50 trials were conducted to assess success rate, average response
time (time between obstacle detection and avoidance initiation), and path deviation (maximum lateral error
relative to ideal trajectory). The control logic from the microcontroller firmware was ported to Simulink using

Stateflow, preserving timing constraints.

8. RESULTS

In corridor navigation, the robot achieved a 96 % success rate, with mean response time of 28 ms (¢ = 5 ms)
and mean path deviation of 4.2 cm (¢ = 1.1 cm). Dynamic obstacle trials yielded a 92 % success rate; failures
occurred when the obstacle entered the dead-zone (<0.15 m), beyond sensor range. Cluttered environment
trials had an 88 % success rate; most failures arose from specular reflections causing missed detections.
Increasing the sampling window to seven samples reduced standard deviation by 15 % but increased response

time by 10 ms. These results validate the trade-off between filtering aggressiveness and reactivity.

9. CONCLUSION

This study demonstrates that ultrasonic-sensor—based real-time obstacle avoidance is feasible for low-cost
mobile robots in indoor settings. The combination of calibrated sensor models, median filtering, and simple
reactive control yields high success rates and low trajectory deviation, with response times suitable for 0.2

m/s navigation speeds. Statistical analysis confirms measurement precision within £2 c¢cm, and simulation
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validates the end-to-end system performance. Future work includes hardware implementation on a
differential-drive platform, integration of additional sensing modalities (e.g., infrared), and exploration of

adaptive filtering to handle specular reflections more robustly.
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