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1 Device Overview 
1.1 Features 

• Bus Speed 
- This device is built around the Texas Instruments 

MSP432E401Y Microcontroller, which features a 
120-MHz Arm® Cortex®-M4F processor core with 
a Floating-Point Unit. 

- Configured for a 26-MHz bus speed, this high-
frequency operation results in a bus speed capable 
of managing demanding data processing. 

• Operating Voltage 
- The motor and the control board operate on a voltage of 5V-12V. 
- The VL53L1X Time-of-Flight sensor uses a 2.6V-3.5V. 

• Cost 
- The system is designed to at approximately $250 CAD per unit (Note: Actual 

pricing may vary based on volume and regional factors.) 
• Serial Communication 

- 𝐼!𝐶 Communcication 
§ Used between the MSP432E401Y microcontroller and the VL53L1X 

sensor for distance data 
- UART Communication 

§ Used between the microcontroller and personal computer via PySerial 
§ Configured to operate at standard 115,200 bps for serial data transfer 

• Control Panel 
- A dedicated Python-based 3D TOF Mapper Control Panel GUI is provided, which 

supports on-the-fly configuration (e.g., COM ports, Z-Scale, and resolution). 
- Logging for both Telemetry and Serial, 3D rending of .xyz scan files. 

• Memory Information 
- Flash Memory: Approximately 1MB is available for firmware 
- SRAM: Around 256KB is dedicated to runtime data processing  

1.2 General Description  
 

The 2DX3 Final Project's LIDAR system captures spatial data by measuring distances in 
multiple 360-degree vertical sweeps. This gathered data is then used to render a 3D model of the 
scanned area. 
 
The system hardware comprises three main elements: a central microcontroller, a rotational 
stepper motor, and a VL53L1X distance sensor. The microcontroller acts as the main command 
unit, managing operational logic (excluding visualization), powering peripherals, and 
transmitting measurement data serially to an external computer. 
 
To achieve full spatial coverage in a vertical slice, the stepper motor rotates the time-of-flight 
sensor through a complete circle. The VL53L1X sensor determines distances by emitting pulses 
of light and precisely timing their return after bouncing off objects. Additionally, it uses an 
internal ADC that converts the received analog light signal to digital measurements. This 
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distance calculation is based on the sensor's settings and performs internal calibration and noise 
reduction to correct ambient light. Then the resulting data is passed to the microcontroller via an 
𝐼!𝐶 connection  
 
The system interfaces with a computer for data handling and visualization. Using a UART serial 
connection, the microcontroller sends status updates and distance readings to the PC. A Python 
control panel provided with the project is executed on the PC to process this incoming data and 
render the final 3D visualization 
 
1.3 Block Diagram 

 
Figure 1: Block Diagram 

2 Device Characteristics 
MSP432E401Y UNL2003 VL53L1X 

Characteristic Parameter Device Pin Microcontroller 
Pin 

Device Pin Microcontroller 
Pin 

Bus Speed 26 MHz +(5V) 5V VDD  
Baud Rate 115200 -(5V) GND VIN 3.3V 
Serial Port COM5 IN1 PH0 GND GND 
Distance LED PF0 IN2 PH1 SCL PB2 
UART LED PF4 IN3 PH2 SDA PB3 
Status LED PN1 IN4 PH3 XSHUT  
    GPIO1  

3 Detailed Description 

3.1 Distance Measurement Acquisition 
This device uses a VL53L1X Time-of-Flight sensor to carry out distance measurements 

through a 360-degree scan. In operation, the sensor emits pulses of infrared laser light that 
reflects off objects within a specified detection range. As each stepper motor increment 
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corresponds to the angle. The sensor calculates the distance by measuring the elapsed time 
between the emission and detection of these pulses. Based on the physics of light speed and the 
sensor’s predefined configuration, in addition to internal calibration and noise reduction to 
correct ambient light. The distance is then computed and outputted in millimeters. After 
processing the measurement data, the sensor communicates the results to the microcontroller via 
the 𝐼!𝐶 serial communication protocol. At startup, the microcontroller initializes the 𝐼!𝐶 serial 
interface. The sensor is booted and configured using default settings provided by the VL53L1 
Core API. The sensor is then started through an interrupt-based method, the starts the data 
capture or idle mode. When the sensor is active it continuously captures distance data at set 
intervals set by its resolution, which allows for a 3D visualization of the scanned environment. 
3.2 Distance Measurement Data: Processing  

Distance and angle measurements from the VL53L1X Time-of-Flight sensor are converted 
into cartesian (xyz) coordinates after each distance measurement. As the motor completes a full 
360-degree rotation, the angle corresponding to each measurement is tracked. The 
microcontroller receives the raw distance measurement from the sensor from the 𝐼!𝐶 interface, 
caches it until the spin is complete, then preforms the conversion from polar to Cartesian 
coordinates using the trigonometric formulas: 𝑥 = 𝑑 ∙ 𝑐𝑜𝑠(𝜃), 𝑦 = 𝑑 ∙ 𝑠𝑖𝑛(𝜃), and 𝑧 = 0 
(assuming the is the first sweep, which would mean a displacement of 0). The conversion is done 
on the python control panel, allowing the device to record the spatial position of objects around 
the sensor. 
3.3 Distance Measurement: Formula 

The transformation of polar distances measurements into Cartesian coordinates is performed 
by applying fundamental trigonometric relationships. Specifically, the y-component is computed 
as 	𝑦 = 𝑑 ∙ 𝑠𝑖𝑛(𝜃) and the x-component as 𝑥 = 𝑑 ∙ 𝑐𝑜𝑠(𝜃), where d represents the distance 
recorded by the sensor and 𝜃 is the motors angular position, determined by the ratio of steps 
made to the total steps in one full rotation. For example, consider a scenario where the sensor 
measures 50 units at an angle of 30° (0.523599 radians) and it’s on the 2nd sweep with a 10-
displacement scaling factor. The calculation would be 𝑥 = 50 ∙ 𝑐𝑜𝑠(0.524) ≈ 43.3	, 𝑦 = 50 ∙
𝑠𝑖𝑛(0.524) ≈ 25.0, then the 𝑧 = 2 ∗ 10 = 20, therefore accurately mapping the sensor distance 
measurement into a 3D coordinate system. This conversion takes place after a complete sweep 
and then written to a .xyz file for further analysis. 
 

3.4 Distance Measurement: Implementation 
In this project, displacement is the z change in position of a sweep. The implementation of 
displacement in the project, addresses both the mechanical and computational aspects of 
this. On the hardware side, the microcontroller code uses a global variable, 
‘currentPosition’, to track the cumulative movement of the stepper motor. This variable 
updates with every step taken during the scanning process, allowing the system to calculate 
the angular position at any time, in addition addressing the first bonus objective there is a 
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‘returnHome’ method that automatically bring it to the home position. On the data 
processing side, the Python control panel allows for manual entry of the displacement 
scaling factor, which is then recorded in the header section of the .xyz file (every .xyz file 
has a 5-line header which includes all configuration setting when the scan was made, for 
the purpose of rendering) for example for the displacement, the notable header lines are 
‘#Z Scale: 12.0’ and ‘#Z Increment per spin: 100.0’. This allows the 3D renderer of 
application to give appropriate displacement between the sweeps when doing the 3D 
render. 

3.5 Visualization 
The visualization module of this device, leverages the open-source Open3D Python library 
to render the 3D map, providing a clear view of the sensor collected data, which is then 
stored in the. xyz format. The process begins by importing the scan data via NumPy, then 
scaling the z-coordinates based on a predefined z-scale factor. The data is structured into a 
point cloud, which is further enhanced by connecting the points, closed loops are created 
for each sweep, and links between the sweeps are made, using Open3D’s ‘LineSet’ 
utilities. Furthermore, the 3D map is then rendered using ‘draw_geometries’ which 
displays the points and lines in an optimal way. Finally, functionality was added to allow a 
.xyz file renderer method, the ‘open_and_render_xyz_file’ method allows users to select 
and load a valid .xyz file with the appropriate headers for visualization. This function 
parses the header data to determine parameters such as measurement per spin and z scaling 
to ensure the imported data is properly represented and visualized. 

4 Application Example  

 
Figure 2: 3D Cartesian Axis 

NOTE: The xyz coordinates use xy for vertical distance slices and z for displacement. 

To use the integrated LiDAR device, you need to ensure that all necessary software is installed 
on your computer. The setup process allows your PC to: 

1. Debug the microcontroller. 
2. Communicate with the microcontroller through the XDS110 UART port. 
3. Receive data from the LiDAR Device. 
4. Visualize the data in 3D. 
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4.1 Setup Instructions 
4.1.1 Path 1: Using the Python Script 

1. Download and Install XDS Emulation Software 
o Navigate to: https://software-

dl.ti.com/ccs/esd/documents/xdsdebugprobes/emu_xds_software_package_downl
oad.html 

o Locate the appropriate XDS110 emulation software for your operating system. 
o Run the installer and choose the Typical setup option. 
o This software enables you to debug the microcontroller and communicate through 

the XDS110 UART port. 
2. Install Python 3.11 (or a compatible 3.x version) 

o Go to: 
https://www.python.org/downloads/ 

o Download and run the installer. 
o Important: During setup, check the box labeled "Add Python 3.x to PATH" (or 

a similarly worded option) to ensure Python and its tools are accessible from the 
command line. 

o You can accept all other defaults if you wish. 
3. Install Required Python Libraries 

1. Open a Command Prompt in administrator mode: 
§ Click Start and type Command Prompt. 
§ Right-click on Command Prompt and select Run as administrator. 

2. Install Open3D: pip install open3d 
3. Install pySerial: pip install pyserial 
o Wait until each installation completes successfully. 

4. Choose an IDE or Editor 
o You can use the IDLE editor included with Python 
o Ensure you can run a Python file and install additional packages if required. 

 

4.1.2 Path 2: Using the Pre-Built EXE (3dTOFMapperControlPanel_V.exe) 

If you prefer a simplified approach and do not wish to install Python or libraries: 

1. Download and Install XDS Emulation Software 
o This step is the same as in Path 1, Step 1. 
o Ensure you have the XDS110 driver installed so your PC recognizes the 

microcontroller COM port. 
2. Obtain 3dTOFMapperControlPanel_V.exe 

o Place the .exe file in a convenient folder on your computer. 

https://software-dl.ti.com/ccs/esd/documents/xdsdebugprobes/emu_xds_software_package_download.html
https://software-dl.ti.com/ccs/esd/documents/xdsdebugprobes/emu_xds_software_package_download.html
https://software-dl.ti.com/ccs/esd/documents/xdsdebugprobes/emu_xds_software_package_download.html
https://www.python.org/downloads/
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o The .exe already include the necessary libraries to run the application without a 
full Python installation. 

3. Run the .exe File Directly 
o Double-click 3dTOFMapperControlPanel_V.exe. 
o If prompted by SmartScreen or antivirus warnings, confirm you trust the source. 
o The same GUI will appear (COM ports, spin counts, logs, etc.), without requiring 

a Python install. 

 

4.1.3 Usage and Expected Output 

1. Connect Your Hardware 
o Power up your microcontroller board and ToF sensor. 
o Connect the board to the PC via USB (through the XDS110 interface or the 

appropriate UART adapter). 
2. Run the Control Panel Application 

o Open your chosen IDE or a command prompt. 
o Navigate to the folder containing your Python script 
o Execute the script or run .exe: python 3dTOFMapperControlPanel_V.py 
o The application window should appear, showing fields for COM port selection, 

spin counts, and logs. 
3. Perform a Scan 

o In the application window, select the correct COM port. 
o Enter the number of spins you want the LiDAR to perform. 
o Click Ready to Scan. 
o Press the hardware Scan button (e.g., on your microcontroller board’s PJ1 Button) 

to start data collection. 
o The logs in the application will display real-time serial data and telemetry 

messages. 
o Once complete, a 3D rendering window will automatically show the scanned 

point cloud. 
4. Expected Output 

o You will see real-time distance measurements populating the Serial Log. 
o The Telemetry / General Log will show additional status messages, such as 

when a scan starts or ends, file-save locations, etc. 
o A separate 3D viewer window will open (via Open3D) showing the acquired 

LiDAR points cloud 
o The final output is an .xyz file containing all scanned points. This file can be re-

rendered later from the Open .XYZ File button in the application. 
5. Optional: Re-Render Existing Data 

o Use the Open .XYZ File button in the application to load previously captured 
scans. 
o The viewer will display the 3D geometry for further analysi
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Note: 

• If you encounter any issue with missing ports or drivers, verify the XDS110 emulator 
driver is properly installed and that you see a corresponding COM port in Windows 
Device Manager. 

• Always ensure the LiDAR device has stable power and that connections are secure before 
scanning 

5 Limitations 

5.1 Floating Point Capability  
The microcontrollers Floating-Point Unit (FPU) is designed to support a small range of 

operations at single-precision 32-bit accuracy, including simple arithmetic, multiply and 
accumulate functions, and square root calculations. Even though trigonometric functions from 
the math.h library is available, it operates on float variables. This exclusive reliance on single-
precision arithmetic may lead to rounding errors, especially in complex calculations. While the 
FPU provides efficient computation, its inherent precision limitations can compromise the 
numerical accuracy of high-fidelity trigonometric computations particularly for this application, 
potentially affecting overall system performance. Which is why it was decided to move the 
trigonometric calculations of the edge device and exclusively on the personal computer, which is 
assumed to have better floating-point capabilities. 
 
5.2  Maximum Quantization Error 

The ToF module operates with the maximum quantization error of 1mm, since that is the 
resolution of the module, which directly establishes the maximum quantization error for 
the system. This inherent limitation signifies that nay measurement taken by the module 
has a variation of up to 1mm from the true value due to quantization. For reference, with a 
theoretical calculation for a 16-bit resolution over a 4000m range yield: 

4000𝑚𝑚
2"# =

4000
65536 ≈ 0.061mm 

This is not applicable since it does not output raw 16-bit values but already processed 
measurement in 1mm increments. 
 

5.3 Maximum Serial Communication Rate 
It was found that the maximum standard serial communication rate for the microcontroller 

and the PC is 128000 bps or bits per second. This was verified in the personal computer’s device 
manger and checking the port settings for the XDS110 UART Port. 
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5.4 Microcontroller and ToF communication 
The microcontroller and the ToF used the 𝐼!𝐶 serial communication with the microcontroller 

is configured to use 100kbps clock. This communication between the microcontroller is then 
dependent on the clock speed set for the microcontroller ports used.  

 
5.5 Primary Limitations 

Reviewing the entire system, it was determined that both the Time-of-Flight sensor and the 
stepper motor constrain overall speed, with the ToF sensor forming the more pronounced 
bottleneck due to its lengthy ranging time; by systematically reducing or removing embedded 
delays in testing, the ToF sensor ceased to report data when insufficient time was allocated for 
ranging, causing the system to stall, while overly reducing the stepper motor’s delay simply 
prevented rotation without halting the rest of the program, a improvement to this is by adding 2 
ToF sensor back-to-back resulting in a 2x improvement in measurement speed. 

6 Circuit Schematic 

 

7 Programming Logic Flowchart 

7.1 Microcontroller 
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7.2 Python Control Panel 
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