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Chapter 1 - Executive Summary 

Hunting is an activity that is practiced for a variety of reasons, such as recreationally for sport or 

as a main source for obtaining food. Becoming an expert hunter takes a lot of practice and 

experience. However, this can be difficult to achieve, especially within a safe setting. Most 

people would probably not want to spend their resources or funds to purchase a hunting rifle 

simply for training purposes as they can be quite expensive. Even renting all the equipment and 

the space needed at a shooting range can be very costly, which deters many from wanting to 

participate. Moreover, individuals who are new to hunting may feel uncomfortable using 

firearms with real ammunition that could be harmful to them or others. If proper safety protocols 

are not put in place or taught to new hunters, there could be catastrophic consequences and 

potential major injuries. 

An important part of hunting is having excellent accuracy when taking a shot at a target. Not 

having good accuracy while hunting will result in the majority of shots fired not landing on the 

intended target and potentially causing collateral damage. Additionally, having a fast reaction 

time is extremely important in hunting. If the hunter is unable to react quickly, there is a chance 

that they will not be able to shoot their intended target at all. In other words, having sharp and 

refined skills is a necessity to become a good hunter. 

The purpose of this project is to tackle these issues head on. The Shooting Gallery Simulator is 

intended for individuals who are new to hunting and want to improve their skills but can also be 

used by experienced hunters for further practice. The main improvement to safety in comparison 

to traditional training methods is the ammunition used in the project. Instead of having bullets as 

ammunition, the rifle will shoot out a laser pulse instead when the trigger is pulled. The optical 

signal fired from the rifle will be detected by a target board consisting of photodiode targets. In 

order to help new hunters improve their skills, there will be a system of LED’s implemented into 

the targets that will periodically light up to indicate when and where the hunter must shoot. In 

addition, the shooter will be given points when they hit the correct target in order for them to 

keep track of their progress.  

Given that this sort of technology already exists, our team decided to make additions in order to 

make our project more unique and stand out from preexisting products. For one, a detachable 

rifle scope is implemented into the design of the project. This addition makes the training 

experience more realistic since rifle scopes are a key part of any hunting rifle. There will also be 

the addition of a rangefinder that uses LiDAR technology. The purpose of this is to give the 

shooter useful information about how far away they are from their target. Furthermore, haptic 

and audio feedback will come from the rifle when a shot is fired, adding to the realistic feel of 

the training.  

The Shooting Gallery Simulator will be designed so that it is usable in any environment, as well 

as any time of day. This design also allows for an extremely portable product, meaning that it 

could be used almost anywhere. Our team’s goal is to have a unique product that stands out from 

existing ones while also excelling in fields like safety and modularity. Strict safety measures will 

be put into place to ensure that users and anyone in the surrounding area have a safe experience.  

 



Chapter 2 - Project Description 

2.1 Motivation and Background 

Hunting requires a high level of awareness, precision, and ethical responsibility. Hunters must be 

able to quickly identify their targets and ensure they are taking safe and responsible shots. 

Traditional hunting training often relies on live firearms, which carry inherent risks and may 

limit the opportunities for beginners to practice safely. The Shooting Gallery Simulator addresses 

these challenges by providing a controlled and safe environment for new hunters to develop 

essential skills. By using a laser-based system with photodiode target detection, participants can 

practice aiming accuracy and reaction timing without the risks associated with live ammunition.  

Accuracy is a critical component of ethical hunting. Quick reflexes are important, but the ability 

to place a precise and responsible shot is essential for both safety and effective hunting. 

Integrating accuracy training into the project design allows users to improve their aim and 

become sharper shooters. The system incorporates elements such as feedback through haptics, 

adjustable scopes, and a LiDAR rangefinder to create a realistic training experience. Moreover, 

the simulator will be applicable to distances of 20 meters and up, further simulating real hunting 

scenarios. By providing a practical and safe platform for skill development, the Shooting Gallery 

Simulator supports responsible hunting practices and prepares participants to handle real world 

situations in the field with confidence. 

2.2 Current Existing Products and Prior Related Work 

2.2.1 Previous Project: Laser-Target Shooting 

When preparing for this project, our team researched past senior design projects to gather 

inspiration and identify opportunities for improvement. One project we reviewed was titled 

“Laser Target-Shooting”, which involved a laser rifle and a target detection system. While this 

design demonstrated a strong foundation for accuracy training, our team saw potential for 

expanding its applications toward hunting training. One key consideration is that hunters often 

require long distances to avoid alerting their target. To address this, we plan to enhance the rifle 

with a scope that is optimized for longer-range operation, ensuring it better aligns with real 

hunting conditions. Moreover, we intend to have a stronger magnification than the previous 

project for the rifle scope. Additionally, we intend to incorporate a night vision element, which 

we believe is essential since many hunters prefer to hunt in low-light or nighttime environments. 

Beyond accuracy training, our project also aims to improve reflexes by introducing multiple 

targets rather than a single static target, allowing for more dynamic and realistic training 

scenarios. Finally, we plan to integrate LiDAR technology, giving hunters the ability to measure 

the distance to their target and gain valuable situational awareness. Together, these 

improvements will transform the original concept into a more versatile and practical hunting 

training system. 

Another way we plan to improve on this past project is through the use of a fully modular design. 

Each major feature of our system—such as the rifle scope, night vision attachment, LiDAR 



rangefinder, and multi-target system—will be developed as an independent module with 

standardized interfaces. This ensures that components can be tested, upgraded, or replaced 

without requiring major redesigns of the overall system. For example, the night vision module 

could be swapped out for a thermal imaging module in the future, or the LiDAR system could be 

upgraded to a higher-resolution version, all without affecting the other subsystems. By adopting 

this modular architecture, we not only improve reliability and maintainability, but also create a 

flexible platform that can be scaled or adapted to future training applications. 

2.2.2  Current Existing Product: LaserLyte Score Tyme Trainer  

The LaserLyte Score Tyme training system is an existing product that is advertised as a shooting 

simulation training tool meant to allow gun owners to practice aiming. It consists of a simple 

target which can be purchased in different sizes. The user then has the option to purchase laser 

training cartridges that can be placed directly into a user's personal firearm, or the user can 

purchase a trainer pistol which mocks a Glock 43. The design philosophy behind products like 

the LaserLyte shows to be an effective tool which allows gun owners to train and practice the 

fundamental mechanics of shooting. They allow the user to practice for a consistent trigger pull 

as well as a steady aim. However, the capabilities for these products are limited to only this 

function. Systems like the LaserLyte are built as a simple hit or miss indicator and lack many 

advanced training scenarios such as environmental awareness, integrated optics or data gathering 

tools which can more specifically assist in hunting training. Our project builds upon the 

foundation of the LaserLyte by not only creating a self-contained platform which provides a tool 

for marksmanship practice but also integrates advanced features that could assist in real hunting 

scenarios. These advanced features include a night vision system, a real-time LiDAR distance 

measurer, and an interactive target board which will imitate a moving object by lighting up 

different targets. These features will help create a more comprehensive, dynamic and data-rich 

training experience. 

 

Figure 1. LaserLyte Score Tyme 

One way we will be improving systems such as the LaserLyte Score Trainer is by creating a 

dynamic and interactive target system. Other systems can become static, and the experience can 

become rather repetitive as there is one or a few targets that remain in place. They wait for the 



user to shoot and create a noise to indicate it was shot. The plan is to create an intelligent target 

board that will be more interactive. The MCU that will be placed onto the target board will be 

capable of running dynamic game logic which will randomly activate specific targets, creating a 

shoot or don't shoot reaction-based scenario. This will be made possible using LED rings that 

will be placed around each target, when a target is randomly activated the target will turn green 

signifying to shoot. If the target is shot within the time allotted the target board will play a sound. 

The player might also miss the target or shoot the wrong target. These stats will be used to 

calculate the players’ accuracy and will be displayed on an LCD screen directly on the target 

board. These additions will provide the user with detailed performance feedback, adding a 

critical skill-based element to the training which goes further than a simple hit/miss registration. 

Moreover, this product does not give information to the user on the distance between them and 

the target. We will be making an improvement in this area by adding a detachable LiDAR 

rangefinder module to give the user of our project information on this distance.  

The LaserLyte system allows users to purchase a separate pistol to practice with, the pistol form 

factor is not always the optimal tool for all scenarios. In applications such as hunting or long-

range marksmanship, a rifle with magnified optics is more commonly used. In our project we 

will use a rifle-style design to serve this purpose. We will also be adding in modular advanced 

components onto the rifle that can be used to further enhance the training experience. One 

feature that will be included is an integrated scope and active night vision system. Systems such 

as LaserLyte rely on using existing sights specifically in well-lit conditions, our system will 

include an active night vision mode using an IR illuminator and an image acquisition system. 

Allowing the trainer to practice both in well-lit conditions as well as in low-light conditions. Our 

design will also include a LiDAR distance measurement which will provide the user with data 

about their distance to the target. Providing a significant data-gathering advantage over the 

LaserLyte pistol design, allowing the user to train and record their personal performance at 

different measured distances. In addition, these features will be fully modular, allowing the user 

to place these additions onto their personal rifle, making their training session more valuable. 

2.2.3 Current Existing Product: Sig Sauer KILO8K-ABS 

The SIG Sauer KILO8K-ABS uses a laser time-of-flight range finding system to deliver accurate 

distance measurements for hunters and long-range shooters. When activated, the unit emits a 

tightly collimated laser pulse toward a target. The reflected light is captured by a photodiode, and 

the device measures the round-trip travel time of the pulse. Its optics include a 25 mm objective 

lens with multi-layer anti-reflection coatings to maximize light transmission and image clarity, 

and a protective layer that prevents scratches and abrasions in rugged environments. Moreover, it 

has a maximum measurement range of approximately 8,000 yards or 7,315 meters.  



 

Figure 2. Sig Sauer KIL8K-ABS taken from [6] 

Given that our project is applied towards training novice hunters, we felt that adding a 

rangefinder like this would be useful and practical. However, since this rangefinder is state of the 

art, it would cost several hundreds of dollars to replicate. The KILO8K-ABS starts at 

approximately $1500, and buying the components to try and replicate this product would not be 

very cost effective. In order to effectively implement LiDAR distance measurement into our 

project, our team decided it would be best to create a LiDAR system that is affordable and fits 

within our budget. With our design, we wish to buy an affordable LiDAR Module and enhance it 

to fit our goals. LiDAR modules, which are more affordable, have a relatively small distance 

measurement range. Our team wants to improve this issue by adding an auto-focusing system to 

the rangefinder’s sensor in order to increase the range of distance and ensure that the system will 

work at several distances.  

2.3 Goals and Objectives 

Our main goal for this project is to have a functional yet practical training setup for beginning 

hunters. We want to ensure that the user has a safe experience while also getting useful feedback 

in regard to the accuracy and timing of their shots fired. In order to ensure that the user also has 

realistic experience, we want to implement additional features like a range finding and night 

vision system that will be detachable to accommodate the wants and needs of the user. There will 

also be a rifle scope implemented to the design of the gun to add to the realistic hunting 

experience and to help with training for accuracy. Lastly, our team wants to achieve all of these 

things while also staying within a reasonable budget. Below are the main goals our team wishes 

to achieve throughout the project design process. 

2.3.1  Project Goals 

Laser Gun: 

- Basic Goals 

- Provide vibration feedback to the user to identify a shot being registered. 

- Enable the gun to send a signal to the target. 



- Include an electronic trigger to increase shooting experience. 

- Advanced Goals 

- Modulate IR beam and IR photodiodes. 

- Implement a sound system for trigger pulls. 

- Build a customizable and user-friendly modular rifle platform. 

- Stretch Goals 

- Pulse the laser diode beam. 

- Have multiple audible sounds based on a hit/miss from the target wall system. 

Target Wall: 

- Basic Goals 

- When a target is hit, display the score on an integrated screen. 

- LEDs will be controlled by an MCU to light up randomly. 

- Advanced Goals 

- Modulate IR beam and IR photodiodes. 

- Implement hit-location tracking on the target surface. 

- Stretch Goals 

- Record the time between shots and overall session duration. 

- Integrate different training modes into the MCU. 

Rifle Scope: 

- Basic Goals 

- Scope will be functional at multiple distances, specifically long ranges. 

- Advanced Goals 

- Scope will have an adjustable objective lens for manual focusing.  

- Stretch Goals 

- Scope will have an automatic focus system. 

LiDAR Sensor: 

- Basic Goals 

- Ensure incoming beam is always focused. 

- Advanced Goals 

- Adjust intensity of output beam for different distances. 

- Stretch Goals 

- Image “seen” by the LiDAR system will be displayed on an LCD. 

PCB/Electronics: 

- Basic Goals 

- Provide haptic and audio feedback to the user. 

- All boards and electronic components shall always maintain a reasonable 

temperature to ensure no heat damage is done to components. 

- Advanced Goals 

- Add power switches and buttons (especially on detachable components) to ensure 

components are only used when necessary 



- Stretch Goals 

- Ensure all electronic components operate within safe temperature limits to prevent 

damage, maintain performance, and improve reliability. 

Software: 

- Basic Goals 

- Ensure all systems have high feedback accuracy. 

- Advanced Goals 

- Provide different options for game modes, which will reflect how the LEDs light 

up, and how the laser systems will react to further changes. 

- Stretch Goals 

- Log shooting performance data for each session (accuracy, speed, score) with app 

integration. 

2.3.2  Project Objectives 

Laser Gun: 

- Basic Objectives: 

- Send a signal from the gun to the target using a brief infrared light pulse when the 

trigger is pulled.  

- Design and implement a feedback system that will enhance the user interaction by 

providing haptic feedback through a vibration motor and audio feedback through 

a sound system, these two will be controlled with a microcontroller to respond to 

system events and user actions. 

- Advanced Objectives: 

- Design and test a modulation system for the IR laser beam and photodiode 

receivers to ensure reliable signal detection and minimize interference. 

- Develop and integrate a sound system that will be used whenever the trigger is 

pulled, producing a consistent and recognizable audio cue to simulate rifle fire. 

- Create a modular system architecture that allows LiDAR, night vision, and scope 

components to be independently attached or detached at the user’s discretion. 

- Stretch Objectives: 

- Implement pulsed-drive for the IR laser diode so that a single trigger pull emits a 

pulse instead of a continuous beam, with a specified pulse width and timing. 

- Design and integrate an audio subsystem that will play a distinct sound for the 

two outcomes (hit and miss) with configurable volume/tone profiles. 

Target Wall: 

- Basic Objectives: 



- Visually activates different targets randomly by lighting up the target in a color 

distinct from the rest. 

- Display cumulative score and hit information in real time. 

- Provide feedback when a target is hit. 

- Advanced Objectives: 

- Design and validate an IR transmission/reception subsystem that supports a pulse 

mode, with receiver photodiodes and environmental light rejection. 

- Determine the exact location on the target surface where an IR shot strikes (not 

just hit/miss), enabling scoring and visualization. 

- Stretch Objectives: 

- Capture precise timing data for every shot and for each training session to support 

performance analytics and progress tracking. Store session start/end times and 

derived stats (shots/min, average inter-shot interval). 

- Implement a training-mode framework in the MCU that supports at least a set of 

modes and reliably executes mode logic with predictable timing and user 

feedback. 

Rifle Scope: 

- Basic Objectives: 

- Scope will have a magnification of M<5 

- Scope will have a lens system to correct aberrations by using achromat lenses 

- Objective lens will be manually adjustable so the user can focus on the system at 

different distances 

- Advanced Objectives: 

- Design a scope optical system whose focus range is over 25 m, delivers a clear 

and stable image at those distances, and meets alignment tolerances for accurate 

aiming. 

- Stretch Objectives: 

-  Design and integrate an autofocus subsystem that measures image sharpness, 

drives the optical focus mechanism to a correct position, and maintains focus 

within defined accuracy limits across the scope’s focus range. 

LiDAR Sensor: 

- Basic Objectives: 

- Measurement range will be increased through the implementation of a telescoping 

lens system 



- Integrated lens system will ensure the incoming beam is in focus  

- Advanced Objectives: 

- Design the LiDAR distance sensor so that it reliably measures target distance up 

to 25 meters so the scope autofocuses, and other subsystems can make accurate 

range-based decisions. 

- Stretch Objectives: 

- Provide real-time visuals of the LiDAR-measured environment on an LCD so that 

the user can see target positions and distances. 

PCB/Electronics: 

- Basic Objectives: 

- Vibration and sound systems (which are likely to be on separate boards for the 

gun and main LED light array respectively) shall react from the software to 

vibrate/give sound at correct levels and intervals based on the actions of the user 

(≤ 1s) 

- Electronic components should maintain a temperature of ≤ 80° Celsius 

- Advanced Objectives: 

- Implement physical power switches or buttons for each detachable and 

nondetachable component which will allow the user to enable or disable power to 

any specific component and then provide visual feedback on component status. 

- Stretch Objectives: 

- Design and implement thermal management measures, including heat sinks, 

thermal vias, and copper pours, to effectively dissipate heat generated by all 

active components and maintain safe operating temperatures. 

Software: 

- Basic Objectives: 

- Read lasers and gun feedback, send signals to LCD, vibration system, and sound 

system. Keep track of internal scores and other factors based on game logic.  

- Send data to LCD, display software running message, current game mode, and all 

associate data with that mode. Light up all LEDs as necessary. 

- Advanced Objectives: 

- Implement different game modes into the MCU that alters LED lighting patterns 

and laser system responses according to the selected mode, supporting a variety of 

interactive experiences while remaining predictable, reliable, and configurable. 

- Stretch Objectives: 



-  Implement a logging system in the MCU that tracks hit locations, accuracy, inter-

shot timing, total score, and session duration. Then stores the data locally and 

transmits it to a companion mobile application for a post-session analysis. 

2.4 Description of Features and Functionalities 

2.4.1  Hardware 

This project will contain several key features. To begin, the project will involve a laser gun 

which operates by having a built-in laser diode module. This laser diode module will include an 

IR laser diode with a wavelength of 940 nm used for detection by the photodiodes on the target 

board. There will also be a visible laser of 635 nm integrated into the design of the gun that will 

be used for calibration. Moreover, the gun will have the functionality of giving the user haptic 

feedback, as well an audio response when a shot is fired. All these features will be integrated into 

the guns casing. Power will be supplied to the gun via battery power. 

In order to implement accuracy training into the game, a rifle scope will be added to the design 

of the gun and can be detachable. This feature will help the user to focus on a very specific point 

rather than guessing where their shot is going to land. In order to refocus the scope at several 

distances, the objective lens will move back and forth by using threading within the gun housing. 

This will allow the user to manually refocus the scope when needed. In addition, there will be 

night vision mode that will function by having an IR light source illuminating a given area, and a 

camera that will collect the image of that area. A thin-film transistor (TFT) will be attached to 

this camera module in order to display the image captured. LiDAR technology will also be 

implemented to tell the player the distance they are from the target. However, given that the gun 

is intended to be used at longer distances, there needs to be a way to capture long distance 

images. In order to remedy this, we want to implement a telescoping and autofocusing feature to 

a lens system that will be in front of the LiDAR module in order to assure that the image being 

acquired is always in focus. The lens focusing automation will be done through a motor-powered 

system controlled by an MCU. Given that the LiDAR module we intend to use has a max range 

of approximately 14m, we will add a receiving telescope to the module’s receiver window. 

Additionally on the target board, there will be several small targets which operate through 

photodiode detection. These photodiodes will pick up the modulated light coming from the gun. 

In order to ensure the light successfully reaches the photodiodes, lenses will be placed before the 

photodiodes to ensure there is sufficient light collection and optical power for a current to be 

produced. Around these targets, there will be a system of LEDs which light up a specific color to 

indicate which target should be shot at. Using a microcontroller, the LEDs will be programmed 

to light up randomly. Additionally, the photodiode targets will be connected to the MCU in order 

for the game to give the user visual feedback on the target board. This will be done by 

integrating an LCD screen into the design of the target board. The LCD will display the total 

points scored by the user throughout the training experience.  

2.4.2  Software 

The Laser Based Shooting Gallery is composed of two major components – the laser rifle and the 

interactive target board – both which involve various computer science components. The first 



major component, the laser rifle, will include several features both built into the gun and also 

detachable for training customizations. The laser rifle will include a LiDAR rangefinder for 

distance measurement. This component will provide the user with real-time distance-to-target 

information. The software in this component will be focused on collecting sensor polls by 

periodically interfering with the LiDAR module to request and receive a distance reading. The 

measured distance will then be formatted and displayed on the gun's screen. The final component 

that will be included in the training module of the laser rifle is an automated lens focusing 

system. The focusing system will be responsible for automatically focusing the lens system for 

the LiDAR optics. The software portion for this component will be focusing on implementing an 

autofocus algorithm as well as an autofocus control loop. The autofocus algorithm will be able to 

analyze differences between adjacent pixels in order to calculate a sharpness score using the 

frames gathered from an image sensor. The control loop will function when the software 

calculates a low sharp score. This feature will move the lens motor while consistently measuring 

the sharpness score until a high sharpness score is found, ensuring that the LiDAR is well 

focused.  

The real time loop will also be monitoring the trigger on the rifle. The trigger mechanism will 

include a sensitivity threshold that will be predefined. When a trigger pull is confirmed a laser 

diode will briefly be activated for fixed duration of 50ms to replicate a bullet being shot. The 

user will also receive haptic feedback that the laser was shot through a vibration motor. 

The second component to the gallery is the interactive target board. The board's main 

functionality is to provide the user with real time feedback as well as providing the user with an 

interactive simulation to improve reaction time, speed, and shot accuracy. The target board can 

be separated into various modules which come together to complete the full program. Starting 

with the first module which includes the basic game logic and oversees the overall state of the 

game. This module will manage the state of the game, allowing the system to switch from pre-

game to active-game and so on. It will also keep track of the session timer and the performance 

stats. The system will be calculating accuracy using data from the number of correct targets hit, 

incorrect target hits and missed opportunities.  

A second module will be responsible for managing the targets and implementing the 

randomization feature between the three targets. In this module a randomization algorithm will 

be implemented to select and activate a single target at a time. This algorithm must include an 

unpredictable sequence each round to increase user experience. When the target is randomly 

selected the module will also light up that specific target giving the user a visual representation 

of which target is activated.  

The other two modules will work to register player actions and provide immediate feedback on 

their performance. This includes monitoring the ADC channel which will be connected to each 

target's photodiode circuit. The system will have to differentiate whether a target was hit using a 

software-defined threshold and then determine whether the hit was correct or incorrect based on 

the randomly activated target. At the end of the game the user will be provided with their 

performance stats shown on the LCD screen connected to the target board. 



2.5 Required Engineering Specifications  

Table 1. Overall System Specifications - NOTE: Highlights are to be demoed 

Parameter Specification Reasoning 
Marketing 

Requirements 

Trigger 

Response Time 
≤ 1s The trigger will have a maximum 

allowable time delay between the 

physical trigger crossing its 

predefined activation threshold and 

the laser diode beginning to emit 

light. 

1 

Laser Hit 

Detection Time  
≤ 1s The target will have a maximum 

allowable time delay from the 

moment the laser pulse strikes a 

target's photodiode sensor to the 

MCU registering the event.  

1 

Hit Detection 

and Reporting 

Accuracy 

≥ 98% The system is expected to correctly 

identify a valid laser pulse from the 

rifle and provide visual feedback to 

the user while also rejecting false 

inputs. Accuracy is a measure of 

correctly identified hits (true 

positives) and correctly ignored non-

hits (true negatives). 

1 

Hardware 

Operating 

Temperature 

 

≤ 80° Celsius 

Electronic components need to 

maintain a reasonable temperature 

level to ensure accurate performance 

of the device, and to make sure there 

is no overheating. 

2 

Laser Range, 

Magnification 

Beam collimated at 

20 meters, scope 

magnification 8x 

Given the gun is intended for long 

distance use, the diffraction of the 

beam must be controlled, and it 

should have a spot size large enough 

for the photodiode system to detect 

the incoming light. 

3 

Rifle Scope Scope focus > 20 Given that the gun could be used at 

different distances, it should be able 
3 



Range meters to refocus to get a clear and focused 

image no matter the range. 

Rifle Scope 

Magnification 

(Angular) 

Scope 

magnification 5x 

(approximately) 

The scope should be able to magnify 

the chosen target in order to fire a 

shot accurately. 

3 

 

Laser Diode 

Beam 

Magnification 

8x to 10x The beam should be large enough to 

where the photodiode system can 

easily detect the incoming optical 

signal. 

3 

Target Distance 

(Minimum) 
≥20m Each subsystem should be fully 

functional at the required minimum 

distance.  

7 

Power 

Consumption 

< 20W The system should not exceed an 

unreasonable amount of power 

output for its limited components. 

6 

Cost   ≤ $1000  The system should cost a reasonable 

amount for development and 

production of all parts. 

4 

 

Table 2. Marketing Requirements 

Marketing Requirements 

1. The system should have a quick and accurate responsiveness, in hardware and 

software. 

2. The system should always keep a reasonable temperature. 

3. The system should have optical equipment with optimal performance. 

4. The system should cost a reasonable amount for production and development. 

5. The system should maintain input, operating, and output levels in line with the 

specifications by the manufacturer. 

6. The system should not consume or release unnecessary levels of power. 

7. The system should be able to perform at long distances. 



 

Table 3. Component Specifications 

Component Parameter Specification Reasoning 

Laser Diode 1 Laser Diode 

Output Power 

≤ 5 mW Ensure eye safety and high visibility 

of the output beam 

 Wavelength 660 nm ± 5 nm Wavelength must match with 

photodiode detection wavelength 

 Beam Diameter 2-3 mm (at 

aperture) 

Allows for accurate and precise 

detection from the photodiode 

system 

 Modulation 

Frequency 

38kHz Ensures the photodetectors do not 

pick up signal from other light 

sources 

 Beam Divergence ≤1 mrad 

(after 

collimation

) 

Reduces the spread of the beam over 

long distances and increases 

accuracy 

 Operating 

Voltage 

3-5 V DC Compatible with microcontroller and 

allows for a safe experience 

Photodetector(s) Detection 

Wavelength 

940 nm (peak) Matches laser wavelength in order 

for detection to occur 

 Responsivity ≥ 0.5 A/W 

(at 635 nm) 

Ensure sufficient signal output for 

detection 

 Rise Time ≤ 10 μs Enables detection for modulated 

signals 

 Field of View 40-60 degrees Allows for easy detection without 

extreme precision 

 Modulation 38kHz Assures that no accidental detection 



Frequency from other light sources occurs 

Speaker 1 Max Input Power 1.4-1.5W Ensure correct input voltage and 

current to not overload the device 

 Max Sound 

Pressure Level 

85-90dB  Ensure sound is at appropriate 

volume to hear, while not being so 

loud to be detrimental to hearing 

 Frequency 

Response 

400Hz ~ 

5.0KHz 

Ensure audio signal is given at an 

appropriate frequency the speaker 

can play 

Vibration Motor 

1 

Rated Voltage 2.5-3.5V Ensure correct voltage is given to 

component for optimal operation 

 Rated Current < 75-80mA Ensure correct current is inputted to 

not overload device 

 Rated Speed 9900-10000 rpm Ensure correct operating speed for 

vibration result 

 Allowable 

Temperature 

Range 

-20-70 ℃ Ensure proper operating temperature 

to not overheat components 

Stepper Motor Rated Voltage ±5V Ensure correct voltage is given to 

component for optimal operation 

LiDAR Sensor Measurement 

Range 

5cm-12m Standard range that will be altered 

through lens design 

 Operating 

Voltage 

4.8-5.2V Ensure correct voltage is given to 

component for optimal operation 



2.7 House of Quality 

 

Figure 3. House of Quality 



2.8 Overall System Design Planning 

2.8.1 Hardware Block Diagram 

 

Figure 4. System Hardware Diagram by Authors 

2.8.2 Software Block Diagram 

The following shows the diagram for the laser rifle: 



 

Figure 5. Laser Rifle Software Diagram by Authors 

The following shows the diagram for the target board: 

 

Figure 6. Target Board Software Diagram by Authors 



2.9 Optical Component Schematics 

2.9.1  Laser Diode Beam Expander 

The purpose of the laser diode lens system is to collimate and expand the output laser beam from 

the laser diode module. For our project, both Galilean and Keplerian beam expanding systems 

are being taken into consideration. However, given that the Keplerian system will give us a more 

focused beam, we decided it was the best choice for our design. 

 

Figure 7. Laser Diode Lens System 

Tentative quantitative values: 

𝑓1 = 30𝑚𝑚, 𝑓2 = 150𝑚𝑚, 𝑀 =
𝑓2

𝑓1
= 5 

2.9.2  Rifle Scope 

There are several constraints that need to be taken into consideration for the design of the rifle 

scope. Some of these constraints include type of lens (coated, multi-coated, or uncoated), 

resolution, aberrations, focus, parallax, and the size of the overall system. Moreover, our idea for 

dealing with parallax is to have an adjustable objective lens. Below is a tentative layout for the 

rifle scope that is subject to change with further testing. 

 

Figure 8. Rifle Scope Lens System 



2.9.3  LiDAR Autofocusing Lens System 

Using information from what is known from camera lens design, we want to implement a lens 

system for our LiDAR module in order to have constant focus. Given that the LiDAR will be 

used for long range distance measurements, a telescope system must be used to obtain 

information from far away. The distance between the lenses will move according to the required 

distance for a clear focus.  

 

Figure 9. LiDAR Autofocusing Lens System 

Chapter 3 - Research and Investigation 

3.1 Optics – Current Technology 

3.1.1  Wavelength 

There are several factors that go into the selection of the wavelength of our system. One of the 

main concerns is safety, as there are some wavelengths that are more harmful than others. When 

working or operating with light in the infrared spectrum of light, it is more likely to cause 

damage to the human eye than with visible light since the eye will not be able to detect the light. 

To counteract this and ensure the safety of the user, we decided to use light in the visible 

spectrum for our laser diode wavelength.  

Another factor to consider is the relation between the wavelength and the detection system. Our 

targets will be comprised of silicon photodiodes, which typically have a higher sensitivity for 

infrared light (approximately 940nm wavelength). This means that the responsivity or sensitivity 

of any photodiode we use will be somewhat lower for light in the visible optical spectrum. 

However, the transimpedance amplifiers used to provide a voltage reading for one of our MCUs 

will be designed to where even a small photocurrent will suffice. In other words, using visible 

light will work for photo detection. Moreover, light that falls in the red wavelength spectrum will 

have an even higher responsivity than that of shorter wavelengths.  

Our team initially planned on using light in the infrared wavelength spectrum for our laser diode, 

specifically around 940nm. However, this has changed for a few reasons. The Lidar module we 

will be using for distance measurement shoots out pulses of light at a wavelength of 905nm. 

Given that these two wavelengths are very close on the optical spectrum, we changed our diode 

wavelength to visible light so that there is no photocurrent produced by the photodiode if the 

pulse from the Lidar module is incident onto it. In order to ensure that the photodiode does not 



detect the pulse coming from the Lidar module, we will place optical filters on our targets that 

block both ultraviolet and infrared waves. Moreover, laser diodes in the infrared range that are 

within the budget we are willing to spend are all very high power. Using a high-power diode can 

be dangerous to us and to the user of our product, so we decided to use a diode that has lower 

optical power. 

3.1.2  Laser Diode 

Using a laser diode made the most sense for our light source since we will be relying on 

photodetection for several aspects of the project. However, there are several things to consider 

when selecting a laser diode that could come as disadvantages. For instance, laser diodes usually 

have a very large beam divergence. Although there are many laser diodes on the market that 

come with a preinstalled collimating lens, this can be corrected using a collimating lens.  

Moreover, once the beam goes through the beam expander, the divergence will become even 

smaller, also compensating for this issue. Something else to note is that typically, the beam 

divergence will cause the beam to be elliptical. This will not need correction as our project does 

not necessarily require a circular beam.  

Another issue is the temperature of the diode itself. At higher temperatures, there can be negative 

and undesirable effects. If the temperature is too high, the output power of the laser may be 

lower than what is needed, meaning the desired amount of photocurrent produced by the 

photodiodes may not be achieved. Additionally, a higher temperature can affect the wavelength 

of the diode and make it longer. However, this will most likely not be a considerably big issue 

since silicon photodiodes usually have a wide wavelength spectrum. 

 

Figure 10. Typical Silicon Photodiode Responsivity versus Wavelength 

The wavelength chosen for the diode is in the red wavelength range of the visible light spectrum. 

There are several diodes on the market with this wavelength that are relatively low power, 

making it more eye safe than others. 



3.1.2.1  QL94R6SA 940nm 200mW Infrared Singlemode Laser Diode  

The first laser diode we wanted to use for our rifle was a 940nm wavelength diode. This 

wavelength was initially chosen for a few reasons. For one, the majority of silicon photodiodes 

have a peak sensitivity at this wavelength. This would mean that our photodiodes would have the 

ability to easily produce more photocurrent. Moreover, using this wavelength for detection 

would mean that the optical noise from ambient light would have less of a negative effect on our 

system.  

However, there are several drawbacks with diodes at this wavelength. Given that 940nm falls 

into the infrared spectrum of light, using a laser diode at this wavelength could potentially be 

quite dangerous for recreational use. If the beam comes into contact with the eye, there could be 

instant damages that could go unnoticed initially since the blink reflex of the eye does not 

happen with infrared light.  

Moreover, many of the laser diodes on the market at this wavelength that also fell within our 

desired budget were very high power. The L94R6SA specifically has a power of 200mW, 

making the diode fall into Class 3B of lasers. This means that this is not an eye safe laser that is 

considered dangerous. If the system is not handled by someone with experience in optics, there 

could be catastrophic consequences, so this laser diode was not chosen. 

3.1.2.2  RLD65NZN5-00A 

Another laser diode that was considered was the RLD65NZN5-00A from DigiKey. Given that 

we did not want to use infrared light for our diode wavelength anymore, this was a good choice 

for our system since it has a wavelength of 660nm. Moreover, the power of this laser diode is 

much lower than the diode previously discussed, making it a much safer option to use.  

This laser diode has an output optical power of 10mW. Although this is much lower than the 

infrared diode previously discussed, it still falls under the Class 3B classification of lasers. 

Although it is on the lower end of the Class 3B classification, we felt that an even lower powered 

laser could be used to achieve the same goals. 

3.1.2.3  RLD65NZX2-00A 

The laser diode we selected is the RLD65NZX2-00A from DigiKey. This laser diode has the 

same wavelength as the one previously discussed, but has a lower output power of 7mW. 

Although this power still categorizes the laser diode as a Class 3B laser, it is much closer to the 

lower end of this classification (5mW). We decided to not go lower in terms of power to ensure 

that we would have enough power for the desired photocurrent we want to produce from our 

photodiodes. In addition, this laser diode requires an operating voltage of 2.7V, which is 

compatible with our system since we do not intend on operating at very high voltages at all. The 

beam divergence on the fast axis is relatively high, sitting at approximately 28 degrees. This will 

not be an issue as it will be somewhat corrected once the beam passes through the beam 

expander.  

3.1.3  Beam Expander 

Below is a table comparing the benefits of using antireflective coated versus uncoated lenses for 

the beam expander lens system.  



Table 4. Beam Expander Lens System 

Criteria AR Coated Uncoated 

Higher Transmission ✔  

Affordability  ✔ 

Less degradation from high 

intensity 

 ✔ 

Less Optical power loss ✔  

Higher beam quality ✔  

Safer at higher power ✔  

For the laser beam expander system, our team chose AR-coated lenses optimized for 940 nm to 

minimize reflection losses and improve overall transmission efficiency. A standard uncoated lens 

surface reflects about 4% of incident light, which would add up to significant power loss and 

stray reflections in a two-lens beam expander. By using AR coatings, these reflections are 

reduced to well below 1% per surface, ensuring that more of the laser power is transmitted 

through the system and less is lost to ghost beams or back-reflections that could destabilize or 

damage the diode. Since the laser operates at a single wavelength, coatings tailored for 940 nm 

provide the best balance of efficiency, beam quality, and system stability. 

The lenses used for the project are acquired from Thorlabs, which offers a variety of coated 

lenses. The reason behind this choice is due to the properties of the coating that Thorlabs uses for 

their AR coated lenses. Our lenses fall under the broadband AR Coating category and are 

specifically used for wavelengths between 400nm and 1100nm. Broadband coated lenses were 

chosen over narrowband coated lenses because we intend on aligning our system with visible 

light. Moreover, the specific lenses chosen for the beam expander have a reflectance of 0.39% 

for a wavelength of 660nm which is extremely beneficial given that we want as minimal loss 

from our system as possible.  

Below is a table comparing two types of beam expanders that were considered for the project.  

Table 5. Beam Expander Lens System (Expander Type) 

Criteria Keplarian Galilean 



Achieves larger 

magnifications 
✔  

More compact system  ✔ 

Better beam quality ✔  

Better beam collimation ✔  

While both beam expander types have similar effects, the Keplerian beam expander made more 

sense for the objectives our team wanted to accomplish. A Keplerian beam expander reduces the 

divergence angle of a laser beam because of how the magnification affects beam geometry. The 

divergence of a beam is inversely related to its diameter, meaning a wider collimated beam 

spreads out more slowly than a narrower one. In a Keplerian expander, the first lens, which has a 

relatively short focal length, takes the collimated beam and focuses it to a point within the two-

lens system. Then, the second lens with a longer focal length recollimates the beam to a larger 

diameter. The expansion ratio is given by the ratio of the focal lengths of the two lenses [1]: 

𝑀 =
𝑓2

𝑓1
 

Since divergence scales inversely with beam diameter, the output divergence is reduced by the 

same factor [1]: 

𝜃𝑜𝑢𝑡 =
𝜃𝑖𝑛

𝑀
 

3.1.3.1  Part Selection 

Given that the lenses needed for the Keplerian beam expander to function as intended will 

always be two positive lenses, there is no comparison of parts to be done. However, tabulated 

below are the lenses selected in order to achieve the desired magnification of the beam and to 

reduce beam divergence. 

Table 6. Beam Expander Selection 

Component Parameter Specification 

Plano Convex Lens (Thorlabs 

LA1700) 
Objective Lens f=30mm 

Plano Convex Lens (Thorlabs 

LA1301-A) 
Imaging Lens f=250mm 

 



3.1.4  Rifle Scope 

A rifle scope consists of two main parts, the system of lenses that magnify the system and the 

erector system. The magnification is usually calculated with the combined focal lengths of the 

eyepiece and objective lenses. The relation is similar to the one discussed previously, where the 

larger focal length is divided by the smaller one. In this case, the magnification is calculated by 

dividing the focal length of the objective lens by the focal length of the eyepiece lens. As for the 

erector system, it can affect the magnification of the system depending on where the system is 

placed within the scope lens layout.  

𝑀𝑎𝑛𝑔𝑢𝑙𝑎𝑟 =
𝑓𝑜𝑏𝑗

𝑓𝑒𝑦𝑒
 

An erector system is a necessary component for any rifle scope. The erector system’s purpose is 

to make the image upright when viewed through the eyepiece since it becomes inverted when the 

light passes through the objective lens. In order to have an effective erector system, two positive 

converging lenses are needed. Moreover, the erector system creates a second focal point within 

the main system where a reticle or crosshair can be placed.  

One big issue in rifle scopes is parallax. To explain, parallax is the apparent movement of the 

reticle or crosshair within the scope when viewed at different angles. This occurs because the 

reticle and the target are not on the same focal plane. If there is parallax present within the rifle 

scope, then the accuracy of a fired shot may not be as high as it should be. There are quite a few 

ways to go about fixing this issue. One way is to have an intermediate side focus lens, where this 

lens is rotated to change the position of the image plane within the rifle scope. The other way is 

to have a movable objective lens. With this system the objective lens is moved forward or 

backward to shift the target image plane until it coincides with the reticle.  

Although both systems achieve the same goal of fixing parallax, they also have their own 

advantages and drawbacks. The side focus lens is a good choice when taking into consideration 

the ease of use for the individual using the scope. In order to adjust the angle of the side focus 

lens, there is usually a knob that the user rotates until the parallax is corrected. This is much 

more comfortable to do in comparison to manually moving the objective lens since the user must 

reach towards the front of the scope to fix the parallax. However, given that adding an extra lens 

would increase the overall cost of the rifle scope, our team decided to go with the movable 

objective lens.  



 

Figure 11. Parallax Example 

The selection of lenses for the scope lens system also had a lot of considerations. One main thing 

to consider were chromatic aberrations. If the aberrations are too extreme within the system, the 

rifle scope may not operate as intended and will be very difficult to use with the average human 

eye. The main way to combat this is by integrating achromatic doublets into the lens system. 

Achromatic doublets help to reduce chromatic aberrations by combining two lenses made with 

different types of glass with different dispersion properties. [2] However, the main downside of 

using achromatic doublets is the cost. In comparison to typical lenses which can range from 

thirty to sixty USD, doublets from trusted suppliers may cost ninety USD at the minimum. 

There are other considerations for the rifle scope such as the exit pupil of the lens system. In 

systems like this one where the human eye is involved, the size of the exit pupil is made to be 

roughly the same size as the human eye’s pupil size so the eye is able to obtain the entirety of the 

image. Given that the human eye’s pupil can range in size from two to eight millimeters, the exit 

pupil should also be around this size. This is because if the exit pupil is smaller than the eye’s 

pupil, the image obtained by the user’s eye will be mostly dark. However, our team decided that 

a larger exit pupil would be somewhat beneficial. By having a larger exit pupil, the user of the 

rifle scope will have more slack when aiming.  

Something else to consider is the eye relief of the system, which is the distance from the 

eyepiece component to the exit pupil of the system. A lot of optical devices have relatively small 

eye relief. For example, binoculars typically have an eye relief of about fifteen millimeters, and 

telescopes are similar as they have an eye relief of approximately twenty millimeters. However, 

rifle scopes usually have a much longer eye relief. Typically, the eye relief of a rifle scope can 

range from fifty to one hundred millimeters. This is because rifles usually have a lot of recoil, so 

having a longer scope with a longer eye relief can help protect the user from a potential injury to 

their eye or face.  

3.1.4.1 Part Selection 

Similarly to the beam expander, there is not a way to compare lenses to one another, the 

selection is done simply on what the system requires. Tabulated below are the specific lenses 

chosen to create the rifle scope. 



Table 7. Beam Expander Part Selection 

Component Parameter Specification 

Achromatic Doublet Lens 

(Thorlabs AC508-180-A) 
Objective Lens f=180mm 

Plano Convex Lens (Thorlabs 

LA1805-A, x2) 
Erector Lenses f=30mm 

Achromatic Doublet Lens 

(Thorlabs AC254-030-A) 
Eyepiece Lens f=30mm 

3.1.5  LiDAR Rangefinder 

3.1.5.1 DFR1183 DTOF LiDAR 360° Laser Range Scanner 

The first Lidar rangefinder we considered for our project was the DFR1183 from DFRobot. This 

Lidar module has a few benefits that made it a considerable choice for our system. It is a direct 

time of flight Lidar module which is exactly what we wanted. Since it uses direct time of flight 

technology, it is considered more accurate and consistent over traditional triangulation sensors. 

Moreover, the price of this product was within the budget we were willing to spend, retailing at 

$70 USD. However, there were a few reasons as to why this specific module was not selected. 

For one, the DFR1183 is a scanning Lidar sensor, meaning that it will have some sort of angular 

resolution. The angular resolution of this model is 0.72 degrees, meaning the sensor takes one 

measurement every 0.72 degrees around the “circle” or cycle. An angular resolution of 1 degree 

or more means fewer points and less detail may be detected, which can make small objects 

harder to detect or edges appear less defined, so this module was not chosen for this reason. 

Additionally, the maximum detection range of this sensor is 12 meters. We want our entire 

system to function at a minimum distance of 20 meters, so this sensor is not an ideal choice for 

our project.  

3.1.5.2 Garmin Lidar Light V3 

In order to provide realism to the training simulation, our system needs a rangefinder that is 

capable of measuring relatively long distances. The rangefinder module we have selected is the 

Garmin Lidar Light V3, and we have chosen it for several reasons. This module is capable of 

measuring distances up to approximately 40m (131ft) with a 70% reflective target. The 

wavelength of the emitted pulse is 905nm which is in the infrared range of the optical spectrum 

and has a peak power of 1.3 Watts. Its compact and lightweight design allows us to make it a 

modular element to our rifle as intended. This device has a beam divergence of approximately 8 

milliradians, meaning that the pulse is not collimated. This can be corrected with the addition of 

a collimating lens to the output of the device. There are some other drawbacks to this device, 

such as its accuracy at longer distances. At distances over one meter, the device has an accuracy 

of ±2.5cm. Additionally, the performance of the device can be affected by environmental factors 

such as ambient light. However, given that our project is not sponsored, the cost of the device 

was a factor in the selection. This specific module retails at approximately $131 USD. 

Tabulated below are the comparisons discussed above. 



Table 8. LiDAR Comparison Table 

Criteria DFR1183 Lidar Light V3 

Angular Resolution Decreaseses sensing accuracy 
Not an issue since it is not a 

scanning Lidar module 

Cost 
$70 USD, better for our 

desired total budget 

$131 USD, slightly more 

expensive but still fits the 

budget 

Maximum Sensing Distance 
12 meters, well under our 

desired minimum distance 

40 meters, exceeds our 

desired minimum distance 

 

3.2 Electrical Hardware 

3.2.1  Processing Unit 

3.2.1.1 MCU vs. FPGA 

When designing the embedded systems required for the project, it is important to carefully select 

an appropriate processing component. In this case, we are given the option of choosing between 

using a Microcontroller Unit (MCU) or a Field-Programmable Gate Array (FPGA). Both devices 

are compatible to be used as the central processing unit for the system, however, they are 

different in many ways including their operation and intended application. For this project we 

will be utilizing three separate processing components, each serving a specific function within 

the overall design. This section will serve as a comparative analysis of both MCU and FPGA to 

establish a foundation for selecting the best hardware for each subsystem. 

An MCU is an integrated circuit which combines all the various parts needed to create an 

electronic system. These include the central processing unit (CPU), memory, and different 

peripherals. These peripherals are fixed modules that are integrated into the MCU, allowing the 

MCU to interact with the physical world. A few examples of peripherals that are important to 

take into consideration when choosing an MCU include the timers, the serial communication 

interfaces, as well as the analog-to-digital (ADC) and digital-to-analog (DAC) converters. An 

MCU is designed to work well with sequential control tasks meaning that the CPU executes the 

instructions of a program one at a time in a fixed sequence. This allows the MCU to be best 

suited for systems that are optimized for a balance of reliability and efficiency over a system 

requiring high computational power. 

When it comes to comparing an MCU to an FPGA, a significant advantage for the MCU is its 

usability, simplicity and availability. The biggest difference between the MCU and the FPGA is 

the configuration. Due to an MCU having a predefined architecture it is configured via software 

instructions which run directly on the CPU. Due to being configured in software, an MCU can be 

programmed using various high-level languages such as C/C++ through accessible development 

environments such as the Arduino integrated development environment (IDE) or the Espressif 

IoT Development Framework (ESP-IDF). This allows for easier development and debugging for 

systems using an MCU, as using high-level languages provides the user with readily available 



libraries and increased support and resources. Additionally, MCUs are widely available and 

produced in higher volumes, making them more cost-effective. An MCU also provides lower 

power consumption. By using low-power or sleep modes they can be considered highly energy-

efficient, making them good options for consumer electronics or battery-operated devices. 

In contrast, there are some cases where an MCU has a disadvantage, including processing power 

and flexibility.  As previously mentioned, the MCU is manufactured to have a fixed hardware 

structure. Therefore, unlike an FPGA, a developer will not be able to reconfigure the underlying 

hardware. In addition, the way in which the MCU is manufactured is the reason why an MCU is 

best used in sequential control tasks. The MCU will execute each instruction on the CPU one at a 

time and because of this it is unable to offer the parallel processing capabilities that the FPGA 

could offer. In highly concurrent applications that require parallel processing, an MCU will often 

not be the best choice due to the restricted performance. Despite this, an MCU is still able to 

execute real-time control applications well in most common scenarios. 

An FPGA is another type of integrated circuit which differs greatly from an MCU due to its 

manufacturing. An FPGA is designed to allow the user to configure and reconfigure the 

hardware after it’s been manufactured. Allowing users to customize the hardware to perform the 

specific tasks needed for their system. The architecture of an FPGA consists of a network of 

configurable logic blocks (CLBs) and programmable interconnects which can be arranged and 

defined to behave in the way that the user needs. This architecture also allows for blocks to be 

configured in a format that will allow for multiple simultaneous operations. This architecture 

enables true parallel processing for the FPGA. Making the FPGA best suited for applications 

requiring high power. 

The key strengths of the FPGA include its processing performance and flexibility. The FPGA is 

best known for allowing the user to have true parallel processing. This flexibility comes from the 

FPGA hardware being able to be configured to concurrently perform multiple operations. 

Because of this the processing power of an FPGA is exceptionally high, also allowing for high 

throughput and low latency. Especially when compared with an MCU. Although an MCU can 

perform highly in real-time applications, an FPGA exceeds standards due to the possibility of 

parallel processing. Systems requiring deterministic real-time performance and low latency are 

best suited using an FPGA since tasks will be implemented directly in the hardware rather than 

through software instructions. This flexibility does have its downside as it makes development 

difficult and increases complexity. Unlike an MCU, which is configured via software and 

therefore uses high-level programming languages, an FPGA is configured via the hardware 

which means that it requires the use of hardware description languages (HDLs). HDLs such as 

VHDL or Verilog allow the user to describe logic circuits instead of writing sequential code. 

This format of development becomes much more time-consuming and more difficult compared 

to an MCU. Learning how to configure the FPGA is much more specialized and can become a 

steeper learning curve compared to the MCU making it harder to use. 

Other downsides of using an FPGA include its cost and power consumption. An FPGA will cost 

you much more than an MCU. While most MCU can be purchased for under 30 dollars, an 

FPGA, on the other hand, will run you anywhere from 100 to 300 dollars depending on the 

model you choose to use. They also have much higher power compared to an MCU due to their 

high number of transistors and their parallelism capabilities. In cases where performance and 



precision are extremely important, the customizability and parallelism of the FPGA justify the 

higher power consumption and cost.  

3.2.1.2 Why microcontrollers? 

In our project, we will be using embedded systems to coordinate communication and controls 

between the target board, laser rifle, and LiDAR detector. The processing component will 

primarily manage tasks such as reading sensor inputs, processing target detection signals, 

coordinating motor controls, regulating the laser diode, controlling LED indicators, processing 

LiDAR inputs and communicating with target board’s indicators. In addition, we would also 

prefer that all three subsystems use the same board to keep everything better organized and 

easier to manage. Although these tasks require that the processing component has reliable real-

time performance, the extreme high parallel processing that the FPGA provides is not necessary 

for the system that we will be creating. Because this system will primarily use sequential control, 

sensor interfacing, and communication we have decided that an MCU was the most appropriate 

processing component for this project. 

Table 9. Comparison between FPGA and MCU 

Criteria FPGA MCU 

Processing Power 
High Power: designed for 

specific logic tasks. 

Moderate Power: designed 

for sequential control tasks. 

Parallel Processing 
Yes. Limited. 

Programming 
Harder: Requires hardware 

description language (HDL). 

Easy: Uses high-level 

languages. 

Cost 
More Expensive Lower Cost, Widely 

Available 

Ease of use 
Complex Setup Easy Integration 

Power Consumption 
Higher  Lower 

Flexibility 
High Flexibility: Hardware 

logic reconfigurable. 

Low Flexibility: hardware 

configuration fixed 

Real-Time Processing 
Excellent through parallel 

design 

Good for simple real-time 

control tasks 

 

For this project we have decided not to use an FPGA mainly to avoid unnecessary complexity 

and increased resource demands. Due to the FPGAs parallel processing, high-speed handling, 

and high flexibility, there are many cases where an FPGA would be a better choice over an 

MCU. But when looking at the embedded functions in our project, the level of parallelism or 

hardware customization is not required. If an FPGA was implemented this would significantly 

increase development time due to the requirement of needing to use HDLs for configuration. 

Additionally, FPGAs are much more expensive than MCUs and drain a lot more power. This 

would interfere with our project goals of keeping the system cost-effective and efficient. For 



these reasons, using an FPGA would offer little practical benefit and add unnecessary costs and 

complexity to the system. 

Our group has decided to go with an MCU over an FPGA for our project as it will provide us 

with a good balance of performance, simplicity, and efficiency. We plan to choose an MCU that 

will effectively be able to handle all the real-time controls and communication needed between 

the target board, laser rifle and LiDAR detector. We would also prefer the ability to use high-

level programming languages to program the MCU, this will make the development process for 

the project faster and easier to manage. Finally, the MCU has lower power consumption and 

tends to cost less than an FPGA, which although not necessary are good additions for the project. 

In conclusion, an MCU is the most reliable and efficient option to complete the project’s specific 

needs. 

3.2.1.3 ESP32-S3 

The first MCU that was looked at was the ESP32-S3 designed by Espressif Systems. It is a dual-

core microcontroller which features a Xtensa Dual-Core 32-bit LX7 CPU and operates with a 

clock speed up to 240 MHz [2]. The ESP32 supports both Wi-Fi (2.4 GHz) and Bluetooth 

connectivity, although not required for the basic goals of the project, having a built-in wireless 

connection is still a good addition in case advanced goals are pursued. It also includes a good 

variety of digital and analog interfaces such as SPI, UART, I2C, PWM, ADC and DAC [2]. 

These features are well suited for functions in our project such as getting sensor feedback, signal 

processing and coordination between all components.  

For the project the ESP32 was chosen as the main microcontroller for each subsystem. This is 

because the ESP32 works well for all functions that will be created in the system and is a great 

option when considering real-time control. Choosing a microcontroller that excels in real-time 

control was essential for multiple subsystems that will be integrated into the project. The laser 

rifle, target board, LiDAR detector and motor mechanisms all require fast data exchange and 

synchronized control. With the ESP32’s dual-core processor, one core can be managing timing-

critical tasks such as photodiode detection while another core can handle data processing and 

communication such as communicating if a correct target was hit. 

Like other microcontrollers, the ESP32 does appear to have some drawbacks. One major 

drawback of the ESP32 is that in some cases ADC can become inconsistent, which can cause 

real-time control tasks to experience minor latency when multi-tasking [2]. This is common 

when Wi-Fi is heavily used and not properly calibrated, however, this should not be an issue for 

the training system as it will not utilize the Wi-Fi feature. 

When comparing the ESP32 to other microcontrollers, it proves to be the best choice with a 

balanced combination which includes processing performance, cost, versatility and efficiency. In 

addition, the ESP32 has low power consumption, which is important for a portable system like 

the laser rifle and LiDAR detector. The ESP32 has a deep-sleep mode that reduces the current 

consumption to only 8 µA, which is beneficial for example, when the laser is not being triggered, 

to help improve efficiency [2]. For having a low price, the ESP32 also includes 36 GPIOs which 

will be beneficial for organization of hardware component functions. The ESP32 is also 

supported across multiple easy to use development environments such as ESP-IDF, Arduino 

IDE, and PlatformIO making configuration simpler and more flexible.  



3.2.1.4 Raspberry Pi 

The Raspberry Pi, or Raspberry Pi Zero 2 W (which is the datasheet being referenced), features a 

Broadcom BCM2710A1 quad core 64-bit processor and operates with a clock speed of 1GHz 

[3]. The Raspberry Pi includes both a 2.4GHz Wi-Fi and a 4.2/BLE Bluetooth connectivity [3]. 

The Raspberry Pi is also able to run a full Linux-based operating system which allows the 

microcontroller to use high-level programming language like Python. This makes the Raspberry 

Pi a good and versatile microcontroller for applications requiring complex software stacks or for 

data processing. 

Although Raspberry Pi has unique strengths compared to the other microcontrollers that were 

reviewed, these strengths are not ideal for the training systems control requirements. The 

Raspberry Pi runs a Linux-based operating system, because of this it introduces variable latency 

causing non-deterministic timing. The introduction of variable latency causes this MCU to be 

less suitable for real-time operations such as the ones that will be used in the training system. 

The Raspberry Pi also has higher power consumption with a peak power consumption of 2.3 W 

and 0.6 W at idle. The complex system management and high-power consumption mentioned for 

the Raspberry Pi would cause the overall project design to become overcomplicated. 

The benefits of using a Raspberry Pi, including software flexibility and higher computational 

power, are advantages that are unnecessary for the training systems core function. The functions 

within the training system prioritize deterministic responsiveness, low-latency control and higher 

power efficiency. All those are not strong suits of the Raspberry Pi, therefore making it not the 

most appropriate microcontroller option for the training system. 

3.2.1.5 STM32F103 

The STM32F103, which is developed by STMicroelectronics, features an ARM 32-bit Cortex-

M3 microcontroller and operates with a clock speed of 72 MHz [4]. Just like the ESP32, the 

STM32 features a wide range of digital and analog interfaces including UART, SPI, I2C, ADC 

and PWM outputs [4]. This microcontroller is known to be reliable and has high performance 

with real-time applications and is used heavily in control systems. Due to its strong support for 

low-level hardware control, the microcontroller is a good option for deterministic tasks such as 

motor driving and sensor data acquisition. Development is moderately easy using IDEs like 

STM32CubeIDE and CubeMX which allow the engineer to generate the program in C/C++. 

The STM32 would be an excellent option for the training system as it meets many of the needs 

including real-time performance, as well as having lower power consumption compared to the 

rest of the microcontrollers. The downside to the STM32 is that it lacks an integrated wireless 

communication feature. Although the basic training system will not include any wireless 

communication that needs to be done through Wi-Fi or Bluetooth, advanced versions of the 

training system have the possibility of including a mobile app that tracks training performance 

status. Using the STM32 would mean that an external communication module would have to be 

added for the sensor data which would increase cost, development time and hardware 

complexity. In addition, the development environment for the STM32 can be more time-

consuming and complex compared to Arduino or ESP32, which tend to be more accessible and 

user-friendly. 



3.2.1.6 Arduino Uno Wi-Fi 

The Arduino Uno Wi-Fi Rev 2 is a microcontroller board that features an ATmega4809 8-bit 

microcontroller and has an operating clock speed of up to 16 MHz [6]. For the Wi-Fi peripheral, 

the Arduino Uno integrates an ESP32-based u-blox NINA-W102 module which also includes 

Inertial Measurement Unit (IMU) sensors which can be used for motion detection [6]. The board 

uses the Arduino IDE and offers programming using C/C++, making the development process 

much more user-friendly compared to the other MCUs.  

Arduino Uno has a downside when it comes to its processing performance and memory capacity 

which are required for the real-time operations within the training system. The 8-bit 

microcontroller will operate a lot slower than the 32-bit or 64-bit that the other MCU have, 

which will affect its ability to perform simultaneous control tasks such as laser diode triggering 

and LiDAR signal processing. In addition to poor performance, the Arduino Uno has very 

limited memory as seen with their 6 KB SRAM and 48 KB flash memory [6]. The limited 

memory in the Arduino Uno will heavily restrict the complexity of code that will be programmed 

onto the system, making it hard to complete every function needed. In addition, the Arduino Uno 

is listed at the highest price point of $55, compared to the STM32 or ESP32 which have a price 

range of six to twelve dollars. 

When taking into consideration the needs for this project, the simplistic manufacturing of the 

Arduino Uno makes it an unreliable option. The training system will require the MCU to be 

capable of real-time synchronization and high-speed processing, which are two factors that the 

Arduino Uno struggles with. 

Table 10. Comparison between different MCU options 

Feature ESP32 -S3 Raspberry Pi  STM32F103 
Arduino Uno 

WiFi Rev2 

Processing 

Power (Core) 

Xtensa Dual-

Core 32-bit LX7 

Broadcom 

BCM2710A1, 

quad-core 64-bit 

SoC 

Arm® 32-bit 

Cortex-M3 CPU 

ATmega4809 8-

bit 

GPIO Count 36 GPIOs 40 GPIOs 26 − 80 I/Os 14 GPIOs 

Wireless 

2.4 GHz Wi-Fi 

and Bluetooth 5 

module 

2.4GHz wireless 

LAN, Bluetooth 

4.2, BLE, 

onboard antenna 

Not Included Bluetooth Nina 

W102 uBlox 

module, 

Wi-Fi 

Interfaces 

SPI, UART, 

I2C, PWM, 

ADC, DAC 

SPI, UART, 

I2C, PWM 

SPI, UART, 

I2C, PWM, 

ADC, DAC 

SPI, UART, 

I2C, PWM, 

ADC, DAC 

Development 

Support 

Easy: Supports 

ESP-IDF, 

Arduino IDE, 

and PlatformIO 

Complex: 

Linux-based 

operating system 

Moderate: 

Supported on 

multiple IDEs 

includes HAL 

Easy: Supports 

Arduino IDE 

RAM 512 KB SRAM 
512MB 

LPDDR2 
20 KB of SRAM 6KB SRAM 



Clock Speed 240 MHz 1 GHz 72 MHz 16 MHz 

Operating 

Voltage 
3.0 − 3.6 V 5 V 2.0 − 3.6 V 5 V 

Peak Current 

Consumption 
355 mA 460 mA 40 mA 200 mA 

Peak Power 

Consumption 
1.17 W 2.3 W 0.13 W 1 W 

Cost for One $6 − $10 ~$20 $7 − $12 ~$55 

 

3.2.2 Vibration Motor 

3.2.2.1 Types of Vibration Motors  

PCB-Mounted Coin Vibration Motor 

This type of vibration motor is a component that uses a coin-type eccentric rotating mass that 

attempts to provide haptic feedback for this system. It is either soldered directly to the board, or 

it could be a through-hole connection, which allows for a low-profile type design that conserves 

PCB space for other components. Size is a major consideration for our project because of the gun 

system - we have to ensure everything can fit into a confined space. The coin motor operates 

with simple GPIO control from the MCU, which makes it straightforward to implement in both 

the design of the PCB and the software from the microcontroller. They generally have an 

adhesive backing for additional mounting and can come in a variety of sizes. The primary 

advantage is being small and thin, which makes them ideal for space constrained applications. 

There are a few problems - first, they generally have a high minimum starting voltage (2.3V) 

compared to some other motor types, which must be considered in low power operating 

conditions. Their vibration intensity is overall moderate, it may not be sufficient for applications 

that require haptic feedback through thick enclosures, or desire more sound. 

Cylindrical Pager Motor 

A cylindrical pager motor, also known as a barrel motor, is a traditional style vibration motor 

within a cylindrical form factor. These motors usually produce a stronger vibration amplitude 

compared to coin motors of similar voltages. This happens because they have larger eccentric 

masses and longer shafts. Generally, operation occurs with an on/off control with GPIO pins, and 

they are mounted using brackets, or zip tie points within the board itself. The cylindrical design 

allows for higher forces of vibration, as explained above (2 G-RMS or more), which can make 

them more suitable for applications where vibration needs to be felt at a stronger level, or needs 

to be heard at a higher level. They generally have a much larger profile in comparison to a coin 

style motor, which can use more space real estate and requires more careful design to ensure the 

higher vibration levels do not affect nearby components. The extruding shaft and weight is also 

more exposed to damage during assembly or use. 



Linear Resonant Actuator (LRA) 

Linear resonant actuators are a more advanced vibration technology that uses electromagnetic 

forces and resonance to create a vibration type feedback through linear motion, as opposed to the 

circular motion of other options. They require a PWM signal at specific resonance frequencies 

(150-250 Hz in general) for effective operation, and it also requires more complex drive 

circuitry, which makes it more expensive to manufacture. They do have some advantages - faster 

response time, consistent vibration over different voltage levels, low power consumption, and 

can create more distinct and clear haptic feedback effects. They usually also have longer 

lifespans due to less mechanical components, which contributes to having less wear. The 

implementation complexity and the higher cost make them less suitable for simpler and smaller 

feedback applications, where a smaller and easier system makes more sense.  

Table 11. Vibration Motor Comparison Table 

Feature Coin Motor 
Cylindrical Pager 

Motor 

Linear Resonant 

Actuator 

Control Signal 

Path/Type 
GPIO High/Low GPIO High/Low 

PWM (at resonance 

frequency) 

Intensity of Vibration 
Moderate (.6-1.2 G-

RMS) 

Stronger (1-2.5 G-

RMS) 

Strongest and most 

consistent (1.4-2.8 G-

RMS) 

Response Time 40-60 ms 50-80ms 15-25ms 

Mounting 

Type/Technology 

Soldered directly to 

PCB, or through-hole 

mounted. Can also 

have adhesive 

backing. 

Bracket or mounting 

points on the board. 

Soldered as SMD, or 

can also be through-

hole. Might also 

require an adhesive 

mount. 

Design Complexity 

Simple - Only GPIO 

pins for on/off 

control 

Simple - Only GPIO 

pins for on/off 

control. Also requires 

much more physical 

board space to mount. 

Complex - requires 

IC, possibly requires 

a driver, and also 

requires precise 

frequency control. 

Cost 
Low - Simple design 

and implementation 

Low to Medium - 

Can be more 

expensive due to 

vibration force, but 

cheaper than LRAs 

High - More complex 

designs generally  

require a higher 

manufacturing cost. 

 

3.2.2.2 Vibration Motor Technology Decision 

For this project, our team has selected to use the PCB-Mounted coin vibration motor for our 

design inside of our laser gun. This type of motor provides an appropriate level of haptic 

feedback needed for our use - a small amount that is just for audibility and a slight sense of touch 

feedback. This type has a limited PCB footprint - perfect for the small and limited design we are 

looking for. The GPIO control of the coin type motor eliminates the need for driver circuit 

design or any PWM signal management, which helps reduce board size and complexity, and the 



software design complexity. Our plan is to use LEDs for status and only need basic vibration 

feedback to add to the feeling of the trigger for the gun, the moderate vibration intensity is plenty 

for our use case. The thin profile also helps maintain size constraints we are attempting to follow, 

sticking to compactness. A straightforward implementation limits the amount of possible failure 

points, and the level of complexity is fine enough for our simple application. Cylindrical motors 

offer a stronger vibration, but the increased size would compromise space desires and require 

more consideration for placement in PCB design. LRAs have interesting advantages, but they 

introduce unnecessary complexity and cost into our use case where a simple on/off feedback 

loop with low cost is appropriate.  

3.2.2.3 Vibration Motor Specific Part Selection 

In each of the vibration motor types analyzed, we looked at the recommended circuit and specs 

from the datasheet of a few good examples of each type. We considered component availability 

and cost, as well as their ease of implementation. The motor must be cost-effective, operate 

efficiently at system voltage, draw a reasonable amount of current to minimize power 

consumption, and provide sufficient vibration intensity to add feedback to a shot in the laser gun. 

PCB footprints and mounting options were also considerations, ensuring we could meet design 

size and complexity constraints.  

Seeed Studio 316040001  

This is a coin vibration motor that has a rated voltage of 3V and operates within 2-3.6V. It draws 

65 mA at the rated voltage and produces vibration at approximately 11k RPM. It has a 10mm 

diameter and a 3.4mm height, which makes it suitable for our design requirements for 

compactness. It includes reinforced connection wires and an adhesive backing for secure 

mounting directly on the board. It is also only around $1.06 per unit, making it a clear cost-

effective option. The motor can be controlled with just a GPIO pin from our ESP32, only 

requiring a minimal amount of additional circuitry in the PCB design - just a direct connection to 

the MCU. The part is widely available, and widely documented which makes its implementation, 

use, and problem solving easier.  

DFRobot Mini Coin Vibration Motor  

This coin mostly tries to be extra thin, at 2.7mm. It operates at a rated voltage of 3V, operating at 

1.5-4.2V, which provides some flexibility for various power supply configurations. It uses 50mA 

at the rated voltage, and operates at 11k +/- 2.5k RPM. It tries hard to be small and compact - at 

10mm x 2.7mm, it is one of the smallest and thinnest options available, which has clear benefits 

in space cognizant design in PCB development. The price is also very effective at $0.99 per unit, 

and it seems to maintain reasonable quality despite this cost. The motor has color coded wires, 

and can be driven directly through a GPIO pin without any additional connections. Current 

limiting resistors may be helpful depending on output from our MCU. It has less vibration than 

some thicker motors, but it is good enough for applications where the device is in direct contact.  

Precision Microdrives 310-101 

This is a more professional type coin vibration motor, and it is designed for commercial 

applications that require consistency and reliability. The operational voltage is 3V, with a range 

of 2.3-3.6V. It draws 75mA at the rated voltage, and produces a vibration of .8 G-RMS at 9K 



RPM. The dimensions are 10mm x 3.4mm, making it slightly bigger than some other options. 

The robust construction has reinforced leads, and the motor is rated for over 100 million cycles. 

The cost is much higher than some other options, at $4.25 per unit, making it the most expensive 

of these options. It is clear where the costs are going - into reliability and consistency. The specs 

sheet has detailed technical graphs and explanations, which can assist in troubleshooting. The 

higher cost might be justified in more commercial applications, but in our simpler and smaller 

use, the cost cannot be justified. 

Table 12. Specific Vibration Motor Comparison Table 

Feature 
Seeed Studio 

316040001 
DFRobot Mini 

Precision 

Microdrives 310-101 

Operating Voltage 3V (2-3.6V) 3V (1.5-4.2V) 3V (2.3-3.6V) 

Current Draw 65mA 50mA 75mA 

Speed 11k RPM 9-13k RPM 9k RPM 

Dimensions 10 x 3.44mm 10 x 2.7mm 10 x 3.4mm 

Cost (per unit) $1.06 $0.99 $4.25 

Key Features 

Grove interface, 

extensive 

documentation, 

community support 

(has been used in 

many projects and 

experimented with 

heavily), easy to 

mount, reasonable 

dimensions for a 

small board 

Ultra-thin profile, 

budget friendly 

(cheapest option here 

while still 

maintaining a high 

level of quality), 

color-coded wires 

Commercial grade, 

100 million and 

beyond cycle life, 

extensive specs sheet 

allowing for 

potentially easier 

troubleshooting as 

you just match to the 

data sheet 

 

Deciding Factors + Ultimate Decision 

The decision has been made to use the Seeed Studio 316040001 grove vibration motor for this 

project. We decided on this part in an attempt to balance cost, performance, and the 

implementation being convenient and simple to integrate. This particular motor operates at our 

target 3V system voltage (with the ability to go to 3.3V to match what a typical power system on 

a PCB would provide). It also operates with a current draw of 65mA at operating voltage, a 

reasonable amount given the simplicity of the part and our use case of it. The 11k RPM produces 

enough vibration to provide what we are looking for - simple user notification on shot. It does all 

of this while not being too aggressive in speed (which could be distracting or cause other design 

constraints with excessive vibration) and also avoiding being too power hungry for the small 

scope of the part. 



The $1.06 unit price is very reasonable in the small quantities we will need to produce a unit and 

test, and offers generally excellent value, especially in comparison to the more premium 

Precision Microdrives option while still maintaining excellent documentation and support from 

the community, which has used this part in a wide variety of circumstances. This makes it a 

better choice for us than the DFRobot mini, despite that part having a lower cost, the ability to 

research problems that others have had and being able to find a solution in a faster time can help 

the overall time management of our project in a significant way. The Precision Microdrives 310-

101 is a high-quality part, does not justify its 4x price increase for our application requirements. 

The grove interface is designed for modular prototyping and does not present integration 

challenges for our overall PCB design goals. We can easily incorporate the motor and its 

connector or adapt it for direct soldering depending on our production needs that will be decided 

during board development. 

The extensive community support and use for the Grove modules is very valuable during that 

development process, especially in the troubleshooting phases. The 316040001 has specifications 

that align nicely with our use case - providing distinct but not distracting haptic feedback for 

status alerts (specifically the trigger being pulled to alert a “shot” being fired). The GPIO pin 

controls retain a clean circuit design and reduce points of troubleshooting and failure, and the 

included adhesive backing and wire leads provide mounting options that are suitable for our 

project and needs. The 316040001 delivers a combination of technical specs, ease of 

implementation, and a cost-effectiveness that supports the requirements for our design in a 

perfect way, so this is the part we have chosen to use for our project. 

3.2.3 Motors 

3.2.3.1 Types of Motors 

Brushed DC Motor 

Brushed DC motors represent the traditional and most widely used type of small motor for 

embedded applications. These motors contain an iron core in the rotor around which copper wire 

windings are wrapped, creating electromagnetic coils that interact with permanent magnets in the 

stator housing. The brushes (typically carbon or graphite) make physical contact with a rotating 

commutator attached to the rotor shaft, mechanically switching the current direction through the 

rotor windings as the motor spins. This mechanical commutation allows the motor to operate 

with simple two-wire DC power—just connect positive and negative terminals and the motor 

runs. Operating voltages typically range from 1.5V to 24V with current draws from 50mA to 

several amperes depending on motor size and load. These motors generate substantial torque 

relative to their size and cost, making them excellent for continuous rotation applications like 

fans, pumps, and wheels. 

The primary advantage of brushed DC motors is their simplicity and cost-effectiveness. Small 

motors are available for under $1 per unit in volume, and they require no external control 

circuitry beyond basic switching (transistor or MOSFET) for microcontroller operation. Speed 

control is straightforward using PWM signals from the MCU. The motors provide high 

continuous rotation speeds (1,000-15,000 RPM typical) with smooth operation under constant 



load. They're ideal for applications requiring continuous rotation at variable speeds, such as 

cooling fans, propellers, conveyor systems, or wheeled robots. 

However, brushed DC motors have significant limitations for precision positioning applications. 

Without external feedback (encoders or sensors), position control is imprecise and subject to 

drift. The motor has no inherent "steps" or discrete positions—it rotates continuously and 

maintains a specific angular position requires constant power and active control. The mechanical 

brushes and commutator experience friction and wear, resulting in limited operational lifespan 

(typically 1,000-3,000 hours under continuous use). The sliding contact generates electrical noise 

(EMI) that can interfere with sensitive electronics, as well as carbon dust from brush wear. 

Torque ripple from the commutator segments produces vibration and audible noise, typically 40-

60dB. For applications requiring precise positioning, repeatable angular movements, or holding 

position without continuous power draw, brushed DC motors are poorly suited despite their 

advantages in continuous rotation areas. 

Servo Motor 

Servo motors are specialized actuators designed specifically for precision angular positioning 

rather than continuous rotation. A servo consists of a DC motor (brushed or brushless) coupled to 

a gear reduction system, a potentiometer or encoder for position feedback, and an integrated 

control circuit board that implements closed-loop position control. Standard hobby servos accept 

a PWM signal input where the pulse width (typically 1-2ms within a 20ms period) directly 

commands the angular position, typically providing 180° of rotation range. The internal control 

circuit continuously compares the commanded position to the actual position (measured by the 

potentiometer) and adjusts motor drive to minimize error, providing accurate and stable 

positioning. 

Servos offer several advantages for positioning applications. Position control is extremely simple 

from the microcontroller perspective—just send a PWM signal with the appropriate pulse width 

and the servo moves to that position autonomously. No complex control algorithms or position 

tracking is required in the MCU firmware. The integrated feedback loop provides excellent 

holding torque at the commanded position without requiring continuous commanded adjustments 

from the controller. Response is fast, typically reaching commanded positions in 100-300 

milliseconds depending on servo size and load. Servos are available in a wide range of sizes, 

from micro servos (8-10 grams) to large industrial servos (several kilograms), with torque 

outputs ranging from 1 kg·cm to over 40 kg·cm for hobby servos, and much higher for industrial 

variants. 

However, servos have significant limitations for certain applications. Most standard servos 

provide only 180° of rotation range, though continuous rotation servos sacrifice position 

feedback for unlimited rotation. The analog potentiometer feedback in standard hobby servos 

provides limited resolution—typically equivalent to 200-300 discrete positions across the 180° 

range, much coarser than stepper motors. Position accuracy degrades under load, with typical 

accuracy of ±2-4° rather than the sub-degree precision possible with steppers. The integrated 

control circuit draws constant quiescent current (typically 5-10mA even when idle), consuming 

power even when not moving. The gear train introduces backlash (typically 2-5° in hobby 

servos), causing positioning errors when direction reverses. Servo cost is higher than simple DC 

motors—$3-15 for hobby servos, $50-300+ for industrial servos—due to the integrated control 



electronics and feedback mechanisms. For applications requiring full 360° continuous rotation 

with precise position control, multiple complete revolutions, extremely fine positioning 

resolution, or very low power consumption in holding mode, servos are not the optimal choice 

despite their ease of use for simple positioning tasks. 

Stepper Motor 

Stepper motors are precision actuators that divide a full rotation into a large number of discrete 

steps, allowing precise positional control without requiring feedback sensors. The motor consists 

of a rotor (typically permanent magnets or a soft iron core with teeth) and a stator containing 

multiple electromagnetic coils arranged in phases. By energizing the stator coils in specific 

sequences, the rotor is pulled to align with the energized coils, advancing one step at a time. 

Common step angles include 1.8° (200 steps per revolution), 7.5° (48 steps per revolution), or 

5.625° (64 steps per revolution before gear reduction in geared variants like the 28BYJ-48 which 

achieves ~4096 steps per revolution after its 1:64 gearing). 

Stepper motors offer exceptional advantages for precision positioning applications. Position 

control is achieved through open-loop operation—simply count the steps commanded and the 

motor's position is known without requiring encoders or feedback sensors. This eliminates the 

cost, complexity, and physical space requirements of feedback systems. The motor naturally 

holds position at each step through magnetic detent force, maintaining position without 

continuous power draw (though holding current can be applied for increased holding torque 

when needed). Angular resolution is excellent, particularly in geared stepper variants, enabling 

smooth, precise movements and accurate positioning. The motor can rotate continuously in either 

direction for unlimited revolutions, or position precisely at any angle within its range. Speed 

control is straightforward—the step rate determines rotational velocity, easily controlled from 

MCU firmware. 

Stepper motors are also inherently bidirectional with no additional control complexity, and they 

can be stopped instantly and held at any position. There are no brushes to wear out (in most 

modern steppers), providing long operational lifespan. Torque is available even at zero speed 

(holding torque), unlike brushed DC motors which provide minimal torque at low RPM. The 

discrete stepping action is highly repeatable—commanding 100 steps forward and 100 steps back 

returns the motor precisely to its starting position (within the limits of mechanical backlash in 

geared systems). This repeatability is critical for automated systems, CNC equipment, 3D 

printers, camera gimbals, and robotic positioning systems. 

However, stepper motors have certain limitations. They require more complex drive circuitry 

than simple brushed DC motors—unipolar steppers need drivers like the ULN2003 Darlington 

array, while bipolar steppers require H-bridge drivers like the A4988 or DRV8825. The firmware 

must generate proper stepping sequences and manage step counting for position tracking. Torque 

decreases at higher speeds due to inductance limiting current rise time in the coils, though this is 

less problematic in small, low-inductance steppers. Without feedback sensors, steppers can lose 

steps if overloaded or if the step rate exceeds the motor's capability, causing position error. 

However, for loads within the motor's torque rating and reasonable acceleration profiles, step 

loss is extremely rare. Audible noise from the stepping action can be present (typically 30-50dB 

depending on motor size and step rate), though this is often acceptable or can be mitigated with 



microstepping. Power consumption is moderate—the motor draws current continuously when 

energized, even when not moving, though current can be reduced after positioning is complete. 

For our application requiring precise angular positioning, repeatable movements, ability to move 

to specific positions and hold them reliably, bidirectional rotation, and simplicity of position 

tracking without feedback sensors, stepper motors are the ideal choice. They provide the 

positioning accuracy we need without the complexity of closed-loop systems, the limited range 

of servos, or the poor position control of simple DC motors. 

Table 13. Types of Motor Comparison 

Feature Brushed DC Servo Stepper 

Position Control Poor Good Good 

Angular Resolution No discrete positions 
Good (200-300 

positions) 

Excellent (200-4000+ 

steps/rev) 

Rotation Range Unlimited/Continuous 
Limited (180 

degrees) 
Unlimited/Continuous 

Control Complexity 
Simple (2 Wire and 

PWM) 
Simple (PWM) 

Moderate (Stepping 

sequences in PWM) 

Typical Speed High (1-15k RPM) Low (60 degrees/s) Low (100-1k RPM) 

Cost Low (.5-5$) Moderate (3-15$) 
Low-Moderate (1-

20$) 

 

3.2.3.2 Types of Stepper Motors 

Small Geared Unipolar 

These are compact geared stepper motors with permanent magnet motors with internal planetary 

gear reduction systems, which generally offer gear ratios of 1:64 and 1:85. They use a unipolar 

5-wire config where one wire connects to the center tap of all coils, while the 4 remaining wires 

try to control the individual phases of those coils. These motors generally operate at relatively 

low voltage (a low of 3V to around a max of 12V) and draw modest current (typically 100-

250mA per phase), which tries to make them compatible with a standard microcontrollers GPIO 

pins through basic drives like the ULN2003 (the most common driver for the motor we plan to 



use.) The internal gearing of this technology provides a significant amount of torque 

multiplication, achieving 300-450 gram (force )(gf)*cm of pull-in torque, which is plenty for 

light tasks such as simple positioning tasks. These motors are extremely cost-effective (often 

under 2$ per unit.) They are also widely available with hobbyist and community documentation 

and MCU (like the Arduino and ESP32) libraries. However, they also have a plastic gearbox, 

which limits their torque capacity, and can introduce backlash, which can make them unsuitable 

for high load and or reversing applications. The unipolar configuration is also less efficient than 

some bipolar designs, and the motors can be loud in their operation due to the gearing train. 

Another important part of the motor is the motor controller, and this is handled well by the 

Unipolar designs. This technology essentially allows for use of a simple current controller to 

handle all 4 phases of the motor. Parts like the ULN2003 are simple motor controllers and 

drivers that are common, easy to work with, and make controlling the different phases a painless 

task. This is another key consideration for the motor in general, it needs to have a driver that can 

deliver and control the appropriate amount of current. The ULN2003 is a choice for many 

projects due  to its simplicity. 

Bipolar Stepper Motor 

Bipolar stepper motors represent the industry size for professional applications, a 42 x 42mm 

mounting faceplate ensures compatibility across different manufacturers and mounting systems. 

These bipolar have a 4-wire configuration requiring an H-bridge driver circuit (like the A4988) 

for proper operation. These motors generally use a higher voltage consistently (like permanent 

12V) and draw current from 350mA-2A per phase depending on the configuration of the winding 

in each particular motor. These motors provide much higher torque than other smaller geared 

motors, running from .26 N*m for basic models, to up to .8 N*m for longer body variants. The 

standard step angle allows for 200 steps per full revolution. It uses a direct drive configuration, 

which eliminates the gearbox entirely, providing immediate response with no mechanical delay. 

They are widely used in CNC machines, 3D printers, and robotics where precision and accurate 

torque are critical. On the other hand, they are significantly heavier and larger than geared 

motors (most weighing 200-300g), require more sophisticated and complex motor driver 

controllers (especially those that allow more specific current control), they draw significantly 

more power, and are much more expensive on average ($10-20 per unit.) The direct drive system 

also means lower resolution compared to geared motors, which forces the driver to implement 

microstepping. 

Micro Permanent Magnet Stepper Motor (PM15S) 

Micro PM motors are the smallest class of stepper motors, with some motors only having 

dimensions of 15 x 11mm. They usually are bipolar 4-wire units operating at lower voltages (3-

5V) and draw a current of 200-450mA per coil. They have a step angle allowing for 20 steps per 

revolution without any gearing system. These motors are purely direct drive, they have no 

internal gearbox. This provides fast response times with minimal physical impact from inertia. 

Their small size makes them ideal for space constrained applications such as cameras, precision 

instruments, or portable devices. This makes them an appealing option for our project, as we 

want to have something portable, minimal in size, and modular (this would be used for the 

removable lidar system.) Some versions have a metal gear that provide a gearing reduction 

(1:100 to 1:350) for some applications that require a higher torque to move the motor faster, or 

that require a finer resolution. The ungeared versions (the majority) have limited torque 



(typically 20-40 gf*cm) making them only usable for simple and small loads. Even with metal 

gearing, the torque remains smaller in comparison to other options. These motors are also more 

expensive, especially in comparison to simple bipolar motors in the 28BYJ-48 class, and their 

small size can actually make physical mounting more challenging if the application requires a 

larger object to be moved. Their limited options and availability, coupled with a fewer number of 

online resources compared to motors in the bipolar class, also can make integration, 

troubleshooting and use more complicated compared to other options.  

 

Table 14. Stepper Motor Comparison Table 

Feature 
Small Geared 

Unipolar 
Bipolar Micro PM Stepper 

Control Signal 

Path/Type 

Unipolar 5-Wire 

(Typically with 

ULN2003 driver) 

Bipolar 4-wire with 

H-Bridge driver 
Bipolar 4-Wire 

Torque Capacity 
Moderate (300-450 

gf*cm) 

Highest (250-800 

mN*m) 

Lowest (20-40 

gf*cm) 

Resolution (Steps per 

revolution 

High (2048-4096 if 

gears are reduced) 

Medium (200-400, 

can be higher if 

driver has 

microstepping) 

Low (20 total steps 

per revolution) 

Size and Weight Compact, 30g Larger, 200-300g Smallest, 10g 

Power Requirements 5-12V, 100-250mA 12V, 350mA-2A 3-5V, 200-450mA 

Driver Complexity 
Simple (ULN2003 

most common) 
Most Complex Moderate 

Cost (per unit) $1-5 $10-20 $3-8 

 

Stepper Motor Technology Decision 

For this project, we have decided to use the Unipolar Stepper motors. This is for a variety of 

reasons. First, these motors provide a good balance of resolution and torque for our application. 

The 2000 steps per revolution is more than sufficient for a smooth and precise positioning task, 

which can help our LiDAR system to be more precise in autofocusing for the lenses. The output 

torque of 300-450 gf*cm is enough for moving the light mechanism without the power 

consumption and thermal management of some bipolar motors. 

The 5-wire configuration (especially with the planned ULN2003 driver) integration is much 

simpler compared to other driver options in other classes. This can help reduce design strain and 

complexity, limiting points of failure or mistakes. The driver only uses 4 GPIO pins from a 



standard MCU (ESP32), and it operates with minimal tuning. The ULN2003 driver is also 

widely used and available, and they can easily include current limiting resistors or LED status 

indicators, which further simplifies troubleshooting. Cost is also a major advantage, as some of 

these units can be under $2 per unit, compared to much higher pricing for other options. Because 

the driver is also simple and used widely, the price there is equally minimal, a concern for the 

Bipolar motors specifically.  

A smaller yet still important point is community and online support and resources. For common 

parts like the planned ULN2003 and 28BYJ-48 series of motors, support is extensive. These 

parts are easy to find, common, and cheap, so many people have used them in their projects. 

Because of this, libraries for Arduino like Stepper.h and AccelStepper have been created, and 

those can be a major help in the development of the software for use on these components. 

Stepper Motor Specific Part Selection  

For each stepper motor examined, our team looked at electrical specs, torque options, gear ratios, 

drivers and their requirements, the physical dimensions, and online resource availability to assist 

in development. The motor must have enough power for the mechanical load of the lens system, 

operate reliably at system voltage (5V traced to the driver), easily integratable with the driver we 

want to use, and be available easily at a reasonable price.  

28BYJ-48 5V Motor 

The first option is the 28BYJ-48, which has created its own class of unipolar motors. This 

particular option is widely used, it seems to be one of the most popular options for small stepper 

motors in the hobbyist space. It operates from 3-5VDC, and uses 150-250mA per coil depending 

on the exact variant of the motor. The gear ratio is 1:64, which allows for 4096 steps in a full 360 

degree rotation of the part. This allows for precise control, with a total resolution of 0.088 

degrees per step. The pull-in torque is 300 gf*cm, and the holding torque is over 343 gf*cm. 

Operating frequency is typically 100Hz.  

 

The motor is 28mm in diameter, with a height of 19mm excluding the shaft. The shaft itself is 

5mm in diameter with a profile for secure coupling to mechanical loads. It is a standard color-

coded 5-wire unipolar wire config (Red for common positive, Orange, Pink, Yellow, and Blue 

for the 4-phase wire control.) A mating connector for the ULN2003 driver is required, but it is 

well documented, standard, and cheap. The unit is typically $1.50-2.50 with a driver board, 

showing excellent value. The motor is well documented, with many online videos, articles, data 

sheets, and project reports showing the motor and driver in action in a variety of circumstances. 

There are tutorials, libraries, videos, project examples, and many other resources that can assist 

in troubleshooting our project when the time comes. The primary limitation is the plastic gear 

train, the wear can become very pronounced in sustained heavy loads or during high-speed 

operation, so this is something to consider. For our project, neither of these is a major concern. 

The LiDAR and lens systems are light, do not require consistent operation, and are not required 

to be operated at high speeds.  



35BYJ46 12V Stepper Motor 

This motor is a larger cousin to the standard 28BYJ-48. It has increased torque and a wider 

variety of voltage options. It has a rated voltage of 12VDC and operation can range from 5-24V 

in different variants. It has a 4-phase unipolar configuration and has a gear ratio from 1:43 to 

1:85 depending on the variant. This provides 2048 steps per revolution, around .171 degrees. It 

also draws correspondingly less current than the 5V 28BYJ-48 when at 12V, around 80-120mA 

per phase at that operating voltage. 

The torque is higher than the other model, with a pull-in torque of more than 1500 gf*cm and a 

holding torque of 800 gf*cm. This can help make the motor more suitable for larger applications. 

The measurements are about 35mm in diameter, making it larger than the comparison 28BYJ-48. 

It has a 5-wire unipolar config identical to the 28BYJ-48, allowing the use of the same ULN2003 

driver. Pricing is around $3.50-5 per unit, which reflects its larger size and higher torque ability. 

It is more expensive than the comparison unit, but it still has good value, especially for 

applications that require additional torque. Documentation and online support is much less for 

this unit than the 28BYJ-48 due to it being generally less popular as many projects do not require 

the extra power. The larger size may have some mounting and design challenges. The main 

problem is the higher operating voltage, as our system is mostly designed around low voltage 

and low power components. If we needed 12V, significant changes would have to be made, 

though with the lower current draw, this has to be at least considered. 

PM15S-020 5V Micro Stepper Motor 

This is the only option from another class - a micro permanent magnet stepper. This motor 

operates at rated voltage of 5VDC, and draws 430 mA per coil. It has a 4-wire bipolar config, 

and also requires an H-Bridge driver and the additional circuit design that comes with that 

territory. The step angle is 18 degrees per step, which allows for only 20 steps in a full 360 

degree rotation without gearing. This low step count means limited resolution in comparison to 

all geared motors. Some metal gear versions are available that have rations from 1:100 to 1:150 

or higher, for applications that require much more precise positioning of the motor.  

The holding torque is lower, around 30 gf*cm, which is only around 10% of what the main 

competitor, the 28BYJ-48 provides. Even if a variant with a metal gear head is used, that would 

only be 300-600 gf*cm depending on the gear ratio. The main advantage is the much smaller 

size, with dimensions of 15 x 11.6mm, with the shaft measuring 6 x 1.6mm. This makes it more 

ideal for applications where space is a premium, such as a camera, or in robotics. The bipolar 

configuration requires a more complex driver IC (such as an L293D), compared to the wholly 

simple ULN2003. Pricing is around $4-7, with geared versions being priced $8-12. This makes it 

much more expensive than the 28BYJ-48 while providing much less power and torque. This is 

also more of a specialized part, which means documentation and experimentation is harder to 

come by, which can limit troubleshooting capability. It is generally best suited in applications 

where the small size is required, but this is likely not the case for our particular use, especially 

with the smaller torque numbers.  

Table 15. Specific Stepper Motor Comparison Table 

Feature 28BYJ-48 35BYJ46 PM15S-020 



Operating Voltage 5V (3-5V) 12V (5-24V) 5V 

Current Draw 
160-240mA per 

phase 

80-120mA per phase 

at 12V 
430 mA per phase 

Torque 
300-450 gf*cm (pull-

in) 
1500 gf*cm (pull-in) 

30 gf*cm (when 

ungeared) 

Steps per Revolution 4096 (1:64 ratio) 2048 (1:44 ratio) 20 (when ungeared) 

Dimensions 

(Diameter x Height) 
28 x 19mm 35 x 26mm 15 x 11.7mm 

Cost (per unit) 

$1.50-2.50 per unit. 

Generally includes 

driver (ULN2003) 

$3.50-5.50 per unit. 

Generally includes 

driver (ULN2003) 

$4-7. Does not 

include price of 

driver which could 

bring cost even 

higher. 

Control Type Unipolar (ULN2003) Unipolar (ULN2003) Bipolar (H-bridge) 

 

3.2.3.4 Deciding Factors + Ultimate Decision 

Our team has decided to use the 28BYJ-48 5V Stepper motor. This motor has a good balance 

between many factors that made us choose it. There is an optimal combination of resolution for 

optimal positioning, torque, simple integration, reasonable cost, and extensive online support and 

resources that make this motor the clear choice for our project. 

First, the motor has 4096 steps per revolution with a 1:64 gear ratio that gives excellent angular 

resolution for precise control. This will be useful in trying to ensure the lens can autofocus the 

way we intend it to. This level of precision is more than sufficient in our use case to provide a 

smooth and accurate position. The motor has a pull-in torque of over 300 gf*cm, which is a good 

amount for moving lightweight to moderate mechanisms without strain, perfect for our small and 

lightweight use case that needs good levels of precision. The holding torque exceeds 343 gf*cm, 

which ensures that positions are maintained reliably, even if there is a power issue, or an issue 

with the gear train. 

The driver was also a major reason we are going with this part. The electrical interface in general 

with this motor and driver combo is straight forward, and easy to use with our MCU (ESP32.) It 

operates at 5V, the same as most MCU logic levels, which eliminates the need for level shifting 

or a separate, dedicated power supply for just the motor. The current draw is large, around 150-

250mA per coil, but it is well within the capacity of our power system, and the capability of the 

ULN2003 array driver. This driver is controlled simply with 4 GPIO pins that allow for simple 

and fast software development. The controller is an important consideration that often gets 

overlooked - the technology here allows for a simple array driver like the ULN2003 to be used. 

This is going to be the choice for our project because it allows for constant current control at an 

appropriate level, and is easy to set up and to use to control the specific phases as required. In 

addition to that, there is extensive library support, especially for the Arduino that the ESP32 can 

use. Stepper.h, AccelStepper, and many other libraries and online tools exist. This also allows for 



easier support, because there is already code that exists that is tested, documented, and easily 

adaptable to the needs of our project. This can reduce development and troubleshooting time by a 

significant amount, rather than having to implement an H-bridge or similar control for some of 

the other motors.  

 The cost of the unit is also perfect for our limited budget in a small project. At $1.50-2.50 per 

unit, including the driver most of the time, this will not be a concern in the grand scheme of the 

project. Compared to the smaller PM15S-020, it is 40-60% less expensive, which can help to 

allocate costs to areas where it is more necessary. For prototype development and the first 

production unit, the pricing makes iteration and further development feasible from a financial 

perspective. The 35BYJ might offer more torque, but in our use case, we do not require the extra 

power. This part also has the major concern of operating at 12V, which would likely cause an 

extra power supply design to be necessary. Since our current system generally wants to run on 

5V and 3.3V being traced around the board and used for every component, being forced to run at 

a much higher voltage, even though the current draw is lower per coil, would not be worth it in 

our case. This motor has a plastic gear train, which under extensive load might be a major 

problem, but we have a small and simple load that does not require constant high speed 

applications. There are many considerations of this motor that fit our project needs perfectly - it 

has an excellent balance of required specs, simplicity to design, troubleshoot and integrate, 

comes at a reasonable cost, and has all of the power requirements we may need it to have. 

3.2.4 LED 

3.2.4.1 LED System 

For the shooting gallery simulator, an interactive target board will be designed with the primary 

purpose of providing visual feedback to the user by indicating which target on the board is 

active. This makes the light-emitting diode (LED) system a key component in the development 

of the target board. To have successful visual feedback at far distances, the LED system will 

need to have a moderate to high brightness, enough that would be visible from several feet away. 

Taking into consideration advanced goals, the LED system will have to include multiple color 

capabilities for it to be capable of displaying different colors for different system states, 

including successful hits and targets to avoid. In addition, finding an LED system that includes 

power efficiency, control simplicity and durability are important factors to take into 

consideration when choosing the right system. The goal of this comparison is to identify an LED 

system that will best fit in with these considerations while also keeping it within our budget. 

LED RED 151051RS11000 

The 151051RS11000 LED is the red colored version of a commonly used low-power indicator 

LED. These LEDs are used primarily for simple on and off signaling. They are basic, simple, and 

have very low power consumption. The operation voltage of the LED is from 2.0 to 2.2 V, 

because the majority of MCU operate well above 2.2 V, this would cause the LED to require a 

current-limiting resistor to keep the LED from burning out. Of all the LED options these show to 

have the simplest setup to control illumination. With the current-limiting resistor in series with 

the LED, it can be simply connected to one of the GPIO pins on the microcontroller. However, 

the simplicity of these LEDs makes them a poor choice in projects where an LED requires more 

functionality and customization. These LEDs are only able to produce a specific color in the 



wavelength, making the customization in the color impossible. In addition, these LEDs have a 

very low brightness making them difficult to see from far distances or in bright environments. 

These LED are also only sold individually, in cases where a high quantity of LED lights is 

required, these would become time consuming and difficult to use. While these are good LED, 

their simplicity makes them difficult to use in projects that require more visual emphasis. 

RGB LED NeoPixel Ring 

The RBG LED NeoPixel Ring is an LED system in the shape of a ring, the ring increases in size 

based on how many LEDs are implemented and the options for LED count range from 12 to 60. 

The LED ring, sold by Adafruit, uses SK6812 addressable RGB (red, green, blue) as the choice 

of LEDs. Each LED on the ring can emit the three primary colors as well as white, allowing for 

the ring to have a full 24-bit color range. Each ring has its own integrated intelligent driver 

circuit which operates at 5V and uses a single-wire data line. There are cases, such as with this 

project, where the microcontroller operates at a voltage below the operating voltage of the LED. 

In these cases, logic level converters will be important. Logic level converters use metal-oxide-

semiconductor field-effect transistors (MOSFETs) to boost the voltage levels of the 

microcontroller so that it is capable to communicate with the LED rings 5V voltage supply. 

These circuits are widely available and easy to work with, allowing the LED ring to have an easy 

power and setup process.  In addition to the easy setup process, the LED ring is also easy to 

program due to a vast amount of readily available libraries, making the software portion simple. 

The LED ring also works well for this project as it offers a good range of brightness, this will be 

important for long range training. Another benefit for the LED rings is that they come ready to 

use. Unlike the other options where manipulation will be needed to fit the area on the target 

board, these LEDs come in a shape that will perfectly fit around each target, making installation 

a quick and easy process. However, this option is higher than the other options and therefore 

deciding on whether to prioritize easy integration over costs will be a major role in deciding on 

the LED. 

DotStar Digital LED Strip 

The DotStar Digital LED is an LED strip system which uses APA102 addressable RGB LEDs. 

This LED system shares many similarities to the LED ring, for starters, these LED strips can 

emit the three primary colors, allowing the strip to have a full 24-bit color range. Another 

similarity is that the LED strip contains its own internal driver, operating at 5V. Because of this, 

the LED strip would require logic level converters to be used with the ESP32. These strips do 

have advantages over the LED ring, including a separate clock wire to ensure stable 

communication, which helps to provide quick and reliable data. Making this system a good 

option for high-performance lighting applications. These strips also have high brightness making 

them a good option for far distance training. However, there are various reasons why this option 

is not the most suitable for the project. These strips use a two-wire SPI-style interface and 

because of this they will be required to take up two pins on the microcontroller instead of just 

one. These strips also have the downside when it comes to installation as they require the user to 

cut the strip to their desired length. In addition to this, longer strip portions require 1A of current, 

requiring you to add an additional external 5V power adapter. This, in combination with the 

process of having to cut the strip to size, makes for a more confusing and time-consuming 

installation process, which is not worth the increased price. 



RGB LED Flexi-Strip 

The RBG LED Flexi-Strip is an LED strip system which uses 5050 SMD RBG LEDs that are 

arranged in groups of three per segment and has an operating voltage of 12V. Just like the last 

two LED systems, the flexi-strip can emit the three primary colors. What makes this system 

different from the last two is that each color of a segment shares a common anode connection 

and contains three separate PWM (pulse, width, modulation) control lines to mix the colors [10]. 

This allows for the LED system to have a higher brightness compared to the other two, making it 

a good option for long distance and outdoor durability. However, there are multiple downsides to 

choosing the Flexi-Strip, the high voltage requirements for this option require it to need an 

external power regulation and switching hardware, making the integration process much more 

difficult compared to other models. The control method for the Flexi-Strip is also more complex 

as each color channel will require its own external MOSFET or transistor driver for the MCU to 

be able to send PWM signals to each line. In addition, wiring the LED system increases 

installation difficulty. Wiring involves cutting sections of the strip and soldering on new wires, 

which will need to be done for each target on the board. Although the flexi-strip does have its 

downsides, the flexi strip does offer many options for weather proofing, which is a significant 

advantage for the target board as it will allow for better portability and outdoor use. With the 

weather proofing, this system comes out to be almost half the price of the other two systems, 

making it a good and affordable option for the target board. 

Table 16. Comparison between different LED options 

Feature 
LED RED 

151051RS11000 

RGB LED 

NeoPixel Ring 

DotStar Digital 

LED Strip 

RGB LED flexi-

strip 

LED Category 
Low-Power 

Indicator 

Medium-Power 

Addressable 

High-Brightness 

Addressable 
High-Power 

LED Featured 151051RS11000 SK6812 SK9822 5050SMD 

Operating 

Voltage 
2.0 − 2.2 V 5 V 5 V 12 V 

Current per LED 20 mA 20 − 60 mA  20 − 60 mA ~60 mA 

Power 

Consumption 
~0.04 W/LED 

0.1 − 0.3 

W/LED 

0.1 − 0.3 

W/LED 

0.24 − 0.72 

W/LED 

Color Capability Single (Red) RGB RGB RGB 

Addressable ✘ ✔ ✔ ✘ 

Control Method 
Direct GPIO w/ 

Resistor 

Integrated 

driver, 1-wire 

digital 

Integrated 

driver, 2 wire 

SPI, digital 

MOSFET, 3 ch. 

PWM 

Brightness Low Medium High High 

Ease of Use 

Simplest to use 

but time 

consuming 

Moderate: Logic 

Level Shifting 

Moderate: Logic 

Level Shifting 

Harder: 

MOSFET 

required 



Cost per LED $0.15 $0.71 $0.67 $0.42 

 

3.2.4.2 LED Drivers 

The research conducted for each LED system shows the need for an external driving circuitry to 

properly control each LED system. The LED options in consideration all vary in power level, 

operating voltage and control method which heavily influences which LED system is best fit for 

the project. These circuitry options include a MOSFET or a driver circuit which will serve as the 

communication interface between the MCU and the LED to allow the system to handle the 

higher voltage demands needed by the component. This external component is especially 

important to modulate the power through all PWM signals of the high-brightness RGB strips. 

Although the NeoPixel Ring does have an integrated intelligent driver, the limited operating 

voltage in the MCU chosen for the target system forces the LED ring to require stable logic-level 

control. Analyzing different drivers will help with deciding on the best LED for the target board. 

SN74AHCT125DR 

The SN74AHCT125DR is a device that can function as the logic-level shifter for the SK6812 

NeoPixel Ring. It is a non-inverting buffer with four independent buffer gates, each gate 

containing a three-state output. The device has a voltage range of 2.0 V to 5.5 V which works 

well with the 3.3 V microcontroller and the 5 V LED system. The four independent buffers are 

each able to hold separate data channels which would allow for multiple LED rings to be 

connected to a single integrated circuit. This component works when the LED sends a 5-volt 

signal to the buffer, the buffer is then powered and can interpret the MCUs 3.3V as a valid logic-

high input and will then output the required 5 V signal to the LED. The LED system on the 

project will require an LED circuit that has reliable and correct communication timing, using this 

buffer has frequent refresh rates and will ensure that the LED maintains a strong voltage making 

it a good option for the lighting system of the project. This device is also simple to use and wire. 

To wire it only needs connections to the power, ground, input and output. These features ensure 

that the LED gets reliable and accurate data stability. Unfortunately, this device is only available 

in a surface-mount package and is not the best option when it comes to prototyping. Regardless 

of this, its strong features, high reliability and easy use make it a good LED circuit driver. 

74AHCT245PW 

The 74AHCT245PW is another device that can function as the logic-level shifter for the SK6812 

NeoPixel Ring. This device is an 8-bit bus transceiver containing a three-state output which 

allows for two-way communication. This device has a voltage range of 2.0 V to 5.5 V which is 

another option that works well with the 3.3 V microcontroller and the 5 V LED circuit. The 

device features eight two-way buffer channels which are controlled by an output enable (OE) and 

a direction (DIR) pin, this set up allows for multiple data channels to be connected to one device 

and allows for simultaneous shifting. Allowing for multiple LED rings to be connected to the 

same circuit while also benefiting systems that require synchronized and parallel control of the 

microcontroller. This integrated circuit works similarly to the non-inverting buffer in the sense 

that when it is powered at 5V the device can convert the MCUs 3.3 V input into an output signal 

of 5 V which will be used to power the LED circuit. The scalability and capabilities of this 



circuit make it a good option when more complex LED arrays are needed. These capabilities do 

unfortunately make the device more difficult to integrate as it requires configuration of direction 

and enable pins. Although this is a strong option with high-speed digital performance, the 

features are unnecessary for the scope of the target board, and the added complexity does not 

make it the best option for the project. 

IRLB8721PBF 

The IRLB8721PBF is a semiconductor device that can function as the driver for the RGB LED 

flexi-strip. This device is an N-channel MOSFET that is designed for high-current load 

switching. This makes the device a good driving option for the 12 V LED strips. In this device 

the microcontroller sends a PWM signal to the gate and this then allows the MOSFET to control 

the current that needs to flow through each of the color channels. These PWM signals can also be 

adjusted for more color and brightness control. This device is a good option as it allows for a 

high current capacity within the LED circuit while also keeping a minimal heat generation. This 

is because the device is a low Rds(on) device (8 mΩ at Vgs = 4.5 V), meaning that when it is 

fully turned on, it has a very low resistance between its drain and source terminals, allowing for 

efficient power delivery. In addition, these devices are easy to mount and even include heatsinks 

for thermal management. The biggest issue that occurs with this option is that it is not the most 

reliable option when trying to minimize space within your design. The LED strip includes three 

color channels (red, green and blue) and each one of these channels is required to connect to the 

drain of an independent MOSFET, meaning that for each target on the board, three MOSFETs 

will be needed. This takes up a lot of space and can make wiring more complex and difficult as it 

requires a significant amount of board space. However, this option provides durable and efficient 

load switching, making it the best option for the 12 V RGB LED system.  

AO3400A 

The AO3400A is another semiconductor device that can function as the driver for the RGB LED 

flexi-strip. This device is a compact N-channel MOSFET that is designed for low-voltage 

switching applications. The device functions in the same ways as the IRLB8721PBF by sending 

PWM signals from the microcontroller to the gate, allowing it to act as a switch for each of the 

color channels. Like the last one, the PWM signals can be altered allowing the user more color 

and brightness control. The biggest advantage of this device compared to the previous one is that 

it has a smaller size, allowing for the creation of a neater and more compact PCB design. 

However, this MOSFET does come with its limitations when compared to the previous model. 

The biggest downside to this model is its thermal limitations, due to a limited heat dissipation, 

the device is more prone to overheating in conditions of high currents. It also has a higher 

resistance between its drain and source terminal with an Rds(on) of 30 mΩ at Vgs = 4.5 V, 

meaning power delivery will not be as efficient as the previous model but should still be 

sufficient for the target board.  

Table 17. Comparison between different LED driver options 

Feature SN74AHCT125 74AHCT245PW IRLB8721PBF AO3400A 

Device Type 
Quadruple Bus 

Buffer Gates 

Octal bus 

transceiver 

Logic-level N-

channel 

MOSFET 

Logic-level N-

channel 

MOSFET 



Used For 
SK6812 

NeoPixel Ring 

SK6812 

NeoPixel Ring 

12 V RGB 

Flexi-Strip 

12 V RGB 

Flexi-Strip 

Voltage Range ~2.0 − 5.5 V ~2.0 − 5.5 V 
~30 V (Drain to 

Source) 

~30 V (Drain to 

Source) 

Ease of 

Integration 

Easy: 1 line per 

ring 

Moderate: DIR 

and OE pins 

must be set 

Easy: PCB 

mount 

Easy: PCB 

mount 

Drive Strength 8 mA/channel 8 mA/channel 

62 A continuous, 

Rds(on) = 8 mΩ 

at Vgs = 4.5 V 

5.7A continuous, 

Rds(on) = 30 

mΩ at Vgs = 4.5 

V 

Typical Use 

Case 

Single NeoPixel 

Ring 

Multiple 

NeoPixel Ring 

High-power 12 

V RGB strips: 

2+ meters 

Compact 12 V 

RGB systems: 

~1 meter 

Cost $0.39 $0.48 $0.53 × 3 $0.46 × 3 

 

3.2.5 Display Screen 

3.2.5.1 LCD vs. OLED 

The interactive shooting gallery simulator will require two separate display screens each serving 

its own distinct purpose on its own subsystem. The first display will be responsible for 

displaying real-time, continuous distance readings from the LiDAR subsystem. This specific 

display will need to be small enough that it fits withing the LiDAR subsystem housing but 

should still maintain fast refresh rates (for accurate feedback) and sharp, visible images. The 

second display will be integrated into the interactive target board subsystem, this specific display 

will serve as the main user interface by gathering the performance results form each training 

session and displaying them to the user. This screen will display to the user menu options that 

will be controlled through buttons on the board. This section will serve as an evaluation, 

comparing two display screen options; liquid crystal displays (LCD) and organic light emitting 

diodes (OLED), to determine which option will be most suitable for the project.  

OLED technology is a display system that is mainly used for smartphones and televisions. 

OLED work by having each independent pixel work as its own light source, when an electric 

current passes through a pixel these pixels are able emit light [18]. This is one advantage of an 

OLED, since each pixel is working as its own light source, it cuts out the need for separate black 

light. Allowing this system to produce deeper black and color accuracy. Because these systems 

don’t require a black light to be integrated into it, these systems tend to have more thin and light 

screen options, making them a good option for designs requiring a compact display. 

The main advantage of using an OLED as a display screen over an LCD is that they offer better 

visual performance and better responsiveness. Each individual pixel is capable of changing states 

instantaneously, which allows them to have a refresh rate about 1000 times faster than an LCD 

with minimal lag [19]. This allows them to be exceptional options for real-time display changes 

such as video images. In addition to being more compact and allowing for deeper blacks and 



color accuracy, the lack of need for a separate black light allows the display to operate with 

lower power consumption compared to an LCD, making them a good energy-efficient option 

[19].  

Although OLED are excellent and high-power display screen option, they do have some 

disadvantages especially when considering the scope of this project. The biggest disadvantage 

when comparing OLED to an LCD is that they have a poor color balance causing them to have a 

shorter life span than an LCD. The color balance occurs when comparing the average life span of 

the red and green films of the OLED to the blue films. Red and green OLED films can have a 

long lifetime, even when compared to an LCD, with a range of 46 to 230 khrs, but the blue films 

have a significantly lower life span of about 14 khrs [19]. This causes the system to degrade 

quicker from the uneven color channels leading to reduced brightness. These screens are also 

thinner and more flexible which makes them easier targets for damage. In addition, they have a 

lower brightness compared to a lot of LCDs, especially when used outside. The lower brightness 

alongside the increased damage risk does not make them the best option for heavy outdoor use. 

LCD technology is a display system that is mainly used in computers and for cost-effective 

systems. LCD works by controlling how much light passes through each pixel with the use of 

liquid crystal molecules [20]. To illuminate the display screen, an LCD requires a black light 

where the light is adjusted using a combination of color filters, polarizing filters and a liquid 

crystal layer [19]. The architecture of an LCD tends to make them thicker than OLEDs. But this 

architecture also provides the display with more durability and a longer lifespan. 

The biggest advantage to an LCD over an OLED is their durability and their versatility across 

various environments. Many LCD models have a strong backlighting and reflection of ambient 

lights, which makes them an ideal option for outdoor conditions as it helps increase visibility, a 

characteristic that is important for this project [20]. Although the external light source does have 

its disadvantages, it allows the display to not depend on the individual pixels which allow them 

to be less prone to burn-in or color decay, allowing them to have a longer lifespan compared to 

OLED. Additionally, a thin-film transistor (TFT) LCD can be used to enhance advantages by 

improving color accuracy, increasing response time and providing better image quality. TFT can 

do this by providing each pixel with a transistor allowing for more brightness and contrast 

control [20]. Although not as important a feature, the LCD is much easier to integrate on a 

microcontroller compared to an OLED and is more cost effective, which simplifies the 

development process significantly. 

However, the LCD does have its disadvantages when compared to the OLED. For starters, the 

black light on an LCD is constantly on and drawing power, increasing the power consumption of 

an LCD compared to an OLED [18]. In addition to this, LCD have a more limited contrast ratio 

due to their black light, causing black pixels to appear grayer. The architecture of the LCD is 

also thicker than OLED models and makes this a harder option to use when trying to fit it into a 

compact electrical system such as our LiDAR subsystem. 

Table 18. Comparison between different OLED and LCD 

Feature OLED LCD 

Power Consumption Lower: content-dependent Higher: constant draw 



Brightness Lower: dimmer in sunlight Higher: brighter in sunlight 

Contrast Higher: true blacks Lower: grayish blacks 

Response Time Faster Moderate-Fast 

Viewing Angle Wide Limited 

Durability Prone to burn-in Long lifespan 

Ease of Use 
More integration 

requirements 
Widely supported, easy setup 

Cost Higher Lower 

 

3.2.5.2 LCD  

For the shooting gallery simulator, and LCD screen has been decided to be used for both the 

LiDAR subsystem and the interactive target board. Even though an OLED display option has a 

good number of benefits over an LCD, like a higher contrast and faster response times, using 

newer version of TFT LCD can reduce the disadvantages of standard LCDs and provide better 

color accuracy and faster response times. In addition, the choice to choose an LCD for both 

subsystems helps to simplify the development process by having consistent wiring, 

programming, and display control throughout the full system. An LCD is also the more cost-

effective option and provides more usability in outdoor environments which is important for the 

shooting gallery. The next step will be to compare different LCD models to determine which 

exact display will be used for each subsystem.  

TFT LCD (ST7796S) 

The TFT LCD with the driver ST7796S is a 4.0-inch color touch screen display device. It has a 

supply voltage of 5 V, a high resolution of 480 x 320 pixels and offers touch screen capabilities. 

This device was not chosen for either subsystem. This is mainly due to the touch screen 

capabilities increasing design complexity. The target board will be using buttons to navigate 

around the menu, therefore, there is no requirement for touchscreen. In addition, due to the larger 

size and touchscreen this option becomes more expensive compared to other options. Although 

this device provides good visual quality, other options are better suited for the project. 

TFT LCD (ILI9486/ILI9488) 

The TFT LCD with the driver ILI9486/ILI9488 is a 3.5-inch color display device. It has a supply 

voltage of 5 V and a high resolution of 480 x 320 pixels. This device was chosen to be used as 

the user interface (UI) for the interactive target board. For starters, this device provides an easy 

integration for the chosen microcontroller with the choice of parallel or SPI configurations. The 

device offers full-color capabilities which will allow for organization and appearance of the UI 

menu. The 480 x 320 resolution allows the display to have clear graphics for displaying UI 



content. The larger display also ensures that there will be greater chance of visibility at further 

distances. Making this a good LCD option for the interactive target board. 

TFT LCD (ST7735S) 

The TFT LCD with the driver ST7735S is a 1.44-inch color display device. It has a supply 

voltage of 3.3 V and a good resolution of 128 x 128 pixels. This device was chosen to be used as 

the sensor display for the LiDAR subsystem. This option was chosen as it has many benefits that 

work excellently in our LiDAR system. For starters, the MCU that will be used in this subsystem 

is the ESP32 which has an operating voltage of 3.3 V, the 3.3 V supply voltage for this display 

device makes pairing much simpler as there won’t be any need for level shifters. In addition, the 

128 x 128 resolution is a good amount for the reading the LiDAR will be doing and will provide 

the user with clear real-time distance readings. The device also has low power consumption, an 

ideal characteristic for real-time responses. The LCD uses an SPI interface which should allow 

for quick communication for quick refresh rates. This device is also compact at only 1.44-inches, 

making it the perfect size for the compact LiDAR subsystem. Making this the perfect LCD 

option for the LiDAR subsystem. 

1602 Character LCD (HD44780) 

The 1602 Character LCD with the driver HD4478 is a 2.0-inch character LCD. It has a supply 

voltage of 5V and a resolution of 16 x 2 characters. This device was not chosen for either 

subsystem, as its features are heavily limited and its capabilities are too low for real-time LiDAR 

distance displaying. This is due mainly to the fact that the device is very limited in features and 

what it can display. This device can only display text and can only display two lines, making it 

difficult to customize the sensor readings from the LiDAR. In addition, its limitation and low 

resolution make it a bad choice for real-time performance. 

Table 19. Comparison between different LCD models 

Features 
TFT LCD 

(ST7796S) 

TFT LCD 

(ILI9486/ILI9488) 

TFT LCD 

(ST7735S) 

1602 Character 

LCD 

(HD44780) 

Display Type 
TFT Color Touch 

Screen 

TFT Color 

Display 

TFT Color 

Display 
Character LCD 

Resolution 480 × 320 pixels 480 × 320 pixels 
128 × 128 

pixels 

16 × 2 

characters 

Interface SPI 
36-pin parallel, 

SPI 
SPI parallel 

Supply Voltage 5V 5V 3.3V 5V 

Color Yes Yes Yes No 

Driver IC ST7796S ILI9486 / ILI9488 ST7735S HD44780 

Screen Size 4.0 in 3.5 in 1.44 in 2.0 in 



Ease of Use Moderate Easy Very Easy Very Easy 

Ideal Use Case Target Board Target Board LiDAR N/A 

Price $20 $18 $6.50 $4.50 

 

3.2.6 Photodiode vs. Phototransistor 

In order to detect the optical signal, there will be photodiodes integrated into the target board. 

While photodiodes and phototransistors have similar properties and ultimately have the same 

functionality, photodiodes were chosen for the targets for several reasons. Given that our project 

is designed to train the reaction time of the user, photodiodes were ideal because they have a 

much faster response time than phototransistors. Photodiodes also have excellent linearity 

compared to phototransistors which is ideal since the laser pulses from the rifle may be shot from 

long distances. In other words, higher intensity of light may be needed for longer distances, but a 

phototransistor may become oversaturated with too much intensity making photodiodes a better 

choice in this case. The dark current a photodiode produces was yet another reason as to why 

they were chosen for the target system over phototransistors. Photodiodes have a very low dark 

current, meaning they are better in low-light sensing situations. On the contrary, phototransistors 

have a high dark current which makes them noisier and less precise. Lastly, a big contributing 

factor to the selection of photodiodes over phototransistors is the cost. Photodiodes are much 

cheaper than phototransistors. Since our project is not sponsored, this was an important factor to 

consider when making the selection. 

There are some downsides to using photodiodes instead of phototransistors. For one, 

phototransistors have internal gain because amplification happens within the device. 

Additionally, phototransistors are capable of producing both output voltage and output current. 

For a photodiode, a transimpedance amplifier will be needed in order to convert the photocurrent 

into voltage and in order to have gain. Another downside to using photodiodes instead of 

phototransistors is that they have lower sensitivity. However, the transimpedance amplifier will 

help to counteract this issue for the photodiodes. 

Table 20. Comparison between photodiodes and phototransistors 

Criteria Photodiode Phototransistor 

Sensitivity/Responsivity  ✔ 

Response Speed ✔  

Affordability ✔  



Linearity ✔  

Dark Current Operation ✔  

Internal Gain  ✔ 

 

3.2.7 Transimpedance Amplifier 

The most critical feature of the interactive target board is the capability to accurately detect when 

the laser diode has hit one of the targets. To complete this, each target board will include PIN (P-

type, intrinsic, and N-type) silicon photodiodes. These photodiodes respond to visible 

wavelengths and convert these wavelengths into an electrical current. Since the MCU takes input 

voltages, the photocurrent generated from the photodiode must be converted into a voltage that is 

measurable by the chosen MCU. For this project a transimpedance amplifier (TIA) will be used 

as the interface between the photodiode and the MCU. It will be responsible for detecting the 

light reflected from the laser diode, therefore we must choose a TIA that is sensitive and 

responsive to rapid light intensity changes. Then most important features to look for when 

choosing the TIA will be a good bandwidth, high gain and low noise to ensure that the TIA is 

able to produce accurate system performance using small output currents.  

When choosing a TIA two critical performance characteristics to keep in mind, bandwidth and 

noise both play a big role in determining how accurately the system will be able to detect light 

signals from the photodiode. In the TIA noise is any unwanted fluctuations in the output voltage 

which can interfere with the signal produced by the photodiode. When too much noise is 

introduced in the TIA, false target hit detections can occur as well as make it difficult to 

differentiate a signal to be a real laser hit. For this project, finding a TIA with low noise ensures 

a reliable hit detection. On the other hand, bandwidth is responsible for defining how quickly the 

TIA will be able to respond to photocurrent changes. Ensuring that the TIA has a wider 

bandwidth will allow the TIA to capture light pulses quickly and efficiently with little signal 

loss. 

3.2.7.1 TSL2591 

The TSL2591 is a high sensitivity light-to-digital converter that integrates a transimpedance 

amplifier as well as an ADC and an I2C interface into a single device. This device works 

differently from other TIAs as instead of outputting an analog voltage, it outputs a digital lux 

value. This format comes as an advantage as it simplifies circuit design by not needing any 

external amplification. Another advantage of the TSL2591 is that it has built-in gain control as 

well as has a high dynamic range, these two factors allow the TIA to be a good option for 

measuring light in a wide range of light conditions. However, this device produces a slower 

sampling rate compared to other options due to limitations by its internal integration time, which 

makes it a poor choice for detecting fast optical pulses from a laser diode. This limitation alone 

makes it not a good option for the scope of this project as it will require the TIA to provide real-

time responses at microsecond-level timing to accurately register a precise hit. 



3.2.7.2 TI OPA857 

The OPA857 is a high speed transimpedance amplifier used often for photodiode applications 

with an operating range of 2.7 to 5.5 V. It has a high bandwidth of up to 150MHz and minimal 

input bias allowing for this TIA to function at high speeds, a critical aspect in our real-time hit 

detection. The TIA also provides a low input noise making it a good choice for applications with 

rapid optical pulses. A unique feature of the OPA857 is that it integrates a configurable gain 

block alongside the precision TIA. This allows the user to choose between optimizing for 

sensitivity or for bandwidth by giving the option to switch between two different transimpedance 

gains, 20kΩ or 1kΩ. These advantages make the OPA857 a good choice for the scope of the 

project including detecting laser pulses with accurate timing and minimal voltage fluctuations. 

However, keeping up with quick speed causes this device to have a high-power consumption at 

77.2mW, much higher than the comparing models. In addition, this TIA is sensitive when it 

comes to layout and grounding making the PCB design process more complex. 

3.2.7.2 OPA2380 

The OPA2380 is a precision transimpedance amplifier used for high accuracy photodiode and 

optical sensor applications with an operating range of 2.7 to 5.5 V. Its combination of a low input 

bias current of 3 pA and a low input noise of 10 fA/√Hz makes it extremely sensitive to t small 

photocurrents like the ones that will be generated from the chosen photodiode. The TIA can 

efficiently turn weak photocurrent signals into an output voltage that is stable and compatible 

with the chosen microcontroller while also maintaining minimal voltage fluctuations and 

accurate timing, ensuring consistent performance in various environmental conditions. This 

device also provides easy integration and ADC use, since its output is analog voltages, it works 

well with the MCU that was chosen. In addition, the device maintains a lower power 

consumption at 24.8 mW, while also offering a high gain bandwidth of 90 MHz, which will be 

sufficient in providing quick speeds for detecting fast optical pulses from a laser diode.  

When considering the specifications of the project, the OPA2380 proves to have a sufficient 

balance between noise performance, sensitivity and power consumption. The photodiodes chosen 

for this project are small and not as high-speed as other options and therefore don’t require the 

ultralow noise and extremely high bandwidth that is provided in other models. The low noise 

level and bandwidth that this device provides should allow the system to output signals with 

good response time while also not producing instable voltage readings for this specific 

photodiode. The slightly high noise level and lower bandwidth allow the system to perform 

without the use of so much power prolonging the lifetime of the device. For these reasons, the 

OPA2380 was chosen for the interactive target boards as it offers the best tradeoff overall with 

its low noise, high gain bandwidth and low power consumption. Allowing for the system to 

efficiently detect laser hits with high speeds, low interference and low power usage while also 

having an easy integration and low cost.  

Table 21. Comparison between different TIA options 

Features OPA2380 TSL2591 TI OPA857 



Type 

Precision, High-

Speed 

Transimpedance 

Amplifier 

Digital Light Sensor 

with Integrated TIA 

& ADC 

Selectable-Feedback 

Resistance 

Transimpedance 

Amplifier 

Supply Voltage 2.7 − 5.5 V 2.7 − 3.6 V 2.7 − 3.6 V 

Quiescent Current 7.5 mA 0.4 mA 23.4 mA 

Power Consumption 24.8 mW 1.3 mW 77.2 mW 

Gain Bandwidth 90 MHz Digital Analog: N/A 125 MHz 

Input Bias Current 50 pA N/A 15 nA 

Noise  

Low: Input voltage 

density: 3 µVPP, 

Input current density: 

10 fA/√Hz 

N/A 
Low: 15 nARMS (20-

kΩ Transimpedance) 

Output Type Analog Voltage 
Digital (I2C 

Interface) 
Analog Voltage 

Ease of Use 
Moderate: simple 

grounding/decoupling 
Low: easy wiring 

Hard: hard 

grounding/decoupling, 

possible ringing 

Typical Use Case 

High-speed 

photodiode 

applications 

Ambient light 

detection, lux 

measurement 

High-speed LiDAR, 

optical 

communication, laser 

pulse detection 

Cost $6.84 $6.95 ~$7 

 

3.2.8 Laser Diode Driver 

One of the most important components in our system is the chosen laser diode driver. Since the 

laser is a major component, and needs very specific power control, the laser diode driver chosen 

will be of major importance in the overall functionality of our project. A driver must be chosen 

that can match the necessary current and voltage required by the laser, be controllable by our 

ESP32 microcontroller on the gun board, and be able to handle the smaller currents at consistent 

levels that the laser will require. 

There are a few options, and we are going to experiment to see which one works best. The 

general options are split into categories. Those categories are - LED Drivers that should 

theoretically work with laser diodes, constant current control devices, and dedicated laser diode 

drivers. 



3.2.8.1 Driver Type Options 

In our project, we have opted to attempt and use an LED driver to control our laser diode 

driver. We have done this for a few reasons - and there are a few concerns that will be tested. 

The main reason we have chosen to go this route is it is the simplest and cheapest 

implementation. Most LED drivers are very simple in their general philosophy - they are 

essentially constant current drivers that can be controlled by a PWM input from a 

microcontroller, in our case, a GPIO pin from an ESP32. This allows for easy current control, 

and since our laser diode will require modulation and scaling based on the software distance 

reading from the LiDAR sensor, the control will come in very handy when the driver needs to be 

controlled. There are a few downsides and things we will be looking out for in our testing - 

mainly the power (ensuring correct current draw) and noise concerns. With the power - our laser 

diode requires precise control of the current going in as this will determine the strength and range 

of the laser. This is the main reason we desire software control at all - the software will tell the 

diode driver what current to give to the diode itself. This current has to be strictly controlled, and 

it is possible that with this type of driver, that current might not be low or consistent enough to 

use. The other problem is the noise, which is harder to quantify and is related to the first 

problem. Because of the switching nature of the driver, the noise might be a concern, considering 

the small desired input current of the driver. 

Constant Current Control 

Another type of possible driver is a constant current controller device, to essentially supply a 

constant and consistent current to the laser diode. This eliminates one of the key problems of 

using an LED driver - the current is much more consistent which is what the diode requires. The 

problem comes from its simplicity - many LED drivers allow for easy software control via PWM 

with no additional steps required. In order for a constant current device to do the same thing, 

other things have to be done, such as setting up a transistor and much more complicated circuitry 

in order to get software control working. The complexity also depends much more on the 

software itself, which might influence circuit design, instead of a simple PWM control pin like 

on the LED drivers multipurposed. There are some other benefits, such as wide documentation of 

their use and cheap price, but the limited capability of software controlling made us lean towards 

trying an LED driver. 

 

Dedicated Laser Diode Driver 

The cleanest option would likely be using a dedicated laser diode driver system. This has a few 

major advantages. First, it is almost guaranteed to work with our laser and the rest of our system 

because they are built for that exact purpose. They also allow for fairly easy implementation in 

the circuit since they are built for one purpose, they are not too difficult to program, and they 

eliminate many other problems. But they offer serious problems of their own, chiefly, the price. 

The price of a dedicated laser diode system can easily range into the thousands of dollars. This 

does not fit our budget at all, and is a major stopper from using this technology. There is also the 

problem of many of the drivers being premade development boards or other similar systems, 

which is not allowed for our project because we have no design. For these reasons, we have 

decided to explore other technologies. 



 

3.2.8.2 LED Type Driver Options 

We explored a few options in this category that matched our budget and our use case. We 

specifically tried to look for drivers that had noise compensation, low and consistent current, and 

simple control with a GPIO pin from a microcontroller. We narrowed it to two options. 

TPS92200 

The TPS92200 is a buck LED driver with input 4-30V. It works in a fairly similar way to our 

chosen part, the AL8860WT, but has a few changes. This part has much higher current capability 

compared to our 30-45mA target. Because of this, it might require external scaling or adjustment 

for use at such a low current. TI makes good products, and this one is cheap and well 

documented, which makes it an appealing option, but ultimately, we decided against this part. 

AL8860WT 

The AL8860WT is another buck LED driver IC. It is designed to drive one LED from a higher 

input voltage, and allows for easy and direct control of its current from a PWM control pin. 

According to the manufacturer’s website, it is usually used in LED lighting applications for their 

control, but it is potentially usable for constant current control loads, like in our case. Because of 

the easy software implementation, and still being able to provide the current control we desire to 

send to our laser, this is our choice for laser diode driver. 

3.3  Power System 

The power delivery system for our project will be determined from a few key factors that will 

influence our choice. Of course the first major point is going to be the power consumption of 

each individual component - the total current and voltage required by those components. The 

next is specific to our system - how can we keep the power design modular so it can fit in a small 

gun that can be held reasonably. We also want to make sure that the modular components - such 

as the lidar, are accounted for. Because of this, the connection method and size of the power 

system matters a lot for our system. 

First, the power required. Our system has a good combination of low and moderate power 

devices, some require high current, and some lower. For example, the two motors will draw a 

fairly significant amount of current, whereas the laser and laser diode driver need low but ultra 

safe and consistent current. In general, the voltage levels remain the same throughout the system 

- requiring 3.3V or 5V. Both of these are handled by the regulators, which is still a critical part of 

our design. But the main concern is in current draw - we are trying to have enough current from 

the power system to supply everything while not draining the battery quickly enough to be a 

problem.  

 

Table 22. Power Chart 

Component Operating Current Operating Voltage Power (input) 



Vibration Motor 80 mA 3.3V 
3V * 80mA = 240 

mW 

Stepper Motor + 

ULN2003 Controller 

200 mA per phase, 

800mA total 
5V 

5V * 200mA  = 1W 

per phase (4W total, 

800 mA) 

Laser Diode + 

AL8860WT Driver 
45 mA Max 2.7V is typical 

45mA max * 2.7V = 

120mW total input 

(7mW max output) 

ESP32 (MCU) 231 mA 3.3V 
231mA * 3.3V = 

750mW 

TIA (OPA2380) 7.5 mA 5V 
7.5 mA * 5V = 37.5 

mW 

Photodetector Diode 1 nA 5V 1 nA * 5V = 5nW 

LED Strip 
Half of strip at full 

brightness - 1.8A 
5V 

Half of strip -> 1.8A 

* 5V = 9W (if full 

brightness) 

LiDAR Sensor 85 mA 5V 
85 mA * 5V = 430 

mW 

 

There is a good variety of components requiring low current, like the laser diode and vibration 

motor, that still maintain the voltage that is supplied from the regulators. But also, there are 

much higher current components, such as the LED strips at peak brightness, and the stepper 

motor. Because of this, the power system has to be carefully designed to support both the high 

current applications, and the low current applications, while supplying enough voltage to support 

the operational requirements. We also want to be able to maintain the modularity of the system. 

Especially for the gun system (which will be supplying the main high current device in the 

motor), wall power would be a major strain on that design and would take away a bit from the 

feedback system we are going for. As such, we have taken a few options and explored them. 

Table 23. Power Comparison Chart 

Feature Wall Power + Adapter Standard 9V Battery Rechargeable Li-

Ion 2 Pack Battery 

(AOLIKES) 

Size + Capacity N/A - Gets power 

from the wall so 

effectively has 

unlimited capacity 

100-600 mAh 2600 mAh 

Nominal Voltage Variable depending 

on choice, but usually 

12V 

9V 7.4V 

Current Capability High - Can supply a 

high amount of 

current as determined 

250 mA Max 7.8A peak current 



by the specific 

adapter 

Modularity Low - Has to be 

plugged into a wall 

outlet which does not 

allow for movement. 

 Medium/High - 

Not as easy to 

move or replace as 

a standard 9V 

battery, but can be 

recharged and 

resoldered as 

necessary. 

Cost Medium - Depends on 

specific adapter, but 

usually a bit cheaper 

than a rechargeable 

pack. 

Low - Standard 9V 

batteries are very 

cheap and replaceable. 

Medium - More 

expensive than a 

standard 9V 

battery 

 

For our project, we have decided not to use wall power, despite its obvious and easy current and 

voltage capabilities. This was for one main reason, we wanted the system to be entirely modular 

where it can be taken out and otherwise used anywhere. The philosophy of our design, especially 

with the gun and its components like the lidar ranging board, relies heavily on the entire system 

being transportable. For this reason, we are going to stick to the modular forms of power that can 

be provided directly on the different PCBs that require it. 

Next is going to be a solution to the problem of different components requiring different voltage 

and current levels. Both the standard battery, and the Li-ion rechargeable batteries have enough 

voltage and current to be able to supply the buck LM2596 regulators of both 3.3 and 5 volts with 

enough power to correctly be able to regulate the outputs. Because of this design, voltage was no 

longer a concern - it would be handled directly from the regulators no matter the solution chosen. 

The bigger problem is the current required. Specifically, being able to simultaneously use a high 

current required component like the stepper motor and ULN2003 controller. Because of this, we 

have decided to use the 7.4V rechargeable Li-Ion battery with the gun board, because this is 

the power supply that will power the motor. The regulators can both output up to 3A, and the 

traditional 9V battery will struggle to support the 4 phases of the motor, especially all being used 

to control the Lidar lens system. Because of this, we need the high current of something like the 

Li-Ion battery so it can comfortably and confidently control all of the different components on 

the gun board. 

To maintain modularity, we want to have the gun board and main target boards as separate 

systems. This means we do not want any wires running between these two systems, the only 

connection they will have is the laser connection from the laser diode which will of course not 

use any direct wires. For this reason, we want to use a separate power source and regulator set 

for the target boards. For these boards, we have chosen to use a standard 9V battery. We still 

do not want to use wall power for modularity and transportation reasons, and the rechargeable 

battery is overkill for this particular board. The LEDs are of moderate concern, but their max 

current draw is much more than we plan to use. We plan to use less than half the strip, and the 

LEDs will not be at max brightness. Because of this, and the low current draw of the rest of this 



separate system, the 9V battery should be able to supply plenty of current to support all 

components. Using this simple system helps eliminate complexity, and eliminate cost, since of 

course 9V batteries are the cheapest of these discussed battery options. 

3.4 Communication Protocol 

This project will require multiple efficient methods of exchanging information in order for each 

subsystem to work as it is intended to. Finding a reliable communication protocol for each 

system component will be essential to the functionality of the training system. To prepare for 

this, various wired and wireless communication protocols were researched and compared to see 

which ones would be a good fit for the training system. This section serves as an evaluation and 

indicator of the different ideas that we’re discussed and the final decision on which 

communication protocol will best suit the scope of this project. 

3.4.1 I2C 

The Inter-Integrated Circuit (I2C) is a serial communication standard that is widely used and was 

designed mainly for short-distance data transfers which is held between different integrated 

circuits within the same board. The I2C uses only two lines, the serial data line (SDA) and the 

serial clock line (SCL), these two lines can allow multiple devices to share the same bus. The 

devices that are connected to the bus are assigned a unique address to enable a master device, 

which includes the microcontroller, this address allows them to communicate with multiple slave 

peripherals, such as sensors or displays. Compared to other communication protocols, the I2C 

has low data rates within two separate modes, Standard Mode can get speeds from 100kbps to 

400kbps while High Speed Mode can support up to 3.4Mbps which is helpful for faster 

applications. 

The biggest advantage to using I2C as a communication protocol is that since it only require the 

use of two signal lines, one for the SDA and one for the SCL, which will significantly simplify 

the development process, they also offer a high efficiency when they are used in systems 

requiring communication between multiple low-speed peripherals while on the same board. In 

addition, having only two lines means that it will reduce the complexity in PCB trace and the 

number of pins which are used, especially when compared to protocols like SPI which use 4 

signal wires. The I2C does come with some disadvantages, for example, the simple design does 

make it limited in distance and speed. Since all devices will use a shared-bus, systems with high 

volumes of devices are more likely to experience electrical noise. This electrical noise can 

sometimes cause data corruption when running for too long. 

Looking at the training system, the I2C would best come in use when exchanging information 

between on-board components, for example the LCD displays or some sensors that require 

communication with the MCU, but the communication is short distances. This communication 

protocol offers multi-device support and has a low pin count which makes it good for some more 

compact embedded modules within the project that require the use of less space and where the 

speed in communication is not a primary concern.  



3.4.2  SPI 

The Serial Peripheral Interface (SPI) is a high-serial communication protocol. It was designed for 

data exchange between a master device and slave peripherals. An SPI uses four shared signal 

lines, MOSI (Master Out Slave In), MISO (Master In Slave Out), SCK (Serial Clock), and CS 

(Chip Select), where the CS selects the current activated slave device. These signal lines together 

are able to allow multiple devices to share the same bus while also preventing any data 

collisions. The SPI also has full-duplex data transmission, allowing it to simultaneously receive 

and send data.  

The biggest advantage of using SPI as a communication protocol is its speed. The SPI 

communication protocol also has a very high data rate and is able to have speeds from 1Mbps up 

to 20Mbps, and in some cases even more. This protocol also provides lower communication 

latency and less overhead due to having direct connections. The speed and reliability that the SPI 

provides ends up making it a good protocol for operations that need to have frequent and 

constant data updates. The SPI does come with some disadvantages, for starters, since the SPI 

has 4 signal lines, it will require my connections on the MCU. This can be a problem for systems 

or projects that will have multiple operations needing MCU pins. Another disadvantage of the 

SPI protocol is that all communication management will need to be handled by the software 

because the SPI does not include built-in error checking. 

Looking at the laser training system, SPI would best come in use when dealing with operations 

that require short-distance data transfer, but all require a higher speed than the I2C. A couple of 

examples include the LiDAR sensor which will need to constantly be reading sensor data and 

will need to quickly display it onto and LCD screen. SPI provides a simple communication 

protocol that works well with time-critical tasks, this protocol provides faster response times than 

other protocols and a better performance.  

3.4.3  UART 

The Universal Asynchronous Receiver-Transmitter (UART) is the most commonly used serial 

communication protocol that is used in embedded systems mostly due to how simple it is to use. 

The UART is an asynchronous protocol and therefore it does not use a clock signal for data 

transmission, instead, transmitted data requires a predefined timing parameter. The UART uses 

two signal lines, TX (Transmit) and RX (Receive), this setup is able to provide the user with an 

easy to integrate point-to-point communication for a total of two devices. The data that is 

transmitted is done in packets that include start and stop bits, these bits help to define the 

boundary of each byte. 

The biggest advantage of using the UART protocol is its simplicity compared to the other 

communication protocols, due to its easy configuration and the minimal hardware resources 

needed. Which makes this protocol a good option for any direct connections between MCUs or 

external devices such as Bluetooth adapters. But the UART protocol does have various 

disadvantages compared to other communication protocols, the biggest being that it cannot 

support multiple devices on the same bus. This would mean that any additional device needed 

would require extra hardware, making it not the best option for systems requiring multiple 

devices to use the same communication protocol. The UART also has lower data rates compared 

to other protocols with baud rates ranging from 9.6kbps to 1Mbps, making it more likely to have 

synchronization errors over longer lengths, especially if the timing isn’t precise.  



Looking at the laser rifle system, the UART protocol would best come useful in module-to-

module operations or even as a way of debugging. It may also be a good way to interface the 

microcontroller with external components like the LiDAR module. The simplicity of this 

protocol makes it a good option for simple data transmission or logging events, and while not as 

fast as other protocols is still a reliable and flexible option. 

3.4.4  Wi-Fi 

Wi-Fi is a wireless communication method that is very commonly used. It allows for high-speed 

data transfer of speeds up to 150Mbps and does this by using radio frequencies. Wi-Fi works by 

using a Transmission Control Protocol (TCP) or Internet Protocol (IP) network to communicate 

with the internet or any local networks. The biggest advantage to using this option in the project 

as a communication method is that it has a much higher data transfer rate when compared to the 

other protocols. It also allows multiple devices to simultaneously be connected while also not 

needing any wiring, making it a good option for systems that require more space on the 

microcontroller for other operations. Making this form of data communication is perfect for 

complex systems that may require remote monitoring, like through an application, or when large 

amounts of data are needed.  

When looking at the laser training system, Wi-Fi would best be used for any wireless 

communications that may be needed between subsystems or if the system needed to be 

connected to an external controller such as a computer. It also allows for the opportunity to do 

data exchange without the need for any physical wiring. But Wi-Fi does require more power than 

other low-level protocols and because of this may have some latency especially with network 

congestion. Another disadvantage of using Wi-Fi is that it is more complex to use and can cause 

longer development times. Even with this, Wi-Fi is a great option when long-range and flexible 

communication is needed in the project. 

3.4.5  ESP-NOW 

ESP-NOW is a wireless communication protocol option that is developed directly by Espressif. 

This protocol allows data exchange for multiple ESP32 devices without the use of a Wi-Fi 

network. ESP-NOW operates on a 2.4GHz band and uses a connectionless peer-to-peer design, 

this allows the protocol to have a lower latency while also reducing power consumption. 

Compared to Wi-Fi, this wireless communication process allows for a much simpler integration, 

a lower power consumption and a full-duplex design. This method could come to great use in the 

laser-rifle connection with the LiDAR unit, allowing for a direct communication without the 

need for extra wiring but also maintaining a fast transmission with minimal delays. The 

simplicity and speed for this protocol makes it a good and effective replacement for the 

traditional Wi-FI option, for systems that only need wireless connection between other ESP 

modules. 

Table 24. Communication Protocols Comparison Chart 

Criteria I2C SPI UART Wi-Fi ESP-

NOW 



Communication 

Type 

Wired Wired Wired Wireless Wireless 

Typical Speed Low High Moderate High Moderate 

Topology Multiple 

slaves/masters 

1 Master, 

Multiple 

Slaves 

Single-to-

Single 

Star/Mesh Peer-to-

Peer 

Power 

Consumption 

Low Moderate/Low Low High Low 

Number of 

Wires 

2 (SDA, SCL) 4 (MOSI, 

MISO, SCK, 

CS) 

2 (TX, 

RX) 

0 0 

Number of 

Devices 
 

Many 2 Many 
 

peers 

Data 

Transmission 

Half Duplex Full Duplex Full 

Duplex 

Half 

Duplex 

Full 

Duplex 

Complexity Low Moderate Very Low High Moderate 

 

3.5 Software 

3.5.1 Embedded (ESP32) Programming Language 

For the embedded systems in this project, we have chosen to use the ESP32 microcontroller unit. 

The two most common programming languages that can be used to implement the software onto 

the ESP32 include C/C++ and Python. For this project, C/C++ was chosen as the programming 

language over Python due to it having a higher performance over using Python as well as having 

more access to hardware features. For the project there are various operations that will depend on 

high accuracy and deterministic results, for example the laser rifle will need a high accuracy for 

the laser pulse generation. These operations which require high accuracy are best and most 

reliably managed through a mid-to-low-level programming language. Python, being a high-level 

language, often causes more processing overhead which can lead to delays. This alone makes it 

less suitable for the response times that will be needed from this system. 

In addition to providing more deterministic responses, C/C++ can be integrated with ESP-IDF 

and Arduino frameworks, which both provide extensive libraries for support needed on 

peripherals. These frameworks, along with offering a wide variety of support, are also most 

optimized for the ESP32s architecture, which allows us to fully take advantage of all the features 



provided by ESP32. Although the framework with Python is much less complex compared to the 

framework for C/C++, personal familiarity using both Arduino and ESP-IDF make this 

advantage not worth the lack of advanced features that C/C++ has. While Python provides a 

simple development process, the project will be better suited using C/C++ to ensure each 

operation of the system works as intended and offers greater long-term reliability and scalability. 

Table #. Programming Language Comparison Chart 

Criteria C/C++ Python 

Execution Speed Fast Slower 

Timing Controls Hardware timers, ISR Subject to delays, limited 

Frameworks ESP-IDF, Arduino Core, 

PlatformIO 

MicroPython, CircuitPython 

Peripherals Support Full Access Fewer advanced features 

Development Ease More complex code Easier, easy setup 

 

 

3.5.2  ESP32 Integrated Development Environment 

3.5.2.1 ESP-IDF 

Espressif IoT Development Framework, or ESP-IDF, is the software development kit that is 

initially provided by Espressif to program the ESP32. It is a low-level framework that allows the 

user to have complete control over the hardware on the MCU. It allows the user to have direct 

access to FreeRTOS tasks, interrupts, managing memory and all the built in peripherals. This 

framework is also an excellent choice when it comes to applications that demand deterministic 

responses and an optimized performance. But because this framework allows the user to have the 

most control over customization and peripherals, the framework itself can become more complex 

and difficult to use. This can increase the time taken for development as programming will 

become more difficult to write while the programmer is learning to navigate the framework. For 

the scope of this project, deterministic responses are expected but other frameworks also provide 

similar features while also not being as complex to use. Therefore, we have decided against 

using ESP-IDF as the main framework for the project. 

3.5.2.2 Arduino Core 

The next framework option was using Arduino Core for the ESP32. Although originally meant 

for Arduino microcontrollers, Arduino Core can simplify the development of an ESP32 by 

allowing ESP32 users to use Arduino functions without getting into specific hardware registers 

or RTOS configurations. It is a format of integrating software onto the ESP32 in a format that is 



simple, with minimal setup and easy to learn, making it the perfect option for beginners. But as 

it’s been previously noted, this simplicity means that as programmers we are limited to less 

flexibility and performance. Many of the advanced features provided by the ESP32, such as 

FreeRTOS multitasking or direct interrupt configuration, are limited and may require a lower-

level framework. This can become a problem with many of the operations that will be 

implemented into this system and while Arduino would allow for a quicker implementation 

process when it comes to the LED control or basic sensor readings, it will not offer the hardware 

control needed for more time-sensitive operations such as the laser pulsing. 

3.5.2.3 PlatformIO 

For this project we have chosen to use PlatformIO as our main integrated development 

environment (IDF). PlatformIO is an IDF that is not specific to neither Arduino or ESP32 but 

allows integration of both microcontrollers within the same space. Unlike Arduino core which 

can also be used for an ESP32, PlatformIO allows for both the high-level simplistic functions of 

Arduino while also allowing for the lower-level, more complex, ESP-IDF functions needed for 

more time restrictive operations. This IDF functions well withing Visual Studio Code which is a 

platform that we are highly experienced with and offers more advanced controls and debugging 

tools. This framework also works well at managing multiple subsystems which will be needed 

for the many operations in the project. This environment gives a balance of control, flexibility, 

and usability while also maintaining a professional level performance, making it the best option 

for the project. 

Table 25. Integrated Development Environment Comparison Chart 

Criteria ESP-IDF Arduino Core PlatformIO 

Programming Level Low-level High-level Uses both: Multi-

framework IDE 

Control/Customization Full control for 

hardware/RTOS 

Simplified, limited 

depth 

Flexible 

Development Ease Hardest Easiest Moderate 

Debugging/Tools Advanced Basic serial 

monitor 

Supports JTAG, 

unit tests, CI/CD 



Chapter 4 - Standards and Design Constraints 

4.1 Project Standards 

4.1.1 Optical Hardware Standards 

4.1.1.1 IEC 60747-5-2: Semiconductor Devices (Photodiodes) 

The photodiodes used in this system are primarily governed by the IEC 60747-5-2:2016 standard 

for discrete photodiodes. This standard establishes terminology, electrical and optical 

characteristics, and standardized test procedures. Clause 4 defines key parameters such as reverse 

dark current, responsivity, junction capacitance, cutoff wavelength, and rise/fall times, and is 

critical for ensuring that the photodiode’s performance can be accurately specified and compared 

across devices. Clause 5 discusses absolute maximum ratings and operating characteristics, 

which is valuable because it provides safe operating limits and ensures the photodiode will 

perform reliably under expected electrical and environmental conditions. Clause 6 specifies 

measurement methods for these characteristics such as dark current, spectral response, 

capacitance/voltage behavior, and switching times. This offers a standardized framework to 

obtain trustworthy data that is necessary for sensor design and system integration. Additionally, 

Clause 7 goes over reliability and endurance tests such as high temperature reverse bias, 

temperature cycling, and damp heat, which are important for evaluating long term stability and 

mechanical integrity under environmental stress. The general test methods outlined in IEC 

60747-1 complement these procedures by establishing consistent test conditions, mechanical 

endurance criteria, and thermal characterization techniques. Considering these clauses ensures 

that the photodiodes used not only meet the electrical and optical specifications but also maintain 

performance over their operational lifetime, in turn reducing the risk of device failure and 

ensuring reliable function in optical sensing applications. 

4.1.1.2 JEDC JESD22 Series: Semiconductor Devices (Photodiodes) 

The JEDEC JESD22 series provides standardized environmental and reliability tests that are 

particularly important for photodiodes. Key tests include JESD22-A104 (temperature cycling), 

JESD22-A101 (steady-state temperature and humidity bias), and JESD22-A108 (high-

temperature operating life), which evaluate a device’s ability to withstand thermal stress, 

moisture, and prolonged electrical and thermal loading. These tests help ensure that critical 

performance parameters like responsivity, dark current, and junction capacitance, remain stable 

under challenging conditions. In regards to our team, JESD22 testing provides confidence that 

photodiodes will operate reliably in real world environments, including outdoor sensing or other 

applications where temperature fluctuations and humidity are unavoidable.  



4.1.2 Electrical/Computer Engineering Standards 

4.1.2.1 Electrical Safety IEC 61010-1 

The design of the electrical subsystem must comply with established safety and performance 

standards relevant to electronic systems and laser-diode assemblies. One applicable standard is 

IEC 61010‑1 (Safety requirements for electrical equipment for measurement, control, and 

laboratory use - Part 1: General requirements), which sets requirements for protection against 

electrical shock, mechanical hazards, fire, over-voltage, and safe reliability. By adhering to IEC 

61010-1, the circuitry for driving the laser diode must incorporate adequate insulation, safe 

separation between high-voltage or high-current components and user-accessible parts, robust 

fault detection and interlocking, and clearly marked hazard zones. This ensures that the system 

not only delivers precision performance but also meets international safety norms for electrical 

equipment used in control and measurement applications. 

4.1.2.2 Software life cycle processes IEC 12207-2017 

The software development process for this project will follow the IEEE/IEC 12207-2017 

standard, which provides a framework for all operations and activities that will be involved in the 

software life cycle. Some of these activities may include planning, development, testing, 

deployment and maintenance. With this standard, we can ensure that project will result in a 

replicable approach to software engineering with the hope that it will reduce design flaws and 

improve reliability long-term. In the laser training system project, each subsystem, including the 

LiDAR module, interactive target board and the laser rifle, will follow this framework. 

This standard helps to provide objectives and deliverables for each step in the software life cycle. 

Including outlines requirements and functional expectations in the planning phase. Implementing 

the requirements into testable code using a structured programming technique during the 

development phase. Conducting rigorous testing to ensure the software performs as intended 

during the verification phase. Following these steps, as well as documenting the process will 

result in maintaining traceability between the requirements, design and test results. Implementing 

this standard will not only help maintain software consistency but will also support future 

maintainability, making the system function long-term. This standard will encourage 

collaboration with the other team members and ensure that all the software components meet the 

performance requirements of the overall embedded system. 

4.2 Project Constraints 

4.2.1 Laser Safety Constraints 

In order for the laser ammunition to work as intended for the rifle, there are several things that 

must be considered. For one, the intensity and power of the beam must be enough to where our 

photodetector target system can detect the optical signal at long distances to produce a sufficient 

photocurrent. This however, comes with some drawbacks in regards to safety. Our laser diode 

falls into the Class 3B laser type, which typically includes lasers that range from 5mW to 



500mW or power. These medium power lasers are usually considered to be somewhat unsafe to 

the human eye when observed directly.  

Given that the laser diode we will be using falls in the 3B laser class, it brings up the concern of 

damage to the eye by accidentally looking at the beam. However, since a 660nm wavelength is 

invisible to the human eye, what is known as the blink reflex may help to protect the eye. The 

blink reflex occurs when the eye comes into contact with visible light, causing the eye to close 

rapidly so little to no damage will occur.  

The spot size of our laser will be quite large, approximately one inch in diameter. This means 

that the optical power will be spread over a larger area, making it much more eye safe than a 

very tightly collimated beam. Moreover, other safety precautions are implemented to further 

reduce the chance of damage to the eye. One way is by pulsing the laser instead of having a 

continuous wave laser. Although this does not make the laser automatically eye safe, it can make 

it safer because the eye’s exposure to the light will be dependent on the pulse duration. In other 

words, the retina will be exposed to the light at a much shorter time interval if observed directly 

when the laser is pulsed rather than when it is in a continuous wave state. Additionally, eye 

safety goggles will be recommended to the user even though they will most likely never be in 

front of the laser diode since they will be shooting with the rifle.  

4.2.2 Time Constraints 

Given that our team is composed of only three team members all with busy schedules, the time 

dedicated to this project is a major consideration that must be strategically planned out in order 

to reach our goals and objectives. It can be quite a challenge to set timeframes and deadlines 

given that each member has their own schedule that usually do not line up with one another. 

Moreover, shipment of parts and design changes are something else that can affect the timeframe 

in which the project should be completed.  

The main aspect of the project that takes up a large amount of time is the testing of each 

subsystem and the project as a whole. It is inevitable to have hardware and software functionality 

issues, and these issues need time in order to resolve. With such a tight schedule, testing needs to 

be started early on in the process in order to ensure that any issues that arise can be fixed in a 

timely manner.  

With so many aspects of the project posing a threat to the time in which it can be completed, 

there is a possibility of the final product being rushed with no implemented stretch goals. The 

most important thing to do to avoid this happening is having good time management. Parts 

should be ordered early enough so that they can be shipped and delivered with enough time to 

test each subsystem of the project. Furthermore, proper communication between team members 

is essential for success. Effective communication will ensure that the project stays on track and 

that everyone involved is informed on any sudden changes or setbacks.  

4.2.3 Economic Constraints 

An important parameter to consider is the budget for the project. Given that our team is doing a 

personal project, we have to pay for each component all out of pocket. Since all of us agreed on 

trying to keep the project to a feasible cost, the performance of the project may be affected. It is 

quite difficult to source components that are inexpensive since they are usually resold by others, 



meaning it is not always guaranteed that the needed parts will be found. Moreover, components 

from reputable sources can be quite expensive.  Moreover, there is a limited amount of 

components that can be used for free that are provided by the university. The senior design labs 

have several components that can be used for testing or prototyping, but this will not be enough 

to complete an entire project.  

4.2.4 Environmental Constraints 

There are several ways that the surrounding environment could affect the performance of our 

project. For one, the humidity of condensation in the air could affect the functionality of our 

components and could even damage them permanently, causing them to not function at all. 

Moveover, optical components like lenses can be affected by condensation and may not work as 

intended as they will become foggy.  

Another constraint related to optics is stray or unwanted optical interference that may come from 

glare or reflections. Users of the rifle will be recommended to wear safety goggles in case any 

reflections involving the laser beam occur. Additionally, there may be the case of an accidental 

reflection of the laser beam reaching the photodiode target system and causing photocurrent to be 

produced when there was no intention to do so. Although this is not a harmful effect, it could 

affect statistics regarding the accuracy of the target’s optical signal detection.  

4.2.5 - Manufacturing Constraints 

Our team is composed of an optical, electrical, and computer engineer. This means that any sort 

of mechanical aspects within our project may not be easy to achieve or produce. Our project 

involves a lot of 3D printed parts as well as components that are movable or adjustable. 

Although all of our team members have some experience with 3D modeling, there are some 

things that are out of our skillset that we need to design for the project. For instance, our project 

involves a hunting rifle. This means that we will most likely have to find an open source design 

and purchase it. Moreover, parts that are adjustable such as the movable objective lens may not 

be excellent in quality. Intricate threading is needed for the lens to move back and forth, but 

given that no one in our team is an expert in 3D modeling, the results may not come out as 

intended.  

4.2.6 - Laser Diode and Driver Circuit Design Constraints 

From an electrical engineering standpoint, the primary constraints of the laser portion of this 

project stem from the need to design a stable, safe, and efficient circuit capable of driving a Class 

3B laser diode without exceeding its electrical or thermal limits. The laser diode and its driver 

form the most sensitive portion of the system, as laser diodes require highly precise current 

regulation to prevent catastrophic failure from over-current or transient spikes. Ensuring 

constant-current operation with minimal noise is critical, since fluctuations in drive current can 

lead to intensity modulation or wavelength drift, affecting both performance and safety. The 

driver must also be fully compatible with the ESP32 microcontroller, allowing for reliable TTL 

or PWM control of the diode’s output power while maintaining isolation between the control 

logic and the laser’s high-current switching path. Because the system operates on a limited 

power budget, especially in mobile or battery-powered configurations, efficiency and thermal 

management become additional design challenges. Switching drivers like the AL8860WT are 



efficient, but they introduce switching noise that requires careful PCB layout, decoupling, and 

filtering to maintain optical stability. 

Chapter 5 - Application of ChatGPT and Other Similar Platforms 

ChatGPT has evolved greatly since it was first released, especially now with the existence of 

ChatGPT 5.0. The use of AI in general has brought about many benefits to individuals in any 

engineering field by helping to quickly solve equations or provide formulas. However, any 

calculations of formulas provided by ChatGPT must always be double checked to ensure that 

they are correct, as ChatGPT is currently still somewhat unreliable. One main way that ChatGPT 

can be used for our project as well as others is by asking it to find needed or suitable components 

for the project. This method of searching for parts can be much more efficient in saving time 

than manually searching and going through different websites just for one component. ChatGPT 

is able to provide you with components from many different websites all at once, which can be 

extremely beneficial. In order to test the reliability and accuracy of ChatGPT, our team provided 

it with some prompts relevant to our project. All prompts and outcomes will be provided in the 

appendix.  

5.1 Case Study 1 

This case study was referenced in the Appendix sections [1a] and [1b]. ChatGPT did a great job 

of providing the correct formulas needed in regards to the distance between the lenses for each 

type of beam expander. It was also useful in providing information on what kind of lenses are 

needed for each kind of beam expander. For instance, it stated that for a Keplerian system two 

positive lenses were required to make the beam expander functional, and that a positive and a 

negative lens were needed for a Galilean system. Moreover, it even gave details on how to 

minimize beam divergence by making the addition of an aspheric collimating lens before the 

actual beam expander. 

There were several other details that the script provided that may be useful for making 

calculations, such as how the magnification of the system affects beam divergence and how it 

can help to minimize it. However, there is one main issue that ChatGPT failed to address, which 

is the feasibility of each system. While it did state how a Galilean system can be much more 

compact than a Keplerian system, it did not discuss how realistic it would be to implement each 

system in actuality. 

For our project, we will be using a Keplerian beam expander since we want a cleaner and more 

focused beam. Given that the lenses in our system will have relatively long focal lengths, the 

length of the beam expander will be quite long, reaching a length of around a foot. Fortunately 

for us, the barrel of a rifle is usually very long so this length will not be a big issue. If, however, 

we were to use another type of gun with a shorter barrel, this would not be a feasible beam 

expander for our project.  

5.2 Case Study 2 

This case study was referenced in the Appendix sections [1c] and [1d]. When asked about what 

MCU would be best to use for a senior design project, ChatGPT was actually quite useful when 



providing different alternatives MCUs on the market. It made comparisons between different 

MCUs and discussed different applications for each of them. The script even stated that 

providing it with more information on the specific application of the MCU would help it even 

more in determining which MCU would be best for a senior design project. For instance, it asked 

us to determine the main needs for our project, and gave us a list of these potential needs which 

contained processing power, power constraints, connectivity and more.  

The last thing the script provided was a suggestion for which MCU we should use for our 

project. Although it suggested we use an ESP32 which is the MCU we initially selected, this 

could be very detrimental. If proper research is not done on the recommended part, it could 

potentially not be a good fit for the project, meaning new parts would have to be ordered and the 

project progress might become delayed. Even so, it can still be very beneficial that ChatGPT 

gives options for different MCUs for different purposes. It can give you an idea of where to start 

and which specific MCUs to look into. 

When putting the same prompt into google, there are several webpages that post about which 

MCUs are best to use for different kinds of projects. From all the different recommendations that 

come up after searching this, it is clear that the selection of an MCU is based heavily on opinions 

and comes down to personal preference and necessities. This means that the opinion ChatGPT 

offers for which MCU is best for a senior design project may or may not always be the correct  

choice. It is up to us or any individual asking ChatGPT for this information to do further research 

and ensure that the recommended part is suitable for the project.  

5.3 Case Study 3 

This case study was referenced in the Appendix sections [1e] and [1f]. When asking ChatGPT to 

find the price range of antireflective coated lenses, we specifically mentioned in the prompt that 

we were not talking about lenses for eyewear. At first, the output stated that it would only be 

talking about lenses for optical and industrial use. However, ChatGPT provided two examples of 

lenses that were both for eyewear. This is a great example that shows how ChatGPT is not 

reliable all of the time. Other than those two lenses, it provided six other lenses on the market 

with antireflective coatings.  

When providing a price range, it seems as though ChatGPT only took into account the lenses that 

it gave as examples. It did not provide a price range for all kinds of antireflective coated lenses 

on the market. In other words, the output provides information that may be quite misleading 

when trying to find information on these prices. Given that we did not provide specific size 

ranges of lenses in the prompt, it is possible that this is why the output is not quite accurate to 

what is on the market. We hypothesize that if we were to provide a range of sizes for the lenses, 

the output might have looked at more lenses in that range and would have provided a more 

accurate price range.  

5.4 Case Study 4 

Output. This case study asked GPT for a design reference for the motor controller circuit, 

referenced in [1g] and [1h]. This can help to seriously showcase some of the power, and also 

some of the limitations of using AI in this project. I asked for a circuit design using the motor we 



wanted to use, and it gave a lot of information. Some of this information was incredibly useful - 

such as picking the exact motor and exact motor controller we were already using. 

But it also added a bunch of unnecessary information, and was not always clear what it wanted. 

Of course this could be fixed by further prompting, but things like always suggesting different 

controllers, talking about H-Bridges which are unrelated to the stepper motors I asked for, and 

referencing libraries without explaining can lead to a lot of confusion. This prompt alone 

showcases both the positives and the negatives - there seems to be a lot of good and useful 

information in there, but AI is known for going on about nothing sometimes, and many prompts 

can fall into this trap. That is why it is always important to probe further, and do more research 

on your own rather than just trusting one AI response. 

Chapter 6 - Hardware Design 

6.1 Rifle Optical Design 

The main objective of our rifle scope was to minimize aberrations as much as possible. The main 

way this was done was by using achromatic doublet lenses for the objective lens and the 

eyepiece lens. The aberrations could have been minimized even more by using achromatic 

doublets for the erector system, but this would have increased costs overall. To further lessen any 

aberrations, the optical layout of the lenses was optimized in Zemax by using the Merit Function 

Operator. This tool allows you to set a desired value for several aspects in an optical system. For 

the rifle scope however, the Merit Function Operator was used to change the distances of the 

lenses to obtain the least amount of aberrations possible. Below is the Zemax schematic of our 

optical layout for the rifle scope, as well as the Zemax prescription detailing the lenses used. 

 

Figure 12. Rifle optical design 

 

 



Figure 14. Rifle optical design 

 

Figure 13. Rifle optical design 

The Seidel Diagram function in Zemax provides information on the aberrations present at each 

surface of the optical system. Provided below is the Seidel Diagram showing the aberrations at 

each surface and the sum of all aberrations, as well as a simulation image to visually show how 

the aberrations affect the system. 

 

 

 

 

 

 

 

 

 

6.2  Laser Diode Beam Expander Design 

Given that we want a large spot size from our laser diode, we had to ensure that the focal lengths 

of our lenses provide the desired magnification. The Keplerian system consists of two plano-

convex lenses, with the first lens having a focal length of 30mm and the second having a focal 

length of 250mm. Below is a calculation of the “magnification” we will get of our beam. 

 

𝑀 =
𝑓2

𝑓1

=
250𝑚𝑚

30𝑚𝑚
= 8 

 



In order to ensure we are obtaining our desired spot size with the selected lenses, the system was 

simulated in Zemax. Below is the Zemax schematic of our optical layout for the beam expander, 

the Zemax prescription detailing the lenses used, and the spot size of our beam after it passes 

through the beam expander. It should be noted that Zemax does assume the light source is 

already collimated. However, as previously explained, our beam expander will compensate for 

the beam divergence of the laser diode. This is one of the reasons as to why our beam will be 

expanded to a very large size.  

 

Figure 15. Laser Diode Beam optical design 

 

Figure 16. Laser Diode Beam optical design 

 

Figure 17. Laser Diode Beam optical design 



 

6.3 LiDAR Lens System 

The purpose of this lens system is to always ensure the beam exiting the Lidar module is in focus 

once it returns to the sensor. This will be achieved via a telescoping Galilean system, which 

consists of a plano-concave lens and a plano-convex lens. Moreover, given that a larger 

magnification reduces angular divergence, having this lens system on our Lidar module will help 

to make it more accurate and potentially work at longer distances than intended. Below are the 

calculations of the magnification of the system with the specific lenses used, as well as the 

required spacing between them for collimation. 

𝑀 =
𝑓2

𝑓1
=

200 𝑚𝑚

50 𝑚𝑚
= 4 𝑚𝑚 

𝑡 = 𝑓1 + 𝑓2 = −50 𝑚𝑚 + 200 𝑚𝑚 = 150 𝑚𝑚 

 

Figure 18. LiDAR Lens System Layout 

 

Figure 19. LiDAR Lens System Zemax Prescription 

6.4 Power System Design 

For our project, the voltages of 3.3V and 5V are widely used across a variety of components. All 

systems that have an electrical signal will also likely require some sort of implementation of 



internal power on its components. Most of these components will use some variation of 3.3V or 

5V that require constant delivery. Because these two voltages are used so consistently across, it 

is worth having a system that can deliver these levels with appropriate current for every 

component in the system. 

In general, the ESP32 that we have chosen to use for our PCB and software design, and that unit 

does not apply enough amperage at its pins to supply enough current to the components that 

require it. For example, in our project we have a 4 phase stepper motor, the 28BYJ-48. These 4 

phases will be controlled by the ESP32 directly, but the unit requires a 5V input at 240mA per 

phase, and the MCU is simply not able to provide that much current and still maintain consistent 

internal operation, especially through a single pin. Because of this, and many other factors, we 

have chosen to add 3.3V and 5V regulators to our system that nearly every component will use to 

power itself and its internal circuitry.  

6.3.1 Voltage Regulator Schematics 

 

Figure 20. 3.3V Regulator - LM2596S-3.3 

 

Figure 21. Regulator - LM2596S-5 



For our design, we have gone with an LM2596S-5 and LM2596S-3.3, of course for the 5V and 

3.3V required designs respectively.  

Both designs feature an input and output decoupling capacitor - critical for power designs in 

general. The 3.3V version has both C1 and C2 as 100 uF. These are designed for ensuring a 

smooth and constant power input, and output delivery. They take the slightly noisy DC signal 

and decouple that signal to get rid of some of the extra noise - this helps to ensure that the power 

delivery (both as input to the regulator, and the 3.3V output) are smooth and consistent. Power 

spikes can be a problem, especially on component startup, and these capacitor inputs can help 

alleviate that problem. 

This design also features an LED indicator at the 3.3V output in parallel to the output pin. The 

purpose of this LED and resistor in series is to provide simple feedback to the user - if a 3.3V 

output is received, the system is working, so a status LED is present to prove that is the case, and 

the regulator can be safely used with other components. The last portion of this design is the 4-

Pin output. Because we will use these regulators multiple times, and we want this design to be 

consistent across the multiple uses, we decided to make this system modular and reusable. The 

connection to the board in use only needs to supply the input voltage from the battery we are 

using, and a ground connection, and will receive a constant 3.3V output on another one of its 4 

pins. These will connect to the board via a male pin header on the regulator, to a female or socket 

connector on the board using the regulator.  

For the 5V regulator, LM2596S-5, many of the same principles apply from the 3.3V version. 

There are still decoupling capacitors, there is still a status LED, and there are still 4 male header 

pins that the output and input will go through for signals to reach the other boards. The additions 

are a Schottky diode and inductor. These help with regulating the output voltage as well as 

ensuring safe operation. The diode is there to provide a path for excess current to go when the 

internal switch of the regulator is turned off. The inductor can store and release energy every 

switching cycle, ensuring no down time. 

In both of these designs, it is important to choose basic components (capacitors, inductors etc) 

that can handle the high power required. As such, electrolytic capacitors and basic inductors will 

not be able to get the job done, so more specialty components (like ceramic capacitors) have to 

be chosen when the PCB components are soldered and used. 

VBATTERY comes directly from the batteries as discussed in the above section on the general 

design for powering our project. The total voltage is around 7.4V from the rechargeable lithium 

ion battery, used in both of the regulator designs at the same time. The reason this was chosen is 

because a standard 9V battery would not provide nearly enough current to supply the entire 

project, especially the different motors on the lidar and gun boards. Because of this, we went 

with a higher current and higher capacity lithium ion rechargeable battery. 

6.5 Lidar Board System Design 

The lidar board in our system is a sister board that houses the lidar ranging system and automatic 

lens system motor control. This lidar sensor is given power, and feeds ranging information via an 

I2C connection to the ESP32 we have chosen. The ESP32 then reads that information, sending it 

to an LCD, which is an 8 pin male connector that needs to be given power and data via SPI to 



send to the LCD. The SPI is given from the ESP32 and sent to the LCD via that 8 pin connector, 

which the LCD will then display. Our plan is to simply display current ranging information.  

6.4.1 Lidar Board Schematic 

 

Figure 22. LiDAR Board Schematic 

Where it gets complex for this board is the communication between systems. The lidar system 

has its own subsystems that it needs to control - specifically the automatic control of the motor 

system. The motor is a 6 pin JST - this board gives the motor board power via 5V from the 

regulator on a different board that is inputted for use on this board, as well as a common ground 

connection point. The other 4 pins of the 6 pin motor connector are direct control pins for the 4 

motor phases. The motor gives 4 lines to control its position, and these are sent to 4 different 

GPIO spots on the ESP32. The ESP32 then controls these pins in our software to give the motor 

different controls based on the position that we want.  

The lidar board also has connection to the gun board via a 4 pin male header connector. This 

header carries 4 total signals - 5V and 3.3V for general power on this board, and Lidar I2C data 

so the gun board ESP32 can use that information to adjust the laser diode intensity. The reason 

5V and 3.3V are transferred over is because the gun board needs its own power for a variety of 

components (especially the laser diode and driver) and the lidar board is purely a modular 

component on top of that component. Because a connection already has to be made between the 

lidar ranging board and the gun board for automatic laser diode control in the ESP32 of the gun, 

both power lines can easily be brought over so the lidar system no longer has to implement or 

create its own power system, lowering overall complexity.  

The design of the ESP32 is complex because it has to control a wide variety of components. I’ve 

already explained how it controls the motor via GPIO control of 4 phases, but it also has to 

control Lidar via 2 I2C pins, and the LCD via SPI and the 5 pins associated with that. All of 



these are handled via different GPIO pins. The power input of the MCU is also decoupled with 2 

capacitors to ensure a constant and less noisy signal goes to this critical component. 

In order to program the ESP32, a few things have to be implemented. First, 2 buttons have to be 

used on the EN and GPIO0 pins respectively. These buttons are in a pullup configuration, which 

sets that input to be logic high. That means when both buttons are activated (pressed), the button 

shorts to ground, setting the pin to logic low on both inputs. The result is that the board is ready 

to be flashed with a program, and that program just has to be sent to the module. 

The program is sent to the module via a serial bridge, for this project we used the CP2102. The 

unit needs both a way to get power, and a way to receive data. This is accomplished by a simple 

USB-A port, which interacts with the serial bridge in that it gives both power and data via a USB 

cable. The serial bridge interprets that data so the ESP32 can use that information to program 

itself with whatever software was sent from the user via USB. There are status LEDs added for 

user feedback and general troubleshooting. This entire design allows for easily programming the 

MCU to add the desired software - all the user needs to do is plug in a USB-A to USB-A 

connection from the computer where the software is developed to the serial bridge. The bridge 

automatically converts the software into something the ESP32 can interpret and use. The 

software will be flashed onto the board when both buttons are active low when they are pressed 

down. This is an easy implementation for both the developer and the user. 

 

6.6 Motor Board System Design 

The motor board has a clear goal - use a set of 4 of everything that relates to the phases. Send 

that information and power between the motor and a connector that will go back to the lidar 

board. The motor board will also have to use a motor driver, which is mostly just a constant 

current source that the ESP32 from the lidar board will actually be the one controlling.  

6.5.1 Motor Board Schematic 

 

Figure 23. Motor Board Schematic 



Since the goal is simple, and this board exists to be a sister board to the lidar for it to control, the 

design is simple. The ULN2003 motor controller we used takes in 5V and GND from the lidar 

board, and gives back 4 phase control from the motor. The motor is a standard 5 pin JST 

connector. 1 pin is given 5V to power the unit, and the others are the 4 pins to control the 

position of the motor with its different phases that are given from the motor. These will go 

through LEDs to essentially be status LEDs for the user to know when a phase is being adjusted. 

This can help to test and integrate software. 5V is also given to the ULN2003, decoupled for 

clean and safe power delivery. 

6.7 Gun Board System Design 

The gun board is the general main hub for most of the components in this system. It has to have 

its own power system, its own ESP32 microcontroller, and a wide variety of connections for 

component control. 

This board features the first full power system design so far. It incorporates the regulators 

discussed above to distribute power to many of the components of this project. The power 

system we have chosen to use uses a nominal 7.4V 2-Cell (2S) Lithium-Ion rechargeable battery 

pack. There are a variety of reasons we have chosen to use this particular system. First, we need 

a higher voltage than 5V. This is because of the laser diode driver. It is essentially a constant 

current control device that will give the laser diode the appropriate level of current that is 

required for its operation. Because it needs to be consistent, in general a higher voltage level than 

5V is required. The original plan was to use 2 9V batteries in series in holders, but we rejected 

this because of the size, and the fact that we need more current. The battery capacity of the unit 

we have chosen is 2600 mAh. The battery allows for both much higher current output compared 

to a standard 9v battery (or even 2 in series), and for it to happen for a longer period of time. The 

motor alone can draw upwards of 230mA per phase, and there are 4 phases, so a simple battery 

would likely not have satisfied our power needs. There is also a desire for this system to have a 

modular design, and a required connection to the wall does not fit those goals for us. The power 

is taken from this battery, used directly for voltage in the laser diode driver, but is otherwise sent 

to the regulators for a 3.3V and 5V output. The board then takes this constant power and sends it 

to where it's needed. 



6.6.1 Gun Board System Schematic 

 

Figure 24. Gun Board System Schematic 

One of these places is for the vibration motor. Our plan is to solder the wires of a simple 2 lead 

coin vibration motor to a 2 pin JST connector for easy connection to the board that can be 

latched and will not move. Another system that uses this exact design is the “trigger” for our gun 

system. This trigger simply acts as a button, and is only 2 pins. Because of this, we decided to 

use the same system as the vibration motor - soldering the 2 pins to a 2 pin JST male connector 

and having the female connector on the board. This allows for easy connection without direct 

board soldering and allows for easy connection and disconnection of different components. The 

design of the vibration motor uses an NPN transistor with GPIO control from the ESP32. The 

design is to only activate the motor upon an input from the GPIO pin. The 100k pulldown 

resistor holds the base of the transistor at 0V, and since the transistor is not enabled (no base 

current means no collector current), the bottom terminal is floating away from ground. This 

effectively makes both sides of the motor 5V, meaning no voltage drop across the motor. 

Because there is no voltage difference, no current will flow. Upon the GPIO pin outputting 3.3V, 

the base emitter forward biases, which causes the collector-emitter to saturate, and the collector 

opens to ground. This then causes a voltage drop of 5V from the vibration motor to ground 

across the transistor at the control of the microcontroller, which causes the vibration. 

The ESP32 has the same considerations as the lidar board in terms of programming - it has to 

have 2 buttons with pull up resistors to set the pins to active high that can be changed to active 

low to ready the board for the program to be flashed onto it. The ESP also takes in the 2 I2C 

connection pins from the lidar board and will use them to control GPIO18, the laser diode driver. 

The other 2 GPIO connections are GPIO23 and GPIO25, which are used to control the button 

trigger and vibration motor respectively. 

The same serial bridge also exists from the gun board. The same principles apply - a USB-A 

connector is added for user connection to a program and power. This is then fed to the CP2102 

serial bridge (along with status LEDs for user feedback), which interprets the signal to convert 



the program into something the onboard ESP32 can interpret itself and use to control the other 

components.  

There are a few pin headers and sockets. First are the two voltage regulators, which take power 

from the battery and regulate them to a constant 3.3V and 5V output. This power is then 

distributed across the board. 3 other connectors exist, 2 for the vibration motor and trigger, but 

there is 1 more where the battery connects. This is a standard 2 pin JST connector, which is 

already what comes in from the battery with no further changes required. This allows for easy 

connection, and since the battery is rechargeable, this is an important consideration. The last pin 

headers are for the connection to the lidar board - it receives the lidar data in SCL and SDA, 

which are sent to the ESP32, but it also gives 5V power and a common ground to the lidar board. 

The last important part of this board is the laser diode and laser diode driver. For our project, we 

have decided to go with the AL8860WT constant current driver. The AL8860 is a constant 

current controller, similar to the ULN2003 used for the stepper motor. The difference is a smaller 

scope but much more added functionality. There can only be 1 connection (as opposed to 4 for 

the stepper controller), but this works fine with our 1 laser diode. The important consideration is 

the fact this driver can be controlled and modulated with the ESP32 to send different current 

levels to the laser diode. The laser diode’s intensity is directly proportional to the current 

supplied to it, so the AL8860WT (commonly used as an LED driver) can receive signal data, 

change the total current given, and the laser diode will see that change directly. This is an 

important consideration for our project because we want to modulate laser diode intensity based 

off of lidar position data, and this driver allows us to do that. The laser diode then sends a laser, 

which the photodiode on the target board will read. The Al8860 is more commonly used as an 

LED driver (as shown above), but the current and voltage output is stable enough where it can be 

used as a constant current device. It is useful because it can be controlled by the microcontroller 

via software from a GPIO pin. With proper setup of basic components like resistors, this driver 

can be used to supply the desired power to our laser diode at an appropriate level of controlled 

current. 

6.8 Target Board System Design 

The target board system uses a combination of LEDs, and photodiode/transimpedance amplifier 

(TIA) combo to detect a shot from the laser, and to amplify the small current produced by the 

photodiode to something readable by the ESP32 software to register a shot being hit. The main 

system is a photodetector, which reads the laser input from the gun, and sends a small current to 

the transimpedance amplifier, which amplifies the current into a voltage that can be interpreted 

and read by the microcontroller. The microcontroller will also send a signal to the LED strip set 

saying to light up, indicating to the user to fire a shot, and that will happen through this target 

board. 



6.7.1 Target Board Schematic 

 

Figure 25. Target Board Schematics 

For the transimpedance amplifier, we have gone with the OPA2380. The OPA380 is a common 

choice, but we have decided to go with the 2380 as it allows us to add on more photodiodes if a 

single detector does not end up being enough. The LT1054 is here to transform 5V into -5V for 

the reverse biasing of the photodiode.  

Two connectors are present, 1 for the connection to the main board, and the other to give to the 

LEDs. The main board connector is a male 5 pin that will connect directly to the main board. The 

main board will supply 5V, a common ground, and control for the LED, and the target board will 

give transimpedance amplifier data, currently for 1, but can be changed to add another.  

The LED connection is to give to the LED strips we plan on using. It is a simple 3 pin JST 

connector that will go to the LED strips. It gives power, a common ground, and an LED control 

pin used by the microcontroller. This will allow the LED to light up whenever the software 

defines it, and the user should activate the laser diode. 

 

6.9  Main Board System Design 

The main goal of this board is to control all of the targets. This is essentially where everything 

happens after a shot is fired - the photodiode reads the signal from the laser, it goes through the 

transimpedance amplifier, and ends up at this board to be controlled. 

The software of the ESP32 will handle all target board and game logic. This includes reading 

transimpedance amplifier output, LED output, and LCD output based on the game software 

inside. This board will require its own power system. We have decided to go with a simple, 

single 9V battery. This is because the current requirements are much lower than the gun board, 

and we want to maintain modularity. There are less components to control, especially less high 



power ones, so a simple solution like a single battery should work well as the primary power for 

this board. 

6.8.1 Main Board Schematic 

 

Figure 26. Main Board Schematics 

There are many things on this board that are similar to others. The bridge and USB system and 

their status LEDs are the same. The power input to the ESP32 is the same. The button system for 

programming the microcontroller is the same. The LCD system is the exact same as the lidar 

board - an 8 pin connector that the microcontroller controls with 5 total pins, and the board will 

give power and a common ground to. 

Besides the different battery system, the power system is also the same compared to the gun 

board. A voltage is taken from the battery, regulated by sister boards that contain the regulators, 

and those voltage outputs are used by the rest of the components in the system. The main 

addition here is the 5 pin female socket headers. These are where the target boards will plug in, 3 

in total. 5V, a common ground, and LED control are given to each target board, while this 

system will input the output from the respective transimpedance amplifiers. 



Chapter 7 - Software Design 

7.1  User Application Design 

For this project, a software component was developed to allow users to visually interact with and 

monitor their training session in real time. The system is composed of two primary hardware 

subsystems: the laser rifle unit and the interactive target board. The following points demonstrate 

the goal of this software and how the user connects these two subsystems to enhance training 

experience: 

1. Display system activity in real time, this includes target status, detected hits, and range 

readings from the LiDAR sensor. 

2.     Provide basic performance statistics including accuracy, reaction time and total shots fired, 

allowing the user to keep track of their performance and progress. 

3.     Act as a visual dashboard using the target board’s LED indicators and the system state. 

4.     Provide tactile feedback in real-time using vibration motors that activate when the laser is 

fired. 

5.     Allow users to view and analyze previous sessions. 

These goals will help guide the application development to enhance a user’s interaction and 

experience with the system, ensuring that the software is able to provide interactive training 

experience. 

When starting up the laser rifle unit, an LED will be turned on signaling that the device is on. 

This LED is important for power conservation of the system, allowing the user to know that the 

system should be turned off before concluding a session. The laser rifle will include three user 

inputs. The first one will be when the user has connected to the LiDAR system. Another user 

input includes pulling the trigger and finally the power off option. 

The LiDAR system will be automated meaning that the only user input that it will include is 

connecting it to the laser rifle to power it on. The LiDAR will include an LCD screen display 

that will be as the main interface for the unit. It will provide the user with LiDAR distance 

readings, auto-focusing status and battery status. The LiDAR module visualization will allow the 

user to be able to monitor their interactions between both the laser rifle system and the target 

board system, allowing for a better training experience. 

When starting up the target board subsystem, the digital display will turn on displaying the menu 

screen from the target board. The menu screen will be the main user interface that allows for 

interaction between the user and the hardware. The first page on the menu screen will give the 

user the option to choose from starting a new session and view performance stats. 

Depending on what the user chooses determines how the MCU responds. When a new session 

starts the MCU will start the process of configuring a gaming setup. This is the main function of 



the system. The result of this gameplay is what will be sent to the performance tab for users to be 

able to calculate their progress. 

Another important user interface feature of this system is the LED system on each one of the 

targets. Depending on the game mode the user chooses on the digital display will determine how 

the MCU uses the LED system. The LED system serves as visual feedback of the players game 

providing input on correct hits or providing the user with what to do. 

Together the full system will work to provide the user with a realistic shooting training 

experience. Allowing them to make customizations onto how they would like to train within 

their laser rifle module and the interactive target board. 

7.1.1 User Application Flowchart 

The purpose of this section is to display the responses for all the specific user inputs for each 

functionality of both the laser rifle and target board. Each flowchart represents a functionality on 

the system. The flowcharts are marked with blue diamonds for the specific user input and pink 

boxes for the system response. 

The flowchart below represents the process for turning the laser rifle on and off. It also 

represents the process of connecting or disconnecting the LiDAR system. The flowchart starts 

with the power of the laser rifle being turned on. User inputs for this system include connecting 

the LiDAR system, pulling the rifle trigger, and shutting the system down. 



 

Figure 27. Laser Rifle Turn on/off Flowchart 

The flowchart below represents the process for turning the interactive target board on and off. 

The flowchart starts with the power of the interactive board being turned on. The main user 

inputs for this system include player pressing start new session, player pressing view 

performance stats, and shutting down the system. There are multiple smaller user inputs within 

the interactive target board which will go into more details in separate flowcharts. 



 

Figure 28. Interactive Target Board Turn on/off Flowchart 

The flowchart below represents an overview of the digital screen user interface. This chart 

includes all the possible navigations and configurations that will be given to the user when using 

the LCD screen on the target board. The chart shows how each individual parameter impacts 

another parameter. 

The interface begins with the user turning on the interactive target board, when turned on the 

digital screen will display a menu screen. The menu screen will include two options: start new 

session and view performance statistics. The start new session option is what will configure the 

training session and allow the user to customize their experience. The view performance 

statistics option allows the user to view their performance and progress reports as well as 

includes individual session reports. 

If the user chooses to start a new session they will go onto a new menu screen. This menu screen 

includes two game modes for the user to choose from, reaction based and timed freestyle. This 

selection is very important for the configuration of the user’s gameplay. Based on their game 

play choice the user will be given the setting configuration for their selected mode. If the user 

selects to do a reaction-based gameplay mode, they will be given the option to choose from 10 or 

15 targets to hit. This number will be sent to the MCU to finalize gameplay configuration for 

reaction based. A user that chooses timed freestyle mode will be given the option of choosing 

from a game length of 60 seconds or 120 seconds. Similarly to the last mode, this number will be 

sent to the MCU to finalize the gameplay configuration for time freestyle. 



If the user selects to view performance statistics the digital display will change to give the user, 

the option to choose from overall performance rating or the option to view individual sessions. If 

the user chooses to view their overall performance rating, a new screen will display a one-page 

summary of their overall performance. If the user chooses to view saved sessions the screen will 

change to show the previous five games. The user will then have the option to press any of these 

reports to view their performance for the chosen game. 

 

Figure 29. Digital Screen User Interface for Target Board 

The flowchart below represents the user gameplay for a reaction-based session. The chart begins 

with the home page menu displayed; the remainder of the chart shows each action that occurs 

after the user selects to start a new session and the selects reaction-based session. Even though 

the application home page is included in another flowchart, including it here is also just as 

important as this will be the default screen that opens at the end of the training session. 

After the game mode is selected, a settings menu pops up to allow the user to choose their game 

settings. The only available setting to change will be the amount of laser target rounds the player 

would like to do. The player will have the chance to choose between 10 targets or 15 targets. In 

this page their will also be the option for the player to cancel their action and return to the home 



menu. After the user completes their session setup, this setup data is sent to the ESP32 for 

processing. The ESP32 is then able to use this data to create a game sequence for the player and 

begin the session. 

Once the session begins, the ESP32 activates one of the targets randomly. This is the target the 

user is expected to hit. The ESP32 turns the LED for this target green as visualization feedback 

for the user that this is the selected target. The timer begins with the selected target, the timer 

given for each round is predetermined and fixed at five seconds. During each round, the LCD 

will display how many seconds remain in the round, what round the user is currently on, and 

how many targets have been correctly hit. 

The ESP32 will go into a target hit sensing loop which will continuously check for target hits 

until the timer is done. If during the time limit the ESP32 detects that a target has been hit, the 

ESP32 will go into a hit detection function which will determine whether the hit was true. The 

ESP32 will also check which target was hit and compare this data to the currently selected target. 

If the ESP32 detects that the target hit was the activated target, the ESP32 increments the success 

count by one and marks the current round as a successful hit. If it detects that the target hit was 

not on an activated target, the ESP32 increments missed count by one and marks the current 

round as a missed hit. If the ESP32 determines that the time is up and no laser hits we’re 

detected, the ESP32 will increase time-out count by one and mark the current round as timed-

out. The results will then be updated for users to see on the LCD display. Regardless of the 

result, the ESP32 will then check the round number and compare it to the initialized target round 

count. If the target round count is greater than 0, the round is incremented by one and a new 

target is activated by the ESP32. 

Once all rounds have successfully been completed the MCU will process all the data gathered 

from the training session. The data gathered will be saved on the performance log. The oldest 

report in the log is replaced by the new session report and the overall performance stats is 

updated based on the performance from the current session. The gameplay results are also 

displayed on the LCD screen for the user to see directly after the session. The user has the option 

to view the results for the full indicated countdown timer length before the system resets back to 

the homepage, or they can manually press to return to home page themselves. 



 

Figure 30. Reaction based gameplay flow 

The next flowchart represents the user gameplay when the session option timed freestyle is 

chosen. Just like the previous chart, the chart starts with the home page, and the remainder of the 



chart shows each action that occurs after the user selects to start a new session and then selects 

timed freestyle. At the end of the session the system will reset, and the homepage will be 

displayed again. 

After the game mode is selected, the settings menu pops up to allow the user to choose the length 

of their training session. The player will have the chance to choose between 60 seconds and 120 

seconds. Like the other mode, this page will include an option for the user to choose to return to 

the homepage. After the user completes their session setup, this setup data is sent to the ESP32 

for processing. The ESP32 is then able to use this data to create a gameplay for the player and 

begin the session. 

Once the session begins, the ESP32 activates all the target board LED to red. Unlike the previous 

mode, the ESP32 will not be telling the user which target to hit. Instead, the user will be able to 

practice hitting any target. The timer will begin for the full training session time length. During 

the training session the LCD will display how many seconds are left for the session and how 

many times a target hit was detected. 

The ESP32 will then go into a target hit sensing loop which will continuously check for target 

hits until the timer is done. If the ESP32 detects that a laser has hit a target, the ESP32 will go 

into a hit detection function which will determine whether the hit was true. If the ESP32 detects 

that a target has been hit it will flash the hit target LED green to notify the user that a target has 

been successfully hit. The ESP32 will then increment target hit by one and update the LCD 

display. The ESP32 will be continuously monitoring the session timer to ensure that the time has 

not concluded. If the timer is not yet expired the session will continue to run. 

Once the time has reached its full length the session will be registered as complete in the ESP32, 

and no more target hits will be detected. The game gathered from the session will then be saved 

into the performance log. The oldest report in the log is replaced by the new session report and 

the overall performance stats are updated based on the performance of the current session. The 

gameplay results are also displayed on the LCD screen for the user to see directly after the 

session. The user has the option to view the results for the full indicated countdown timer length 

before the system resets back to the homepage, or they can manually press to return to home 

page themselves. 

  

  

  



 

Figure 31. Timed Free-Play Based Gameplay Flow 

7.2  Hardware Integration Flowchart 

The next step for creating the system is integrating the software systems with the hardware 

systems. For this project, the software will interact with the ESP32 for the main objectives of the 

system including target hit detection, LiDAR distance measurement and autofocus, or laser diode 

pulse. When each of these systems is called for in the software, it is the job of the ESP32 to 

communicate with the corresponding hardware component to successfully perform the task 

called for of the system. 

This integration is the most important as it ensures that our system connects all hardware 

components and successfully connects the systems together. By separating what each component 

will send or receive, the full integration process becomes easier to integrate together. 



The first flowchart represents an overview of the software to hardware integration for the target 

board system. The chart begins with the target board initially being turned on and it waits for a 

game configuration setup to be initialized. When the ESP32 receives a game configuration setup 

it proceeds to enable the photodiodes and TIA for each target board. It completes its first 

measurement known as the baseline, this is the measurement that will be used in calculating an 

accurate threshold for various environmental variations and different ambient lighting situations. 

If the baseline is not within a normal range a warning message will be displayed onto the LCD 

for the user to read. It will continue to measure baseline voltage until it is within range. Once the 

baseline voltage is withing range default parameters and threshold are loaded in and calculated. 

At this point the ESP32 is ready to officially begin the game. Once the game starts the system 

will enter a sensing loop that will monitor photodiode responses. While the game is not 

concluded the ESP32 will continuously check for a hit detection. When a potential hit is 

detected, it will run the hit detection function that will check if the hit detected was true. If the hit 

detected is true, the ESP32 will update the game performance and send a status update to the 

LCD. This cycle continues until the game has concluded. Once the game has been completed, the 

system will reset and return to idle state to await further user input. 

 

Figure 32. Target board integration overview 

The next figure shows the flowchart for a sensing loop which occurs after a session is started. In 

the flowchart it starts by first calling the sensing loop. When the sensing loop is called it will 

continuously repeat the following actions until it is told to stop. It will retrieve current signal 

from photodiode and send this current to be read by the TIA. The TIA will read this input current 

from the photodiode and then convert it into a output voltage which can be read by the ESP32. 

The output voltage gathered from the TIA will then be used to compare it to the threshold 

voltage. 



If the output voltage is greater than the threshold voltage, the ESP32 will begin testing to make 

sure that there is no electronic noise causing the voltage change or that the debounce variable 

hasn’t been signaled. If all tests have passed, a hit event will be conducted. The loop will then 

make sure that the session is not yet over before restarting the process again. 

If the output voltage is lower than the threshold voltage, the ESP32 will compare this value to the 

current baseline voltage and continuously update the baseline voltage so that it remains accurate 

to any ambient lighting changes such as a light being turned on. Once the baseline is updated the 

system will check if the session is over, if not it will restart the loop again.   

 

Figure 33. Sensing loop flow 

The next flowchart shows the integration for the laser rifle and the process for laser diode shots. 

It first starts when the laser rifle is powered on. Since the LiDAR system is powered by being 

connected to the laser rifle, the laser rifle will continuously have to check whether the LiDAR 



has been connected. If LiDAR has been connected the system will call the LiDAR function 

continuously until disconnected or laser rifle powered off. 

Whether or not the LiDAR is connected to the laser rifle, the laser rifle continues with being 

placed into idle state. In this state the laser rifle is put so that it conserves energy and waits for an 

event to occur. When the user presses down on the trigger the system will be taken off idle state 

and will begin the process of sending out a laser diode shot. 

Before firing the laser, the system will check for the trigger debounce to make sure that it has not 

already been fired. If the laser has yet to be fired it will begin the preconditions check. During 

the preconditions check the laser rifle will check any parameters that would cause a faulty laser 

diode shot including temperature and making sure the diode driver is good. If the system 

determines that one of these preconditions has failed, it will immediately reject the laser fire. It 

will also turn on a red LED to signal to the user that an error has occurred. 

If all preconditions have been met, the laser diode is ready to continue. It starts by setting the 

driver’s enable lines to make sure driver is ready. It will then generate pulse and send this pulse 

command to the driver. The laser pulse will then be sent, and the user will receive haptic 

feedback through the laser rifles vibration motor. Throughout the process the system will check 

for any driver faults or overcurrent. If a driver fault occurs the laser diode will be disabled 

immediately. If not, the laser diode will pulse until it is finished. 

Upon completion of a laser diode pulse the system will turn off the laser diode and begin a 

cooldown phase. During this cooldown phase the trigger will not flag an event to occur and the 

laser diode will not pulse. Once the cooldown phase is complete it will reset the system and then 

loop back to the beginning where it will check if the LiDAR system has been connected. 



 

Figure 34. Laser Rifle integration flow chart 

The following figure shows the software to hardware integration for the LiDAR system. This 

system functions when connected to the laser rifle system. The chart starts when the LiDAR 



system is connected to the rifle system. The ESP32 starts by retrieving any calibration values 

saved into memory from previous runs. It then emits a pulse to measure the return time gathering 

its first initial distance measurement to use as a reference, this is known as the baseline 

measurement. Once the baseline measurement is calculated the MCU will enter a continuous 

measurement loop. 

In the measurement loop the system will start by emitting a pulse which will be used to gather 

the distance measured. This distance will be compared to the focus range and checked to see if 

any adjustments are needed. If an adjustment is needed the motor is adjusted for the optics. The 

distance is measured again to check whether it is now within the focus range. This will loop back 

and forth until the distance is withing focus range. Once within focus range, the measured 

distance can be sent to the user app. 

Calibration will be required after a predefined time of LiDAR system use. After each 

measurement calculation, the system will check if calibration is needed. If calibration is not 

needed the LiDAR system will continue to gather distance reading. If calibration is needed, the 

ESP32 will return to the first step. 

 

Figure 35. LiDAR integration flow chart 



7.3 UI Implementation 

In this section the final implementation for the user interface application that will be on the target 

board is shown. It represents all the different features and options that are given to the user. The 

first image represents the home page for the training simulation. This page gives the user the 

option to choose between starting a new training session (Play) or to view their previous 

performance.  

 

Figure 36. Practice Range Main Menu UI Implementation 

When ‘Play’ is selected, the user is brought to the mode selection page, they are given the option 

to choose from Reaction Based or Timed Freestyle. This choice will give the user specific 

settings for their selected game mode.  

 

Figure 37. Practice Range Select Mode UI Implementation 



The following represents the different setting options between choosing a Reaction Based 

training session versus a Timed Freestyle session. Both options are given specific settings 

correlated with the session style that will be played. When reaction based is chosen the user will 

be able to customize the number of rounds that they would like to play, the choices will include 

10 or 15. When timed freestyle is chosen the user is able to choose the time length that they will 

like to play for, they will be allowed to choose from 60 seconds or 120 seconds. 

  

Figure 38. Reaction Based and Timed Freestyle Setting Options 

The next following images show how a session will look like on the LCD screen. One 

representing the reaction-based game session where the user will be shown the current target that 

is selected, the time remaining for the round, the number of rounds played, the number of rounds 

left, and the number of rounds that we’re successful. The second represents the timed freestyle 

which displays the time remaining, and the number of accurate hits detected.  

  

Figure 39. During Training Session 

After the session is concluded, the performance for the game is displayed. A reaction-based 

mode end of session performance will show the number of targets that we’re chosen, the amount 

that we’re accurately hit, the accuracy and the users score. The score for a reaction-based mode 

will be calculated by adding 100 for each accurate target hit and subtracting 50 for each miss or 

incorrect target hit. A timed freestyle game will show the score the user received, the time 



chosen and the total hits that were detected. The score is calculated by adding 100 points for each 

target that is hit.  

  

Figure 40. End of Session Performance Card 

When the user chooses to view performance the page will show an overall statistics and 

performance page which will include the count of games played on the training system, the 

number of target hits that have been detected for all games, the accuracy which is determined 

from only the reaction-based mode and the high score for both timed freestyle mode and 

reaction-based mode. The second half shows the option to choose between the previous five 

gaming sessions to show individual game results. The previous five gaming sessions will have a 

performance display that will be identical to the one that was shown at the end of the training 

session.  

  

Figure 41. Performance Page UI Implementation 

Chapter 8 – System Fabrication/ Prototype Construction 

8.1  PCB Prototypes 

 



 

8.1.1 3.3V Voltage Regulator PCB/3D Model (Front and back) 

 

Figure 42. 3.3V Voltage Regulator PCB/3D Model (Front) 

 

Figure 43. 3.3V Voltage Regulator PCB/3D Model (Back) 



8.1.2 5V Voltage Regulator PCB/3D Model (Front and back) 

 

Figure 44. Voltage Regulator PCB/3D Model (Front) 

 

Figure 45. Voltage Regulator PCB/3D Model (Front) 

There is not much to say in regard to PCB design and layout for these boards, except for specific 

components and the connection method. First, on the bottom has 4 male header pins as explained 

in the schematic section. These will connect directly to the top 4 pin socket connection of the gun 



and main board, allowing for the top of the regulator to still be visible for the status LED. 

Second, specific footprints were chosen to allow for high power inductors and capacitors. Cin 

allows for a ceramic capacitor, and when an inductor is used, large pads exist to allow most 

components to be able to fit and be soldered into space. 

8.1.3 Lidar Board PCB/3D Model 

 

Figure 46. LiDAR Board PCB 

 

Figure 47. LiDAR Board 3D Model 



The basics are here - the lidar connector needs to be soldered on, and all the male pin connectors 

are present for communication between different components. The 8-pin connector is there for 

the LCD, the 6 pin for control and communication with the stepper motor board, and a 4-pin 

connector for signal IO with the gun board. The USB connector will have to be soldered on its 

own, and the buttons are placed close to each other for optimal signal pathing. Those are 

important signals, they are for programming the unit, so special consideration has to be made for 

the placement of all the bridge and button components. They have to be close enough to 

themselves and the ESP32 where the signals won't be distorted or lose integrity over the trace 

distance, but also far enough from each other where the noise will not affect one another. There 

is an important balance, and this will be the case on every board we have that uses an ESP32 

(which is 3.) 

8.1.4 Motor Board PCB/3D Model 

 

Figure 48. Motor Board PCB 



 

Figure 49. Motor Board 3D Model 

This design is quite simple. The most important factor to consider is the location of the 

decoupling capacitor - it should be close to the direct power input to the ULN2003 motor driver. 

The motor itself is not shown here, instead it will simply be connected via the 5 pin JST 

connector on the left side so the motor cable can be moved to an appropriate location. 

 



 

Figure 50. Gun Board PCB 

 

Figure 51. Gun Board 3D Model 



The board is designed in a way where it can be placed in any orientation, depending on where we 

want to place the laser diode. This way we can make sure the laser is always pointed toward the 

target board. 

8.1.5 Target Board PCB/3D Model 

 

Figure 52. Target Board 3D Model/PCB 

 



8.1.6 Main Board PCB/3D Model 

 

Figure 53. Main Board PCB 

 



 

Figure 54. Main Board 3D Model 

The same principle of the transimpedance amplifier and photocurrent on the target boards applies 

here too, to a lesser extent. The output of the transimpedance amplifiers should be fairly close to 

the ESP32, to avoid any noise or other signal disruption for this key signal before it reaches the 

device that will control it and provide feedback off of that data given. This also includes a 

microslide switch, basically an on/off power switch for the system that is connected to the 

battery, but before the regulators. 



Chapter 9 - System Testing and Evaluation 

9.1 Optoelectronics Feasibility 

The Shooting Gallery Simulator uses silicon photodiodes in the target board to detect the optical 

signal from our laser rifle. In order to ensure that our ESP32 has enough incoming voltage for 

reading, there is a certain amount of photocurrent that needs to be produced by the photodiodes. 

In order to calculate the photocurrent produced by a photodiode, the equation below is used, 

where R is the responsivity of the photodiode, 𝐼𝑝ℎ is the photocurrent produced, and P is the 

incident optical power on the photodiode. 

𝐼𝑝ℎ = 𝑅 ∗ 𝑃  

At a 660nm wavelength, our selected photodiodes have a responsibility of approximately 50%. 

Moreover, our laser diode has a power of 7mW. This means that theoretically, the photocurrent 

produced by one of our photodiodes is 3.5mW. Something we felt that should be taken into 

consideration is the power density distribution of our spot size after our beam is expanded. If the 

power is not condensed to a smaller area, our concern is that there will not be enough 

photocurrent produced by the photodiode. Although we can verify this through testing, we 

wanted to include our expected power density distribution to serve as an explanation for why our 

photodiode may not produce the expected current. The power density distribution is calculated as 

follows, where P is the total power of the laser diode and A is the area of the spot size.  

𝑃𝑜𝑤𝑒𝑟 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 =
𝑃

𝐴
 

An important parameter for this project is the intensity or irradiance of our laser diode at 

different distances. Below are calculations of the irradiance of our system at set distances when 

the beam expander system does not include cylindrical lenses for beam reshaping. There are also 

calculations regarding the transimpedance amplifier to determine the needed specifications for 

functionality.  

- Beam Divergence: 

𝜃∥ = 8.5°, 𝜃⊥ = 28° 

- Divergence Through Beam Expander: 

𝜃∥,𝑛𝑒𝑤 =
𝜃∥

𝑀
=

8.5°

8.3
= 1.02° 

𝜃⊥,𝑛𝑒𝑤 =
𝜃⊥

𝑀
=

28°

8.3
= 3.37° 

- Photocurrent: 

𝐼𝑝ℎ = 𝑅 ∗ 𝑃𝑜𝑢𝑡 = 0.5 𝐴/𝑊 ∗ 7𝑚𝑊 = 3.5𝑚𝐴   

 

- Required Feedback Resistor for Transimpedance Amplifier: 

𝑉𝑜𝑢𝑡 = 𝐼𝑝ℎ ∗ 𝑅𝐹  =>  𝑅𝐹 =
𝑉𝑜𝑢𝑡

𝐼𝑝ℎ
=

1.65𝑉

3.5𝑚𝑊
= 471.4Ω 

- Equations for Irradiance by Distance: 



- Half Angle Divergence: 

𝜃𝐹𝐴,ℎ𝑎𝑙𝑓 =
𝜃𝐹𝐴

2𝑀
, 𝜃𝑆𝐴,ℎ𝑎𝑙𝑓 =

𝜃𝑆𝐴

2𝑀
 

- Spot Radius at a Given Distance: 

𝑟𝐹𝐴 = 𝑑 ∗ tan(𝜃𝐹𝐴,ℎ𝑎𝑙𝑓) , 𝑟𝑆𝐴 = 𝑑 ∗ tan (𝜃𝑆𝐴,ℎ𝑎𝑙𝑓) 

- Area: 

𝐴(𝑑) = 𝜋 ∗ 𝑟𝐹𝐴 ∗ 𝑟𝑆𝐴 

- Irradiance: 

𝐸(𝑑) =
𝑃

𝐴(𝑑)
 

- At 7mW: 

 

Figure 55. Distance at 7mW Irradiance Calculations 

Note: May be improved with aspheric or cylindrical lens. 

- For 𝐸 = 0.33 𝑊/𝑚2: 

- Optical Power Incident on Active Area (Active Area is Estimated): 

𝑃 = 𝐸 ∗ 𝐴𝑝𝑑 = 0.33 𝑊/𝑚2 ∗ 0.0001 𝑚2 = 0.33µ𝑊 

- Photocurrent Produced: 

𝐼𝑝ℎ = 𝑅 ∗ 𝑃 = 0.5 𝐴/𝑊 ∗ (0.33 ∗ 10−6) = 165𝑛𝐴 

- Feedback Resistor Needed: 

𝑅𝐹 =
𝑉𝑜𝑢𝑡

𝐼𝑝ℎ
=

1.65𝑉

165𝑛𝐴
= 10𝑀Ω 

Further collimation using cylindrical lenses will most likely be an improvement to the system 

and require a lower feedback resistance, as a very high resistance may add noise to the system. 

9.2  Hardware Testing 

9.2.1 Rifle Scope Testing 

Although the rifle scope was tested theoretically through Zemax, we wanted to ensure our 

theoretical results were the same with our actual hardware. Using the lenses initially discussed, 

we sequentially aligned them onto an optical breadboard with the appropriate spacing between 

lenses. The rifle scope was tested outdoors to simulate a more realistic setting. Below are images 



comparing a relatively far away object (E-bikes) and the resulting image through the rifle scope. 

It can be seen that the rifle scope is able to focus onto the desired target. Moreover, the objective 

lens will be movable in the final product in order to ensure that the user can refocus the rifle 

scope at different distances. 

 

 

Figure 56. Rifle Scope Testing 

9.2.2 Beam Expander Lens System Testing 

The beam expander was tested using a laser pointer as the light source since our laser diode was 

not set up in its entirety at this point. The lenses were mounted onto lens mounts and attached to 

an optical breadboard. As per the Zemax prescription, the lenses were separated by the 

previously discussed distance. This distance must be precise down to the millimeter in order to 

ensure that the beam passing through the system is collimated after it exits through the last lens. 

Below is an image of the current beam expander design. The lens on the right is where the beam 

will enter the system, and it will exit through the lens on the left. Given that we will be using a 

laser diode as our light source in the final product, there is the potential addition of two 



cylindrical lenses placed in front of the laser diode and perpendicular to each other to reshape the 

beam from elliptical to circular. 

 

 

Figure 57. Beam Expander Testing 

9.2.3 LiDAR Lens System Testing 

Although the autofocusing lens system for our Lidar module could be achieved with one lens 

placed at a given focal length, we decided to implement a two lens system to further improve the 

beam divergence of the module. Below is an image of the lens system for the Lidar which may 

be subject to change given that the lenses are not the sizes we intend to use for the final product.  



 

 

Figure 58. LiDAR Lens System Testing 

9.2.4 Rechargeable Battery + 5V Regulator Testing 

We used two different overall power system designs for our project, two batteries, because we 

wanted the system to be modular. We also have 2 different consistently used voltages in our 

system - 3.3 and 5V. We want to test both of these modules and systems to ensure they are 

suitable for our particular use case. 

First up is the rechargeable battery, our high current battery. This mostly exists for the motor and 

other high current components such as the LEDs that will be the targets. We want to make sure 

the battery and power system overall are able to support the current demand and be able to 

maintain charge for a reasonable amount of time. We used an LM2596 dev board with an 

adjustable output voltage and set up the circuit to output 5V over a resistor. The regulator is able 

to output up to 8 amps of current from this battery, so it is important to resist that current to 


